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Abstract 
 

The objectives of this research project were to develop and evaluate properties of tablets 

and calcium alginate beads containing drug-magnesium aluminum silicate (MAS) 

complexes as drug microreservoirs, and to prepare and characterize nicotine (NCT)-

MAS and lysozyme (LSZ)-MAS microparticles with or without surface-modified using 

chitosan (CS). The results showed that MAS could electrostatically interact with positively 

charged drug, such as propranolol (PPN) and NCT. The calcium alginate beads 

containing PPN-MAS complex particles gave higher PPN entrapment efficiency and 

slower PPN release than those containing pure PPN. The polymeric tablets containing 

PPN-MAS complexes also displayed a sustained-release drug profiles in gastro-intestinal 

condition, whereas those loaded with NCT-MAS complexes gave a zero-order drug 

release and NCT permeation across mucosal membrane was dependent on preparation 

pHs of the complexes. The higher the preparation pH, the greater the NCT permeation 

rate was found. Moreover, addition of basic modifying agent, magnesium hydroxide, into 

the tablets could accelerate NCT permeation, whereas slower permeation of NCT was 

obtained when adding acidic modifying agent, citric acid. Additionally, the particle 

morpholophy of NCT-MAS and LSZ-MAS microparticles had an irregular shape when 

using lyophilization method for drying. The NCT-MAS microparticles surface-modified 

with CS prepared at acidic pH showed higher efficiency NCT delivery across mucosal 

membrane and greater mucoadhesive properties than those without CS. However, these 

effects were dependent upon molecular weight and concentration used of CS. The LSZ-

MAS microparticles could be prepared using pH 4, 6 and 8. The pH 4 LSZ-MAS 

microparticles showed higher LSZ release, but lower LSZ activity when compared with 

the microparticles prepared at pH 8. Surface modification using CS caused slower 

release and lower activity of LSZ. However, the LSZ-MAS microparticles could be also 

used as microreservoirs in wax matrix. This finding suggested that the drug-MAS 

complex and microparticles demonstrated strong potential for use as microreservoirs in 

drug delivery systems for oral and mucosal routes, and NCT-MAS microparticles surface-

modified with CS displayed a promising mucosal delivery system for NCT. 
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1.  propranolol-magnesium aluminum silicate (PPN-MAS) 

 

1.1.  PPN-MAS 

 PPN-MAS 

  5, 7  9  PPN  (  1) 

 

 (  1)  

 MAS   MAS 

  

 Powder x-ray diffractometer  PPN 

 MAS  (  1)  

 electrostatic force, hydrogen bonding  water bridging 

 0.1 N HCl  pH 6.8 phosphate buffer 

  

PPN-MAS (  2)     

 

 

 

    

Rojtanataya S, Pongjanyakul T. Propranolol-magnesium aluminum silicate complex 

dispersions and particles: characterization and factors influencing drug release. 

International Journal of Pharmaceutics 2010; 383: 106-115. 
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Table 1. Particle size and PPN content of PPN-MAS complexes. 

Condition of preparation Particle size ( m) PPN content 

(%w/w)
0.1 N HCl pH 6.8 phosphate 

buffer

- pH 5 14.13 ± 0.18 190.2 ± 1.0 196.6 ± 1.0 

- pH 7 14.51 ± 0.22 181.9 ± 0.4 189.8 ± 2.2 

- pH 9 14.42 ± 0.08 189.3 ± 0.4 190.4 ± 0.9 

Data are the mean ± SD of three determinations. 
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Figure 1. PXRD patterns of PPN (a), MAS (b), and PPN-MAS complexes prepared at 

pH 5 (c), 7 (d), and 9 (e). 
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Figure 2. PPN release profiles of PPN powder, physical mixture, and PPN-MAS 

complexes prepared at various pHs using 0.1 N HCl (a) and pH 6.8 

phosphate buffer (b). Each point is the mean ± SD, n=3. 
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1.2.  PPN-MAS  
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Pongjanyakul T, Rongthong T. Enhanced entrapment efficiency and modulated drug 

release of alginate beads loaded with drug-clay intercalated complexes as 

microresservoirs. Carbohydrate Polymers 2010; 81: 409-419. 
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 (a)

     (b) 

Figure 3. Microscopic morphology of PPN-MAS flocculates in distilled water 

without (a) and with SA (b). 
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Figure 4. Effect of MAS concentration (a) and calcium chloride concentration used 

(b) on PPN entrapment efficiency of calcium alginate beads. 
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   (a)      (b) 

   (c)      (d) 

Figure 5. Microscopic morphology and internal structure of PPN-loaded CA beads 

(a,b) and PPN-loaded 1.5%MAS-CA beads (c,d). 
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Figure 6. PPN release profiles of PPN-loaded CA beads prepared using different 

concentrations of MAS in 0.1 N HCl (a) and pH 6.8 phosphate buffer (b). 
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Figure 7. PPN release profiles of PPN-loaded 1.5%MAS-CA beads prepared using 

different concentrations of calcium chloride in 0.1 N HCl (a) and pH 6.8 

phosphate buffer (b). 
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1.3.  PPN-MAS  
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Pongjanyakul T, Rojtanataya S. Use of propranolol-magnesium aluminum silicate 

intercalated complexes as drug reservoirs in polymeric matrix tablets. Indian Journal of 

Pharmaceutical Sciences (Submitted). 
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Figure 9. PPN release profiles of HPMC matrix tablets containing pure PPN (a), 

PPN-MAS physical mixture (b) and PPN-MAS complexes (c). Each point 

is the mean ± SD, n=3. 
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Figure 10. Effect of viscosity grade of HPMC on PPN release of PPN-MAS complex-

loaded HPMC tablets in 0.1 M HCl. Each point is the mean ± SD, n=3. 
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Figure 11. Effect of compression pressure on PPN release of PPN-MAS complex-

loaded HPMC tablets in 0.1 M HCl. Each point is the mean ± SD, n=3. 
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Figure 12. Effect of calcium acetate amount on PPN release of PPN-MAS complex-

loaded HPMC tablets in 0.1 M HCl (a) and pH 6.8 Tris buffer containing 

sodium chloride and potassium chloride (b). Each point is the mean ± SD, 

n=3. 
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2.  nicotine-magnesium aluminum silicate (NCT-MAS) 
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Kanjanabat S, Pongjanyakul T. Preparation and characterization of nicotine-magnesium 

aluminum silicate complex-loaded sodium alginate matrix tablets for buccal delivery. 

AAPS PharmSciTech 2011; 12: 683-692. 
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Figure 13. Thickness and hardness of sodium alginate matrix tablets containing NCT-

MAS complexes prepared at various pHs. 
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Figure 14. Thickness and hardness of sodium alginate matrix tablets containing 

various amounts of NCT-MAS complexes prepared at pH 9. 
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Figure 15. NCT release profiles of sodium alginate matrix tablets containing various 

amounts of NCT-MAS complexes prepared at various pHs. 
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Figure 16. NCT release profiles of sodium alginate matrix tablets containing various 

amounts of NCT-MAS complexes prepared at pH 9. 
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Figure 17. NCT permeation profiles of sodium alginate matrix tablets containing 

NCT-MAS complexes prepared at various pHs. 
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Figure18. NCT permeation profiles of sodium alginate matrix tablets containing 

various amounts of NCT-MAS complexes prepared at pH 9. 
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Figure 19. Maximum detachment force and work of adhesion of sodium alginate 

matrix tablets containing NCT-MAS complexes prepared at various pHs. 
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Figure 20. Maximum detachment force and work of adhesion of sodium alginate 

matrix tablets containing various amounts of NCT-MAS complexes 

prepared at pH 9. 
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2.2.  NCT-MAS 
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hydroxymethylcellulose (HPMC)   sodium chloride citric acid  

magnesium hydroxide -  
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 (  22)  magnesium hydroxide 

 inorganic gel  

 

  sodium 

chloride   citric acid  

 citric acid  

 protonated   magnesium hydroxide 

  neutral   23 

 

 

 

  

  

Pongjanyakul T, Kanjanabat S. Influence of pH modifiers and HPMC viscosity grades on 

nicotine-magnesium aluminum silicate complex-loaded buccal matrix tablets. AAPS 

PharmSciTech (Submitted). 
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      (c) 
 
Figure 21. Hardness and thickness of pH 9 NCT-MAS complex-loaded HPMC 

tablets incorporating sodium chloride (a), citric acid (b), and magnesium 

hydroxide (c). 
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Figure 22. Nicotine release profiles of pH 9 NCT-MAS complex-loaded HPMC 

tablets incorporating sodium chloride (a), citric acid (b), and magnesium 

hydroxide (c). 
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Figure 23. Nicotine permeation profiles of pH 9 NCT-MAS complex-loaded HPMC 

tablets incorporating sodium chloride (a), citric acid (b), and magnesium 

hydroxide (c). 
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3.  NCT-MAS  chitosan (CS) 
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Kanjanakawinkul W, Rades T, Puttipipatkhachorn S, Pongjanyakul T. Nicotine-

magnesium aluminum silicate microparticles surface-modified using chitosan for 

mucosal delivery (In prepraration, English edited). 
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Figure 24. Particle size and zeta potential of NCT-MAS microparticles in dispersion 

prepared at pH 4 (a) and 7 (b). 
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Figure 25. Particle size (a) and zeta potential (b) of NCT-MAS microparticles surface-

modified using LCS and HCS in dispeson at pH 4.
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Figure 26. Particle size of NCT-MAS microparticles prepared at pH 4 and 7. 
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Figure 27. Particle size of pH 4 NCT-MAS (0.2:1) microparticles surface-modified 

using LCS and HCS. 
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Figure 28. Particle and surface morphology of MAS (a), pH 4 NCT-MAS (0.2:1) 

microparticles (b), and pH 4 NCT-MAS (0.2:1) microparticles surface-

modified using 0.04% HCS (c).
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Figure 29. NCT content (a) and NCT entrapment efficiency (b) of NCT-MAS 

microarticles prepared at pH 4 and 7.  
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Figure 30. NCT content (a) and NCT entrapment efficiency (b) of pH 4 NCT-MAS 

(0.2:1) microarticles surface-modified using LCS and HCS. 
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Figure 31. PXRD pattern of MAS, HCS, and NCT-MAS microparticles without and 

with surface modification with HCS.  
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Figure 32. DSC thermogram of MAS, HCS, and NCT-MAS microparticles.  
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Figure 33. DSC thermogram of NCT-MAS microparticles surface-modified using 

HCS and LCS.
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Figure 34. NCT release profiles of NCT-MAS microparticles prepared at pH 4 (a) and 

7 (b) using different ratios of NCT and MAS.
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Figure 35. NCT release profiles of pH 4 NCT-MAS (0.2:1) microparticles surface-

modified using LCS (a) and HCS (b).
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Figure 36. NCT permeation profiles of NCT-MAS microparticles prepared at pH 4 (a) 

and 7 (b) using different ratios of NCT and MAS.
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Figure 37. NCT permeation profiles of pH 4 NCT-MAS (0.2:1) microparticles 

surface-modified using LCS (a) and HCS (b).  
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Figure 38. Adsorption isotherm (a) and Langmuir plot (b) of LSZ adsorbed onto 

MAS at different pHs. 
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Table 2. Adsorption parameters calculated using Langmuir equation of LSZ onto 

MAS at different pHs. 

pH Qm (mg/g of MAS) KL (ml/mg) 

4 1111.11 0.089 × 10-2

6 666.67 7.576 × 10-2

8 526.32 8.085 × 10-2
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Table 3. Characteristics of wet and dry LSZ-MAS microparticles without and with 

surface modification using CS. 

Component and condition Wet microparticles  Dry microparticles 

 Particle size 

( m) 

Zeta potential 

(mV) 

 Particle size 

( m) 

LSZ content 

(%w/w)

pH 4, LSZ:MAS      

0.05:1 4.63 ± 0.01 -31.4 ± 1.5  111.4 ± 3.1 4.72 

0.10:1 22.3 ± 0.93 -22.8 ± 2.2  124.1 ± 3.1 9.04 

0.20:1 14.2 ± 0.20 -27.0 ± 1.4  157.0 ± 2.35 16.7 

pH 6, LSZ:MAS      

0.05:1 4.35 ± 0.01 -31.6 ± 1.9  136.4 ± 2.7 4.73 

0.10:1 7.09 ± 0.12 -27.7 ± 1.9  125.5 ± 4.1 9.05 

0.20:1 8.99 ± 0.30 -32.7 ± 1.5  134.4 ± 1.2 16.6 

pH 8, LSZ:MAS      

0.05:1 4.40 ± 0.02 -35.2 ± 0.8  80.1 ± 4.4 4.63 

0.10:1 5.60 ± 0.15 -35.8 ± 0.6  133.6 ± 5.6 9.02 

0.20:1 6.34 ± 0.38 -34.9 ± 0.6  125.8 ± 2.0 16.7 

pH 4, LSZ:MAS = 0.20:1      

LCS  0.01 %w/v 27.0 ± 2.0 -23.2 ± 2.2  123.9 ± 5.4 16.6 

0.02 %w/v 31.8 ± 2.7 7.59 ± 1.48  117.8 ± 1.4 16.6 

0.04 %w/v 50.0 ± 2.7 29.2 ± 1.2  145.3 ± 1.7 16.6 

HCS  0.01 %w/v 84.0 ± 5.6 -28.3 ± 2.8  126.9 ± 4.9 16.6 

0.02 %w/v 123.6 ± 4.2 -27.3 ± 2.8  134.3 ± 4.7 16.6 

0.04 %w/v 88.8 ± 6.6 2.94 ± 2.0  133.0 ± 2.0 16.6 
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Figure 39. Particle morphology of MAS (a) and LSZ (b). 
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(a)

(b)

(c)

Figure 40. Particle and surface morphology of LSZ-MAS (0.2:1) microparticles 

prepared at pH 4 (a), 6 (b), and 8 (c). 



 65 

(a)

(b)

Figure 41. Particle and surface morphology of pH 4 LSZ-MAS (0.2:1) microparticles 

surface-modified using LCS (a), and HCS (b). 
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Figure 42. FTIR spectra of MAS, LSZ and LSZ-MAS microparticles prepared at 

various pHs. 
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Figure 43. FTIR spectra of LCS, HCS and LSZ-MAS microparticles surface-

modified using CS. 
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Figure 44. PXRD pattern of MAS, LSZ, and LSZ-MAS (0.2:1) microparticles 

prepared at various pHs. 
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Figure 45. PXRD pattern of pH 4 LSZ-MAS (0.2:1) microparticles surface-modified 

with LCS and HCS. 
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Figure 46. DSC thermogram of LSZ, MAS, and LSZ-MAS (0.2:1) microparticles 

prepared at different pHs. 
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(a)
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Figure 47. DSC thermogram of pH 4 LSZ-MAS (0.2:1) microparticles surface-

modified using LCS (a) and HCS (b). 



 71 

0

10

20

30

40

50

60

70

0 2 4 6 8 10 12 14

LSZ-MAS, 0.05:1 LSZ-MAS, 0.1:1

LSZ-MAS, 0.2:1

Time (day)

L
ys

oz
ym

e 
re

le
as

ed
 (%

)

0

10

20

30

40

50

60

70

0 2 4 6 8 10 12 14

LSZ-MAS, 0.05:1 LSZ-MAS, 0.1:1

LSZ-MAS, 0.2:1

Time (day)

L
ys

oz
ym

e 
re

le
as

ed
 (%

)

0

10

20

30

40

50

60

70

0 2 4 6 8 10 12 14

LSZ-MAS, 0.05:1 LSZ-MAS, 0.1:1

LSZ-MAS, 0.2:1

Time (day)

L
ys

oz
ym

e 
re

le
as

ed
 (%

)

(a)      (b) 

(c)

Figure 48. LSZ release profiles of LSZ-MAS microparticles prepared at pH 4 (a), 6 

(b), and 8 (c) using various ratios of LSZ and MAS. 
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Figure 49. Comparative LSZ release profiles of LSZ-MAS (0.2:1) microparticles 

prepared at various pHs. 
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Figure 50. LSZ release profiles of pH 4 LSZ-MAS (0.2:1) microparticles surface-

modified using LCS (a) and HCS (b). 
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Figure 51. Bacterial lysis activity of LSZ released from LSZ-MAS (0.2:1) 

microparticles prepared at various pHs. 
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Figure 52. Bacterial lysis activity of LSZ released from LSZ-MAS (0.2:1) 

microparticles without and with surface-modified using LCS and HCS. 
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Figure 53. Effect of CS concentration on LSZ activity of 20 g/ml LSZ solution 

incubated at 37 C for 24 h. 
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Table 4. Physical characteristics of pellets prepared using glycerylpalmitotearate as a 

wax matrix. 

Sample Weight (mg) Height (mm) Hardness (N) 

Blank pellet 24.61 ± 0.33 4.79 ± 0.05 3.50 ± 0.31 

LSZ pellet 24.54 ± 0.17 4.78 ± 0.04 3.51 ± 0.24 

MAS pellet 23.78 ± 0.97 4.17 ± 0.26 3.56 ± 0.21 

LSZ-MAS physical mixture pellet 24.40 ± 0.18 4.30 ± 0.05 3.90 ± 0.21 

pH 4 LSZ-MAS microparticle pellet 24.44 ± 0.27 4.47 ± 0.05 4.42 ± 0.11 

pH 6 LSZ-MAS microparticle pellet 24.28 ± 0.73 4.44 ± 0.13 4.47 ± 0.22 

pH 8 LSZ-MAS microparticle pellet 24.60 ± 0.35 4.51 ± 0.08 4.63 ± 0.08 
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(a)

(b)

Figure 54. Particle morphology of GPS (a), and surface and cross-section 

morphology of GPS pellet (b). 
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(a)

(b)

(c)

Figure 55. Surface and cross-section morphology of GPS pellet containing LSZ-MAS 

(0.2:1) microparticles prepared at pH 4 (a), 6 (b), and 8 (c). 
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Figure 56. LSZ release profiles of LSZ pellets (a), and microparticle pellets (b). 
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Figure 57. Bacterial lysis activity of LSZ released from pellets at day 7 and 14 of 
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a b s t r a c t

In this study, complexation of magnesium aluminum silicate (MAS) and propranolol HCl (PPN) in the

form of dispersions and solid particles was investigated. PPN–MAS dispersions at different pHs were

prepared and characterized. The physicochemical properties and in vitro drug release of the complexes

were also examined. Incorporation of PPN into MAS dispersions at various pHs caused the formation

of PPN–MAS flocculates with a different particle size, zeta potential and amount of PPN adsorbed. The

PPN–MAS complexes prepared at various pHs were formed via cation exchange, hydrogen bonding and

water bridging mechanisms, which were revealed by FTIR and solid-state 29Si NMR spectroscopy. This

led to the intercalation of PPN molecules into the silicate layers of MAS. In vitro drug release studies

demonstrated that the kinetic release of PPN can be described using the particle diffusion controlled

mechanism, suggesting that drug release was controlled by diffusion of the drug in aqueous channels

in the particle matrix of the complexes. The PPN–MAS complexes provided a sustained-release of PPN

after an initial burst release in acidic medium and pH 6.8 phosphate buffer when compared with the

physical mixture and pure PPN powder. This was due to a slow diffusion of drug that was intercalated

in the inside of the particle matrix. The preparation pH of the complexes did not influence the release

of PPN; the important factors affecting drug release were particle size, percentage of drug loaded in the

complexes and the type of release medium. This finding suggests that the PPN–MAS complexes obtained

in this study are strong candidates for use as drug carriers in oral modified-release dosage forms.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In pharmaceutics, complexation between drugs and biocompat-

ible materials has been used for enhancement of drug solubility,

drug stability, drug absorption and bioavailability (Martin, 1993).

In recent years, clays and biocompatible inorganic materials have

been applied to adsorb the drugs onto their structures because

they have a large specific surface area, good adsorption ability and

cation exchange capacity (Velde, 1992; Murray, 2000). It has been

shown that the drug–clay complexes can retard and/or modulate

the release of drugs (Trikeriotis and Ghanotakis, 2007; Park et al.,

2008; Joshi et al., 2009). This finding led to the use of drug–clay

complexes as drug carriers, and when the complexes are coated

with a cationic polymer, a good drug release profile during a short

period of time is observed (Park et al., 2008).

Magnesium aluminum silicate (MAS) is a mixture of natural

smectite clays, specifically montmorillonite and saponite (Kibbe,

2000; Viseras et al., 2007). MAS has a layered structure that is

constructed from tetrahedrally coordinated silica atoms fused into

∗ Corresponding author. Tel.: +66 43 362092; fax: +66 43 202379.

E-mail address: thaned@kku.ac.th (T. Pongjanyakul).

an edge-shared octahedral plane of either aluminum hydroxide or

magnesium hydroxide (Alexandre and Dubois, 2000; Kibbe, 2000).

The surface of the silicate layer contains numerous silanol groups

(SiOH), which have the potential to form hydrogen bonds with

other substances (Gupta et al., 2003). The separation of the layered

structures occurs when they are hydrated in water, and the weakly

positively charged edges and the negatively charged faces of MAS

are then presented. The negatively charged faces on the silicate lay-

ers of MAS have strong electrostatic interactions with amine drugs

(McGinity and Lach, 1977; Sánchez-Martin et al., 1981; Nunes et al.,

2007; Pongjanyakul et al., 2009), thereby leading to the prolonged

release of the drug. Due to the non-toxicity and non-irritation at the

levels employed in pharmaceutical use (Kibbe, 2000), it is of interest

to use MAS as a drug adsorbent to improve the physical character-

istics and modulate drug release behavior. Recently, nicotine–MAS

complexes were shown to enhance thermal stability of nicotine and

provide a sustained-release of nicotine after an initial burst release

(Pongjanyakul et al., 2009).

Propranolol hydrochloride (PPN) was the first �-adrenoceptor

blocking drug to achieve wide therapeutic use in angina and hyper-

tension (Dollery, 1991). It is a secondary amine compound, and

its structure is shown in Fig. 1. Due to the short half life of PPN

(3.9 h) (Dollery, 1991), PPN has been selected as a drug candidate

0378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2009.09.016
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Fig. 1. Chemical structure of propranolol hydrochloride (PPN).

for developing sustained-release dosage forms (Gil et al., 2006;

Sahoo et al., 2008; Paker-Leggs and Neau, 2009). However, many

researchers in development of PPN sustained-release dosage forms

were met with problems, such as the difficulty to control the release

of the drug due to the high aqueous solubility of PPN. Thus, this

problem may be solved by the complexation of PPN with MAS

because the complexes obtained may retard the release of PPN.

Sánchez-Martin et al. (1981) reported the interaction of PPN with

montmorillonite; PPN can intercalate into the interlayer space of

montmorillonite. However, there is no data available concerning

other physicochemical properties or the in vitro release behavior of

the PPN–montmorillonite complexes. Thus, it is necessary to study

the physicochemical properties of PPN–MAS complexes in the form

of dispersions and solid particles. The particle complexes obtained

may be applicable as drug carriers for modulating PPN release.

In the present study, PPN–MAS dispersions at different pHs were

prepared, and particle size, zeta potential of PPN–MAS flocculates,

and drug adsorbed onto the MAS were investigated. Additionally,

the physicochemical properties of the solid complexes such as ther-

mal behavior, solid-state crystallinity, particle size and morphology

were investigated. FTIR and solid-state 29Si NMR spectroscopy were

used to examine the molecular interaction between PPN and MAS

within the complexes. The in vitro release behavior and release

kinetics of PPN from the complexes using 0.1N HCl and pH 6.8

phosphate buffer were also examined.

2. Materials and methods

2.1. Materials

MAS (Veegum®HV) and PPN were purchased from the R.T. Van-

derbilt Company Inc. (Norwalk, CT, USA) and Changzhou Yabang

Pharmaceutical Co., Ltd. (Jiangsu, China), respectively. All other

reagents used were of analytical grade and used as received.

2.2. Preparation of PPN–MAS dispersion

A 4% w/v MAS suspension was prepared using hot water and

cooled to room temperature prior to use. Next, 25 ml of the 4% w/v

MAS suspension was mixed with 25 ml of the 1% w/v PPN deion-

ized water solution in an Erlenmeyer flask. The pH of all PPN–MAS

dispersions were adjusted by adding a small amount of 1N HCl or

1N NaOH into the flask while swirling and using a pH meter (Ion

Analyzer 250, Coring, USA) to determine when the final pH of the

dispersions was 5, 7 or 9. Then the dispersions were incubated at

37 ◦C with shaking for 24 h to allow PPN adsorption into the MAS

to equilibrate. The PPN–MAS dispersions prepared at various pHs

were characterized as described below.

2.3. Characterization of PPN–MAS dispersions

2.3.1. Microscopic morphology studies

The morphology of the MAS particles and the PPN–MAS floc-

culates in the dispersions were investigated using an inverted

microscope (Eclipse TS100, Nikon, Japan) and viewed using a digital

camera (Coolpix 4500, Nikon, Japan).

2.3.2. Particle size determination

The particle size of the MAS particles and the PPN–MAS

flocculates in the dispersions were measured using a laser diffrac-

tion particle size analyzer (Mastersizer2000 Model Hydro2000SM,

Malvern Instrument Ltd., UK). The samples were dispersed in 70 ml

of deionized water in a small volume sample dispersion unit and

stirred at a rate of 50 Hz for 30 s before the measurement. The par-

ticle sizes (volume weighted mean diameter) were then recorded.

2.3.3. Zeta potential measurement

The zeta potential of the dispersions was measured by using

a laser Doppler electrophoresis analyzer (Zetasizer Model ZEN

2600, Malvern Instrument Ltd., UK). The temperature of the sam-

ples was controlled at 25 ◦C. The dispersions were diluted using

deionized water to obtain appropriate concentrations (count rates

>20,000 counts per second) prior to measurement.

2.3.4. Determination of PPN adsorbed onto MAS

The clear supernatants of the dispersions were collected, filtered

with a 0.45-�m cellulose acetate membrane, and then analyzed

using UV–visible spectrophotometer (Shimadzu UV1201, Japan) at

a wavelength of 289 nm. The amount of PPN adsorbed onto MAS

was calculated as the difference between the amount of PPN added

and the amount of PPN in the supernatant.

2.4. Preparation of PPN–MAS complexes

The PPN–MAS dispersions at various pHs were prepared using

the method that was mentioned previously in Section 2.2. The

PPN–MAS complexes were separated from the filtrates by filtration,

washed 2 times with 20 ml of deionized water and dried overnight

at 50 ◦C. For the second drug loading at pH 7, the PPN–MAS dis-

persions were prepared following the method in Section 2.2. The

complexes collected from the first drug loading by filtration were

redispersed in 25 ml of the 1% w/v PPN solution in an Erlenmeyer

flask, and the mixture was incubated at 37 ◦C with shaking for 24 h.

The PPN–MAS complexes of the double drug loading were sepa-

rated, washed and dried following the method mentioned above.

The dry PPN–MAS complexes were ground using a mortar and pes-

tle and divided into 3 particle sizes using a sieving method: small

size (passed through 125 �m sieve), medium size (125–180 �m

sieve), and large size (180–250 �m sieve). The obtained complexes

were kept in a desiccator prior to use. The small sized PPN–MAS

complexes were used for investigation of PPN content and physic-

ochemical properties. Additionally, the physical mixture between

PPN and MAS was freshly prepared by gentle mixing in a small vial,

in which the concentration of PPN was 14% (w/w) of the mixture.

2.5. Characterization of PPN–MAS complexes

2.5.1. Determination of PPN content

Fifty milligrams of the complexes were weighed and dispersed

in 100 ml of 2N HCl for 24 h. Then the supernatant was collected

and filtered, and the PPN content was assayed using a UV–visible

spectrophotometer (Shimadzu UV1201, Japan) at a wavelength of

289 nm.

2.5.2. Particle size determination

The particle size of the complexes was measured using the same

method mentioned in Section 2.3.2. The media used were 0.1N

HCl and pH 6.8 phosphate buffer, and the volume weighted mean

diameter of the particles was reported.

2.5.3. Scanning electron microscopy (SEM)

The particle shape and surface morphology of the MAS powder

and the PPN–MAS complexes were observed using scanning elec-
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Table 1
Characteristics of MAS and PPN–MAS dispersions.

Dispersion Particle sizea (�m) Zeta potentialb (mV) PPN adsorptiona (mg/1 g of MAS) PPN content in flocculates (%w/w)

MAS dispersion 4.76 ± 0.12 −36.0 ± 1.1 – –

PPN–MAS dispersion

pH 5 141.8 ± 13.7 −10.2 ± 2.5 207.8 ± 2.4 17.21 ± 0.16

pH 7 134.1 ± 14.0 −12.4 ± 2.8 215.3 ± 1.5 17.71 ± 0.10

pH 9 125.1 ± 10.6 −15.0 ± 3.2 221.0 ± 0.2 18.10 ± 0.01

a Data are the mean ± SD of three determinations.
b Data are the mean ± SD of six determinations.

tron microscopy (SEM). Samples were mounted onto stubs, sputter

coated with gold in a vacuum evaporator, and photographed using a

scanning electron microscope (Jeol Model JSM-6400, Tokyo, Japan).

2.5.4. Powder X-ray diffractometry

Powder X-ray diffraction (PXRD) measurements of samples

were performed on a powder X-ray diffractometer (Jeol Model

JDX-3530, Tokyo, Japan). The measurement conditions were a Cu

radiation generated at 40 kV and 40 mA as X-ray source, angular

3–25◦ (2�), and step angle 0.02◦ (2�) s−1.

2.5.5. Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of samples were recorded with an FTIR spec-

trophotometer (Spectrum One, Perkin Elmer, Norwalk, CT) using

the KBr disc method. Each sample was pulverized, gently triturated

with KBr powder in a weight ratio of 1:100 and then pressed using

a hydrostatic press at a pressure of 10 tons for 5 min. The disc was

placed in the sample holder and scanned from 4000 to 450 cm−1 at

a resolution of 4 cm−1.

2.5.6. Nuclear magnetic resonance (NMR) spectroscopy

The 29Si NMR spectra of the samples were measured using a

solid-state 29Si cross-polarization magic angle spinning (CP/MAS)

NMR spectrometer (DPX-300, Bruker-BioSpin AG, Fällanden,

Switzerland). The spectral parameters used were as follows: 1600

spins, a relaxation delay of 6 s, a spin rate of 5 kHz, and a spectral

size of 4 K with a 2 K time domain size.

2.5.7. Differential scanning calorimetry (DSC)

DSC sample curves were recorded using a differential scanning

calorimeter (DSC822, Mettler Toledo, Switzerland). Each sample

(2–3 mg) was accurately weighed into a 40-�l aluminum pan and

crimped without an aluminum cover. The measurements were per-

formed in air over the range of 30–450 ◦C at a heating rate of 10 ◦C

min−1.

2.5.8. In vitro drug release studies

A USP dissolution apparatus 2 (paddle method, Hanson

Research, USA) was used to characterize the release of PPN from

the complexes. The amount of the PPN–MAS complexes used was

equivalent to that containing 40 mg of PPN. The studies were per-

formed in 500 ml of release medium at 37.0 ± 0.5 ◦C at a rotation

speed of 50 rev/min. Samples (20 ml) were collected and replaced

with fresh medium at various time intervals. The amount of PPN

released was analyzed using a UV–visible spectrophotometer (Shi-

madzu UV1201, Japan) at a wavelength of 289 nm. The dissolution

media used in this study were 0.1N HCl and pH 6.8 phosphate

buffer.

The PPN release kinetic mechanism was investigated using a

particle diffusion controlled model that has been previously pro-

posed by Bhaskar et al. (1986). This model was applied to test the

drug release from layered double hydroxides (Ni et al., 2008) and

from MAS (Pongjanyakul et al., 2009), which can be expressed by

the following equation (Bhaskar et al., 1986):

−ln(1 − F) = 1.59

(
6

dp

)1.3

D0.65t0.65 (1)

where F is the fractional release of drug from the complexes

at given time (t), dp is the mean particle size of the com-

plexes, D is the apparent diffusion coefficient and t is time. This

model can be investigated by simply testing for linearity between

−ln(1 − F) and t0.65. The slope (drug release rate constant) of the

straight line (estimated using linear regression analysis) was used

to calculate the apparent diffusivity according to the following

equation:

D = d2
p

36

(
slope

1.59

)1/0.65

(2)

3. Results and discussion

3.1. Characteristics of PPN–MAS dispersions

The particle size, zeta potential, and PPN adsorption onto MAS in

the composite dispersion prepared at different pHs are presented in

Table 1. The mean particle size of MAS was found to be 4.76 �m with

a negatively charged surface that had a zeta potential of −36.0 mV.

The microscopic morphology of the MAS dispersion showed sepa-

rated particles of MAS (Fig. 2a). Incorporation of PPN into the MAS

dispersion caused a rapid sedimentation of MAS particles, indica-

tive of the formation of PPN–MAS flocculates (Fig. 2b), which is

due to the electrostatic interaction between negatively charged

MAS and positively charged PPN. This led to an obvious decrease

of the zeta potential of MAS (Table 1). Decreasing the preparation

pH resulted in a reduction of both the zeta potential of the floc-

culates and percent of PPN adsorbed onto MAS; however, a larger

particle size of the flocculates was observed when preparation pH

was decreased. The zeta potential of the flocculates at pH 9 was

higher than the zeta potential at pH 7 due to a lower degree of

ionization of PPN at pH 9. The pKa value of PPN is 9.5 (Dollery,

1991), and thus 75.8% of PPN was in the protonated form at pH

9. The protonated form of PPN increased to 99.7 and 99.9% at pH

7 and 5, respectively. The protonated form of PPN at pH 5 and 7

could potentially interact with the negatively charged MAS more

readily than at pH 9, leading to increased adsorption of PPN onto

the particle surface of MAS and a reduction of the electric barrier

between the MAS particles, which was evident by a decrease in

the zeta potential and the formation of a bridge between adjacent

particles so as to link them together in a loosely arranged struc-

ture of flocculates (Martin, 1993). The lower the zeta potential,

the larger the flocculate size was found. This result was in agree-

ment with a previous study using nicotine and MAS (Suksri and

Pongjanyakul, 2008). However, the PPN adsorbed onto MAS at pH 7

was lower than that at pH 9. It is probable that the larger flocculate

size at neutral pH possessed lower surface area for PPN adsorp-

tion when compared with the smaller size of flocculates at pH

9. In comparison to pH 7, at pH 5 a reduction of the zeta poten-
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Fig. 2. Microphotographs of MAS particles in a MAS dispersion (a) and PPN–MAS

flocculates in the composite dispersion prepared at pH 7 (b).

tial and increased flocculate size was observed, although both pHs

displayed a similar degree of PPN ionization. This suggests that

hydronium ions that increased at the lower pH could adsorb onto

the MAS surface and partially neutralize the negative charge of

MAS (Benna et al., 1999; Suksri and Pongjanyakul, 2008), thereby

resulting in increased flocculate size and decreased PPN adsorbed

onto the MAS. These results suggest that the pH of preparation

influences the characteristics of the PPN–MAS flocculates in the

composite dispersions, which may cause different physicochemi-

cal properties and drug release behavior of the obtained PPN–MAS

complexes.

3.2. PPN content and particle size analysis

The PPN content of the PPN–MAS complexes prepared at pH 5, 7,

and 9 by using a single drug loading was approximately 14% (w/w),

which is listed in Table 2. It was observed that the PPN content of

the dry complexes was significantly less than that of the complexes

in the dispersions (Table 1). This was due to a loss of PPN from the

surface of the complexes during the washing process with deion-

ized water. Moreover, the PPN content of the complexes obtained

from the double drug loading was significantly higher than that

obtained from the single drug loading. This suggests that part of

the adsorption site of MAS remained free after reaching adsorption

equilibrium during the single drug loading, and the higher con-

centration of PPN in the second drug loading could drive the PPN

adsorption onto the remaining site of MAS. Therefore, an increase

in PPN content of the complexes was found when using a double

loading of PPN.

The MAS particles were in a granular form and displayed many

small flakes on the surface (Fig. 3a and b). The PPN–MAS complexes

prepared at pH 7 (small size) had irregular shapes as shown in Fig. 3c

and d. It was found that the PPN–MAS complexes had a different

surface morphology when compared with that of MAS alone. The

features of the small particles on the surface of the complexes were

found to be caused by the aggregation of many small flocculates

during the drying process.

The particle size of MAS granules dispersed in 0.1N HCl and

pH 6.8 phosphate buffer was 50.4 ± 2.2 and 10.6 ± 1.4 �m (n = 3),

respectively. The MAS particle size in both media was larger than in

deionized water (Table 1). This suggests that cations in the medium

influenced the dispersibility of MAS granules. On the other hand,

the PPN–MAS complexes prepared at various pHs showed simi-

lar particle sizes generally in the range of medium size (Table 2).

Moreover, neither media affected the particle size of the complexes

(Table 2). These results suggest that the complexes could not dis-

perse in 0.1N HCl and pH 6.8 phosphate buffer because a strong

attraction force between the silicate layers of MAS formed upon

interaction with PPN. The particle size obtained from this study

was used to calculate the diffusion coefficient of PPN in the particle

matrix of the complexes.

3.3. PXRD study

The MAS powder showed a distinct diffraction peak at 6.2◦ (2�)

(Fig. 4b), representing a 1.42-nm thickness of the silicate layer of

MAS. The PPN–MAS complexes prepared at various pHs did not

present the PXRD pattern of PPN alone (Fig. 4c–e), suggesting that

PPN was in an amorphous form and molecularly dispersed onto

the surface of the MAS silicate layer. However, the peak of the MAS

powder at 6.2◦ (2�) was shifted to 5.0◦ (2�) (Fig. 4c–e) and gave

stronger intensity when the PPN–MAS complexes occurred. This

Table 2
Particle size and PPN content of PPN–MAS complexes.

Condition of preparation PPN content (%w/w) Particle size (�m)

0.1N HCl pH 6.8 phosphate buffer

Single loading (medium size)

pH 5 14.13 ± 0.18 190.2 ± 1.0 196.6 ± 1.0

pH 7 14.51 ± 0.22 181.9 ± 0.4 189.8 ± 2.2

pH 9 14.42 ± 0.08 189.3 ± 0.4 190.4 ± 0.9

Double loading at pH 7 20.05 ± 0.60

Small size 90.3 ± 0.7 89.3 ± 0.6

Medium size 203.9 ± 0.4 201.5 ± 0.8

Large size 259.4 ± 2.5 261.8 ± 1.1

Data are the mean ± SD of three determinations.
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Fig. 3. Particle and surface morphology of MAS (a and b) and PPN–MAS complexes (c and d) prepared at pH 7 using a single loading (small size).

indicates that PPN can intercalate into the silicate layers of MAS

because the MAS layer thickness was increased to approximately

1.77 nm. Moreover, a previous study showed that a stronger inten-

sity of the basal spacing peak occurs when the drug molecule is

intercalated into the silicate layers of MAS (Pongjanyakul et al.,

Fig. 4. PXRD patterns of PPN (a), MAS (b), and PPN–MAS complexes prepared at pH

5 (c), 7 (d), and 9 (e).

2009). This may be due to an increased stacking of the interca-

lated silicate layers (Sinha Ray et al., 2003), which resulted from

the interaction between MAS and PPN.

3.4. Interaction between PPN and MAS

The molecular interaction between PPN and MAS was elucidated

by using FTIR spectroscopy. The FTIR spectra of PPN showed N–H

and O–H stretching peaks at 3323 and 3283 cm−1 (Fig. 5a), respec-

tively, which was an essential peak for detecting the interaction

of PPN with MAS. The outstanding peaks of MAS were the O–H

stretching peak of SiOH at 3632 cm−1, the O–H stretching peak

of water residues at 3447 cm−1, the O–H bending peak of water

crystallization at 1640 cm−1, and the Si–O–Si stretching peak at

1016 cm−1 (Fig. 5b). The physical mixture between PPN and MAS

presented a shift of the N–H and O–H stretching peaks of PPN to

3332 and 3279 cm−1 (Fig. 5c), respectively. It is possible that the

amine and hydroxyl groups of PPN may have potentially interacted

with MAS during gentle mixing. However, no obvious changes in

the peaks of MAS were observed. The PPN–MAS complexes pre-

pared at various pHs showed a remarkable change of the MAS peaks

(Fig. 5d–f). The O–H stretching peak at 3447 cm−1 and the O–H

bending peak at 1640 cm−1 strongly shifted to lower wavenumbers

at 3429–3435 cm−1 and 1630 cm−1, respectively. This suggests that

in the complexes, water bound with PPN and/or MAS via hydro-

gen bonding. These data indicate that the interaction between PPN
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Fig. 5. FTIR spectra of PPN (a), MAS (b), physical mixture (c) and PPN–MAS com-

plexes prepared at pH 5 (d), 7 (e), and 9 (f).

and MAS occurred via the water bridging mechanism (Aguzzi et

al., 2007; Pongjanyakul et al., 2009). The O–H stretching peak of

SiOH at 3632 cm−1 was sharper and shifted to a lower wavenum-

ber (3628 cm−1), and the N–H and O–H stretching peaks of PPN

were not observed, which can be attributed to the hydrogen bond-

ing formation of silanol groups (SiOH) of MAS with the amine and

hydroxyl groups of PPN. Additionally, the occurrence of the new

peak at 3685 cm−1 (Fig. 5d–f) after the formation of the PPN–MAS

complexes indicates free OH groups on the inner surface of the sili-

cate layer of MAS (Hoch and Bandara, 2005). The stronger vibration

of free hydroxyl groups on the inner surface of the silicate layers

was able to occur when the basal spacing of the MAS silicate lay-

ers increased due to the intercalation of the PPN molecules, which

was demonstrated by PXRD. This result was similar with a previous

report that observed this phenomenon in nicotine–MAS complexes

(Pongjanyakul et al., 2009).

The electrostatic interaction between PPN and MAS was

expected. The solid-state 29Si NMR spectra of the MAS and the

PPN–MAS complexes are illustrated in Fig. 6. The 29Si NMR spec-

tra give evidence of electronic changes in the tetrahedral sheet of

Fig. 6. Solid-state 29Si NMR spectra of MAS (a) and PPN–MAS complexes prepared

at pH 5 (b), 7 (c), and 9 (d).

montmorillonite. The 29Si chemical shift of −94.07 ppm of MAS to

−94.13, −94.11, and −94.11 ppm of the complexes at pH 5, 7, and 9,

respectively, was found. Additionally, the Si–O–Si stretching peak

(1016 cm−1) of the complexes (Fig. 5d–f) was narrower than that of

MAS alone. The slightly negative change in the chemical shift and

the narrower Si–O–Si stretching peak indicates a decrease in the

charge of the MAS layer (Gates et al., 2000).

Fig. 7. Possible structure arrangement of PPN–MAS complexes.
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Fig. 8. DSC thermograms of PPN (a), MAS (b), physical mixture (c), and PPN–MAS

complexes prepared at pH 5 (d), pH 7 (e) and pH 9 (f).

According to the results obtained from the FTIR and 29Si NMR

spectroscopy as well as PXRD, it can be suggested that complexa-

tion between PPN and MAS formed via electrostatic interaction by

cation exchange, hydrogen bonding, and the water bridging mech-

anism, which can occur at various pHs. This led to the possible

structure arrangement of the PPN–MAS complexes as illustrated

in Fig. 7.

3.5. Thermal behavior

The DSC thermogram of PPN showed a sharp endothermic peak

at 165 ◦C (Fig. 8a), indicating the melting point of PPN. A broad

endothermic peak at 292 ◦C followed by an exothermic peak at

300 ◦C represented the decomposition of PPN. MAS presented a

broad endothermic peak at 70 ◦C, which was attributable to the

dehydration of free water residues (Fig. 8b). The PPN–MAS physical

mixture had an endothermic peak at 163 ◦C, indicative of a melting

peak of PPN, and a broad exothermic peak was observed at 263 ◦C,

suggesting the degradation of PPN in the physical mixture (Fig. 8c).

For the PPN–MAS complexes, the absence of a melting peak of PPN

suggests a molecular dispersion and amorphous form of PPN in the

complexes, which confirmed the results of PXRD. The complexes

prepared at various pHs presented two broad exothermic peaks at

around 272–279 ◦C and 345–351 ◦C (Fig. 8d–f). This is likely due to

both the decomposition of PPN adsorbed onto the particle surface

of the complexes and the PPN that was intercalated in the silicate

layers of MAS.

3.6. In vitro release of PPN–MAS complexes

The effect of preparation pH and particle size of the PPN–MAS

complexes on PPN release profiles using 0.1N HCl and pH 6.8 phos-

phate buffer are shown in Figs. 9 and 10, respectively. As shown

in Fig. 11, the relationship between −ln(1 − F) and t0.65 of the PPN

released from the complexes showed a good linearity. This rela-

tionship presented two stages of PPN release after the burst release

at 2 min, and the slope (release rate constant) obtained was used

to compute the diffusion coefficient (D value) shown in Table 3.

The PPN released from a freshly prepared physical mixture of PPN

with MAS and PPN powder was also investigated. In both media,

the PPN powder was completely dissolved within 2 min of the test.

The physical mixture showed very fast release with 65–74% drug

released at 2 min in both media (Table 3), and then the amount

of PPN released gradually decreased (Fig. 9), suggesting that the Ta
b
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Fig. 9. PPN release profiles of PPN powder, physical mixture, and PPN–MAS com-

plexes prepared at various pHs using a single loading in 0.1N HCl (a) or pH 6.8

phosphate buffer (b). Each point is the mean ± SD, n = 3.

PPN that was released could be readsorbed by the MAS dispersed

in the release medium. The PPN–MAS complexes showed a slow

release profile, and the preparation pH did not influence the release

of PPN from the complexes (Fig. 9). This was observed from the drug

released at 2 min, and release rate constants are shown in Table 3.

The release rate constant in stage 2 was lower than that in stage

1 because of the reduction of the drug concentration gradient in

the complex particle. No difference was observed in the release

rate constant of stage 1 between the two media, whereas a higher

release rate constant of stage 2 in acidic medium was obtained

when compared with using pH 6.8 phosphate buffer. This difference

was also found in the D values. Apart from the effect of preparation

pH, particle size also had a strong influence on the drug release. It

was observed that the drug released at 2 min significantly increased

with decreasing particle size of the complexes (Table 3). In con-

trast, increasing release rate constants were found for the larger

particle sizes, particularly in the acidic medium. Additionally, the

D values in both stages increased with increasing particle size of

the complexes.

This study shows that release of PPN from the complexes is con-

trolled by a particle matrix that acts as a diffusion barrier for drug

release. This was due to a good fit of the PPN release data using

the particle diffusion controlled model. When the particles of the

Fig. 10. Effect of particle size on PPN released from PPN–MAS complexes prepared

at pH 7 using a double loading in 0.1N HCl (a) or pH 6.8 phosphate buffer (b). Each

point is the mean ± SD, n = 3.

Fig. 11. Relationship between −ln(1 − F) and t0.65 of PPN–MAS complexes prepared

at pH 7 using a single (�) or double (©) loading in 0.1N HCl. Open and closed symbols

represented drug release data at stages 1 and 2, respectively, and the solid line is the

linear regression line of each drug release stage. Each point is the mean ± SD, n = 3.
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complexes are exposed to the dissolution medium, the simultane-

ous penetration of the surrounding medium and cation exchange

process occurred, thereby leading to a burst release (drug released

at 2 min) of the PPN adsorbed onto the particle surface of the com-

plexes. Then the cations diffuse into the particles to exchange with

the PPN adsorbed and intercalated in the silicate layers of MAS,

which leads to the leaching out of PPN through interstitial aque-

ous channels. After which, the diffusion of PPN molecules through

numerous aqueous channels within the particle matrix occurs.

These processes can describe the first stage of drug release. How-

ever, in this study the PPN–MAS complexes also demonstrated a

second stage of drug release. It is probable that this stage repre-

sents the drug released and diffused from the silicate layer space

of the MAS, which could be called a nanostructure matrix, on the

inside of the particles of the complexes. This resulted in a lower

release rate constant and D value.

The preparation pH of the PPN–MAS complexes did not obvi-

ously affect the PPN release. These results were similar to a previous

report using complexes of nicotine and MAS (Pongjanyakul et al.,

2009). This is likely due to the similar mechanism of complex for-

mation at the different pHs, which was hydrogen bonding, water

bridging, and the cation exchange process, which led to the similar

PPN release profiles in acidic medium and pH 6.8 phosphate buffer.

However, the use of 0.1N HCl showed increase PPN release than pH

6.8 phosphate buffer, even though the cation concentration of 0.1N

HCl (100 mequiv./l) was not different from that of pH 6.8 phosphate

buffer (99.7 mequiv./l). Therefore, the factors affecting the release

of PPN were both the type of cation and pH of the medium. Gen-

erally, hydrogen ions (28 pm) have smaller ionic radii than sodium

ions (161 pm) (Heyrovska, 2009). This leads to faster diffusion into

the particles of the complexes. Moreover, MAS has high affinity for

hydrogen ions in the acidic medium because it had a lower zeta

potential in this condition when compared with the neutral pH

medium (Suksri and Pongjanyakul, 2008). Taken together, these

reasons explain why faster release of PPN in the acidic medium

was observed. Furthermore, it was observed that the PPN released

at 7 h in the acidic medium was higher than that in pH 6.8 phos-

phate buffer (Figs. 9 and 10), indicating that the smaller size of

hydrogen ions could diffuse deep into the inside of the particles of

the complexes for the cation exchange process.

The particle size of the complexes is one of the important factors

influencing drug release. It was found that the larger the parti-

cle size of the complexes, the lower the initial burst release (drug

released at 2 min). This was due to decreased specific surface area of

the large size particles. Higher release rate constants and D values

were obtained from the large size particles. This can potentially be

explained by the higher remaining of PPN content in the larger size

complexes compared to the smaller size complexes after the initial

burst release, leading to a higher concentration gradient of PPN in

the large size complexes. This brought about faster drug release,

which increased the calculated D values. Furthermore, increasing

drug loading from 14% (w/w) to 20% (w/w) of the complexes pre-

pared at pH 7 (medium size) caused an increase in drug released at

2 min and release rate constant (Table 3). The higher PPN content

in the complexes provided a reduction of the relative amount of

diffusional barrier material in the complexes. Moreover, the higher

drug loading also created a larger drug concentration gradient in

the complexes when exposed to the release medium. The higher

the concentration gradient, the faster the mass transfer, resulting

in the increased drug release rate constant and D values obtained

in this study.

The PPN–MAS complexes provided a slow release of PPN after

the burst release in acidic medium within 7 h of the test, dur-

ing which equilibrium of drug release was not reached. Moreover,

the PPN release at 7 h was more than 89% for 0.1N HCl and

74% for pH 6.8 phosphate buffer. Park et al. (2008) reported that

donepezil–montmorillonite complexes have a 12% drug release at

180 min in simulated human gastric medium supplemented with

a cationic polymer to enhance drug release. It is possible that

because PPN has a lower molecular weight than donepezil, this

led to an increased rate of diffusion of PPN in aqueous channels

of the particle matrix. The low amount of drug released using the

larger donepezil molecule could be due to a very slow diffusion

of drug that was adsorbed and intercalated in the inside of the

particles of the complexes. Additionally, the PPN–MAS complexes

showed a faster drug release rate than the nicotine–MAS complexes

in the same range of particle size, which used the same prepara-

tion method (Pongjanyakul et al., 2009). Smaller nicotine molecules

contain two protonated amino groups that possibly have very high

affinity for MAS. This led to the slower rate of release of nico-

tine when compared with PPN. This suggests that the drug release

behavior of drug–clay complexes is also dependent upon the prop-

erties of the intercalated drug such as its molecular weight and

chemical structure.

4. Conclusions

The study presented herein demonstrated that the interaction

of PPN and MAS caused a flocculation in the composite dispersion at

various pHs, resulting in a change of particle size and zeta potential

of MAS and a different amount of PPN adsorbed onto MAS. The com-

plexation between PPN and MAS was created via cation exchange,

hydrogen bonding and water bridging mechanisms, which led to

the intercalation of PPN molecules into the MAS silicate layers. The

PPN–MAS complexes provided a sustained-release of PPN after an

initial burst release, and the PPN release kinetics were described

using the particle diffusion controlled model. The preparation pH

did not influence the release of PPN; the important factors affecting

drug release were particle size, percent of drug loading of the com-

plexes and the type of release medium. This study suggests that

these PPN–MAS complexes have a strong potential to be employed

as drug carriers in oral modified-release dosage forms. Further work

to evaluate the drug release of polymer matrix tablets containing

PPN–MAS complexes is currently ongoing.
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Calcium alginate (CA) beads loaded with intercalated complexes of propranolol HCl (PPN) and mag-

nesium aluminum silicate (MAS), which serve as microreservoirs, were prepared using an ionotropic

gelation method. The surface and matrix morphology, drug entrapment efficiency, thermal behavior,

mechanical properties, and PPN release of the CA beads were characterized. The results showed that

the molecular interaction of MAS with PPN and sodium alginate (SA) resulted in PPN–MAS intercalated

complex particles as microservoirs and denser matrix structure formation in the CA beads. The small

particles of the PPN–MAS complexes were embedded on the surface and in the matrix of the CA beads,

which was revealed using SEM and EDX. The PPN entrapment efficiency of the PPN–MAS complex-loaded

CA beads was significantly higher than that of the PPN-loaded CA beads. Increased MAS content caused

an increase in PPN entrapment efficiency, thermal stability, and the strength of the CA beads. Moreover,

the PPN–MAS complexes in the CA beads could remarkably reduce the initial burst of PPN release as well

as its release rate in both 0.1 M HCl and phosphate buffer at pH 6.8, depending on the MAS content added.

Additionally, the PPN–MAS complex-loaded CA beads also produced a sustained release pattern of PPN

in simulated gastro-intestinal conditions. In conclusion, the CA beads containing drug–clay intercalated

complexes as microreservoirs could enhance drug entrapment efficiency, reduce initial burst release and

modulate drug release. Furthermore, these beads represent a promising oral drug delivery system for

highly water-soluble cationic drugs.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In oral drug delivery systems, the dosing of drugs in multiple-

units has been found to have advantages over single-unit dosage

forms (Bechgaard & Nielsen, 1978). Multiple-unit dosage forms are

often composed of numerous particles that are contained in a tablet

or a capsule. The small particles are mixed with the contents of the

gastro-intestinal (GI) tract and are distributed over a large area.

Therefore, high local concentrations of the drug are avoided, and

the risk of local irritations is reduced. Additionally, multiple-units

are less variable and less dependent on gastric transit time, which

results in a reproducible bioavailability of the drug.

Small beads have been used as drug carriers to prepare oral

multiple-unit capsules intended for sustained release dosage forms

(Takada & Yoshikawa, 1999). These beads can be prepared using

an ionotropic gelation method, where polysaccharides are cross-

linked to form an insoluble gel bead. Sodium alginate (SA), which

is a naturally occurring non-toxic polysaccharide found in marine

brown algae, is one of the polysaccharides employed to fabricate

∗ Corresponding author. Tel.: +66 43 362092; fax: +66 43 202379.

E-mail address: thaned@kku.ac.th (T. Pongjanyakul).

small beads. Gelation of SA occurs when uronic acids (�-l-guluronic

and �-d-mannuronic acids) are cross-linked with divalent cations,

such as calcium ions (Draget, 2000). Gelation occurs when the

extended chain sequences of these acids adopt a regular twofold

conformation and dimerize by chelating calcium, forming the so-

called ‘egg-box’ structure (Grant, Morris, Rees, Smith, & Thom,

1973). Each calcium ion takes part in nine coordination bonds with

each oxygen atom, resulting in a three-dimensional network of

calcium alginate (CA). This phenomenon has been applied to the

preparation of CA beads for use as a drug delivery system, by drop-

ping the drug-containing SA dispersion into a calcium chloride bath

(Østberg, Lund, & Graffner, 1994; Sugawara, Imai, & Otagiri, 1994).

The CA beads could protect an acid-sensitive drug from gastric juice,

and the drug was consequently released from the beads in the intes-

tine (Fernández-Hervás, Holgado, Fini, & Fell, 1998; Hwang, Rhee,

Lee, Oh, & Kim, 1995).

A low entrapment efficiency of water-soluble drugs in the CA

beads is a problem for developing CA beads as a drug delivery sys-

tem (Lee, Min, & Cui, 1999). This is largely due to the leakage of drug

molecules from the wet beads during the cross-linking process. To

solve this problem, the incorporation of water-soluble polymers,

such as chondroitin sulfate (Murata, Miyamoto, & Kawashima,

1996), konjac glucomannan (Wang & He, 2002), gelatin (Almeida

0144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.

doi:10.1016/j.carbpol.2010.02.038
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& Almeida, 2004), sodium starch glycolate (Puttipipatkhachorn,

Pongjanyakul, & Priprem, 2005), and xanthan gum (Pongjanyakul

& Puttipipatkhachorn, 2007a), have been used to improve drug

entrapment efficiency by reinforcing CA beads due to complex for-

mation of SA with such water-soluble polymers. An alternative

approach involves the use of water insoluble materials for rein-

forcement of the CA beads. Due to the formation of a complex

between the carboxyl groups of SA and the amino groups of chitin,

water insoluble chitin has previously been added to the beads to

retard drug release (Murata, Tsumoto, Kofuji, & Kawashima, 2003).

Furthermore, complexes formed between an amine drug and a syn-

thetic cation exchange resin have been applied as a drug carrier in

the CA beads (Halder, Maiti, & Sa, 2005).

Magnesium aluminum silicate (MAS) is a mixture of natural

smectite clays, specifically montmorillonite and saponite (Kibbe,

2000; Viseras, Aguzzi, Cerezo, & Lopez-Galindo, 2007). MAS has

a layered silicate structure, and the surface of the silicate layer

contains numerous silanol groups (SiOH), which are able to form

hydrogen bonds with other substances (Gupta, Vanwert, & Bogner,

2003). The separation of the layered structures occurs when these

clays are hydrated in water, and the weakly positively charged

edges and the negatively charged faces of MAS are presented.

Due to the interaction of the silanol groups of MAS with the

carboxyl groups of SA, MAS has been used to improve the phys-

ical properties of CA beads (Puttipipatkhachorn et al., 2005).

Recently, MAS was used as an adsorbent for amine drugs to form

drug-MAS complexes. A simultaneous formation of small parti-

cle drug-MAS complexes occurred when a MAS dispersion and a

drug solution were mixed, due to electrostatic interactions between

these materials (Rojtanatanya & Pongjanyakul, 2010; Suksri &

Pongjanyakul, 2008). Thus, the drug-MAS complexes obtained

provided a sustained release pattern of the drug (Pongjanyakul,

Khunawattanakul, & Puttipipatkhachorn, 2009; Rojtanatanya &

Pongjanyakul, 2010). Therefore, it is possible that the drug-MAS

complexes can be added to a SA dispersion before the cross-linking

process to prepare CA beads that contain drug-MAS complexes,

which serve as drug microreservoirs. The resulting complexes may

enhance drug entrapment efficiency and modulate drug release.

Propranolol HCl (PPN), a secondary amine compound with high

water solubility, was the first �-adrenoceptor-blocking drug to

achieve wide therapeutic use for the treatment of angina and

hypertension (Dollery, 1991). Due to the short half-life of PPN

(3.9 h) (Dollery, 1991), PPN has been selected as a drug candi-

date for developing multiple-unit sustained release dosage forms

(Paker-Leggs & Neau, 2009). Moreover, PPN has previously been

reported to form small particle complexes with MAS (Rojtanatanya

& Pongjanyakul, 2010). Therefore, the aim of this study was to

prepare and investigate CA beads loaded with PPN–MAS com-

plexes that serve as microreservoirs. The SA dispersions containing

PPN–MAS complexes formed with different MAS concentrations

were prepared and characterized according to particle size, zeta

potential, and the amount of PPN adsorbed prior to cross-linking

using different concentrations of calcium chloride. The surface and

matrix morphology of the PPN–MAS complex-loaded CA beads

were investigated using a scanning electron microscopy and energy

dispersive X-ray analysis. Moreover, PPN entrapment efficiency,

thermal behavior, mechanical properties, and PPN release of the

beads were examined.

2. Materials and methods

2.1. Materials

MAS (Veegum®HV, Lot No. V-GHV-5H-367) and PPN (Batch

No. M080115) were purchased from the R.T. Vanderbilt Company,

Inc. (Norwalk, CT, USA) and Changzhou Yabang Pharmaceutical

Co., Ltd. (Jiangsu, China), respectively. SA (Manugel®DMF, Batch

No. 991131) was obtained from ISP Thailand Ltd. (Bangkok, Thai-

land). All other reagents used were of analytical grade and used as

received.

2.2. Preparation of PPN–MAS complex dispersions

A 4% (w/v) MAS suspension was prepared using hot water

and cooled to room temperature prior to use. Next, the 4% (w/v)

MAS suspension in 4.7, 9.4 or 18.8-ml volumes were mixed with

25 ml of the 1% w/v PPN deionized water solution in a beaker,

and then the PPN–MAS dispersions were adjusted to a final vol-

ume of 50 ml to yield MAS concentrations of 0.38, 0.75, or 1.5%

(w/v), respectively. The pH of all dispersions was approximately

7.6, which was measured using a pH meter (Ion Analyzer 250,

Corning, USA). Next, the dispersions were incubated at 25 ◦C for

24 h to allow PPN adsorption onto the MAS particles to equilibrate

and obtain complete formation of the PPN–MAS complexes. The

PPN–MAS complex dispersions were investigated as described in

Section 2.4.

2.3. Preparation of SA dispersions with PPN–MAS complexes

SA (0.75 g) was gently added to the PPN–MAS complex dis-

persions, which had been incubated at 25 ◦C for 24 h. The SA

dispersions with PPN–MAS complexes were incubated again at

25 ◦C for 24 h. Then, the dispersions obtained were characterized

and used to prepare the CA beads.

2.4. Characterization of PPN–MAS complex dispersions

2.4.1. Microscopic morphology studies

The morphology of the PPN–MAS complexes in the dispersions

was investigated using an inverted microscope (Eclipse TS100,

Nikon, Japan) and imaged using a digital camera (Coolpix 4500,

Nikon, Japan).

2.4.2. Particle size determination

The sizes of the MAS particles and the PPN–MAS complexes in

the dispersions were measured using a laser diffraction particle size

analyzer (Mastersizer2000 Model Hydro2000SM, Malvern Instru-

ment Ltd., UK). The samples were dispersed in 70 ml of deionized

water in a small volume sample dispersion unit and stirred at a rate

of 50 Hz for 30 s prior to measurement. The particle sizes in terms

of volume weighted mean diameter were then recorded.

2.4.3. Zeta potential measurement

The zeta potential of the MAS particles and the PPN–MAS com-

plexes in the dispersions were measured using a laser Doppler

electrophoresis analyzer (Zetasizer Model ZEN 2600, Malvern

Instrument Ltd., UK). The samples were kept at 25 ◦C, and the

dispersions were diluted using deionized water to obtain the appro-

priate concentrations (count rates >20,000 counts per second) prior

to measurement.

2.4.4. Determination of PPN adsorbed onto MAS

The clear supernatants of the dispersions were collected, diluted

with deionized water, and then filtered through a 0.45-�m cellu-

lose acetate membrane. The amount of PPN in the supernatants was

analyzed using an UV–vis spectrophotometer (Shimadzu UV1201,

Japan) at a wavelength of 289 nm. The amount of PPN adsorbed onto

the MAS was calculated as the difference between the amount of

PPN added and the amount of PPN in the supernatant.
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2.4.5. Rheological studies of composite dispersions

Rheological properties and viscosity of the dispersions were

studied using a small sample adapter of a Brookfield Digi-

tal Rheometer (Model DV-III, Brookfield Engineering Labs Inc.,

Stoughton, MA) at 32 ± 1 ◦C. A rheogram of the samples was

obtained by plotting the shear rate and the shear stress from various

revolution rates when a spindle (no. 34) was used. To characterize

the type of flow of the samples, the following exponential formula

was used (Martin, 1993):

FN = �G (1)

Log G = N Log F − Log � (2)

where G, F, N and � are shear rate, shear stress, exponential constant

that defines the type of flow, and viscosity coefficient, respectively.

The N value is approximately unity, indicating Newtonian flow,

whereas increasing of the N value more than unity represents pseu-

doplastic flow of the dispersions.

2.5. Preparation of beads

PPN–MAS complex-loaded CA beads were prepared by dropping

the SA dispersions containing PPN–MAS complexes that were pre-

pared in Section 2.3 through a nozzle (1.2 mm inner diameter) into

0.5, 1.0, or 2.0% (w/v) calcium chloride solution (80 ml) with gen-

tle agitation. The gel beads were cured in this solution for 30 min,

washed 2 times with 20 ml of deionized water, blotted to remove

excess water, and dried at 50 ◦C for 24 h. To prepare blank beads

and PPN-loaded CA beads, the 1.5% SA dispersions without and

with 0.5% PPN, respectively, were prepared, and bead preparation

proceeded as described above.

2.6. Characterization of beads

2.6.1. Particle size analysis

The particle size of the beads was determined using an opti-

cal microscope (Nikon, Japan). One hundred beads were randomly

selected, and their Feret diameters were measured.

2.6.2. Determination of drug entrapment efficiency

The beads were ground using a mortar and pestle, and 100 mg

of the ground beads was dispersed in 50 ml of 2 M HCl. The mix-

ture was sonicated for 30 min and incubated at 37 ◦C for 24 h. The

solution was then filtered, and the PPN content was assayed using

an UV–vis spectrophotometer (Shimadzu UV1201, Kyoto, Japan) at

a wavelength of 289 nm. The entrapment efficiency was calculated

according to the ratio of actual to the theoretical drug content in

the beads (Wang & He, 2002).

2.6.3. Scanning electron microscopy (SEM) with energy

dispersive X-ray (EDX) analysis

The surface and matrix morphology of the beads were observed

using scanning electron microscopy (SEM). The samples were

mounted onto stubs, which were then sputter coated with gold

in a vacuum evaporator and photographed using a scanning elec-

tron microscope (Jeol Model JSM-6400, Tokyo, Japan). Additionally,

the surface chemical analysis of the samples was investigated by

EDX analysis (Link ISIS series 300, Oxford Instruments, England).

The characteristic X-rays emitted and elemental information of the

samples were recorded.

2.6.4. Differential scanning calorimetry (DSC)

DSC thermograms of the samples were recorded using a differ-

ential scanning calorimeter (DSC822, Mettler Toledo, Switzerland).

Each sample (2.0–2.5 mg) was accurately weighed into a 40-�l alu-

minum pan without a cover. The measurements were performed

over 30–450 ◦C, heating at a rate of 10 ◦C min−1.

2.6.5. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of the samples in KBr discs were recorded with

a FTIR spectrophotometer (Spectrum One, Perkin Elmer, Norwalk,

CT). Each sample was gently triturated with KBr powder at a weight

ratio of 1:100 and then compacted into a disc using a hydrostatic

press at 10 tons for 5 min. The disc was placed in the sample holder

and scanned from 4000 to 450 cm−1 at a resolution of 4 cm−1.

2.6.6. Mechanical property of beads

The method for determining the mechanical property of the

beads was modified from a previous reported by Edwards-Lévy

and Lévy (1999). Analysis of the mechanical property of the beads

was carried out using a texture analyzer (TA.XT plus, Stable Micro

Systems, UK) with a 50-kg load cell equipped with a cylindrical

probe of 6 mm in diameter. One bead was placed on the platform

at room temperature. The probe was positioned to touch the bead,

recorded as the initial position, and then the probe flattened the

bead at a constant speed of 1.0 mm s−1. The probe was removed

when the bead was reduced to 50% of its original height. The force

and percent displacement was plotted, and the maximum force at

50% displacement, which represents the strength of the beads, was

reported.

2.6.7. In vitro drug release studies

A USP dissolution apparatus I (Hanson Research, Northridge, CA)

was used to characterize the release of PPN from the beads. The

baskets were rotated at a rate of 50 rev. min−1 at 37.0 ± 0.5 ◦C. The

amount of beads added to 500 ml dissolution medium was equiv-

alent to 20 mg of PPN. The dissolution media used were 0.1 M HCl

and pH 6.8 phosphate buffer. The simulated gastro-intestinal con-

ditions used to measure drug release were performed using 0.1 M

HCl (500 ml) for 2 h, followed by pH 6.8 phosphate buffer (500 ml).

Samples (20 ml) were collected and replaced with fresh media at

various time intervals. The amount of PPN released was analyzed

spectrophotometrically at 289 nm (Shimadzu UV1201, Japan).

The PPN release kinetics from the CA beads in various dissolu-

tion media were investigated by fitting the PPN release data into

zero order and Higuchi’s models, which can be expressed using the

following equation:

Q = ktn (3)

Here, Q is the percentage of drug released at a given time (t), k is the

release rate and n is the diffusion exponent. The n value could be

defined as 0.5 and 1, which indicated the Higuchi’s and zero order

equation, respectively (Costa & Lobo, 2001). The release rate was

estimated by fitting the experimental drug release data into both

models and analyzed by linear regression analysis.

3. Results and discussion

3.1. Characteristics of PPN–MAS complexes

The PPN solution was mixed with different concentrations of

MAS to form the flocculates or complexes, as shown in Fig. 1a. This

phenomenon occurred due to the molecular interaction between

the negatively charged MAS and cationic PPN (Rojtanatanya &

Pongjanyakul, 2010). The characteristics of the PPN–MAS complex

dispersions are presented in Table 1. The MAS particle size was

4.81 ± 0.17 �m, whereas the mean particle sizes of the PPN–MAS

complexes ranged from 65.9 to 75.9 �m. The zeta potential of the

negatively charged complexes and the percentage of PPN adsorbed

onto MAS increased with increasing MAS concentration. This was
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Fig. 1. Microscopic morphology of PPN–MAS complexes in distilled water without

(a) and with 1.5% (w/v) SA (b).

because a fixed concentration of PPN was used in the disper-

sions and the increased MAS provided additional negative charges

and higher adsorption sites for PPN. The incorporation of SA into

the PPN–MAS dispersions resulted in PPN–MAS complexes with

smaller particle sizes and a higher percentage of PPN adsorbed

onto the MAS (Table 1). An explanation for the smaller particle

sizes is shown in Fig. 1b. Specifically, the PPN–MAS complexes

were broken into smaller particles because the negative charge of

SA could interact molecularly not only with MAS (Pongjanyakul

& Puttipipatkhachorn, 2007b) but also with the positive charge of

PPN. However, the smaller particle sizes of the PPN–MAS com-

plexes possessed a larger surface area for PPN adsorption, and

therefore a higher percent of PPN was adsorbed.

The rheology of the 1.5% SA dispersion was Newtonian, with

an N value close to 1 (Table 1). The presence of PPN in the SA

dispersion increased the viscosity coefficient. This is likely due to

the partially electrostatic interaction of the negatively charged SA

with the cationic drug (Bertram & Bodmeier, 2006). The presence of

MAS in the dispersions seemed to increase the N value and the vis-

cosity coefficient of the dispersions. The PPN–1.5% MAS dispersion

with SA had the highest N value and viscosity coefficient, indicat-

ing that the interaction between MAS and SA could change the

rheological behavior from Newtonian to pseudoplastic flow and

could increase the viscosity of the dispersion in a manner similar to

previous studies (Pongjanyakul & Puttipipatkhachorn, 2007b). This

finding suggested that the formation of the PPN–MAS complexes

and the increase in viscosity of the dispersions might affect the

cross-linking process of the alginate beads in the calcium chloride

solution.

3.2. FTIR studies

The molecular interactions of SA, PPN and MAS in the CA

beads were investigated using FTIR spectroscopy. FTIR spec-

tra of SA powder showed peaks around 3435, 1615, 1418, and

1031 cm−1, reflective of O–H, COO− (asymmetric), COO− (sym-

metric), and C–O–C stretching, respectively (Pongjanyakul &

Puttipipatkhachorn, 2007a). The cross-linking process of SA with

calcium caused an obvious shift to higher wave numbers and a

decrease in the intensity of COO− stretching peaks. Additionally,

a change to lower wave numbers and a decrease in the intensity of

the C–O–C stretching peak of SA was observed (Fig. 2c). This indi-

cated the presence of an ionic bond between the calcium ion and

the carboxyl groups of SA and partial covalent bonding between

the calcium and oxygen atoms of the ether groups, and it is in

agreement with previous studies (Sartori, Finch, & Ralph, 1997). The

PPN-loaded CA beads caused a shift in the O–H, COO− (asymmetric),

and COO− (symmetric) stretching peaks to lower wave numbers,

suggesting that a molecular interaction between SA and PPN was

formed due to hydrogen bonding and electrostatic force. Further-

more, these results suggest that this interaction occurred before

the cross-linking process, which is in agreement with a previous

study (Lim & Wan, 1997). This finding can account for the changes

in the rheological properties of the SA dispersion with PPN. The

addition of MAS in the PPN-loaded CA beads caused a change in

the carboxylate peaks of SA. The Si–O–Si stretching peak of MAS

at 1015 cm−1 (Fig. 2b) became narrower and moved to a lower

wave number (Fig. 2e), suggesting that MAS could interact with SA

and PPN in the beads. Moreover, the PPN peaks at 775, 797, 1241

and 1270 cm−1 were found in the spectra of the PPN–1.5% MAS

complex-loaded CA beads and were not observed in the spectra of

PPN-loaded CA beads. These results suggested that the PPN–MAS

complex-loaded CA beads might have a higher PPN entrapment

efficiency.

Table 1
Characteristics of PPN–MAS complexes and SA dispersions with PPN–MAS complexes.

Dispersion Particle size (�m) Zeta potential (mV) PPN adsorbed (%) N Viscosity coefficient ([dyne cm−2]N s)

0.5% PPN–MAS dispersion

−0.38% MAS 75.9 ± 2.3 −6.2 ± 0.5 15.0 ± 1.6 – –

−0.75% MAS 65.9 ± 2.6 −18.5 ± 2.6 34.5 ± 0.6 – –

−1.50% MAS 66.1 ± 1.5 −26.2 ± 1.4 69.9 ± 0.4 – –

1.5% SA dispersion – – – 0.98 ± 0.01 5.23 ± 0.22

+0.5% PPN – – – 1.04 ± 0.01 8.23 ± 0.29

+0.5%PPN–MAS

−0.38% MAS 15.6 ± 0.3 −77.2 ± 2.9 27.9 ± 3.2 1.06 ± 0.01 11.64 ± 0.38

−0.75% MAS 23.9 ± 0.5 −90.1 ± 2.4 47.3 ± 0.4 1.06 ± 0.02 11.35 ± 1.07

−1.50% MAS 54.7 ± 1.2 −93.6 ± 2.9 77.4 ± 0.3 1.87 ± 0.11 1,733.8 ± 795.4

Data are the mean ± S.D., n = 3.
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Fig. 2. FTIR spectra of PPN powder (a), MAS powder (b), blank CA beads (c), PPN-

loaded CA beads (d), and PPN–1.5% MAS complex-loaded CA beads (e).

3.3. Thermal behavior

The thermal behavior of the CA beads was characterized using

DSC, as shown in Fig. 3. SA powder presented two decomposition

peaks at 258 and 351 ◦C (Fig. 3c). The blank CA beads presented

a broad endothermic peak at 70 ◦C, and the exothermic peak of

SA at 258 ◦C was absent (Fig. 3d). However, the second exother-

mic peak of the CA beads moved to a higher temperature (401 ◦C),

indicating that the interaction of SA and calcium could enhance

the thermal stability of SA. The interaction of PPN and SA caused a

decrease in the thermal stability of the CA beads, evidenced by the

shift of the exothermic peak to a lower temperature (Fig. 3e). The

presence of MAS in the PPN-loaded CA beads caused an increase

in the exothermic peak temperature (Fig. 3f and 3g). Moreover, an

increasing MAS content lowered the intensity of the exothermic

peak, and this peak was absent when 1.5% MAS was used (Fig. 3f–h).

These data suggested that MAS could improve the thermal sta-

bility of the CA beads. Additionally, the DSC thermograms of the

PPN- and PPN–MAS complex-loaded CA beads did not contain the

melting peak of PPN at 164 ◦C (Fig. 3b), suggesting that PPN was

Fig. 3. FTIR spectra of MAS powder (a), PPN powder (b), SA powder (c), blank CA

beads (d), PPN-loaded CA beads (e), and CA beads containing PPN–MAS complexes

prepared using 0.38 (f), 0.75 (g), and 1.5 (h) % MAS.

molecularly dispersed in the MAS silicate layers and the CA bead

matrix.

3.4. Particle size and morphology

The mean particle size of all the beads prepared ranged from

1.07 to 1.28 mm and tended to increase with increasing content of

MAS. The CA beads were spherical and are shown in the SEM pho-

tographs in Fig. 4. The PPN-loaded CA beads showed small white

crystals throughout their surface and internal matrix (Fig. 4a and

b, respectively). In contrast, many dark circle regions on the sur-

face and in the matrix structure were observed in the PPN–1.5%

MAS complex-loaded CA beads (Fig. 4c and d, respectively). EDX

analysis was used to identify the main element of the dark cir-

cle regions in these beads. The results revealed that this region

showed an element pattern of Mg, Al, and Si (Fig. 5b), which was

obviously different than the pattern on the outside of this region

(Fig. 5a). This finding indicated that the dark regions on the surface

and in the matrix structure of the beads represented the PPN–MAS

complexes. Furthermore, this finding suggested that the PPN–MAS

complex-loaded CA beads were successfully prepared and the com-

plexes, which were embedded in the beads, could possibly act as

drug microreservoirs.

The presentation model of the PPN–MAS complex-loaded CA

beads is illustrated in Fig. 6. The CA beads consisted of the PPN–MAS

complex particles and the PPN molecules dispersed in the matrix.

MAS has a layered structure that is constructed from tetrahedrally

coordinated silica atoms fused into an edge-shared octahedral

plane of either aluminum hydroxide or magnesium hydroxide. The

PPN–MAS complexes were formed via cation exchange, hydro-

gen bonding, and water bridging interactions, allowing the PPN

molecules to intercalate into the MAS silicate layers (Rojtanatanya

& Pongjanyakul, 2010). Hence, this system is referred to as

PPN–MAS intercalated complex-loaded CA beads.

3.5. Drug entrapment efficiency

The effect of the concentration of MAS on the ability of beads

prepared using 2% calcium chloride to efficiency entrap PPN is

shown in Fig. 7a. The drug entrapment efficiency of the beads signif-

icantly increased with increasing amounts of MAS. This observation

indicated that the PPN–MAS complexes formed in the dispersion

prior to cross-linking could enhance the drug entrapment efficiency

of the beads. Increasing the concentration of MAS in the dispersions

increased the amount of PPN adsorbed onto the MAS, resulting in

higher drug entrapment efficiency. Moreover, the interaction of

MAS with SA increased the barrier preventing water from leaking

from the beads during the preparation period (Puttipipatkhachorn

et al., 2005). This also could account for the reduction of drug lost

from the beads.

The PPN entrapment efficiency was also affected when beads

were formed with different concentrations of calcium chloride.

Increases in calcium chloride concentration resulted in decreased

drug entrapment efficiency of the PPN-loaded and the PPN–1.5%

MAS complex-loaded CA beads (Fig. 7b). It is possible that enhanced

bead shrinkage occurred during gelation under conditions with

higher concentrations of calcium chloride (Østberg & Graffner,

1994). This shrinkage could have lead to a shorter path length

for drug leakage, and therefore higher drug loss. Moreover, the

calcium ions could have exchanged with PPN in the PPN–MAS

complexes of the gel beads in a calcium concentration depen-

dent manner. As a result, the PPN–1.5% MAS complex-loaded

CA beads showed a greater decrease in drug entrapment effi-

ciency when compared with the PPN-loaded CA beads. These

results showed that the PPN–MAS complex-loaded CA beads pro-

vided remarkably higher drug entrapment efficiency due to the
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Fig. 4. Microscopic morphology and internal structure of PPN-loaded CA beads (a, b) and PPN–1.5% MAS complex-loaded CA beads (c, d) prepared using 2% calcium chloride.

Fig. 5. SEM micrograph focused on PPN–MAS complexes in PPN–1.5% MAS complex-loaded CA beads and EDX patterns of CA matrix (a) and PPN–MAS complexes (b).
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Fig. 6. Schematic presentation of PPN–MAS intercalated complex-loaded CA beads.

presence of the PPN–MAS complexes, which act as drug micro-

reservoirs.

3.6. Mechanical property

The maximum force for 50% displacement was used to evaluate

the strength of the CA beads. The effect of MAS on the strength

of the beads using 2% calcium chloride is shown in Fig. 8a. The

maximum force for 50% displacement of the PPN-loaded beads

gradually increased with increasing MAS content. This result indi-

cated that the interaction of SA and MAS could create a dense matrix

structure that reinforced the strength of the CA beads. In addition,

the PPN–1.5% MAS complex-loaded CA beads were weaker when

tested under conditions of increasing calcium chloride concentra-

tion (Fig. 8b). It is probable that the higher concentration of calcium

chloride could rapidly cross-link with the denser network of CA

on the surface of the gel beads, leading to the slower diffusion

of calcium ions into the interior of the beads during the cross-

linking process. Moreover, a limited duration of time (30 min) for

the cross-linking process was used in this study. Thus, under high

concentrations of calcium chloride, incomplete cross-linking in the

interior of the beads may have occurred, resulting in the decreased

strength of the beads.

3.7. In vitro drug release

The PPN release profiles of the CA beads containing PPN–MAS

complexes prepared using various MAS concentrations in 0.1 M HCl

and pH 6.8 phosphate buffer are shown in Fig. 9. The PPN-loaded

CA beads gave the highest initial burst of drug release at 5 min

and complete drug release in both media tested (Table 2). The ini-

tial burst of drug release of these beads in an acidic medium was

higher than the same beads in pH 6.8 phosphate buffer. In addition,

the initial burst release of the beads significantly decreased with

increasing MAS content (Table 2). The release of PPN from the CA

beads in 0.1 M HCl showed a strong correlation with the square root

of time (R2 > 0.95), indicative of a matrix diffusion controlled mech-

anism. In contrast, in the pH 6.8 phosphate buffer, the drug release

displayed a good fit with respect to time (R2 > 0.95), suggesting zero

order release kinetics. These data indicated PPN release was depen-

dent on a polymer swelling mechanism. The rate of release and the

amount of PPN released at 10 h in both media are listed in Table 2.

Both PPN release parameters obviously decreased with increasing

MAS content. Moreover, a higher amount of PPN was released at

10 h in 0.1 M HCl, as compared to the amount released using pH 6.8

phosphate buffer.

The release of PPN from the PPN- and the PPN–MAS complex-

loaded CA beads in 0.1 M HCl and pH 6.8 phosphate buffer revealed

different release mechanisms and that were influenced by the type

of cation present in the release medium. It is probable that the

calcium ions in the CA beads were totally exchanged with hydro-

gen ions in the acidic medium, which lead to a unionized form

of the carboxyl groups of SA. This could have led to the forma-

tion of an insoluble alginic matrix bead for sustained drug release,

and therefore the drug release can be explained by a matrix dif-

fusion controlled mechanism. Alternatively, the CA beads could

have swelled in a sodium ion-rich medium (pH 6.8 phosphate

buffer). The swelling of the CA matrices would have occurred

via an exchange of cross-linking calcium ions with sodium ions

(Østberg et al., 1994). Thus, the partial formation of soluble SA

occurred. In addition, CA gels could be solubilized in the medium

containing phosphate ions, which acted as a calcium ion complex-

ing agent at pH levels above 5.5 (Remuñán-López & Bodmeier,

1997). For these reasons, the CA beads had higher water uptake

and demonstrated swelling properties in the pH 6.8 phosphate

buffer. Thus, the PPN release was controlled by swelling of the beads

(Pongjanyakul & Puttipipatkhachorn, 2007a; Puttipipatkhachorn et

al., 2005).

The initial burst release of PPN in the PPN-loaded CA beads was

significantly decreased when increased MAS content was used, sug-

gesting that the PPN–MAS complexes formed prior to cross-linking

to the CA beads could control drug release and reduce drug leach-

ing from the CA beads. However, the initial burst release in the

acidic medium was higher than the release in pH 6.8 phosphate

buffer. This was due to a faster PPN release of the PPN–MAS com-

plexes in 0.1 M HCl when compared to the pH 6.8 phosphate buffer
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Table 2
PPN release characteristics of PPN–MAS complex-loaded CA beads.

PPN-loaded CA beads 0.1 M HCl pH 6.8 phosphate buffer

Initial burst release

at 5 min (%)

Release rate (% min−1/2) PPN released at

10 h (%)

Initial burst release

at 5 min (%)

Release rate (% min−1) PPN released at

10 h (%)

Effect of MAS

−0% (w/v) MAS 86.2 ± 1.9 – 103.9 ± 2.8 62.2 ± 8.2 – 103.8 ± 2.4

−0.38% (w/v) MAS 42.2 ± 0.9 14.05 ± 0.05 (R2 = 0.952) 89.8 ± 0.7 15.5 ± 1.2 0.77 ± 0.02 (R2 = 0.955) 82.4 ± 2.5

−0.75% (w/v) MAS 23.4 ± 1.2 8.64 ± 0.08 (R2 = 0.982) 73.8 ± 1.1 8.41 ± 0.70 0.34 ± 0.02 (R2 = 0.997) 67.8 ± 0.2

−1.50% (w/v) MAS 10.7 ± 0.7 2.88 ± 0.02 (R2 = 0.979) 51.1 ± 0.5 2.65 ± 1.05 0.22 ± 0.01 (R2 = 0.987) 46.2 ± 0.6

Effect of CaCl2
−0.5% (w/v) CaCl2 9.66 ± 0.54 3.33 ± 0.05 (R2 = 0.997) 54.3 ± 1.4 0.39 ± 0.57 0.17 ± 0.01 (R2 = 0.988) 56.0 ± 3.4

−1.0% (w/v) CaCl2 11.1 ± 1.5 2.82 ± 0.09 (R2 = 0.995) 50.3 ± 1.1 1.95 ± 1.09 0.14 ± 0.01 (R2 = 0.982) 48.8 ± 0.3

−2.0% (w/v) CaCl2 10.7 ± 0.7 2.88 ± 0.02 (R2 = 0.979) 51.1 ± 0.5 2.65 ± 1.05 0.22 ± 0.01 (R2 = 0.987) 46.2 ± 0.6

Data are the mean ± S.D., n = 3.

(Rojtanatanya & Pongjanyakul, 2010). Moreover, the gel formation

and swelling property of the CA beads in pH 6.8 phosphate buffer

could retard initial drug release, resulting in the lower burst release

observed in the pH 6.8 phosphate buffer solution. After the initial

stage of drug release, the PPN release rate also decreased as a func-

tion of the amount of MAS. In the case of the acidic medium, the

MAS could have interacted with SA before the cross-linking process,

Fig. 7. Effect of MAS (a) and calcium chloride concentrations used (b) on PPN entrap-

ment efficiency of CA beads. Each point is the mean ± S.D., n = 3.

which could reinforce the matrix structure of the CA beads, despite

the fact that the beads were exposed in an acidic medium. Increases

in the MAS content in the beads, resulted in denser matrix struc-

tures. Furthermore, increases in MAS content resulted in greater

particle sizes of PPN–MAS complexes in the CA beads (Table 1).

Additionally, the presence of MAS in the CA beads did not affect

water uptake but obviously reduced the swelling capability of the

CA beads in the pH 6.8 phosphate buffer (Puttipipatkhachorn et

al., 2005). These results revealed the rate of drug release of the

Fig. 8. Effect of MAS (a) and calcium chloride (b) concentrations used on mechanical

properties of PPN–MAS complex-loaded CA beads. Each value is the mean ± S.D.,

n = 10.
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Fig. 9. PPN release profiles of CA beads containing PPN–MAS complexes prepared

using different MAS concentrations in 0.1 M HCl (a) and pH 6.8 phosphate buffer (b).

Each point is the mean ± S.D., n = 3.

PPN–MAS complex-loaded CA beads decreased when higher MAS

content was used.

The last drug release parameter of the PPN- and the PPN–MAS

complex-loaded CA beads was the amount of PPN released at

10 h. Complete PPN release was found only for the PPN-loaded

CA beads in either release media. The PPN released at 10 h of the

PPN–MAS complex-loaded CA beads in 0.1 M HCl was higher than

the release in pH 6.8 phosphate buffer, and this release parame-

ter also decreased with increasing MAS content in the beads. The

higher percentage of PPN release from the PPN–MAS complexes in

acidic medium was because the PPN–MAS complexes were embed-

ded in the bead matrix (Rojtanatanya & Pongjanyakul, 2010). The

higher MAS content in the beads provided a greater affinity for

PPN, resulting in a lower amount of PPN released at 10 h. Recently,

many researchers have reported that drug–clay complexes pro-

vide incomplete drug release (Joshi, Kevadiya, Patel, Bajaj, & Jasra,

2009; Jung, Kim, Choy, Hwang, & Choy, 2008; Park et al., 2008).

This release behavior was also characteristic of alginate films con-

taining drug–clay complexes (Pongjanyakul & Suksri, 2009). Jung

et al. (2008) described that it is difficult for cations in the solu-

tion to exchange with drug molecules inside the MAS layers. This

ion exchange process may result in zipping of the crystal edge

and a shortening of the distance between the layers. However,

these reports revealed that the ion exchange process between the

Fig. 10. PPN release profiles of PPN–1.5% MAS complex-loaded CA beads prepared

using different calcium chloride concentrations in 0.1 M HCl (a) and pH 6.8 phos-

phate buffer (b). Each point is the mean ± S.D., n = 3.

complexes and counter ions in the surrounding medium could

reach an equilibrium of drug release, which is similar to the drug

release behavior of drug-synthetic ion exchange resin complexes

(Borodkin, 1993).

The effect of the concentration of calcium on the release of PPN

from the PPN–1.5% MAS complex-loaded CA beads was also inves-

tigated and results are shown in Fig. 10. The increase in calcium

concentration for cross-linking did not influence the release pro-

files and parameters of PPN when using 0.1 M HCl as the media

(Fig. 10 and Table 2). These results are in agreement with a previ-

ous study by Østberg and Graffner (1994). These data suggested the

formation of the insoluble alginic matrix bead occurred rapidly and

a similar matrix structure was obtained. Combined these effects

could have lead to the similar release rates of PPN observed. In

contrast, in experiments using pH 6.8 phosphate buffer, the initial

burst release of the beads tended to increase with increasing cal-

cium chloride concentration (Table 2). This is possibly because the

drug molecules, which can leach out the wet beads during the gela-

tion process, may have accumulated at the surface of the wet beads.

Denser cross-linking at the surface of the beads occurred when

higher concentrations of calcium chloride were used. The rate of

PPN release from the beads decreased with increasing calcium chlo-

ride concentration from 0.5 to 1% (w/v). However, an increase in the

rate of drug release was found when using 2% calcium chloride. This
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Fig. 11. PPN release profiles of CA beads containing PPN–MAS complexes prepared

using 0.75 and 1.5% MAS in simulated gastro-intestinal condition. Each point is the

mean ± S.D., n = 3.

result suggested that exposing the beads to 2% calcium chloride

after treatment with pH 6.8 phosphate buffer increased swelling

due to incomplete cross-linking in the interior of the beads. Results

demonstrating the decreased strength of the beads support this

hypothesis (Fig. 8b). These conditions released the greatest amount

of drug.

Due to the fact that PPN was incompletely released in either

0.1 M HCl or pH 6.8 phosphate buffer, simulated gastro-intestinal

conditions starting with 0.1 M HCl for 2 h followed by pH 6.8 phos-

phate buffer were used to investigate the amount of PPN released

from the PPN–MAS complex-loaded CA beads. The release of PPN

from the CA beads containing PPN–MAS complexes prepared using

0.75 and 1.5% MAS proceeded continuously when the dissolution

medium was changed from acidic medium to pH 6.8 phosphate

buffer (Fig. 11). The swollen beads could be visualized when the

release medium was changed to pH 6.8 phosphate buffer. This indi-

cated that the alginic matrix beads formed in the acidic medium

could convert to SA allowing the sodium ions in the phosphate

buffer to exchange with drug in the PPN–MAS complexes, lead-

ing to higher amount of PPN release when compared with either

0.1 M HCl or pH 6.8 phosphate buffer. This finding suggested that

the release of PPN could possibly take place continuously when

the PPN–MAS complex-loaded CA beads were transferred from the

stomach to the small intestine in the GI tract.

4. Conclusions

This study demonstrated that the molecular interaction of MAS

with PPN and SA resulted in PPN–MAS intercalated complex par-

ticles and denser matrix structure formation in the CA beads. The

PPN–MAS intercalated complexes formation enhanced PPN entrap-

ment efficiency and modulated PPN release in both acidic medium

and pH 6.8 phosphate buffer. The PPN entrapment efficiency of the

PPN–MAS complex-loaded CA beads was remarkably higher than

that of the PPN-loaded CA beads. Increasing the MAS content of

these beads resulted in an increase in PPN entrapment efficiency,

thermal stability, and strength of the CA beads. Moreover, the ini-

tial burst of PPN and its rate of release were decreased in the

PPN–MAS complex-loaded CA beads, which was dependent on the

MAS content added. Additionally, the PPN–MAS complex-loaded

CA beads also demonstrated a sustained release pattern of PPN in

the simulated GI conditions. These results suggested that the CA

beads containing drug–clay intercalated complexes, which served

as microreservoirs, showed strong potential as an oral drug delivery

system for cationic drugs with high water solubility.
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Abstract. Nicotine (NCT) buccal tablets consisting of sodium alginate (SA) and nicotine–magnesium
aluminum silicate (NCT–MAS) complexes acting as drug carriers were prepared using the direct
compression method. The effects of the preparation pH levels of the NCT–MAS complexes and the
complex/SA ratios on NCT release, permeation across mucosa, and mucoadhesive properties of the
tablets were investigated. The NCT–MAS complex-loaded SA tablets had good physical properties and
zero-order release kinetics of NCT, which indicate a swelling/erosion-controlled release mechanism.
Measurement of unidirectional NCT release and permeation across porcine esophageal mucosa using a
modified USP dissolution apparatus 2 showed that NCT delivery was controlled by the swollen gel matrix
of the tablets. This matrix, which controlled drug diffusion, resulted from the molecular interactions of
SA and MAS. Tablets containing the NCT–MAS complexes prepared at pH 9 showed remarkably higher
NCT permeation rates than those containing the complexes prepared at acidic and neutral pH levels.
Larger amounts of SA in the tablets decreased NCT release and permeation rates. Additionally, the
presence of SA could enhance the mucoadhesive properties of the tablets. These findings suggest that SA
plays the important role not only in controlling release and permeation of NCT but also for enhancing
the mucoadhesive properties of the NCT–MAS complex-loaded SA tablets, and these tablets
demonstrate a promising buccal delivery system for NCT.

KEY WORDS: buccal tablets; magnesium aluminum silicate; nicotine; release and permeation; sodium
alginate.

INTRODUCTION

Nicotine (NCT), obtained from tobacco plants, is a
volatile and strongly alkaline liquid. NCT is highly soluble
not only in water but also in hydrophobic solvents (1). It has
well-separated pKa values; pKa1 and pKa2 are 3.04 and 7.84,
respectively (2). This leads to the formation of diprotonated,
monoproptonated, and neutral NCT at acidic, neutral, and
basic pH levels, respectively. NCT has been widely used in
smoking cessation therapy for relieving addiction symptoms.
NCT is absorbed through skin and mucosal membranes,
such as buccal and nasal membranes (2). The free base
form of NCT is volatile and susceptible to oxidative
degradation. Several researchers have sought an NCT-
adsorbing material to prevent the evaporation and improve
stability. NCT-adsorbent complexes are employed to carry
the drug in powdered form. Cellulose powders were
employed as such adsorbent complexes, but in water,
NCT adsorbed to these complexes was observed to quickly
and completely dissociate within 1 h (3). In addition,
adsorption onto a cation exchange resin was employed to

deliver NCT both in a chewing gum (4) and in powder
formulations intended for nasal delivery (5).

Magnesium aluminum silicate (MAS) is a mixture of
montmorillonite and saponite clays (6), both of which have
silicate layer structures. Each layer comprised tetrahedrally
coordinated silica atoms fused into an edge-shared octahedral
plane, with either aluminum hydroxide or magnesium
hydroxide (6,7). The silicate layers of MAS have weakly
positively charged edges and negatively charged surfaces. The
negatively charged surfaces of the silicate layers strongly
interact with NCT at different pH levels (8), leading to the
formation of NCT–MAS complexes. This allows NCT to
intercalate into the silicate layers of MAS that was
investigated using a powder X-ray diffractometry in the
previous study (9). The NCT–MAS complex particles
enhance NCT’s thermal stability and were shown to sustain
NCT release in distilled water and phosphate buffer with a
pH 6 (9). Additionally, MAS forms a microcomposite
material with sodium alginate (SA), a negatively charged
polysaccharide, via intermolecular hydrogen bonding
(10,11). SA is a sodium salt of alginic acid, a linear
polysaccharide found in marine brown algae. SA has been
widely used as a food and pharmaceutical additive as well
as a tablet disintegrant and gelling agent. Additionally, it
has been employed as a bioadhesive material and drug
release modifier for intraoral drug delivery dosage forms
such as tablets (12–16) and films (17).
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Buccal drug delivery offers many advantages in
comparison to oral delivery. For example, buccal delivery
allows drugs to avoid first-pass hepatic metabolism, lead-
ing to higher bioavailability and facilitating drug with-
drawal (18). NCT is a candidate for buccal delivery due to
its low bioavailability after oral administration (1) and its
ability to permeate across the buccal mucosa (2,19,20). For
these reasons, buccal tablets using NCT hydrogen tartrate,
a salt form of NCT with high solubility in water, were
previously developed (16,21). Thus, it is interesting that
usage of NCT–MAS complex particles as drug carriers in
SA tablets offers several advantages. First, SA tablets
would offer the advantageous physical properties of
tablets. Furthermore, interaction of MAS with SA in the
swollen gel matrix tablets may aid in controlling NCT
release and permeation across the mucosa. Finally, SA
may improve the mucoadhesive properties of the tablets
for buccal delivery.

The objective of this study was to prepare and character-
ize NCT–MAS complex-loaded SA tablets for buccal delivery
of NCT. The effects of complex preparation pH and the
complex/SA ratio on the properties of the complex-loaded
SA tablets were investigated. The tablets were prepared using
a direct compression method. The NCT release kinetics and
mucoadhesive properties of the tablets were investigated.
Unidirectional NCT release and permeation was measured
using a modified USP dissolution apparatus 2; this is the first
report for the use of such an experimental setup with buccal
tablets. In addition, molecular interaction of SA with MAS in
the swollen gel matrix was examined using Fourier transform
infrared (FTIR) spectroscopy.

MATERIALS AND METHODS

Materials

MAS (Veegum®HV) and NCT were obtained from R.T.
Vanderbilt Company, Inc. (Norwalk, CT, USA) and Fluka
(Buchs, Switzerland), respectively. SA (Manugel®DMF) was
obtained from ISP Thailand Ltd. (Bangkok, Thailand).
Magnesium stearate (Mallinckrodt Inc., St Louis, MO) was
used as a lubricant for tabletting. All other reagents used
were of analytical grade and were used as received.

Preparation of NCT–MAS Complexes

A 4% (w/v) MAS suspension was prepared using hot
water and was cooled to room temperature prior to use. An
NCT solution (2.0%, w/v) was prepared using deionized
water as solvent. Fifty milliliters of the 4% (w/v) MAS
suspension was then mixed with 50 ml of the 2% (w/v) NCT
solution in an Erlenmeyer flask. The pH levels of all NCT–
MAS dispersions were adjusted by adding small amounts of
1 M HCl or 1 MNaOH into the flask while swirling until the
final pH of the dispersions was either at 4, 7, or 9, as
measured with a pH meter (WalkLAB TI9000, Singapore).
To achieve equilibrium of NCT adsorption onto MAS, the
dispersions were then incubated with shaking at 37°C for 24 h
(8). Following incubation, the NCT–MAS complexes were
separated from the filtrates by filtration, washed twice using
20 ml of deionized water, and dried at 50°C for 24 h. The dry

NCT–MAS complexes were ground using a mortar and
pestle, sieved through a 180-μm sieve, and stored in a
desiccator.

Characterization of the NCT–MAS Complexes

Determination of NCT Content

Twenty-five milligrams of the NCT–MAS complexes
were weighed and dispersed in 100 ml of 2 M HCl for 12 h.
The supernatant was then collected and filtered and its NCT
content analyzed using a UV–visible spectrophotometer
(Shimadzu UV1201, Kyoto, Japan) at a wavelength of
259 nm.

Particle Size Determination

The particle sizes of the NCT–MAS complexes prepared
at different pH levels were measured using a laser diffraction
particle size analyzer (Mastersizer2000 Model Hydro2000SM,
Malvern Instrument Ltd., UK). The samples were dispersed
in 70 ml of pH 6 phosphate buffer in a small volume sample
dispersion unit and stirred at a rate of 50 Hz for 30 s before
the measurement. The particle sizes (volume-weighted mean
diameter) were reported.

In Vitro Release Studies

A USP dissolution apparatus 1 (basket method,
VanKel VK200, USA) was used to characterize the release
of NCT from the complexes. In each case, the amount of
NCT–MAS complex used was sufficient to contain 15 mg
of NCT. The complex particles were placed into the basket.
The bottom of the basket was coated with a 0.45-μm
cellulose acetate membrane to retain the complex particles
during the test. The studies were performed in 500 ml of
phosphate buffer, pH 6, at 37.0 ± 0.5°C and a rotation
speed of 50 rpm. Samples (7 ml) were collected and
replaced with fresh medium at various time intervals. The
amount of NCT released was analyzed using a UV–visible
spectrophotometer (Shimadzu UV1201) at a wavelength of
259 nm.

Preparation of NCT–MAS Complex-Loaded SA Tablets

All tablets were prepared using a direct compression
method. The tablets consisted of NCT–MAS complexes, SA,
and magnesium stearate. The effects of the complexes’
preparation pH levels and the complex/SA ratios on the
characteristics of the tablets were investigated. The tablet
components are listed in Tables I and II. The NCT–MAS
complexes were mixed with SA in a rotomixer for 3 min;
magnesium stearate was then blended with the mixture for
1 min before tabletting. Tablets were prepared by placing
each 202-mg mix into 10-mm flat-faced punches and dies and
then applying 23 MPa with a hydrostatic press (model 3126,
Shimadzu) without holding time. The tablets obtained were
stored in a desiccator until the measurements.
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Characterization of NCT–MAS Complex-Loaded SA Tablets

Thickness and Hardness

The thicknesses of the tablets were measured using a
Vernier caliper (Mitutoyo, Japan). The hardness of the tablets
was measured with a Stokes tablet hardness tester.

In Vitro Release Studies

NCT release from the NCT–MAS complex-loaded SA
tablets was studied using two apparatus. NCT release from
the whole tablets was studied using a USP dissolution
apparatus 1 (basket method, VanKel VK200). The tablets
were placed into the basket with a rotation speed of 50 rpm.
The release medium was 500 ml of pH 6 phosphate buffer at
37.0 ± 0.5°C. Samples (7 ml) were collected and replaced with
fresh medium at various time intervals. The amount of NCT
released was analyzed using a UV–visible spectrophotometer
(Shimadzu UV1201) at a wavelength of 259 nm.

Unidirectional release of NCT from the tablets was
characterized using a modified USP dissolution apparatus 2,
shown in Fig. 1. A 0.45-μm cellulose acetate membrane which
had been hydrated in pH 6 phosphate buffer for 12 h was
tightly attached at the lowest point of a polypropylene tube
(inner diameter=1.8 cm) using a nylon cable tie. This tube
was vertically placed in a dissolution vessel containing 300 ml
of pH 6 phosphate buffer at 37.0 ± 0.5°C. The tube position
was adjusted so that the membrane was wetted and in contact
with the medium. The distance between the paddle and vessel
bottom was set to 1 cm, and the rotation speed of the paddle
was set to 50 rpm. The tablets were placed in the tube and
wetted using 2 ml of phosphate buffer, pH 6. Samples (7 ml)
were collected and replaced with fresh medium at various
time intervals. The amount of NCT released was quantified
with high-performance liquid chromatography (HPLC).

In Vitro Permeation Studies

NCT permeation of the tablets was also performed using
a modified USP dissolution apparatus 2 (Fig. 1). Porcine
esophageal mucosa was employed in this study because it has
a lipid composition similar to porcine buccal mucosa, but a
simpler preparation method (22). Esophageal mucosa of
crossbred pig (hybrid kinds of Duroc Jersey–Landrace–Large
White) with 80- to 100-kg weight was obtained from a local
slaughterhouse (Non Muang Village, Khon Kaen, Thailand).
The porcine esophageal tube was opened longitudinally and
immersed in 0.9% sodium chloride at 60°C for 1 min (22,23).
The epithelium was then peeled away from the connective
tissue and stored at −20°C. The frozen mucosal membranes
were brought to room temperature by immersion in pH 7.4
isotonic phosphate buffer for 15 min. The mucosal membrane
was then mounted and tightly attached to the end of a
polypropylene tube. The dissolution vessel contained 300 ml
of pH 7.4 isotonic phosphate buffer at 37.0 ± 0.5°C; the
methods and experimental conditions were the same as the
previous release study.

Analysis of Release and Permeation Data

The mechanisms of NCT release were determined both
with a semi-empirical equation and a power law (24,25),
shown in Eqs. 1 and 2, respectively, as follows:

Mt

M1
¼ ktn ð1Þ

Fig. 1. Schematic presentation of the modified USP dissolution
apparatus 2 for characterizing unidirectional NCT release and
permeation of the buccal tablets

Table III. Characteristics of NCT–MAS Complexes Prepared at
Different pH Levels

NCT–MAS
complexes

Particle size
(μm)

NCT content
(% w/w)

NCT release
rate (% min−1/2)

pH 4 94.0±2.6 9.50±0.03 1.84±0.10 (R2=0.993)
pH 7 82.1±2.4 12.20±0.02 2.22±0.06 (R2=0.993)
pH 9 93.2±1.8 13.20±0.04 3.54±0.08 (R2=0.991)

Data are the mean±SD, n=3

Table II. Component of NCT–MAS Complex-Loaded SA Tablets
Using Different Complex/SA Ratios

Component

Complex/SA ratio

1:4 1:1.5 1:0.67 1:0

NCT–MAS complexes
prepared at pH 9 (mg)

40.0 80.0 120.0 200.0

SA (mg) 160.0 120.0 80.0 0.0
Magnesium stearate (mg) 2.0 2.0 2.0 2.0
Amount of NCT (mg) 5 10 15 26.3

Table I. Component of NCT–MAS Complex-loaded SA Tablets
Using Different Preparation pH Levels of Complexes

Component

Preparation pH of complexes

pH 4 pH 7 pH 9

NCT–MAS complexes (mg)
(equivalent to 15 mg NCT)

166.0 129.0 120.0

SA (mg) 34.0 71.0 80.0
Magnesium stearate (mg) 2.0 2.0 2.0
Complex/SA ratio 1:0.20 1:0.55 1:0.67
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and

log
Mt

M1
¼ n log t þ log k ð2Þ

where Mt/M∞ is the fractional NCT release at time t, k is the
kinetic constant, and n is the release exponent indicative of
the drug release mechanism. A release exponent of n=0.5
indicates a diffusion-controlled drug release (Fickian diffu-
sion), whereas a release exponent of n=1 corresponds to a
polymer swelling/erosion-controlled release mechanism.
Thus, release exponents between these two extreme values
indicate a so-called anomalous transport—a complex trans-
port mechanism that is a mixture of both drug diffusion and
swelling/erosion of polymer (26).

The NCT release and permeation rates of the tablets
were analyzed using both zero-order and Higuchi models
(27), which can be expressed as Eqs. 3 and 4, respectively, as
follows:

Q ¼ K0t ð3Þ
and

Q ¼ KHt
1=2; ð4Þ

where Q is the amount of NCT released, t is time, and K0 and
KH are the zero-order and Higuchi release rates, respectively.

Determination of Mucoadhesive Properties

The mucoadhesive properties of the tablets were meas-
ured using a texture analyzer (TA.XT plus, Stable Micro
Systems, UK) with a 50-N load cell equipped with a
bioadhesive test rig.

The tablet was attached to a 10-mm diameter cylindrical
probe using a two-sided adhesive tape. Esophageal mucosa of
pig was also obtained from a local slaughterhouse (Non
Muang Village, Khon Kaen, Thailand). The mucosal mem-
brane from the porcine esophagus (about 2×2 cm) without
heat treatment and elimination of the connective tissue that
had been hydrated with pH 7.4 isotonic phosphate buffer for
20 min was placed on the stage of bioadhesive holder and
gently blotted with tissue paper to remove excess water on
the surface of the mucosal membrane. Next, 200 μl of pH 6
phosphate buffer was pipetted onto the membrane surface
before testing. The probe and attached tablets were moved
down at a constant speed of 1 mm s−1 with 0.5-N contact force
and 2-min contact time. Immediately afterwards, the probe
was moved upwards with a constant speed of 0.5 mm s−1. The
relationship between the force and tablet displacement was
plotted. The maximum detachment force (Fmax) and work of
adhesion (Wad, the area under the force versus distance
curve) were calculated using the Texture Exponent 32
program version 4.0.9.0 (Stable Micro Systems).

Fig. 2. NCT release profiles of the NCT–MAS complex particles
prepared at different pH levels. Each point is the mean±SD, n=3

Table IV. Physical Properties and NCT Release Characteristics of NCT–MAS Complex-Loaded SA Tablets

Tablets Thickness (mm) Hardness (N)

NCT release

Release exponent, n Release rate (% min−1)

Preparation pH of complexes
pH 4 1.46±0.02 70.6±2.7 1.05±0.07 (R2=0.992) 0.14±0.01 (R2=0.962)
pH 7 1.58±0.02 58.8±0.1 0.92±0.05 (R2=0.990) 0.15±0.02 (R2=0.980)
pH 9 1.61±0.01 60.8±2.7 0.98±0.07 (R2=0.992) 0.15±0.03 (R2=0.997)
Complex/SA ratio
1:4 1.71±0.02 48.8±3.2 0.77±0.03 (R2=0.992) 0.14±0.02 (R2=0.996)
1:1.5 1.69±0.02 39.2±0.1 0.85±0.04 (R2=0.992) 0.12±0.01 (R2=0.999)
1:0.67 1.61±0.01 60.8±2.7 0.98±0.07 (R2=0.992) 0.15±0.03 (R2=0.997)
1:0 1.42±0.01 68.6±0.1 0.46±0.01 (R2=0.972) 3.20±0.08a (R2=0.988)
Pure SA 1.87±0.02 14.7±3.5 ND ND
Pure MAS 1.31±0.01 36.3±4.4 ND ND

Data are the mean±SD, n=3
ND not determined
aCalculated from Higuchi model (unit, % min−1/2 )
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HPLC Condition for NCT Analysis

The concentration of NCT was determined using HPLC
(Perkin Elmer Series, USA). Reversed-phase HPLC using a
C-18 column (Waters Spherisorb® S5 ODS2, 5-μm particle
size, 4.6 × 250 mm, Ireland) connected with a guard column
was employed. The mobile phase was 0.05 M sodium acetate/
methanol/triethylamine (88:12:0.5, v/v), and the final pH was
adjusted to 4.2 with glacial acetic acid. The flow rate of the
mobile phase was 1 ml min−1, and the detector was a UV–
visible detector at a wavelength of 259 nm. The retention time
of NCT was approximately 7.0 min. Under these conditions,
good linearity and reproducibility were shown over the range
1.0–100.0 μg ml−1 NCT.

FTIR Spectroscopy

The molecular interactions between SA and MAS in the
tablets were investigated using an FTIR spectrophotometer
(Spectrum One, Perkin Elmer, Norwalk, CT) and the KBr
disc method. The residual mass of the swollen gel matrix
tablets on the cellulose acetate membrane after the NCT
release testing with the modified USP dissolution apparatus 2
(“In Vitro Release Studies”) was collected, dried at 50°C, and
gently ground with a mortar and pestle. Each sample was
pulverized, gently triturated with KBr powder in a weight
ratio of 1:100, and then pressed in a hydrostatic press at a
pressure of 10 tons for 5 min. The disc was placed in the
sample holder and scanned from 4,000 to 450 cm−1 at a
resolution of 4 cm−1.

RESULTS AND DISCUSSION

Characteristics of NCT–MAS Complexes

Due to the molecular interactions between NCT and
MAS via electrostatic force and hydrogen bonding (9), NCT–
MAS complexes were formed and successfully prepared at
pH 4, 7, and 9 using an adsorption method. The sizes of the
NCT–MAS complex particles obtained fell into the range of
82.1–94.0 μm (Table III). The NCT content in the NCT–MAS
complexes increased with increasing preparation pH
(Table III). This was due to the denser matrix structure of
the NCT–MAS complexes formed at acidic and neutral pH
levels (8), resulting in a reduction of surface area for NCT
adsorption. The NCT release profile of the complexes at
different preparation pH levels is presented in Fig. 2. The
NCT release percentage showed good agreement with the
Higuchi model (R2 higher than 0.99). This indicates that the
NCT release kinetics from the complex particles is controlled
by a matrix/particle diffusion mechanism (9). The complexes
prepared at pH 9 gave a higher NCT release rate than those
prepared at neutral and acidic pH levels (Table III). It is
possible that the higher NCT content of the complexes
prepared at pH 9 brought about a greater NCT
concentration gradient in the complex particles, leading to
faster NCT release. Moreover, the denser matrix formation of
the complexes at pH 4 and 7 led to a lower NCT release rate
than that of the complexes at pH 9.

Physical Properties of NCT–MAS Complex-Loaded SA
Tablets

All mixtures prepared were easily compressed into
tablets using a direct compression method. The thicknesses
of the NCT–MAS complex-loaded SA tablets were in the
range of 1.46–1.71 mm and are listed in Table IV. The tablets
thus obtained were acceptable upon visual inspection, and
acceptable hardness ranges from 39.2 to 70.6 N. Moreover,
the hardness of pure SA and MAS tablets was found to be
14.7 and 36.3 N, respectively, suggesting that both materials

Fig. 3. NCT release profiles of the NCT–MAS complex-loaded SA
tablets prepared using different preparation pH levels of complexes (a)
and various complex/SA ratios (b). Each point is the mean±SD, n=3
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have acceptable compressibility under pressure. Additionally,
it was observed that pure MAS tablets had lower hardness
than the pH 9 NCT–MAS complex tablets (1:0 complex/SA
ratio), suggesting that the NCT adsorbed onto MAS may alter
the surface interfacial properties of the MAS particles. This
may lead to higher cohesive force at the contact surface after
deformation of the NCT–MAS complex particles under
compression.

NCT Release Characteristics of the Tablets

The NCT release profiles of the whole tablets in pH 6
phosphate buffer are shown in Fig. 3. The measured release
of NCT from the NCT–MAS complex-loaded SA tablets
(Table IV) fits well with the power law (Eq. 2; R2 more than

0.99). The exponent n of the NCT–MAS complex-loaded SA
tablets at all preparation pH levels was close to unity. This
suggests that the NCT release was controlled by a polymer
swelling/erosion mechanism and can be described using zero-
order release kinetics. Additionally, increasing the SA ratio in
the tablets led to a lower exponent value, particularly in the
1:4 and 1:1.5 complex/SA ratios. This indicates that the NCT
release involved both a diffusion process through the swollen
matrix and a swelling/erosion process of the SA. Moreover,
the release process of the pH 9 NCT–MAS complex tablets
without SA (1:0 complex/SA ratio) had an exponent value of

Fig. 5. Effect of preparation pH (a) and complex/SA ratio (b) on
NCT release of NCT–MAS complex-loaded SA tablets using
cellulose acetate as a membrane, measured using a modified USP
dissolution apparatus 2. Each point is the mean±SD, n=3

Fig. 4. FTIR spectra of SA tablet (a), MAS tablet (b), NCT (c), pH 9
NCT–MAS complex tablet (d), pH 9 NCT–MAS complex-loaded SA
tablets using 1:4 (e), 1:1.5 (f) and 1:0.67 (g)complex/SA ratios, and
NCT–MAS complex-loaded SA tablets using pH 4 (h) and pH 7 (i)
complexes
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0.46, the lowest that was found, suggesting that the NCT release
was Fickian diffusion. Apart from NCT release mechanism, the
NCT release rate of the whole tablets was calculated using the
zero-order model (Eq. 3), as shown in Table IV. It was observed
that the effect of preparation pH and the complex/SA ratio did
not influence the NCT release rate. In contrast, the NCT release
rate of the NCT–MAS complex tablets were well described by
the Higuchi model, but not the zero-order model. The release
rate of NCT from the tablets was lower than that of the complex
particles (Table III) because of complex tablets’ lower surface
area for NCT release.

In this study, the observed NCT release from the NCT–
MAS complex tablets without SA indicates a matrix/particle
diffusion-controlled mechanism. Incorporation of a small
amount of SA into the tablets could control the NCT release
to achieve the zero-order release kinetics that was clearly
observed in the tablets containing the complexes prepared at
different pH levels. This indicates that the NCT release was
controlled not only by matrix diffusion of the complex particles
but also by the swollen gel matrix of SA formed around the
tablets. However, the higher ratio of SA in the tablets caused the
NCT release to be dominated by a matrix diffusion mechanism.
We hypothesize that the greater amount of SA in the tablets
may lead to higher viscosity and thickness in the swollen gel
matrix during NCT release. Furthermore, it is interesting that all
NCT–MAS complex-loaded SA tablets measured had a similar
NCT release rate despite very different complex/SA ratios. It is
possible that the swollen gel matrix may have changed during
NCT release because of interactions between SAwithMAS.We
therefore investigated the molecular interactions of the tablet’s
components after drug release testing using FTIR spectroscopy.

Molecular Interaction of SA with MAS

The molecular interaction of SA with MAS in the
swollen gel matrix was investigated in this study. SA showed
stretching peaks from OH, COO− (symmetric), and COO−

(asymmetric) at 3,441, 1,613, and 1,416 cm−1, respectively
(Fig. 4a). Figure 4b shows the peaks of MAS, such as
hydroxyl stretching in SiOH (3,631 cm−1), hydroxyl
stretching in hydrogen-bonded water (3,462 cm−1), hydroxyl
bending (1,640 cm−1), and stretching of Si–O–Si (1,020 cm−1)

(28). In the FTIR spectra of the pH 9 NCT–MAS complex
tablets (Fig. 4d), a shift of the hydroxyl stretching peak of
water hydrogen bonded to MAS to a lower wavenumber
(3,462 to 3,434 cm−1) was observed. A shift of the hydroxyl
stretching peak of SiOH from 3,631 to 3,628 cm−1 was also
observed. Moreover, the C–H bending on the pyridine ring of
NCT was of low intensity and shifted from 1,429 cm−1

(Fig. 4c) to a higher wavenumber of 1,435 cm−1 (Fig. 4d).
These results suggest that the amine group of the pyridine
ring could interact with MAS via electrostatic forces and
intermolecular hydrogen bonding (9). FTIR spectra of the
pH 9 NCT–MAS complex-loaded SA tablets showed a shift
of the SA COO− stretching peaks (Fig. 4e–g) to a higher
wavenumber, suggesting that the negative charge of the
carboxyl groups of SA interacted electrostatically with the
positively charged sites in the edges of MAS and could also
create intermolecular hydrogen bonding with MAS silanol
groups (11). Furthermore, the shift of the MAS Si–O–Si
stretching peak to a lower wavenumber (from 1,020 to
1,016 cm−1) could indicate intermolecular hydrogen bonding
between SA and MAS. The pH 4 and 7 NCT–MAS complex-
loaded SA tablets (Fig. 4h, i, respectively) also had spectra
similar to those loaded with the pH 9 complexes.
Unfortunately, the interaction of SA with NCT could not be
clearly examined in this study. This may be due to a small
amount of NCT remaining in the swollen gel matrix tablets.
However, it is possible that NCT and SA could interact
electrostatically because of their opposite charges, as well as
through previously reported intermolecular hydrogen
bonding (29). These findings indicate that SA can interact
with MAS in the swollen gel matrix tablets, resulting in a
denser matrix formation, thus modifying NCT release from
the tablets. This was the reason describing why a small
amount of SA could control the NCT release to achieve zero-
order release kinetics. Additionally, the interaction of NCT
with SA in the swollen gel matrix led to NCT release that was
mainly controlled by swelling and erosion of the tablets.

Unidirectional Release and Permeation of NCT

Studies of the unidirectional NCT release and perme-
ation of the NCT–MAS complex-loaded SA tablets were

Table V. NCT Release and Permeation Rate of NCT–MAS Complex-Loaded SATablets Tested Using Modified USP Dissolution Apparatus 2

Tablets Release exponent, n

NCT release ratea NCT permeation rateb

K0 (μg min−1) KH (μg min−1/2) K0 (μg min−1) KH (μg min−1/2)

Preparation pH of complexes
pH 4 0.70±0.01 (R2=0.990) 3.18±0.26 (R2=0.984) 77.2±6.6 (R2=0.981) 0.97±0.10 (R2=0.922) 43.1±2.6 (R2=0.963)
pH 7 0.61±0.01 (R2=0.997) 4.26±0.13 (R2=0.955) 105.6±2.7 (R2=0.994) 3.10±0.28 (R2=0.979) 84.6±5.3 (R2=0.980)
pH 9 0.66±0.04 (R2=0.993) 4.51±0.23 (R2=0.979) 109.8±5.2 (R2=0.986) 4.88±0.30 (R2=0.980) 131.6±7.4 (R2=0.993)
Complex/SA ratio
1:4 0.58±0.04 (R2=0.989) 1.30±0.07 (R2=0.992) 32.7±1.7 (R2=0.989) 1.90±0.24 (R2=0.982) 52.5±6.6 (R2=0.989)
1:1.5 0.63±0.05 (R2=0.991) 2.49±0.23 (R2=0.966) 62.3±5.5 (R2=0.981) 3.11±0.23 (R2=0.986) 85.7±5.8 (R2=0.990)
1:0.67 0.66±0.04 (R2=0.993) 4.51±0.23 (R2=0.979) 109.8±5.2 (R2=0.986) 4.88±0.30 (R2=0.980) 131.6±7.4 (R2=0.993)
1:0 0.58±0.03 (R2=0.991) 15.27±0.66 (R2=0.937) 382.3±15.8 (R2=0.995) 7.90±1.30 (R2=0.955) 208.9±32.6 (R2=0.996)

Data are mean±SD, n=3
aNCT release using cellulose acetate membrane
bNCT permeation using porcine esophageal membrane
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performed using 0.45-μm cellulose acetate membrane and
porcine esophageal membrane, respectively. The USP dis-
solution apparatus 2 was modified for measuring the NCT
release and permeation of the buccal tablets. The advantages
of this modified apparatus were its convenience of operation,
high stirring efficiency, and large medium volume for main-
taining the sink condition. The NCT release profiles of the
NCT–MAS complex-loaded SA tablets from this study are
shown in Fig. 5. The NCT release data fit well with the power
law equation (Eq. 2), with R2 >0.99 (Table V). The exponent
obtained was in the range of 0.58–0.70, suggesting an
anomalous release mechanism, i.e., that drug diffusion and
polymer swelling mechanisms controlled NCT release from
the tablets. The exponent values obtained in this study were
lower than those obtained from the release testing of whole
tablets. This is due to the difference in release conditions and
the surface area of the tablets exposed to the medium.
Moreover, in the current study, erosion of the swollen gel
matrix could not occur because of the use of cellulose acetate
membrane as a barrier. The NCT release rates of the tablets
were also calculated using the zero-order and Higuchi
models, the results of which are listed in Table V. The NCT
release rates showed a better fit with the Higuchi model than
the zero-order model, as shown by the determination
coefficient (R2). The NCT release rate of the tablets
increased with increasing preparation pH, even though the
amount of SA used in the tablets using the complexes
prepared at pH 4 was less than that in the complexes
prepared at pH 7 and 9. This is due to the influence of the
NCT release of the complex particles that was previously
described in “Characteristics of NCT–MAS Complexes.” An
effect of the complex/SA ratio on NCT release was observed.
Increasing the amount of complex in the tablets led to higher
NCT release rates (Table V) by increasing the NCT
concentration gradient for diffusion process. Moreover, the
reduction of SA in the tablets decreased the swelling in the
gel matrix that acted as a diffusion barrier for NCT. For this
reason, the highest NCT release rate was found in the pH 9
NCT–MAS complex tablets without SA.

The permeation profiles of NCT from the NCT–MAS
complex-loaded SA tablets across the mucosal membrane are
shown in Fig. 6. NCT permeation rate was calculated using
the zero-order and Higuchi models. The Higuchi model
provided described the data better than the zero-order model
(Table V), as was the case with the NCT release. This
suggests that the rate-limiting step was not permeation across
the mucosal membrane but NCT diffusion in the swollen gel
matrix was. The preparation pH of NCT–MAS complexes
had a clear effect on the NCT permeation rate (Fig. 6a and
Table V). The tablets using the complexes prepared at pH 4
had the lowest NCT permeation rate with a very long lag time
(the point of intersection with time axis); the highest NCT
permeation rate was obtained from the complexes prepared
at pH 9. This phenomenon occurred because the NCT
molecules in the complexes formed at pH 4 were the
protonated species (8) that possess lower permeability across
the mucosal membranes (19,20). However, at pH 9, NCT is in
its neutral species, which has higher mucosal permeability.
Moreover, increasing the amount of SA in the tablets led to
lower permeation rates of NCT (Table V). This was due to a
slower NCT release in tablets with a higher ratio of SA. It was
also observed that the permeation rates of NCT were greater
than the NCT release rates in the pH 9 NCT–MAS complex-

loaded SA tablets. This could be explained by the fact that
the tablets composed of SA could absorb the medium
through the pore channels of the cellulose acetate membrane
used, whereas tablets rarely absorbed the medium when using
the mucosal membrane due to the membrane’s low water
permeability. This resulted in increased swelling of the tablets
during the release testing and led to the reduction of the
concentration gradient and increase of the path length for
NCT diffusion. Thus, the NCT release rate was possibly lower
than the NCT permeation rate in this study.

Fig. 6. Effect of preparation pH (a) and complex/SA ratio (b) on
NCT permeation across porcine esophageal membranes of NCT–
MAS complex-loaded SA tablets, measured using a modified USP
dissolution apparatus 2. Each point is the mean±SD, n=3
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Relationship between the release rate and the permeation
rate of NCT from the matrix tablets with various complex/SA
ratios showed good linearity with R2 higher than 0.99, as shown
in Fig 7. It can be seen that the NCT permeation rate increased
with increasing NCT release rate from the swollenmatrix tablets.
This suggested that the greater the NCT release rate, the higher
the NCT concentration gradient on the surface of the mucosal
membrane. This led to a higher NCT permeation rate as well. In
contrast, the matrix tablets using NCT–MAS complexes
prepared at different pH levels had not a linear relationship of
both parameters. This was due to the low permeability across the
mucosal membrane of protonated NCT released from the
complexes prepared at acidic and neutral pH levels.

It is preferable to control the delivery of drugs via the
drug delivery system rather than via the mucosal membrane.
This study showed that the pH 9 NCT–MAS complex tablets
without SA gave remarkably higher NCT release rates when
compared with the NCT permeation rate, indicating that the
permeation of NCT was controlled via the mucosal mem-
brane. In contrast, the pH 9 NCT–MAS complex-loaded SA
tablets gave similar release and permeation rates to NCT,
suggesting that the delivery of NCT across the mucosal
membrane was mainly controlled by the swollen gel matrix
of the NCT–MAS complex-loaded SA tablets. This resulted
from the molecular interaction of SA with MAS to form the
gel matrix structure for controlling drug delivery.

Mucoadhesive Properties of the Tablets

The mucoadhesive properties, maximum detachment
force (Fmax), and work of adhesion (Wad) of the tablets are
presented in Fig. 8. The NCT–MAS complex-loaded SA
tablets with different preparation pH levels had comparable
Fmax and Wad values and did not differ from the mucoadhe-
sive properties of SA tablets, although the amount of SA
incorporated was quite low in the tablets. However, the pH 4
NCT–MAS complex-loaded SA tablets seemed to display the
lowest Fmax and Wad. This is likely because these tablets used

the smallest amount of SA. The complex/SA ratios used in
the tablets affected the mucoadhesive properties. The Fmax

and Wad of the tablets tended to decrease with decreasing SA
amount in the tablets. Surprisingly, the pH 9 NCT–MAS
complex tablets without SA showed large enough Fmax and
Wad values for adhesion onto the mucosal membrane.

MAS has a silicate layer surface containing numerous
hydroxyl groups which could possibly adhere to the mucosal
membrane via hydrogen bonding with mucus. The NCT–
MAS complex tablets possess mucoadhesive properties,
suggesting that MAS still has enough hydroxyl groups to
interact with mucus after the complexation with NCT. SA is a
polysaccharide that possesses a mucoadhesive property
(18,30,31) because it contains numerous hydrogen bond-
forming groups, i.e., carboxyl and hydroxyl groups. It has been
proposed that the interaction between the mucus on mucosal
membrane and hydrophilic polymers occurs by physical entan-
glement and chemical interactions, such as hydrogen bonding
(31). Due to the mucoadhesive properties of SA and NCT–
MAS complexes, the NCT–MAS complex-loaded SA tabletsFig. 7. Relationship between release rate and permeation rate of

NCT from NCT–MAS complex-loaded SA tablets prepared using
different preparation pH levels of complexes and complex/SA ratios

Fig. 8. Maximum detachment force (a) and work of adhesion (b) of
the tablets. Each bar is the mean±SD, n=5

691Nicotine–Clay Complex-Loaded Alginate Tablets



were sufficiently mucoadhesive for adhesion onto the mucosal
membrane. However, the reduction of SA amount in the tablets
caused a decrease of Fmax and Wad, suggesting that the swelling
and physical entanglement of SA on the tablet surface was an
important process for promoting the interaction with mucus.

CONCLUSION

TheNCT–MAS complex-loaded SA tablets prepared using
the direct compression method had favorable physical proper-
ties and gave a zero-order NCT release kinetic controlled by a
swelling/erosion mechanism. The matrix tablets containing the
NCT–MAS complexes prepared at pH 9 showed obviously
greater NCT permeation rates than those containing the
complexes prepared at acidic and neutral conditions. NCT
release and permeation rates decreased with increasing SA
amounts in the tablets. The use of the NCT–MAS complexes
prepared at pH 9 in the tablets provided a highly effective NCT
delivery across the mucosal membrane, which was controlled by
the swollen gel matrix of the tablets. This resulted from the
molecular interaction of SA with MAS to form the gel matrix
structure that controlled the drug diffusion. Moreover, the
presence of SA in the tablets could enhance the mucoadhesive
properties of the tablets. This study suggests that SA could play
an important role for controllingNCTrelease and enhancing the
mucoadhesive properties of NCT–MAS complex-loaded SA
tablets, and these tablets demonstrate strong potential for use as
a buccal delivery system for NCT.
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The objective of the present study was to investigate the use of propranolol
hydrochloride-magnesium aluminum silicate (PPN-MAS) intercalated complexes as drug
reservoirs in hydroxymethyl propylcellulose (HPMC) tablets. HPMC tablets containing
PPN-MAS complexes were prepared and characterized PPN release in comparison with
PPN tablets and PPN-MAS physical mixture tablets. Additionally, the effect of HPMC
viscosity grades, compression pressures, and calcium acetate incorporated on PPN
release characteristics of the PPN-MAS complex tablets was also examined. The results
showed that the PPN-MAS complex tablets gave higher tablet hardness than the PPN
tablets containing pure and PPN-MAS physical mixture. The PPN release of the PPN-
MAS complex tablets followed a zero-order release kinetic, whereas an anomalous
transport was found in the PPN tablets and the PPN-MAS physical mixture tablets. The
use of PPN-MAS complexes provided lower release rate than that of pure PPN. The PPN
release rate of the PPN-MAS complex tablet significantly decreased with increasing
HPMC viscosity grade. The higher compression pressure used could slow down the PPN
released from these tablets. Furthermore, calcium ions incorporated could accelerate PPN
release, particularly in acidic medium, because calcium ion could exchange with PPN
molecules intercalated in the silicate layers of MAS. These findings suggest that PPN-
MAS intercalated complexes showed strong potential for use as drug reservoirs in matrix
tablets intended for modifying drug release.

Keywords: propranolol, magnesium aluminum silicate, complexes, hydroxypropyl
methylcellulose, drug release; matrix tablets

Complexation between drugs and biocompatible materials has been used for

improvement of drug solubility, drug stability, drug absorption and bioavailability[1]. In

recent years, clays and biocompatible inorganic materials have been applied to adsorb the

drugs onto their structures because they have a large specific surface area, good

adsorption ability and cation exchange capacity[2,3]. Magnesium aluminum silicate

(MAS), a mixture of natural montmorillonite and saponite clays[4], has a layered structure

that is composed of tetrahedrally-coordinated silica atoms fused into an edge-shared

octahedral plane of either aluminum hydroxide or magnesium hydroxide[4,5]. The

negatively charged faces on the silicate layers of MAS have strong electrostatic

interactions with amine drugs to form an intercalated complexes, which the drugs could

intercalate into the silicate layers of MAS[6-8], thereby leading to the prolonged release of

the drug. This finding recently led to potential application of drug-MAS complexes as

drug carriers in matrix tablets for buccal delivery[9].

Propranolol hydrochloride (PPN), a secondary amine compound, was the first –

adrenoceptor blocking drug to achieve wide therapeutic use in angina and

hypertension[10]. It has been selected as a drug candidate for developing sustained-release

dosage forms[11-13] due to the short half life of PPN (3.9 h)[10]. However, many
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researchers in development of PPN sustained-release dosage forms were met with

problems, such as the difficulty to control drug release because of high aqueous solubility

of PPN. This led to a large amount of polymer used in the matrix tablets for sustaining

release of drug with high water solubility[14]. Recently, PPN could electrostatically

interact with MAS to form intercalated complexes. The physicochemical properties of

the complex particles were characterized and the PPN-MAS complexes showed sustained

release of PPN after initial burst release[8]. Thus, it is interesting that the use of the PPN-

MAS complexes as drug reservoirs in hydrophilic matrix tablets may modify drug release

behavior when compared with the tablets contained with pure PPN.

Therefore, the aim of this work was to investigate physical properties and PPN

release behavior of the matrix tablets containing PPN-MAS complexes as drug reservoirs

by comparison with those containing pure PPN and PPN-MAS physical mixture. HPMC

has been popularly used as a hydrophilic matrix-forming agent[14-17], and was employed

in this study. Additionally, the effect of HPMC viscosity grades, compression pressures,

and calcium acetate incorporated on PPN release characteristics of the PPN-MAS

complex tablets was also examined.

MATERIALS AND METHODS:

MAS (VeegumHV) and PPN were purchased from the R.T. Vanderbilt Company,

Inc. (Norwalk, CT, USA) and Changzhou Yabang Pharmaceutical Co., Ltd. (Jiangsu,

China), respectively. Hydroxypropyl methylcellulose in the viscosity grades of 10-20 cP

(low viscosity, LV-HPMC), and 40-60 cP (medium viscosity, MV-HPMC) was

purchased from Onimax Co., Ltd. (Bangkok, Thialand). High viscosity grade HPMC

(HV-HPMC), 80-120 cP, was obtained from S.M. Chemical Supplies Co., Ltd.

(Bangkok, Thailand). All other reagents used were of analytical grade and used as

received.

Preparation of PPN-MAS complexes:

A 4% w/v MAS suspension was prepared using hot water and cooled to room

temperature prior to use. Next, 25 ml of the 4% w/v MAS suspension was mixed with 25

ml of the 1% w/v PPN deionized water solution in an Erlenmeyer flask. The pH of the

PPN-MAS dispersion was adjusted by adding a small amount of 1 M HCl or 1 M NaOH

into the flask while swirling and using a pH meter (Ion Analyzer 250, Coring, USA) to

determine when the final pH of the dispersions was 7. Then the dispersions were

incubated at 37 C with shaking for 24 h to allow PPN adsorption into the MAS to
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equilibrate. The PPN-MAS complexes were separated from the filtrates by filtration.

Then, the complexes collected were redispersed in 25 ml of the 1% w/v PPN solution in

an Erlenmeyer flask, and the mixture was incubated at 37 C with shaking for 24 h for

the second drug loading. The PPN-MAS complexes of the double drug loading were

separated, washed and dried at 50 C for 24 h. The dry PPN-MAS complexes were

ground using a mortar and pestle, sieved for collecting the complex particles in the size

range of 125-180 m, and kept in a desiccator before use.

Scanning electron microscopy (SEM):

Particle shape and surface morphology of the MAS powder and the PPN-MAS

complexes were observed using scanning electron microscopy (SEM). Samples were

mounted onto stubs, sputter coated with gold in a vacuum evaporator, and photographed

using a scanning electron microscope (Jeol Model JSM-6400, Tokyo, Japan).

Preparation of matrix tablets:

All tablets were prepared using the direct compression method. PPN-MAS complex

tablet composed of 200 mg PPN-MAS complexes (equivalent to PPN 40 mg) and 600

mg HPMC for each. The complexes and HPMC were mixed in a rotomixer for 10 min;

magnesium stearate (1 %w/w) was then blended with the mixture for 3 min before

tabletting. The mixtures were filled into 12-mm flat-faced punches and dies, then

applying 6.6, 8.8 or 11.0 MPa with a hydrostatic press (Model 3126, Shimadzu, Kyoto,

Japan) without holding time. The tablets obtained were stored in a desiccator prior to use.

PPN tablets and PPN-MAS physical mixture tablets were prepared for drug release

comparison with the PPN-MAS complex tablets. Each PPN tablet contained 40 mg PPN

and 760 mg LV-HPMC. The PPN-MAS physical mixtures were prepared by mixing PPN

and MAS in the ratio of 1:4 by weight. The PPN-MAS physical mixture tablets

composed of 200 mg physical mixture (equivalent to PPN 40 mg) and 600 mg LV-

HPMC. The next preparation method of these tablets was followed that mentioned above.

Effect of calcium acetate on PPN released from the PPN-MAS complex tablets was

investigated in this study. The amount of calcium acetate added was 50, 100 or 150 mg in

the PPN-MAS complex tablets that LV-HPMC amount was reduced to 550, 500 or 450

mg, respectively. The proceeded method was the same as mentioned previously.
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Evaluation of matrix tablets:

Thickness and hardness. The thicknesses of the tablets were measured using a

vernier caliper (Mitutoyo, Japan). The hardnesses of the tablets were measured using a

tablet hardness tester (VanKel VK 200, USA).

In vitro release studies. PPN release of the tablets prepared was tested using a USP

dissolution apparatus 1 (basket method, VanKel 7000, USA). The tablets were placed

into the basket with a rotation speed of 100 revolutions/min. The release medium were

0.1 M HCl and pH 6 phosphate buffer in the volume of 750 ml and the temperature was

controlled at 37.0  0.5 C. Twenty milliliters of samples were collected and replaced

with fresh medium at various time intervals. The amount of PPN released was analyzed

using a UV-visible spectrophotometer (Shimadzu UV1201, Japan) at a wavelength of

290 nm. In the case of calcium ion effect study, the release media were 0.1 M HCl and

pH 6.8 Tris buffer containing 8.19 g/l sodium chloride and 0.32 g/l potassium chloride

for simulating sodium and potassium ions in small intestine[18]. Tris buffer was used

instead of phosphate buffer because calcium acetate could not completely dissolve in a

phosphate ion-rich medium and an insoluble calcium phosphate was formed.

Analysis of PPN release:

The release mechanisms of PPN from the tablets were determined with a power

law[19] as shown in Equations 1 and 2, respectively, as follows:

nt kt
M
M




Eq. 1

and

klogtlogn
M
M

log t 


, Eq. 2

where Mt/M is the fractional NCT release at time t, k is the kinetic constant, and n is the

release exponent indicative of the drug release mechanism. A release exponent of n=0.5

indicates a diffusion-controlled drug release (Fickian diffusion), whereas a release

exponent of n=1 corresponds to a polymer-swelling/erosion-controlled release

mechanism. Thus, release exponents between these two extreme values indicates so-called

anomalous transport-a complex transport mechanism that is a mixture of both drug

diffusion and swelling/erosion of polymer.

The PPN release rate of the tablets was analyzed using both zero-order and Higuchi

models[20], which can be expressed as Equations 3 and 4, respectively, as follows:
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tKQ 0 Eq. 3

and
2/1

H tKQ  , Eq. 4

where Q is amount of PPN released, t is time, and K0 and KH are the zero-order and

Higuchi release rates, respectively.

Matrix erosion studies:

Matrix erosion of the tablets containing calcium acetate was carried out in 0.1 M

HCl and pH 6.8 Tris buffer with sodium chloride and potassium chloride. The method

used in this study was modified from that of the previous report[21,22]. Weighed tablet

(Wi) was placed in basket and subjected to the condition of the release studies described

above. Each basket was taken out at 1 h and morphology of the swollen tablets was

viewed using a digital camera (Canon Ixy 920iS, Japan). The baskets were placed in a

small beaker, and then put in an oven at 50 C until the constant weight of the tablet (Wd)

was obtained. The %matrix erosion can be calculated using the following equation.

Matrix erosion (%) = 100
W

WWW

i

rdi 






 
(2)

where Wr is the mean amount of PPN released during the release study.

Statistical analysis:

One-way analysis of variance (ANOVA) with the least significant difference (LSD)

test for multiple comparisons and Student t-test were used to compare the significantly

different results of thickness, hardness, and PPN release parameters of the tablets. All

statistical tests were performed using the software SPSS for MS Windows, release 11.5

(SPSS (Thailand) Co. Ltd., Bangkok, Thailand).

RESULTS AND DISCUSSION:

Comparative physical properties and PPN release mechanism of the tablets:

The matrix tablets containing pure PPN, PPN-MAS physical mixture, and PPN-

MAS complexes were successfully prepared by using the direct compression method.

The LV-HPMC was used as a matrix-forming agent and the compression pressure

applied was 11.0 MPa. The thickness of the tablets obtained was in the range of 5.75-

6.44 mm (Table 1). The different hardness of the tablets was found that the PPN tablets

showed the lowest hardness. The hardness of the PPN-MAS complex tablets was

statistically higher (P<0.05) than that of the PPN-MAS physical mixture tablets. This
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result suggested that incorporation of MAS in the tablets could increase tablet hardness

due to a good compressibility behavior of MAS[9]. Moreover, particle and surface

morphology of MAS (Fig. 1a and 1b) were different with those of the PPN-MAS

complex particles (Fig. 1c and 1d). The PPN adsorbed onto the silicate layers of MAS

could modify surface morphology of the PPN-MAS complex particles. The change of

surface morphology as well as particle shape of the complex particles may lead to greater

interparticle bonding and interlocking with LV-HPMC particles, resulting in higher tablet

hardness.

PPN release profiles of the tablets containing pure PPN, PPN-MAS physical

mixture, and PPN-MAS complexes are presented in Fig. 2. The PPN tablets gave a

sustained release profile of PPN in both 0.1 M HCl and pH 6.8 phosphate buffer, whereas

an immediately complete dissolution of pure PPN was obtained with in 2 min of the test

(Fig. 2a, left panel). The PPN-MAS physical mixture tablets also showed a sustained

release of PPN. The PPN-MAS physical mixture gave an incomplete dissolution of PPN

with 65-75 % fast dissolution of PPN and followed with a decreased amount of PPN

dissolved (Fig. 2b, left panel). This decrease was due to adsorption of PPN with MAS

particles[8]. In contrast, the PPN-MAS complexes gave sustained release of PPN after an

initial burst release. Incorporation of the PPN-MAS complexes into the matrix tablets

could eradicate PPN burst release and could control PPN release (Fig. 2c, left panel).

The PPN release parameters of all tablets are listed in Table 1. The PPN-MAS

complex tablets gave the highest release exponent, n value, which was found to be 0.98

in 0.1 M HCl and 0.89 in pH 6.8 phosphate buffer. These values suggested that the PPN

release possibly followed a zero-order release kinetic. The release exponents of the PPN

tablets and the PPN-MAS physical mixture tablets were in the range of 0.72-0.75 and

0.62-0.64, respectively, indicating an anomalous transport. The PPN release rates of the

tablets were calculated using the zero-order and Higuchi models as shown in Table 1.

The PPN release of the PPN tablets and the PPN-MAS complex tablets presented good

fit with R2 higher than 0.99 when using the zero-order model. On the other hand, the

Higuchi model gave better fit with the PPN released from the PPN-MAS physical

mixture tablet than the zero-order model. The PPN-MAS physical mixture tablets

showed the lowest PPN release rate, whereas the highest release rate of PPN was found

in the PPN tablets. Additionally, the PPN release rates of the PPN tablets and the PPN-

MAS physical mixture tablets in 0.1 M HCl were higher than those in pH 6.8 phosphate
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buffer. On the other hand, the lower PPN release of the PPN-MAS complex tablets in

acidic medium was obtained when compared with that in neutral buffer.

The release exponent of the tablets could be used to describe PPN release

mechanism from the matrix tablets. The PPN release mechanism model of the PPN

tablets is illustrated in Fig. 2a, right panel. The PPN powders embedded in the matrix

tablets could rapidly dissolve after the tablets exposed to dissolution medium owing to

high water solubility of PPN. The PPN molecules diffused through a water-filled channel

in the swollen matrix, which this process involved tortuosity of the matrix. However, the

swollen HPMC matrix could be eroded due to disentanglement and dissolution of HPMC

molecules. Thus, the drug release of the PPN tablets was mainly controlled by drug

diffusion and polymer swelling/erosion mechanism. Additionally, PPN dissolution rate in

the medium also involved the drug release mechanism. This can be seen that the PPN

release rate in 0.1 M HCl was lower than that in pH 6.8 phosphate buffer because the

PPN solubility in acidic medium was reported to be 225 mg/ml, whereas that in pH 6.8

phosphate buffer was 130 mg/ml[23]. This led to higher PPN release in acidic medium.

This finding was in agreement with the previous study[24].

The PPN-MAS physical mixture tablets showed the other process that involved the

PPN release (Fig. 2b, right panel). The matrix tablets could absorb water from the

surrounding medium, leading to dissolution of PPN powders and swelling of MAS

particles in the swollen tablets. According to high affinity of a negatively charged MAS

with a positively charged PPN[8], an adsorption process of PPN molecules onto the

surface of MAS particles was occurred. This resulted in slower PPN release and lower

amount of PPN release at 7 h of the test; even through the erosion of the swollen matrix

was progressed. Therefore, the release exponent of this tablet was smaller than that of the

PPN tablets and the PPN released from this tablet can be described well with the Higuchi

model. Moreover, the PPN release rate in acidic medium was also greater than that in pH

6.8 phosphate buffer because of higher PPN solubility and lower PPN affinity of MAS in

acidic medium[8].

In the case of the PPN-MAS complex tablets, the PPN-MAS complex particles

embedded in the matrix tablets could absorb dissolution medium that was composed of

cations, such as hydrogen ion and sodium ion. The PPN intercalated in the silicate layers

of MAS could be released by using a cation exchange process, and followed particle

diffusion mechanism within the complex particles[8]. After that, the diffusion of PPN

molecules through water-filled channels in the swollen matrix occurred, which the
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erosion of swollen matrix was also progressed (Fig. 2c, right panel). Hence, the particle

diffusion-controlled mechanism of the complex particles as drug reservoirs coupled with

the drug diffusion and polymer swelling/erosion could control drug release with release

exponent close to unity, indicating a zero-order release kinetic of this tablet. However,

the PPN release rate in pH 6.8 phosphate buffer was higher than that in acidic medium

that in contrast with the PPN tablets and the PPN-MAS physical mixture tablets. For

explanation of this point, the matrix erosion of the PPN-MAS complex tablets at 1 h in

both media was performed that the results were 20.5 ± 2.0 % (n=3) for 0.1 M HCl and

35.1 ± 6.7 % (n=3) for pH 6.8 phosphate buffer. This suggested that the faster erosion of

the swollen matrix caused greater PPN release rate in pH 6.8 phosphate buffer. It was

also indicated that the drug dissolution process did not involve the PPN release

mechanism of the PPN-MAS complex tablets, but this process predominantly controlled

the drug released from the PPN tablets and the PPN-MAS physical mixture tablets.

Effect of HPMC viscosity grade on PPN release:

The thickness and hardness of the PPN-MAS complex tablets prepared using

different viscosity grades of HPMC and compression pressure at 6.6 MPa are listed in

Table 2. The HPMC viscosity grade did not affect thickness of the tablets prepared. On

the other hand, the tablet hardness significantly increased (P<0.05) with increasing

viscosity grade of HPMC. The use of HV-HPMC presented the highest tablet hardness

that was similar to the result of the previous study[25]. This result was due to a lower

relative density of HV-HPMC when applying compression pressure[25].

The PPN release profiles of the PPN-MAS complex tablets prepared using different

grades of HPMC in 0.1 M HCl are shown in Fig. 3. The release exponent, n value, of the

tablets seemed to increase when increasing viscosity grade of HPMC (Table 2). The MV-

HPMC and HV-HPMC tablets presented the n value close to unity. However, all tablets

had better fit with the zero-order model than the Higuchi model. The PPN release rate,

K0, of the tablets statistically decreased (P<0.05) with increasing HPMC viscosity grade.

Generally, increasing viscosity grade of HPMC brought about slower drug release from

the HPMC tablets[26]. This result was because of a higher viscosity gel barriers created

around the tablets when exposed to the dissolution medium. A higher viscosity gel

barrier could retard water absorption rate that affected on an ion exchange process of the

PPN-MAS complex particles and could reduce drug diffusivity in a water-filled channels

due to increasing of tortuosity of swollen matrix. Additionally, slower matrix erosion of

the swollen matrix occurred when HV-HPMC was used[27].
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Effect of compression pressure on PPN release:

The thickness of the PPN-MAS complex tablets using LV-HPMC was significantly

reduced (P<0.05) when increasing compression pressure (Table 3). In contrast, increase

of compression pressure caused a significantly higher hardness of the tablets (P<0.05).

These results were similar with the previous study[28]. It was indicated that the higher the

compression pressure, the lower the porosity of the tablets was obtained, leading to

decreasing of tablet thickness. Moreover, HPMC presented a plastic deformation under

compression pressure, which greater compression pressure caused an increase of

interparticle bonding of HPMC particles, resulting in higher tablet hardness[25].

The PPN release of the tablets using different compression pressures in 0.1 M HCl

is shown in Fig. 4. It can be seen that the compression pressure affected PPN release. The

release exponent of the tablets seemed to increase with increasing compression pressure

(Table 3). The tablets using 11.0 MPa compression pressure gave the release exponent

close to unity, indicative of the zero-order release kinetic. This led to a good fit of the

PPN release with the zero-order model. The PPN release rate, K0, decreased with

increasing compression pressure and a significantly higher PPN release rate of the tablets

using 11.0 MPa compression pressure was found (P<0.05) when compared with those

using 6.6 MPa compression pressure. This finding was in contrast with the previous

study that the compression pressure had a little influence on drug release from HPMC

tablets[28-31]. The matrix erosion of the tablets was also investigated as shown in Table 3.

It was shown that the tablets using different compression pressures had a similarity of the

matrix erosion. This result suggested that higher tablet hardness did not influence water

absorption and swelling processes of the tablets when exposed to dissolution medium.

Thus, the interesting reason was a change of the PPN-MAS complex particles embedded

in the matrix tablets under compression pressure. Previously, the drug-MAS complex

particles without other excipients could be compressed as a tablet that provided a very

high hardness[9]. This result led to slower drug release of the drug-MAS complex tablets

when compared with the drug-MAS complex particles. For this reason, the PPN-MAS

complex particles could possibly deform under higher compression pressure, which may

cause a slower PPN release within the deformed complex particles. Hence, this finding

suggested that the use of the PPN-MAS complexes as drug reservoirs in the HPMC

tablets was sensitive with compression pressure rather than the HPMC tablets containing

pure PPN.
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Effect of calcium ion on PPN-MAS complex tablets:

The PPN-MAS complex tablets incorporated with various amounts of calcium

acetate were prepared using LV-HPMC and 6.6 MPa compression pressure. The

thickness of the PPN-MAS complex tablets tended to decrease when 150 mg of calcium

acetate was incorporated (Table 4). In contrast, the tablet hardness significantly reduced

(P<0.05) with adding 50 and 100 mg of calcium acetate, whereas a statistical increase of

tablet hardness was found (P<0.05) in the tablets added with 150 mg of calcium acetate

when compared with the control tablets. These results suggested that calcium acetate

could reduce interparticle bonding of LV-HPMC when adding some of calcium acetate.

However, the highest amount (150 mg) of calcium acetate caused an increase in tablet

hardness because calcium acetate may have a good compressibility and may form

interparticle bonding among itself that could be observed from a reduction of tablet

thickness.

The PPN release profiles of the PPN-MAS complex tablets containing various

amounts of calcium acetate in 0.1 M HCl and pH 6.8 Tris buffer are shown in Fig. 5a and

5b, respectively. Using 0.1 M HCl, the release exponent, n value, of the tablets was not

affected by incorporation of calcium acetate that these values were over the range of

0.67-0.75 (Table 4). The matrix erosion of the swollen tablets statistically increased

(P<0.05) when calcium acetate was added, but did not relate to the increase of calcium

acetate amount. It can be confirmed by using photo image of the swollen tablets after 1 h

of the release testing as presented in Fig. 6. The similarity morphology of the swollen

tablets with or without calcium acetate was observed. However, the PPN release rate, K0,

of the tablets added with calcium acetate was significantly higher (P<0.05) than that of

the control tablets. The greater the calcium acetate incorporated, the higher the PPN

release rate was found. Apart from the result in acidic medium, the n value of the PPN

release in pH 6.8 Tris buffer was close to unity when calcium acetate was incorporated

into the tablets (Table 4). The swollen tablets showed higher %matrix erosion when

incorporating calcium acetate (Table 4).The morphology of the swollen tablets with

calcium acetate was changed (Fig. 6), indicating that incorporation of calcium acetate

promoted matrix erosion of the swollen tablets in pH 6.8 Tris buffer. It was also observed

that the matrix erosion of the tablets in pH 6.8 Tris buffer was greater than that in 0.1 M

HCl. This result led to higher PPN release rate in pH 6.8 Tris buffer when compared with

using acidic medium.
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Calcium acetate could be dissolved for providing calcium ions in the swollen

matrix tablets. The divalent calcium ions could accelerate an ion exchange process of the

PPN-MAS complexes, resulting in higher release of PPN from the site of adsorption on

the silicate layers of MAS. This occurrence led to higher release rate of PPN from the

tablets. However, effect of calcium ions could be clearly observed when the matrix

erosion of the swollen HPMC tablets occurred slowly and calcium ions had sufficient

time for diffusion into the complex particles for ion exchange process. The phenomena

mentioned could be found when using 0.1 M HCl as a dissolution medium. Increase of

calcium acetate amount did not promote matrix erosion of the swollen tablets, which

calcium ion could accelerate ion exchange process, resulting in higher PPN release rate.

In contrast to the use of pH 6.8 Tris buffer, the matrix erosion of the swollen tablets

progressed rapidly that the action of calcium ions could not completely occur. Thus, the

higher release rate of the PPN-MAS complex tablets in pH 6.8 Tris buffer was mainly

controlled by matrix erosion mechanism.

In conclusion, the PPN-MAS complex tablets were successfully prepared using the

direct compression method and HPMC was used as a matrix-forming agent. The PPN-

MAS complex tablets gave higher tablet hardness than the tablets containing pure PPN

and PPN-MAS physical mixture. The PPN release from the PPN-MAS complex tablets

followed a zero-order release kinetic because the release of PPN was controlled by many

mechanisms, such as a cation exchange process, a particle diffusion-controlled

mechanism of the complex particles, drug diffusion through water-filled channel in the

matrix, and polymer swelling/erosion of HPMC. The PPN release rate of the PPN-MAS

complex tablet decreased with increasing HPMC viscosity grade. The higher

compression pressure used could slow down the PPN release from these tablets.

Additionally, calcium salt incorporated into the tablets could accelerate PPN release,

particularly in acidic medium, because calcium ion could exchange with PPN

intercalated in the silicate layers of MAS. These findings suggest that PPN-MAS

intercalated complexes can be used as drug reservoirs in polymeric matrix tablets

intended for modifying drug release in oral drug delivery systems.
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Fig. 1: Particle and surface morphology of MAS (a,b) and PPN-MAS complexes

(c,d) used in this study.
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Fig. 2: PPN release profiles (left panel) and PPN release mechanism model (right

panel) of HPMC matrix tablets containing pure PPN (a), PPN-MAS physical

mixture (b) and PPN-MAS complexes (c). Each point in PPN release profiles is the

mean ± SD, n=3.
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Fig. 3: Effect of viscosity grade of HPMC on PPN release of PPN-MAS complex-

loaded HPMC tablets in 0.1 M HCl. Each point is the mean ± SD, n=3.

Fig. 4: Effect of compression pressure on PPN release of PPN-MAS complex-loaded

HPMC tablets in 0.1 M HCl. Each point is the mean ± SD, n=3.
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Fig. 5: Effect of calcium acetate amount on PPN release of PPN-MAS complex-

loaded HPMC tablets in 0.1 M HCl (a) and pH 6.8 Tris buffer containing sodium

chloride and potassium chloride (b). Each point is the mean ± SD, n=3.

Fig. 6: Photo images of swollen matrix morphology of PPN-MAS complex tablets

containing various amounts of calcium acetate in 0.1 M HCl and pH 6.8 Tris buffer

after 1 h of release testing.
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TABLE 2: PHYSICAL AND DRUG RELEASE CHARACTERISTICS OF PPN-MAS

COMPLEX-LOADED HPMC TABLETS PREPARED USING DIFFERENT

VISCOSITY GRADES OF HPMC IN 0.1 M HCL.

Viscosity grade of HPMC Thickness

(mm)

Hardness (N) n KH

(% min-0.5)

K0 × 10

(% min-1)

LV-HPMC (10-20 cP) 6.22 ± 0.02 78.5 ± 5.1 0.74 ± 0.03

(R2=0.997)

4.79 ± 0.17

(R2=0.984)

3.26 ± 0.01

(R2=0.987)

MV-HPMC (40-60 cP) 6.13 ± 0.01 288.0 ± 15.0 0.92 ± 0.04

(R2=0.993)

2.62 ± 0.16

(R2=0.936)

1.20 ± 0.06

(R2=0.998)

HV-HPMC (80-120 cP) 6.13 ± 0.01 332.4 ± 10.0 0.83 ± 0.05

(R2=0.992)

1.40 ± 0.10

(R2=0.941)

0.70 ± 0.06

(R2=0.996)

Data are the mean ± SD, n=3.
Compress pressure used to prepare the tablets was 6.6 MPa and 0.1 M HCl was employed as a dissolution
medium.
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TABLE 3: PHYSICAL AND DRUG RELEASE CHARACTERISTICS OF PPN-MAS

COMPLEX-LOADED HPMC TABLETS PREPARED USING DIFFERENT

COMPRESSURE PRESSURES.

Compression

pressure (MPa)

Thickness

(mm)

Hardness

(N)

n KH

(% min-0.5)

K0 × 10

(% min-1)

Matrix

erosion at 1

h (%)

6.6 6.24 ± 0.02 78.5 ± 5.1 0.74 ± 0.03

(R2=0.997)

4.79 ± 0.17

(R2=0.984)

3.26 ± 0.01

(R2=0.987)

20.7 ± 1.9

8.8 6.06 ± 0.02 124.5 ± 6.1 0.75 ± 0.10

(R2=0.980)

4.31 ± 0.42

(R2=0.960)

3.00 ± 0.21

(R2=0.990)

18.7 ± 0.2

11.0 5.75 ± 0.03 179.1 ± 4.4 0.98 ± 0.02

(R2=0.993)

3.91 ± 0.60

(R2=0.959)

2.70 ± 0.44

(R2=0.999)

20.5 ± 2.0

Data are the mean ± SD, n=3.
LV-HPMC was used to prepare the tablets and 0.1 M HCl was employed as a dissolution medium.
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ABSTRACT

Hydroxypropyl methylcellulose (HPMC) tablets containing nicotine-magnesium

aluminum silicate (NCT-MAS) complex particles and pH modifiers, namely sodium

chloride, citric acid and magnesium hydroxide, were prepared using the direct

compression method. The effects of HPMC viscosity grades and pH modifiers on

NCT release and permeation of the matrix tablets were examined. The results showed

that the higher the viscosity grade of HPMC that was used in the tablets, the lower the

unidirectional NCT release rate was found to be. The unidirectional NCT permeation

was not affected by the viscosity grade of HPMC because the NCT diffusion through

the mucosal membrane was the rate-limiting step of the permeation. Incorporation of

magnesium hydroxide could retard NCT release, whereas the enhancement of

unidirectional NCT release was found in the tablets containing citric acid. Citric acid

could inhibit NCT permeation due to the formation of protonated NCT in the swollen

tablets at an acidic pH. Conversely, the NCT permeation rate increased with the use of

magnesium hydroxide as a result of the neutral NCT that formed at a basic

microenvironmental pH. The swollen HPMC tablets, with or without pH modifiers,

gave sufficient adhesion to the mucosal membrane. Furthermore, the addition of

magnesium hydroxide to the matrix tablets was the major factor in controlling buccal



2

delivery of NCT. This study suggests that the NCT-MAS complex-loaded HPMC

tablets, which contained magnesium hydroxide, are potential buccal delivery systems

of NCT.

KEY WORDS: pH modifier, Nicotine, Hydroxypropyl methylcellulose, Magnesium

aluminum silicate, Buccal tablet

INTRODUCTION

Buccal drug administration provides several advantages when compared with oral

drug administration. Buccal delivery allows drugs to avoid first-pass hepatic

metabolism, resulting in greater bioavailability and facilitating drug withdrawal (1).

Traditionally, the drug delivery system of this route is in the form of tablets and films.

The films have been widely employed, but a large proportion of the drug dose could

be swallowed before drug absorption occurs across buccal mucosa because of an

initial burst release of the drug from the films (2). To solve this problem, a sustained-

release tablet was designed to help reduce this unwanted effect and extend the

duration of drug action. Moreover, the mucoadhesive properties of the tablets were

also important because adhesion of the drug delivery system to the buccal mucosa was

essential during administration (3). For this reason, tablet formulations of bioadhesive

polymer were necessary to enhance the mucoadhesive property and sustain drug

release. Hydroxypropyl methylcellulose (HPMC) has been widely used for this

purpose (4-6).

Nicotine (NCT), obtained from tobacco plants, is a volatile and strongly alkaline

liquid. NCT is highly soluble in both water and hydrophobic solvents (7). It has well-

separated pKa values; pKa1 and pKa2 are 3.04 and 7.84, respectively (8), which leads

to the formation of diprotonated, monoprotonated, and neutral NCT at acidic, neutral

and basic pH levels, respectively. NCT has been widely used in smoking cessation

therapy for relieving withdrawal symptoms. It is a candidate for buccal delivery

because of its low bioavailability after oral administration (7) and its ability to

permeate buccal mucosa (8-10). Due to the volatility and susceptibility to oxidative

degradation of free-base NCT, many researchers have sought an adsorbent material

for NCT to prevent evaporation and improve stability. The adsorbents, such as
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cellulose powder (11), cation exchange resin (12) and magnesium aluminum silicate

(13), were employed to carry NCT in powdered form.

Magnesium aluminum silicate (MAS) is a mixture of montmorillonite and saponite

clays (14), both of which have silicate layer structures. Each layer comprises

tetrahedrally coordinated silica atoms fused into an edge-shared octahedral plane, with

either aluminum hydroxide or magnesium hydroxide (14,15). The silicate layers of

MAS have weakly positively charged edges and negatively charged surfaces. The

negatively charged surfaces of the silicate layers strongly interact with NCT at

different pH levels (16), leading to the formation of NCT-MAS complexes. This

interaction allows NCT to intercalate into the silicate layers of MAS (13). The NCT-

MAS complex particles could improve the thermal stability of NCT and give a

sustained release of NCT after the initial burst release in pH 6 phosphate buffer (13).

For these reasons, the NCT-MAS complex-loaded matrix tablets have been developed

and evaluated (17). The complexes prepared at basic pH gave remarkably higher NCT

permeation rates than those containing the complexes prepared at acidic and neutral

pH levels. This result indicated that the pH level during the preparation method gave

an NCT species that affected the mucosal delivery of NCT. Thus, modulating the

microenvironmental pH of the tablets by adding pH modifiers may alter not only NCT

release from the matrix tablets, but also NCT permeation through the mucosal

membrane. The use of an additive in the NCT buccal tablets to increase pH, such as

magnesium hydroxide, has been developed (18). Unfortunately, the effect the amount

of pH increasing agent has on NCT release and permeation characteristics of the

matrix tablets is not available in the literature.

Therefore, the aim of this study was to investigate the effect of pH modifiers, namely

sodium chloride (neutral compound), citric acid (acidic compound) and magnesium

hydroxide (basic compound), on NCT release and permeation of the matrix tablets

containing NCT-MAS complexes prepared at basic pH. HPMC was used for this

investigation because it is a non-ionic bioadhesive polymer that cannot

electrostatically interact with positively or negatively charged compounds in the

tablets. Moreover, the effect of the viscosity grade of HPMC on the characteristics of

the NCT-MAS complex-loaded matrix tablets was also examined. Based on the

results of NCT release and permeation, rate control of the NCT delivery was
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investigated for a better understanding of when to incorporate pH modifiers into

HPMC matrix tablets.

MATERIALS AND METHODS

Materials

MAS (VeegumHV) and NCT were obtained from R.T. Vanderbilt Company, Inc.

(Norwalk, CT, USA), and Fluka (Buchs, Switzerland), respectively. Hydroxypropyl

methylcellulose, of viscosity grades of 10-20 cP (low viscosity, LV-HPMC) and 40-

60 cP (medium viscosity, MV-HPMC), was purchased from Onimax Co., Ltd.

(Bangkok, Thailand). High viscosity grade HPMC (HV-HPMC), 80-120 cP, was

obtained from S.M. Chemical Supplies Co., Ltd. (Bangkok, Thailand). Sodium

chloride, citric acid monohydrate and magnesium hydroxide were purchased from

Merck Ltd. (Bangkok, Thailand). Magnesium stearate (Mallinckrodt Inc., St Louis,

MO) was used as a lubricant for tableting. All other reagents that were used were of

analytical grade and were used as received.

Preparation of NCT-MAS Complexes

A 4% w/v MAS suspension was prepared using hot water and was cooled to room

temperature before use. An NCT solution (2 % w/v) was prepared using deionized

water as the solvent. Fifty milliliters of the 4% w/v MAS suspension was then mixed

with 50 ml of the 2% w/v NCT solution in an Erlenmeyer flask. The pH of the NCT-

MAS dispersion was adjusted by adding small amounts of 1 M HCl into the flask

while swirling until the final pH of the dispersions was at 9, as measured with a pH

meter (WalkLAB TI9000, Singapore). To achieve NCT adsorption equilibrium on

MAS, the dispersions were then incubated with shaking at 37 C for 24 h (16).

Following incubation, the NCT-MAS complexes were collected by filtration, washed

twice using 20 ml of deionized water and dried at 50 C for 24 h. The dry NCT-MAS

complexes were ground using a mortar and pestle, sieved through a 180-m sieve and

stored in a desiccator.
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Characterization of the NCT-MAS Complexes

Determination of NCT Content

Twenty-five milligrams of the NCT-MAS complexes were weighed and dispersed in

100 ml of 2 M HCl for 12 h. The supernatant was then collected and filtered, and the

NCT content was analyzed using a UV-visible spectrophotometer (Shimadzu

UV1201, Japan) at a wavelength of 259 nm.

Particle Size Determination

The particle sizes of the NCT-MAS complexes were measured using a laser

diffraction particle size analyzer (Mastersizer2000 Model Hydro2000SM, Malvern

Instrument Ltd., UK). The samples were dispersed in 70 ml of pH 6 phosphate buffer

in a small volume sample dispersion unit and stirred at a rate of 50 Hz for 30 s before

the measurement. The particle sizes (volume-weighted mean diameter) were reported.

Characterization of HPMC

Particle Size Determination

Particle sizes of HPMC powder with different viscosity grades were determined using

a laser diffraction particle size analyzer (Mastersizer2000 Model Scirocco2000SM,

Malvern Instrument Ltd., UK). The particle sizes (volume-weighted mean diameter)

were presented.

Measurement of Viscosity

HPMC dispersions at a concentration of 2 % w/v in distilled water were prepared. The

viscosity of the HPMC dispersion was investigated using a small sample adapter for

the Brookfield digital rheometer (Model DV-III, Brookfield Engineering Labs. Inc.,

USA). The sample temperature was controlled at 32  1C. A rheogram of the samples

was obtained by plotting between shear stress (y-axis) and shear rate (x-axis) at various

revolution rates when a spindle (No. 34) was used. The slope of the rheogram was

calculated as the viscosity of the dispersion.

Preparation of NCT-MAS Complex-Loaded HPMC Tablets

All tablets were produced using the direct compression method. Each tablet consisted

of 120 mg NCT-MAS complexes (equivalent to 15.8 mg of NCT), 80 mg HPMC and

2 mg magnesium stearate. When a pH modifier was added, enough sodium chloride,
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citric acid or magnesium hydroxide was added to give a final content of 5, 10, or 20 %

w/w of the tablet weight. The NCT-MAS complexes were mixed with HPMC and pH

modifier in a rotomixer for 3 min; magnesium stearate was then blended with the

mixture for 1 min before tableting. The mixtures were filled into 10-mm flat-faced

punches and dies, and then 23 MPa compression pressure was applied with a

hydrostatic press (Model 3126, Shimadzu, Kyoto, Japan) without holding time. The

resulting tablets were stored in a desiccator prior to use.

Characterization of NCT-MAS Complex-Loaded HPMC Tablets

Thickness and Hardness

The thicknesses of the tablets were measured using a vernier caliper (Mitutoyo,

Japan). The hardnesses of the tablets were measured with a Stokes tablet hardness

tester.

In Vitro Release Studies

NCT release of the NCT-MAS complex-loaded HPMC tablets was studied using two

apparatuses. NCT released from the whole tablets was tested using a USP dissolution

apparatus 1 (basket method, VanKel VK200, USA). The tablets were placed into the

basket with a rotation speed of 50 revolutions/min. The release medium was 500 ml

of pH 6 phosphate buffer, and the temperature was controlled at 37.0  0.5 C. Seven-

milliliter samples were collected and replaced with fresh medium at various time

intervals. The amount of NCT released was analyzed using a UV-visible

spectrophotometer (Shimadzu UV1201, Japan) at a wavelength of 259 nm.

Unidirectional NCT release of the tablets was characterized using a modified USP

dissolution apparatus 2 that was reported previously (17). Briefly, the distance

between the paddle and vessel bottom was set to 1 cm, and the dissolution medium

used was 300 ml of pH 6 phosphate buffer at 37.0  0.5 C. A cellulose acetate

membrane (0.45-m pore size), which had been hydrated in pH 6 phosphate buffer

overnight, was tightly attached at the lowest end of a polypropylene tube (inner

diameter =1.8 cm) using a nylon cable tie. This tube was vertically placed in a

dissolution vessel, and the distance between the tube and the vessel wall was

approximately 1.8 cm. The end of the tube was adjusted so that the membrane was
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wetted and in contact with the medium. The tablets were placed into the tube and

wetted using 2 ml of pH 6 phosphate buffer. The rotation speed of the paddle was set

to 50 revolutions/min. Samples (7 ml) were collected and replaced with fresh medium

at various time intervals. The amount of NCT released was analyzed using HPLC.

In Vitro Permeation Studies

Unidirectional NCT permeation of the tablets was also performed using a modified

USP dissolution apparatus 2. Porcine esophageal mucosa was employed in this study

because it had a lipid composition similar to porcine buccal mucosa, but a simpler

preparation method (19). Esophageal mucosa of a crossbred pig (hybrid types of

Duroc Jersey-Landrace-Large White) weighing 80-100 kg was obtained from a local

slaughterhouse (Non Muang Village, Khon Kaen, Thailand). The porcine esophageal

tube was opened longitudinally and immersed in 0.9% sodium chloride at 60 C for 1

min (19, 20). The epithelium was then peeled away from the connective tissue and

stored at -20 C. The frozen mucosal membranes were brought to room temperature

by immersion in pH 7.4 isotonic phosphate buffer for 15 min. The mucosal membrane

was then mounted and tightly attached to the end of a polypropylene tube. The

dissolution vessel contained 300 ml of pH 7.4 isotonic phosphate buffer at 37.0  0.5

C; the methods and experimental conditions were the same as the previous release

testing.

Analysis of NCT Release and Permeation

The release mechanisms of NCT released from the whole tablet and the unidirectional

tablet were analyzed using a power law (21, 22) as shown in Equations 1 and 2,

respectively, as follows:

nt kt
M
M




Eq. 1

and

klogtlogn
M
M

log t 


, Eq. 2

where Mt/M is the fractional NCT release at time t, k is the kinetic constant, and n is

the release exponent indicative of the drug release mechanism. A release exponent of n

= 0.5 indicates a diffusion-controlled drug release (Fickian diffusion), whereas a
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release exponent of n = 1 corresponds to a polymer-swelling/erosion-controlled release

mechanism. Thus, release exponents between these two extreme values indicate so-

called anomalous transport, which is a complex transport mechanism that is a mixture

of both drug diffusion and swelling/erosion of polymer.

The NCT release and permeation rates of the tablets were analyzed using both zero-

order and Higuchi models (23), which can be expressed as Equations 3 and 4,

respectively, as follows:

tKQ 0 Eq. 3

and
2/1

H tKQ  , Eq. 4

where Q is the amount of NCT released, t is time, and K0 and KH are the zero-order

and Higuchi release rates, respectively.

Measurement of Mucoadhesive Properties

The mucoadhesive properties of the tablets were measured using a texture analyzer

(TA.XT plus, Stable Micro Systems, UK) with a 50-N load cell equipped with a

bioadhesive test rig.

The tablet was attached to a 10 mm diameter cylindrical probe using two-sided

adhesive tape. Esophageal mucosa of pig was also obtained from a local

slaughterhouse (Non Muang Village, Khon Kaen, Thailand). The mucosal membrane

from the porcine esophagus (approximately 2 cm  2 cm), without heat treatment and

elimination of the connective tissue that had been hydrated with pH 7.4 isotonic

phosphate buffer for 20 min, was placed on the stage of the bioadhesive holder and

gently blotted with tissue paper to remove excess water on the surface of the mucosal

membrane. Next, 200 l of pH 6 phosphate buffer was pipetted onto the membrane

surface before testing. The probe and attached tablet were moved down at a constant

speed of 1 mm s1 with 0.5 N contact force and 2 min contact time. Immediately

afterwards, the probe was moved upwards with a constant speed of 0.5 mm s1. The

relationship between the force and tablet displacement was plotted. The maximum

detachment force (Fmax) and work of adhesion (Wad, the area under the force versus

distance curve) were calculated using the Texture Exponent 32 program version

4.0.9.0 (Stable Micro Systems, UK).
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HPLC Condition for NCT Analysis

The NCT concentration of the samples from release and permeation testing was

determined using HPLC (Perkin Elmer Series, USA). Reversed-phase HPLC using a

C-18 column (Waters Spherisorb S5 ODS2, 5-m particle size, 4.6  250 mm,

Ireland) connected to a guard column was employed. The mixture of 0.05 M sodium

acetate:methanol:triethylamine in the ratio of 88:12:0.5 by volume was used as a

mobile phase and the final pH of the mobile phase was adjusted to 4.2 with glacial

acetic acid. The flow rate of the mobile phase was 1 ml min–1, and the detector was a

UV-visible detector at a wavelength of 259 nm. The retention time of NCT was

approximately 7.0 min. Under these conditions, good linearity and reproducibility

were shown over the range 1.0 - 100.0 g ml–1 NCT.

Statistical analysis

One-way analysis of variance (ANOVA) with the least significant difference (LSD)

test for multiple comparisons was performed using SPSS program for MS Windows,

release 11.5 (SPSS Thailand Co., Ltd., Bangkok, Thailand), to assess the statistical

significance of physical properties as well as NCT release and permeation rate of the

tablets. The significance of the difference was determined at 95% confident limit ( =

0.5) and considered to be significant at a level of P less than 0.05.

RESULTS AND DISCUSSION

Characteristics of NCT-MAS Complexes and HPMC

The size of NCT-MAS complex particles was 94.03 ± 1.28 microns (n = 3) and the

NCT content was 13.20 ± 0.04 % w/w (n = 3). The particle size of HPMC with

different viscosity grades is listed in Table 1. The MV-HPMC showed the smallest

particle size of 75.7 microns, whereas the particle sizes of the LV-HPMC and HV-

HPMC were over the range of 96.2 - 106.8 microns. In the viscosity determination,

the relationship between shear stress and shear rate provided good linearity, indicating

Newtonian flow. Therefore, the slope of such a relationship was the viscosity of

HPMC dispersion. The viscosity of HPMC dispersions, as shown in Table 1, was less

than that claimed by the manufacturer due to the higher temperature used in this

study.
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Effect of HPMC viscosity grade on characteristics of NCT-MAS complex-loaded

tablets

The thickness and hardness of the tablets that were prepared using different viscosity

grades of HPMC are listed in Table 1. The HPMC viscosity grade did not affect the

thickness of the tablets that were prepared. On the other hand, the hardness of the

tablets statistically increased (P < 0.05) with increasing viscosity grade of HPMC, and

the use of HV-HPMC presented the highest tablet hardness. This result was in

agreement with the previous study (24). The tablets gave acceptable physical

properties because HPMC had a good compressibility and showed plastic deformation

under compression with small elastic recovery when using low compression speed

(24), which was similar to the use of hydrostatic press for tableting that had a slow

speed for tablet compression.

The NCT release of the whole tablets is presented in Fig. 1a, and the NCT release

parameters are listed in Table 1. It can be observed that NCT release was not related

to the viscosity grade of HPMC used. The release exponent, n value, of the MV-

HPMC tablets was more than unity, whereas that of the LV- and HV-HPMC tablets

was in the range of 0.61-0.77. This result suggested that the NCT release of the MV-

HPMC tablets was controlled by a matrix erosion mechanism, whereas both NCT

diffusion and matrix erosion controlled NCT release of the LV-HPMC and HV-

HPMC tablets. The NCT release data of the MV-HPMC tablets showed good

correlation when using the zero-order equation with R2 higher than 0.99 (Table 1). In

contrast, the Higuchi model presented a better determination coefficient (R2) than the

zero-order model for the LV- and HV-HPMC tablets. Furthermore, the MV-HPMC

tablets provided the highest K0 and KH values. The LV-HPMC tablets gave lower K0

and KH values than the HV-HPMC tablets. Generally, increasing the viscosity grade

of HPMC caused slower drug release from the HPMC tablets (25) due to a higher

viscosity gel barrier that was created around the tablets when exposed to the

dissolution medium. This phenomenon could be explained for only the NCT release

of the LV- and HV-HPMC tablets, but not for the MV-HPMC tablets. The NCT

release of the LV- and HV-HPMC tablets mainly followed a matrix diffusion

controlled mechanism, indicating that a continuous gel barrier could be formed

around the tablets. In the case of the MV-HPMC tablets, an incomplete swelling of

MV-HPMC particles may have occurred because the fracture of some NCT-MAS
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complex particles, which have a larger particle size than MV-HPMC powder, could

cover the surface of the MV-HPMC particles that underwent plastic deformation

under compression. Covering the surface of these particles resulted in a slow water

uptake and swelling of the MV-HPMC particles to form a continuous gel barrier

around the tablets. An incomplete gel formation may lead to rapid erosion and NCT

release of the tablets.

Unidirectional release and permeation of NCT from NCT-MAS complex-loaded

HPMC tablets using different viscosity grades of HPMC are shown in Fig. 1b and 1c,

respectively. The release and permeation parameters of NCT are listed in Table 1. The

release exponents of all tablets were over the range of 0.54-0.60. The NCT release

rate computed using the Higuchi model gave a better determination coefficient than

that using the zero-order model. For these results, it was indicated that the NCT

release was controlled by a matrix diffusion controlled mechanism with only a small

impact on polymer swelling, which can be observed from the value of the release

exponent that was slightly higher than 0.5. The NCT release rate of the tablets using

different viscosity grades of HPMC was related to the viscosity value of 2% w/v

HPMC that could be represented by the viscosity of the gel barrier that formed

surrounding the swollen tablets (Fig. 2). The NCT release rate tended to decrease with

increasing viscosity of HPMC. This result was in contrast with the NCT release of the

whole tablets because erosion of the swollen tablets did not involve the unidirectional

release of NCT. Therefore, the gel barrier could be completely created on the surface

of the swollen tablets that were located on the cellulose acetate membrane. Apart from

the unidirectional release, the NCT permeation rate could be computed with both the

Higuchi and the zero-order models. It can be observed that the NCT permeation rate

did not change significantly when increasing the viscosity value of HPMC (Fig. 2).

This result suggested that the NCT diffusion across the mucosal membrane was the

rate-limiting step of the NCT permeation.

The mucoadhesive properties, Fmax and Wad, of the NCT-MAS complex-loaded matrix

tablets when using different viscosity grades of HPMC are presented in Table 1. It

was found that the viscosity grade of HPMC did not influence Fmax and Wad values on

porcine esophageal mucosa. HPMC is a nonionic polymer that possesses a

mucoadhesive property (1,26) because it contains numerous hydroxyl groups that can
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form hydrogen bonds. It has been proposed that the interaction between the mucus on

the mucosal membrane and hydrophilic polymers occurs by physical entanglement

and chemical interactions, such as hydrogen bonding (26). Due to the mucoadhesive

properties of HPMC and NCT-MAS complexes (17), the NCT-MAS complex-loaded

HPMC tablets adhered sufficiently onto the mucosal membrane.

Effect of pH modifier on characteristics of NCT-MAS complex-loaded HPMC

tablets

The NCT-MAS complex-loaded MV-HPMV tablet was selected as a control tablet for

investigating the effect of pH modifiers including sodium chloride, citric acid and

magnesium hydroxide, on characteristics of the tablets. Incorporation of pH modifiers

caused a change in the thickness and hardness of the tablets (Table 2). The tablet

thickness seemed to increase with increasing amounts of pH modifier. Incorporation

of 5-20% sodium chloride did not affect the hardness of the tablets, whereas 20%

citric acid caused a decrease in tablet hardness, but 5-10% citric acid caused no

change. On the other hand, a small amount of magnesium hydroxide brought about a

remarkable decrease in the tablet hardness, and a similar tablet hardness was found by

further increasing the magnesium hydroxide content (10 and 20%) in the tablets. It is

possible to explain that sodium chloride possessed an intermediate plastic deformation

with a low degree of fragmentation under the compression pressure (27,28), which

was similar to HPMC. Incorporation of sodium chloride into HPMC did not affect

deformation and interparticle bonding, leading to no change in the tablet hardness

when sodium chloride was added. Conversely, the highest quantity of citric acid

significantly decreased the tablet hardness because large amounts of citric acid may

reduce interparticle bonding of HPMC. Inorganic materials, such as magnesium

hydroxide, that form hard and brittle particles (28) gave fragmentation under

compression pressure. This deformation could obviously reduce interparticle bonding

and interlocking of HPMC particles, resulting in a decrease in the tablet hardness.

The effect of pH modifiers on NCT release of whole tablets is presented in Fig. 3, and

the release exponent of NCT is shown in Fig. 4a. As observed from the NCT release

profiles, sodium chloride and citric acid could accelerate NCT release, but a

retardation of NCT release was found in the tablets containing magnesium hydroxide.

The release exponents of the tablets containing varying quantities of sodium chloride
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and citric acid were higher than unity and similar to the control tablets. This finding

indicated that a matrix erosion mechanism was the predominant factor in controlling

NCT release. The NCT release rates of the tablets containing various contents of

sodium chloride and citric acid are presented in Table 2. The NCT release of the

tablets containing sodium chloride showed a good fit with the Higuchi model,

whereas neither the Higuchi model nor the zero-order model could fit with that of the

tablets adding citric acid, which could be observed from a determination coefficient

that was smaller than 0.97. However, it was clear that sodium chloride and citric acid

could promote release of NCT from the tablets, but the extent of release did not

correlate with the amount of sodium chloride and citric acid that was added. It is

possible that the high water solubility of sodium chloride and citric acid could

accelerate the swelling and erosion of the HPMC tablets, which could cause matrix

erosion of the tablets and a higher NCT release rate compared to the control tablets.

Moreover, the high water solubility of citric acid, 1 g in 1.69 ml at 20 C (29), gave a

greater NCT release rate than sodium chloride, which has a water solubility of 1 g in

2.78 ml (29). In contrast to the tablets containing magnesium hydroxide, the release

exponent was found to be in the range of 0.58-0.62 even though only a small content

of magnesium hydroxide was added to the tablets. This range led to a good fit for

NCT release with the Higuchi model (Table 2). The NCT release rate of the tablets

with magnesium hydroxide was statistically lower (P < 0.05) than that of the control

tablets. This finding suggested that incorporating magnesium hydroxide could

reinforce and maintain the matrix of the tablets, which could result from an inorganic

gel formation of magnesium hydroxide in the tablet matrix after being exposed to the

dissolution medium, leading to retardation of matrix erosion and a matrix diffusion-

controlled mechanism of NCT release.

The effect of pH modifiers on unidirectional NCT release from the tablets is shown in

Fig. 5, and the release exponent is summarized in Fig. 4b. It can be observed that the

release exponent of all tablets was over the range of 0.55-0.69, which is indicative of

a drug diffusion and polymer swelling controlled mechanism. The addition of pH

modifiers did not influence the NCT release kinetics. However, the release exponent

of the unidirectional NCT release was obviously lower than that of the NCT release of

the whole tablets, particularly the control tablets and the tablets containing sodium



14

chloride and citric acid (Fig. 4a), because of the limitation on the erosion process of

the swollen matrix tablets when using a cellulose acetate membrane. The NCT release

rate of the tablets is listed in Table 3. The Higuchi model gave a better fit with the

release of NCT from the unidirectional test than the zero-order model. The addition of

sodium chloride did not remarkably affect the release of NCT when compared with

the control tablets. This result suggested that sodium ions dissolved in the swollen

tablets could not accelerate an ion exchange process with NCT that was intercalated in

the silicate layers of MAS. On the other hand, 10 and 20% citric acid could

significantly increase the NCT release rate (P < 0.05) when compared with the control

tablets. This result was similar to the previous report (30). This similarity was due to

the higher water solubility of citric acid that could it allow it to be rapidly dissolved

and leach out from the swollen tablets. This leaching led to a decrease in the tortuosity

of the swollen matrix and resulted in faster NCT release. In the case of magnesium

hydroxide, a significant retardation of NCT release (P < 0.05) was found in

comparison with the control tablets but was not proportional to the content of

magnesium aluminum silicate added. This result suggested that the formation of an

inorganic gel of magnesium hydroxide could reinforce and increase the tortuosity of

the swollen matrix, resulting in slower diffusion and release of NCT from the tablets.

The unidirectional permeation of the tablets using porcine esophageal mucosal

membrane was also investigated as shown in Fig. 6. The NCT permeation rates were

calculated using the Higuchi and zero-order models and are reported in Table 3. The

NCT permeation could be described using the zero-order model rather than the

Higuchi model because of a greater determination coefficient value, suggesting that

the NCT diffusion across the mucosal membrane was the rate-limiting step of the

permeation. The tablets containing sodium chloride gave a similar NCT permeation

rate when compared with the control tablets. The incorporation of citric acid gave a

significantly lower NCT permeation rate (P < 0.05) than the control tablets, and 20%

citric acid gave the highest retardation effect (P < 0.05). Citric acid could enhance the

NCT release from the swollen matrix, but NCT molecules that were released did not

readily permeate across the mucosal membrane because NCT in the protonated form

under acidic conditions has a low permeability for the mucosal membrane (8,9). On

the other hand, magnesium hydroxide provided a statistical enhancement in NCT

permeation (P < 0.05) when compared with the control tablets, even through a small

quantity (5%) of magnesium hydroxide was used. The basic microenvironmental pH
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of the swollen tablets containing magnesium hydroxide could prevent the protonation

of NCT, instead giving a neutral species that showed increased permeability across

the mucosal membrane, leading to enhanced permeation of NCT. Additionally, the

use of 10% magnesium hydroxide showed the highest NCT permeation rate,

suggesting that microenvironmental basic pH in the swollen tablets could be sufficient

for inducing the formation of neutral NCT. Curiously, the addition of more than 10%

magnesium hydroxide did not enhance the NCT permeation.

The mucoadhesive properties of the tablets containing pH modifier are listed in Table

3. The pH modifiers that were added did not affect the Fmax and Wad values of the

tablets, which suggested that the MV-HPMC particles still had swelling properties on

the tablet surface that incorporated with the particles of pH modifiers. The rapid

swelling and disentanglement of MV-HPMC molecules could interact with mucin on

the surface of the porcine esophageal mucosa, which resulted in similar mucoadhesive

properties when adding a pH modifier to the tablets.

Rate control studies of the matrix tablets

In the development of the drug delivery system, the delivery of drug to circulating

blood must be controlled by the drug delivery system that is administered, which is

not controlled by the mucosal membrane. Thus, the rate control studies of the NCT-

MAS complex-loaded matrix tablets were modified from the method that was

reported previously (31,32). The fractional rate control provided by the device (buccal

tablet) and the mucosal membrane could be computed using the NCT release and

permeation data from the unidirectional testing and the following equations:

Fractional control by device (Fd) =
R

P

A
A

Fractional control by mucosal membrane (Fm) = (1Fd)

where AP is the amount of NCT that permeates across the mucosal membrane at 8 h,

and AR is the amount of NCT released through the cellulose acetate membrane at 8 h.

These equations are based on the same testing method of the unidirectional NCT

release and permeation.
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The fractional control by the buccal tablets is presented in Fig. 7. In the evaluation of

different HPMC viscosity grades, the tablets using HV-HPMC gave a remarkably

greater Fd value than those using LV- and MV-HPMC. This result suggested that an

increase in swollen gel viscosity could retard and control NCT release onto the

mucosal membrane before NCT permeation, leading to a decrease in NCT

permeation. Moreover, incorporation of sodium chloride did not influence the Fd

value when compared with the tablets using MV-HPMC (the control tablet). The

reduction in the Fd value was found when adding citric acid because of lower

permeability of the protonated NCT that formed on the mucosal membrane. On the

other hand, the Fd values of the tablets containing magnesium hydroxide were close to

unity. This result indicated that the NCT permeation across the mucosal membrane

was identical with the release of NCT from the tablets because of the formation of

neutral NCT under basic pH.

CONCLUSION

The NCT-MAS complex-loaded HPMC tablets were successfully prepared by the

direct compression method. The higher the viscosity grade of HPMC that was used in

the tablets, the lower the unidirectional NCT release rate that resulted. The

unidirectional NCT permeation was not affected by the viscosity grade of HPMC. The

incorporation of magnesium hydroxide could retard NCT release, whereas the

enhancement of unidirectional NCT release was found in the tablets containing citric

acid. Citric acid could inhibit the NCT permeation rate due to the formation of

protonated NCT under acidic pH. Conversely, the NCT permeation rate increased

with the use of magnesium hydroxide, resulting from a neutral NCT species that

formed under basic pH. The swollen HPMC tablets, with or without pH modifier,

showed mucoadhesive properties toward the mucosal membrane. Furthermore, the

buccal delivery of NCT could be controlled mainly by the matrix tablets with the

addition of magnesium hydroxide. This study suggests that the NCT-MAS complex-

loaded HPMC tablets containing magnesium hydroxide presented a promising buccal

delivery system of NCT.
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Fig. 1. NCT release profiles of whole tablets (a), and unidirectional NCT release (b)

and permeation (c) of NCT-MAS complex-loaded HPMC tablets prepared using

different viscosity grade of HPMC. Each value represents the mean ± SD of triplicate

experiments.
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Fig. 2. Relationship between viscosity of 2%w/v HPMC dispersion and unidirectional

release and permeation rate of tablets calculated using Higuchi’s equation. Each point

represented the mean ± SD of triplicate experiments.
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Fig. 3. Effect of pH modifiers on NCT release of whole tablets of NCT-MAS

complex-loaded HPMC tablets containing various contents of sodium chloride (a),

citric acid (b), and magnesium hydroxide (c). Each value represents the mean ± SD of

triplicate experiments.
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Fig. 4. Release exponent (n) of whole tablets (a) and unidirectional tablets (b) of

NCT-MAS complex-loaded HPMC tablets prepared using different pH modifiers.

Each value represents the mean ± SD of triplicate experiments.
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Fig. 5. Effect of pH modifiers on unidirectional NCT release of NCT-MAS complex-

loaded HPMC tablets containing various contents of sodium chloride (a), citric acid

(b), and magnesium hydroxide (c). Each value represents the mean ± SD of triplicate

experiments.
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Fig. 6. Effect of pH modifiers on unidirectional NCT permeation of NCT-MAS

complex-loaded HPMC tablets containing various contents of sodium chloride (a),

citric acid (b), and magnesium hydroxide (c). Each value represents the mean ± SD of

triplicate experiments.
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Table 1. Characteristics of HPMC powder and dispersion, and NCT-MAS complex-

loaded matrix tablets prepared using different viscosity grades of HPMC.

HPMC characteristics LV-HPMC MV-HPMC HV-HPMC

Powders

Particles sizea (m) 106.8 ± 3.1 75.7 ± 0.2 96.2 ± 1.3

Dispersions

Viscositya (cP) 7.80 ± 0.02 24.00 ± 0.01 52.24 ± 0.01

Tablets

Thicknessa (mm) 1.81 ± 0.04 1.82 ± 0.03 1.83 ± 0.03

Hardnessa (N) 66.6 ± 8.2 100.7 ± 3.5 118.4 ± 1.8

Release of whole tabletsa

n 0.77 ± 0.05
(R2=0.996)

1.21 ± 0.06
(R2=0.995)

0.61 ± 0.05
(R2=0.991)

K0 (% min1) 0.21 ± 0.01
(R2=0.939)

0.55 ± 0.05
(R2=0.992)

0.11 ± 0.01
(R2=0.939)

KH (% min0.5) 3.84 ± 0.25
(R2=0.995)

7.14 ± 0.72
(R2=0.929)

2.63 ± 0.05
(R2=0.996)

Unidirectional releasea

n 0.59 ± 0.02
(R2=0.999)

0.60 ± 0.01
(R2=0.997)

0.54 ± 0.01
(R2=0.998)

K0 (g min1) 10.57 ± 0.36
(R2=0.973)

9.54 ± 0.46
(R2=0.979)

6.61 ± 0.15
(R2=0.973)

KH (g min0.5) 259.6 ± 9.6
(R2=0.994)

242.1 ± 11.5
(R2=0.994)

162.2 ± 4.2
(R2=0.993)

Unidirectional permeationa

K0 (g min1) 4.66 ± 0.92
(0.969)

4.33 ± 0.75
(R2=0.990)

3.96 ± 0.49
(R2=0.997)

KH (g min0.5) 122.1 ± 24.2
(0.993)

117.3 ± 19.4
(R2=0.985)

109.3 ± 12.3
(R2=0.978)

Mucoadhesive propertyb

Fmax (mN) 541.5 ± 173.6 486.7 ± 122.3 600.3 ± 140.2

Wad (mN mm) 525.7 ± 87.7 436.6 ± 93.3 577.5 ± 127.4
a Data are mean ± SD, n=3.
b Data are mean ± SD, n=5.
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Table 2. Physical properties and NCT release rate of whole tablets of NCT-MAS

complex-loaded MV-HPMC tablets containing different pH modifiers.

pH modifier Thickness
(mm)

Hardness (N) K0 (% min1) KH (% min0.5)

Control tablet 1.82 ± 0.03 100.7 ± 3.5 0.55 ± 0.05
(R2=0.992)

7.14 ± 0.72
(R2=0.929)

5 % NaCl 1.83 ± 0.05 98.8 ± 2.2 1.30 ± 0.09
(R2=0.993)

12.8 ± 0.84
(R2=0.968)

10 % NaCl 1.96 ± 0.04 99.6 ± 2.7 1.25 ± 0.08
(R2=0.980)

13.6 ± 0.96
(R2=0.964)

20 % NaCl 2.01 ± 0.07 106.4 ± 4.5 1.18 ± 0.25
(R2=0.993)

10.5 ± 2.16
(R2=0.945)

5 % Citric acid 1.92 ± 0.05 98.8 ± 9.5 1.28 ± 0.12
(R2=0.972)

11.5 ± 1.18
(R2=0.949)

10 % Citric acid 1.94 ± 0.04 104.3 ± 9.5 1.52 ± 0.10
(R2=0.915)

13.9 ± 0.91
(R2=0.933)

20 % Citric acid 2.18 ± 0.03 70.6 ± 2.7 1.52 ± 0.19
(R2=0.945)

14.9 ± 2.04
(R2=0.922)

5 % Mg(OH)2 1.83 ± 0.03 62.5 ± 3.6 0.10 ± 0.01
(R2=0.951)

2.47 ± 0.13
(R2=0.997)

10 % Mg(OH)2 1.97 ± 0.03 59.4 ± 2.6 0.11 ± 0.01
(R2=0.952)

2.71 ± 0.13
(R2=0.996)

20 % Mg(OH)2 2.01 ± 0.02 61.9 ± 4.9 0.11 ± 0.01
(R2=0.977)

2.64 ± 0.06
(R2=0.995)

Data are mean ± SD, n=3.
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Abstract

Magnesium aluminium silicate (MAS), a negatively charged clay, and nicotine

(NCT), a basic drug, could electrostatically interact to form microparticles. Chitosan

(CS) was used for surface modification of the microparticles formed and

lyophilization method was applied in order to preserve the originally natural particle

morphology of the microparticles. Physicochemical properties, NCT content,

mucoadhesive properties, and release and permeation across porcine esophageal

mucosa of the microparticles were investigated. The results showed that the

microparticles obtained had an irregular shape and NCT content increased with

increasing NCT ratios in the preparation. High molecular weight CS (800 kDa) could

adsorb and change the microparticle surface to positive charge. CS molecules could

intercalate into the MAS silicate layers and decrease crystallinity of the

microparticles, leading to an increase in release rate and diffusion coefficient of NCT

from the microparticles. Moreover, higher NCT permeation fluxes and mucoadhesive

properties of the microparticles surface-modified with CS was found. However, the

enhancement of NCT release and permeation, and also mucoadhesive properties was

dependent upon molecular weight and concentration used of CS. This finding

suggested that the NCT-MAS microparticles surface-modified with CS displayed a

promising mucosal delivery system for NCT.

Keywords: Magnesium aluminum silicate, Nicotine, Chitosan, Microparticles,

Mucosal delivery.
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1. Introduction

Microparticles have been widely used as drug carriers which are very often proposed

as drug delivery systems for continuous, targeted, sustained or controlled release of

active substances (Agnihotri et al., 2004; Yamada et al., 2001). They can offer

homogeneous and reproducible drug absorption, reduction of local irritation, and

protection active substances against enzymatic degradation (Allémann et al., 1998).

Almost of microparticles have been fabricated using natural and synthetic polymers as

the main component. The polymeric microparticles can induce a mucoadhesive effect

for increasing a contact time on mucosa, which can enhance drug delivery efficiency

(O'Hagan, 1998; Smart, 2005).

Magnesium aluminum silicate (MAS) is a mix of montmorillonite and saponite clays

(Kibbe, 2000). MAS presents a silicate layered structure, which is composed of two

tetrahedral silicate sheets sandwich to alumina or magnesia octahedral sheet

(Alexandre and Dubois, 2000; Kibbe, 2000). It is non-toxicity and non-irritation at the

levels employed in pharmaceutical uses (Kibbe, 2000). Moreover, montmorillonite

clays presented weak cytotoxicity and good adhesion to cell membrane (Salcedo et

al., 2012; Hsu et al., 2012). The MAS silicate layers can be separated when they are

hydrated in water. They present a negative charge with large surface area, leading to

adsorption with a positively charged drugs. Recently, anionic clays have been used to

adsorb drug molecules for enhancing drug stability (Perioli et al., 2012), reducing

drug toxicity (Kevadiya et al., 2012) and improving drug efficiency (Perioli et al.,

2006), because of drug intercalation into the interlayer spaces of clays.

Nicotine (NCT) is one of drug candidate for adsorbing onto MAS particles via mainly

electrostatic interaction (Suksri and Pongjanyakul, 2008; Pongjanyakul et al., 2009).

NCT is diprotic base, pKa1 = 3.04 and pKa2 = 7.84, resulting in the formation of

diprotonated, monoprotonated and neutral species at acidic, neutral, and basic pH

levels, respectively (Nair et al., 1997). Rapid interaction between MAS and NCT in

neutral and acidic pH conditions lead to formation of NCT-MAS complex flocculates.

The characteristics of the NCT-MAS complexes, which were prepared, dried and

ground to small particles, were previously investigated (Pongjanyakul et al., 2009).

However, drying and grinding process destroyed the particle morphology and

characteristics in nature of the flocculate particles, which can be possibly fabricated as
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microparticles. For better understanding of the NCT-MAS microparticles in nature,

lyophilization technique was used in drying process for maintaining an original

morphology of the NCT-MAS microparticles formed. Moreover, the NCT-MAS

flocculates formed at acidic and neutral pHs were still have negative charge on the

particle surface. It is interesting for modifying the particle surface to positive charge

in order to enhance mucoadhesive properties of these microparticles. For this concept,

chitosan (CS), which was a cationic polysaccharide and possessed mucoadhesive

properties (He et al., 1998), was considered because it could interact and neutralize

the MAS charge that was previously reported (Khunawattanakul et al., 2008)

In the present study, we report for the first time about the NCT-MAS microparticles

without and with surface modification using CS. The microparticles were prepared

using electrostatic interaction between NCT and MAS at pH 4 and 7, and dried using

lyophilization method. Low and high molecular weight chitosan (LCS and HCS,

respectively) were used for surface modification. The particle morphology, NCT

entrapment efficiency, thermal behavior, crystallinity and mucoadhesive properties of

the microparticles were investigated. Furthermore, NCT release and permeation

across porcine esophageal mucosa were examined to evaluate a potential use for

mucosal delivery.

2. Material and method

2.1. Materials

MAS (Veegum® HV in the granular form) was obtained from R.T. Vanderbilt

Company, Inc.,USA. LCS (MW=80 kDa) and HCS (MW=800 kDa) with 85% degree

of deacetylation were purchased from Seafresh Chitosan (Lab) Co. Ltd., Thailand.

Nicotine (NCT) was obtained from Fluka, Switzerland. All other reagents used were

of analytical grade and used as received.

2.2. Preparation of NCT-MAS microparticles

MAS dispersion (1% w/v) was prepared by dispersing MAS powder in hot deionized

water and pH of the MAS dispersion was adjusted to 4 or 7 using 2 M HCl solution.

NCT solution in the concentration of 2% w/v at pH 4 or 7 was also prepared in

deionized water. To produce NCT-MAS microparticles, 12.5, 25, or 50 ml of 2% w/v

NCT solution was dropped into 500 ml of 1% w/v MAS dispersion with stirring using
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a propeller at 300 rpm. The mixture was stirred for 1 h before adjusting pH to 4.0 or

7.0 again by using 2 M HCl or 2 M NaOH. Then, the final volume of the mixture was

adjusted to 625 ml using deionized water and the mixture was incubated at 37 C with

75 oscillates/min shaking for 24 h in order to reach equilibrium of NCT adsorption.

Then, 10 ml of the mixture was collected to investigate particles size and zeta

potential of the wet microparticles. The microparticles were collected by vacuum

filtration and washed twice with 25 ml of deionized water. Then, the microparticles

were dispersed again in 50 ml of deionized water, and the mixture was frozen at 20

C and dried using lyophilization method. After drying, the microparticles passed

through 125-μm sieve were collected and kept in desiccator until test.

NCT-MAS microparticles surface-modified with CS could be prepared using the

following method. Fifty milliliters of 2% w/v NCT solution at pH 4 were dropped into

500 ml of 1% w/v MAS dispersion at pH 4 with continuous stirring using a propeller

at 300 rpm for 1 h. After that, 12.5, 25 or 50 of 0.5% w/v HCS or LCS in 0.1 M HCl

was gradually poured into NCT-MAS dispersion with continuous stirred for 5 min

before adjusting pH to 4.0 by using 2 M HCl or 2 M NaOH. Then, the mixture was

adjusted the final volume to 625 ml with deionized water and incubated at 37 °C with

75 oscillates/min shaking for 24 h. The next process was the same as that mentioned

above.

2.3. Particle size determination

The particle size of MAS in the dispersions and NCT-MAS microparticles was

measured using a laser diffraction particle size analyzer (Mastersizer2000 Model

Hydro2000SM, Malvern Instrument Ltd., UK). The samples were dispersed in 70 ml

of distilled water in a small volume sample dispersion unit and stirred at a rate of

3,000 rpm for 30 s before the measurement. The volume weighted mean diameter was

reported.

2.4. Zeta potential measurement

The zeta potential of MAS and wet NCT-MAS microparticles was determined using a

laser Doppler electrophoresis analyzer (Zetasizer Model ZEN 2600, Malvern

Instrument Ltd., UK). The temperature of the samples was controlled at 25 °C. The



6

samples were diluted using deionized water to meet a count rate more than 20,000

counts/s prior to the measurement.

2.5. Scanning electron microscopy (SEM)

The particle shape and surface morphology of MAS and microparticles were observed

using SEM. Samples were mounted onto stubs then coated with gold in a vacuum

evaporator, and photographed using a scanning electron microscope (Jeol Model

JSM-6400, Tokyo, Japan).

2.6. Differential scanning calorimetry (DSC)

DSC thermograms of samples were recorded using a differential scanning calorimeter

(DSC822, Mettler Toledo, Switzerland). Each sample (2–3mg) was accurately

weighed into a 40-μl aluminum pan without an aluminum cover. The measurements

were performed over 30–400 C at a heating rate of 10 C/min.

2.7. Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of samples were recorded with an FTIR spectrophotometer

(Spectrum One, Perkin Elmer, Norwalk, CT) using the KBr disc method. Each sample

was pulverized, gently triturated with KBr powder in a weight ratio of 1:100 and then

pressed using a hydrostatic press at a pressure of 10 tons for 10 min. The disc was

placed in the sample holder and scanned from 4000 to 450 cm−1 at a resolution of 4

cm−1.

2.8. Powder X-ray diffractometry

The X-ray diffractograms of each sample was performed on a powder X-ray

diffractometer (Philips PW3710 mpd control, The Netherlands). The measurement

conditions were a Cu radiation generated at 30 kV and 20mA as X-ray source, angular

of 1–35 (2θ) and step angle of 0.02 (2θ)/s.

The thickness of the silicate layer of MAS could be computed by Bragg’s equation:

 sind2n Eq. 1

where n is 1 (the first order reflection), λ is the wavelength of the X-ray (1.54Å),  is

the angle of the basal spacing peak of MAS, and d is the silicate layer thickness of

MAS.
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2.9. Determination of NCT content

Twenty milligrams of the microparticles were weighed and dispersed in 50 ml of 2 M

HCl. The mixture was incubated at 37 °C in a shaking water bath for 24 h. Then, the

supernatant was collected and filtered using cellulose acetate membrane (0.45-μm

pore size). The NCT content was analyzed using a UV–visible spectrophotometer

(Shimadzu UV1201, Japan) at a wavelength of 259 nm. The NCT entrapment

efficiency could be computed according to the ratio of actual to the theoretical drug

content in the microparticles.

2.10. In vitro NCT release studies

A modified Franz diffusion cell was used to characterize NCT release of NCT from

the microparticles. The receptor compartment was 5.3 ml of pH 6 phosphate buffer

and the temperature was controlled at 37.0 ± 0.1 °C with continuous stirring speed of

600 rpm. A 0.45-μm pore size cellulose acetate employed as a membrane in this study

was hydrated with pH 6 phosphate buffer for 24 h and mounted on the receptor

compartment. The cells were fixed and tightly fastened with a clamp. The amount of

the microparticles equivalent to 3 mg NCT was contained in the donor compartment

and 100 μl of pH 6.0 phosphate buffer was added for wetting the microparticles. At

appropriated intervals, samples (0.4 ml) were collected from the receptor

compartment and immediately replaced with fresh medium. The concentration of

NCT released was analyzed using HPLC.

The NCT release kinetic mechanism was investigated using a particle diffusion

controlled model (Bhaskar et al., 1986; Ni et al., 2008; Pongjanyakul et al., 2009),

which can be expressed by the following equation:

  65.065.0

3.1

p

tD
d
659.1F1ln 









 Eq. 2

where F is the fractional release of NCT from the microparticles at given time (t), dp is

the mean particle size of the microparticles, D is the apparent diffusion coefficient and

t is time. This model can be investigated by simply testing for linearity between –ln(1-

F) and t0.65. The slope (release rate constant) of the straight line (estimated using linear

regression analysis) was used to calculate the apparent diffusivity according to the

following equation:
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65.0/12
p

59.1
slope

36
d

D 





 Eq. 3

Additionally, the Higuchi model (Siepmann and Siepmann, 2009) was also used to

describe the NCT released from the microparticles by diffusion mechanism, which

could be expressed by Eq. 4 as follow:
2/1ktF  Eq. 4

where k is release rate constant, and F is the fractional NCT release from the

microparticles at given time (t).

2.11. In vitro NCT permeation studies

Porcine esophageal mucosa used as a mucosal membrane was obtained from a local

slaughterhouse (Non Muang Village, Khon Kaen, Thailand). The porcine esophageal

tube was opened longitudinally and immersed in an isotonic saline solution at 60 C

for 1 min (Diaz-del Consuelo et al., 2005; Diaz-del Consuelo et al., 2007). The

epithelium was peeled away from the connective tissue and then frozen at 20C until

further use (Caon and Simões, 2011). The modified Franz diffusion cell was also used

for the NCT permeation study. Frozen membranes were brought to room temperature

and pre-hydrated in pH 7.4 isotonic phosphate buffer solution for 60 min at 37 C.

The hydrated mucosal membrane was then mounted on a diffusion cell that contained

pH 7.4 isotonic phosphate buffer solution as a receptor compartment. The amount of

the microparticles equivalent to 3 mg NCT was contained in the donor compartment

and 100 μl of pH 6.0 phosphate buffer was added for wetting the microparticles. At

appropriated intervals, samples (0.4 ml) were collected from the receptor

compartment and immediately replaced with fresh medium. The concentration of

NCT released was analyzed using HPLC. Steady-state fluxes of NCT permeation

across the mucosal membrane could be calculated from the linear relationship

between cumulative amount of NCT permeated (g cm2) and time (h) using linear

regression analysis.

2.12. Measurement of mucoadhesive properties

The mucoadhesive properties of the microparticles were measured using a texture

analyzer (TA.XT Plus, Stable Micro Systems, Haslemere, Surrey, UK) equipped with

a 50-N load cell and bioadhesion test rig. Porcine esophageal mucosa was also used,
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which was obtained from a local slaughterhouse (Non Muang Village, Khon Kaen,

Thailand). The porcine esophagus (about 2 cm  2 cm) without heat treatment and

elimination of the connective tissue was hydrated with pH 7.4 isotonic phosphate

buffer for 20 min prior to test.

Microparticles were compressed into a thin disc with a smooth surface for complete

contact to the mucosal membrane. A 10-mm diameter punches and die was used. To

prevent a stick of microparticles, the surface of lower and upper punches was covered

with a Teflon sheet (0.5-mm thickness) before compression. Twenty milligrams of

microparticles were filled in the die and compressed at a pressure of 6.2 MPa using a

hydrostatic press (Model 3126, Shimadzu, Kyoto, Japan). The thin disc

(approximately 250-μm thickness) was attached to a 10-mm diameter cylindrical

probe of the bioadhesion test rig with double-sided adhesive tape. The hydrate

membrane was placed on the stage of bioadhesive holder and gently blotted with

tissue paper to remove excess water on the surface of the mucosal membrane. Next,

100 μl of pH 6.0 phosphate buffer was pipetted onto the membrane surface and then,

the probe that had been attached with the thin disc was moved down at a constant

speed of 1.0 mm s-1 with 1.0 N contact force and 2.0 min contact time. Immediately

afterwards, the probe was moved upwards with a constant speed of 0.5 mm s1. The

relationship between detachment force and disc displacement was recorded. The

maximum detachment force (DFmax) and work of adhesion (Wad, the area under the

force versus distance curve) were calculated using the Texture Exponent 32 program

version 4.0.9.0 (Stable Micro Systems, UK).

2.13. HPLC analysis

The concentration of NCT was determined by HPLC analysis (Agilent 1000 series,

Agilent Technologies, USA). A Reversed-phase C-18 column (Water Spherisorb S5

ODS2, 5 m, 4.6  250 mm) with a guard column was connected to the HPLC

instrument. The mobile phase was 0.05 M sodium acetate:methanol:triethylamine

(88:12:0.5 v/v) and adjusted a final pH to 4.2 using glacial acetic acid. The flow rate

of mobile phase was 1 ml min1, and samples were detected at a wavelength of 259

nm using a UV-visible spectrophotometric detector. The retention time of NCT was
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approximately 6.7 min. Under these conditions, linearity and reproducibility were

seen over the range of 1-50 g ml1 NCT.

2.14. Statistical analysis

One-way analysis of variance (ANOVA) with the least significant difference (LSD)

test for multiple comparisons was performed using SPSS program for MS Windows,

release 11.5 (SPSS (Thailand) Co., Ltd., Bangkok, Thailand). The significant

difference of the results obtained was determined at 95% confident limit (=0.5) and

considered to be significant at a level of P less than 0.05.

3. Result and discussion

3.1. Particle morphology, zeta potential and NCT content of NCT-MAS microparticles

The particle size and zeta potential of MAS in the dispersion was found to be 4.47 ±

0.01 m (n=3) and 33.5 ± 2.4 mV (n=3), respectively. Incorporation of NCT into

MAS dispersion at pH 4 and 7 caused a formation of microparticles due to

electrostatic interaction between a positively charged NCT and a negatively charged

MAS. The wet microparticles prepared using 0.1:1 and 0.2:1 ratios of NCT and MAS

at pH 4 gave smaller particle size than those at pH 7 (Table 1). This was due to the

difference protonated NCT formed. The 12.7% neutral and 87.3% monoprotonated

NCT were formed at pH 7, whereas NCT at pH 4 was composed of 8.4%

diproptonated and 91.6% monoprotonated species. The diprotonated NCT formed at

pH 4 had stronger attraction force for microparticle formation, resulting in denser

structure of microparticles. However, neither preparation pH nor NCT-MAS ratios

affected the zeta potential of the wet microparticles formed (Table 1). Surface

modification using CS at pH 4 resulted in an increase in particles size and a reduction

of negative charges of NCT-MAS microparticles (Table 1). This was due to

electrostatic interaction of protonated CS with residue negative charge of MAS on the

surface of the microparticles (Khunawattanakul et al., 2008; Khunawattanakul et al.,

2010). Additionally, the microparticle surface could be changed to positive charge

when using HCS in the concentration of 0.02 and 0.04% w/v, suggesting that the

microparticles were completely coated with HCS at those concentrations. The higher

the HCS concentration, the greater the quantity of HCS molecules coated on the

microparticle surface that could be observed from the increase of positive charge of
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the microparticles. Therefore, surface modification of the NCT-MAS microparticles

was dependent on molecular weight and concentration of CS.

The particle sizes of the dry NCT-MAS microparticles without or with surface

modification using CS tended to slight increase when compared with those of the wet

microparticles (Table 1). This may be due to a particle aggregation during drying

process. The particle and surface morphology of MAS and microparticles are

presented in Fig. 1. MAS showed a granular form (Fig. 1a), whereas the NCT-MAS

microparticles without and with surface modification using CS had an irregular shape

(Fig. 1c and 1e, respectively). However, the surface morphology of the microparticles

was similar to that of MAS (Fig. 1b, 1d and 1f). The particle and surface morphology

of the NCT-MAS microparticles were remarkably different from those of the NCT-

MAS complex particles that were prepared with the same procedure, dried at high

temperature and ground to get small particles, which was previously reported

(Pongjanyakul et al., 2009). It was suggested that the use of freeze-dried method in

this study could maintain an originally natural particle morphology of the NCT-MAS

microparticles prepared using an electrostatic interaction.

The NCT content in the NCT-MAS microparticles significantly increased (P<0.05)

with increasing NCT ratio in the dispersion (Table 1). This suggested that NCT

adsorption onto the MAS particles could be driven by higher concentration of NCT

before reaching adsorption equilibrium. However, NCT entrapment efficiency of the

microparticles statistically reduced (P<0.05) when the NCT ratio was increased,

indicating that adsorption sites of MAS for NCT were limited and thus higher

quantity of NCT remained in the supernatant after adsorption equilibrium. The NCT-

MAS microparticles surface-modified with LCS and HCS showed 8.3-8.9 % w/w of

NCT contents that was significantly decreased (P<0.05) when compared with that of

the microparticles without surface modification (Table 1). It was suggested that a

large molecules of CS added could exchange with NCT adsorbed onto the

microparticles, resulting in reduction of NCT entrapment efficiency of the

microparticles.
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3.2. Molecular interaction of microparticle components

Molecular interaction of MAS, NCT and CS was investigated using FTIR

spectroscopy and PXRD diffractometry. FTIR spectra of NCT showed hydroxyl

stretching peak at 3413 cm1, CH stretching peaks at 2781-2969 cm1, aromatic CC

stretching peak at 1593 cm1, aromatic CN stretching peak at 1579 cm1, pyridinic

CH bending peaks of CH2 groups at 1429-1478 cm1, pyridinic CN stretching peak

at 1027 cm1, and the out of plane stretching peak of CH bond at 717 cm1 as

presented in Fig. 2a. The MAS presented hydroxyl stretching of SiOH, hydroxyl

stretching of hydrogen bonded water, hydroxyl bending, and SiOSi stretching

peaks at 3632, 3449, 1639, and 1016 cm1, respectively (Fig. 2b). The spectra of the

pH 4 NCT-MAS (0.2:1) microparticles showed a shift of hydroxyl stretching peak of

SiOH of MAS to lower wavenumber (Fig. 2c), indicating hydrogen formation of

SiOH of MAS with an amine group of pyridine ring of NCT. Unfortunately, the

change in the CN stretching peak of NCT at 1027 cm1 was not found because this

peak was overlapped with the SiOSi stretching peaks of MAS. However, the new

peak of protonated amine groups (NH+) at 2714 cm1 was observed (Nakanishi and

Solomon, 1977; Pongjanyakul et al., 2009). It is possible to expect that the change of

pyridinic CH bending peaks of CH2 groups and the out of plane stretching peak of

CH bond of NCT suggested an electrostatic between the amine group of the pyridine

ring and negatively charged MAS (Pongjanyakul et al., 2009). In the case of the NCT-

MAS microparticle surface-modified with CS, the spectra of HCS showed the OH

stretching peak, which overlapped with the NH stretching, at 3449 cm−1, the CH

stretching peak around 2922-2880 cm1, NH2 bending (amide II) peak of primary

amine at 1596 cm−1, and the CH2 bending peak at 1420 cm−1 (Fig. 2d). It was found

that the HCS spectra peaks were not observed in the microparticle surface-modified

with CS (Fig. 2e). This may be due to too low quantity of CS in the microparticles.

However, the small peak of free hydroxyl groups around 3681-3683 cm1 indicated

strong interaction of MAS with NCT and HCS. The stronger vibration of free

hydroxyl groups on the inner surface of MAS silicate layers could be occurred when

NCT and CS could intercalate into the MAS silicate layers that was previously

reported (Pongjanyakul et al., 2009; Khunawattanakul et al., 2010). Additionally, the

molecular interaction of the three components could be confirmed using PXRD

studies.
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The PXRD pattern of MAS presented the basal spacing peak at 7.21 (2) (Fig. 3, left

panel), representing that the thickness of MAS silicate layer was 1.22 nm. The NCT-

MAS microparticles prepared at pH 4 and 7 showed stronger intensity of the basal

spacing peak at 5.95 and 6.03 (2), respectively. This indicated that the thickness of

MAS silicate layers was increased to 1.46 and 1.48 nm, respectively, because of NCT

intercalation into the MAS silicate layers. Incorporation of LCS and HCS in the

preparation process caused a reduction of the basal spacing peak intensity of MAS

(Fig. 3, middle and right panels), indicative of lower crystallinity of the microparticle

formed. The microparticle surface-modified with LCS and HCS at the concentration

of 0.04% w/v showed an obvious shift of the basal spacing peak to 5.95 and 5.83

(2), respectively. These results indicated that the thicknesses of MAS silicate layers

of the microparticles were 1.48 and 1.51 nm for using LCS and HCS, respectively.

Furthermore, the microparticles surface-modified with CS had lower intensity and

slight broader basal spacing peak. This suggested that CS, which could be coated on

the microparticle surface and intercalated into the silicate layers of MAS, could

change and reduce crystallinity of the microparticles. Therefore, the schematic

presentration model of NCT-MAS microparticles surface-modified with CS can be

presented in Fig. 4, which was based on the data obtained. Additionally, this finding

showed that CS could also intercalate into the MAS silicate layers after the formation

of microparticles and HCS could possibly increase the thickness of MAS silicate

layers more than using LCS.

3.3. Thermal behavior of the microparticles

NCT, a volatile liquid, showed a broad endothermic peak at 147 C because of the

evaporation of NCT (Fig. 5, left panel). MAS presented a broad endothermic around

70 C that was ascribable the dehydration of free water residues. The NCT-MAS

microparticles prepared at pH 4 showed a broad exothermic peak around 290-297 C

(Fig. 5, left panel), suggesting a decomposition of NCT adsorbed and intercalated in

MAS (Pongjanyakul et al., 2009). It can be seen that increasing NCT ratio in the

microparticles brought about higher temperature of NCT decomposition. The similar

results were obtained from the microparticles prepared at pH 7. The DSC

thermograms of the microparticles surface-modified with LCS and HCS are shown in

the middle and right panels of Fig. 5, respectively. The microparticles surface-
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modified with CS showed the similar DSC thermograms with those without CS.

However, the decomposition temperature of NCT tended to increase when increasing

CS concentration, particularly the use of HCS. This suggested that the CS surface

modification could retard the decomposition of NCT in the microparticles.

3.4. NCT release studies

The NCT release profiles of the microparticles are presented in Fig. 6. The NCT-MAS

microparticles prepared at pH 4 and 7 presented the similar NCT release profiles as

shown in Fig. 6a and 6b, respectively. The microparticles prepared using NCT-MAS

(0.2:1) ratio provided the highest amount of NCT released because the higher the

NCT content in the microparticles, the greater the NCT concentration gradient for

driving the NCT release. Additionally, incomplete NCT release of the microparticles

was found because equilibrium of cation exchange process could be occurred and this

resulted in a zipping of the silicate layer edge and a shortening of interlayer distance

(Jung et al., 2008). These led to retention of NCT in the microparticles. The NCT

release showed good fit with both Higuchi and particle diffusion-controlled models

with determination coefficient (R2) more than 0.92 (Table 2). This suggested that the

NCT release kinetics from the microparticles was a matrix/particle diffusion-

controlled mechanism. It was indicated that NCT adsorbed and intercalated in MAS

silicate layers of the microparticles could rapidly exchange with small cations, such as

sodium ions, in pH 6 phosphate buffer, and then an intra-particle diffusion of NCT

molecules occurred that was the rate-limiting step of the release process. However,

KH and slope values statistically increased (P<0.05) with increasing NCT content in

the microparticles, but preparation pH did not affect the NCT release (Table 2). The

highest D value was obtained from the microparticles prepared using NCT-MAS

(0.2:1) ratio that possessed the highest NCT content. The increase of NCT content

caused a decrease of MAS matrix ratio that was a diffusion barrier of NCT release.

Thus, a faster release and higher D value of NCT was obtained.

The microparticles surface-modified with LCS and HCS showed the similar pattern of

NCT release as shown in Fig. 6c and 6d, respectively. The NCT release also displayed

well fit with both Higuchi and particle diffusion-controlled models (Table 2). The

amount of NCT released and NCT release rate (KH and slope values) of the

microparticles prepared using 0.04% w/v LCS, and 0.02 and 0.04% w/v HCS were
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significantly higher (P<0.05) than those of the microparticles without surface

modification. Moreover, the HCS could accelerate NCT release more than the use of

LCS, leading to greater of D value of NCT. This result was in agreement with the

previous report that showed the effect of CS in CS-clay nanocarriers for drug release

(Yuan et al., 2010). It is possible to explain that the higher thickness of MAS silicate

layers of the microparticles surface-modified using CS, which was tested using

PXRD, brought about a greater water-filled channels and a reduction of tortuosity of

matrix structure of the microparticles. Moreover, the CS molecules that were

intercalated into the MAS silicate layer could prevent a zipping of the silicate layer

edges after NCT release. This resulted in higher release rate and diffusion coefficient

of NCT.

3.5. NCT permeation studies

NCT permeation profiles of the microparticles without and with CS are shown in Fig.

7. A linear relationship between NCT permeated and time was found, indicating a

steady-state permeation of NCT across the mucosal membrane. The NCT permeation

fluxes of the NCT-MAS microparticles prepared at pH 4 and pH 7 are presented in

Fig. 8a. The higher NCT content in the microparticles caused an increase in NCT

permeation fluxes due to greater release rate of NCT. Furthermore, preparation pH of

the microparticles obviously influenced the mucosal permeation of NCT. The

microparticles prepared at pH 7 provided significantly higher NCT permeation fluxes

(P<0.05) than those prepared at pH 4. At pH 7, NCT molecules were composed of

mono-protonated and neutral NCT, whereas the completely protonated NCT was

formed at pH 4. The protonated NCT could only permeate through the mucosal

membrane via aqueous pore pathway and possessed low permeability with the

mucosal membrane (Chen et al., 1999; Adrian et al., 2006; Pongjanyakul and Suksri,

2010). This resulted in lower permeation fluxes of NCT at lower pHs.

The microparticles surface-modified with LCS and HCS also gave steady-state NCT

permeation as presented in Fig. 7c and 7d, respectively. The NCT permeation fluxes

obtained from the microparticles surface-modified with LCS seemed to decrease, but

not different with that obtained from the unmodified microparticles (Fig. 8b). On the

other hand, the microparticles surface-modified with 0.04% w/v of HCS displayed a

statistically higher NCT permeation flux (P<0.05) than the unmodified microparticles.
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This was due to a very high release rate of NCT that could create greater

concentration gradient for driving NCT permeation across the mucosal membrane.

Moreover, it was well known that CS could act as a permeation enhancer for the

mucosal membrane. CS adsorbed onto the surface of the microparticles could possibly

interact and disturb lipid organization of mucosa (Şenel et al., 2000; Şenel and Hıncal,

2001), resulting in higher permeation of NCT. Additionally, higher molecular weight

CS was more effective permeation enhancing properties than lower molecular weight

CS (Tengamnuay et al., 2000).

3.6. Mucoadhesive properties of the microparticles

The DFmax and Wad values of the microparticles are listed in Table 2. It can be seen

that the DFmax values tended to decrease with increasing NCT content in the

microparticles, but in contrast with the Wad value. Moreover, the preparation pH did

not affect the mucoadhesive properties. The mucoadhesive properties of pure MAS

were also investigated using the same procedure in this study. The DFmax and Wad

values of MAS were found to be 1284.0 ± 471.4 mN and 534.7 ± 249.3 mN mm

(n=5), respectively. This indicated that MAS possessed mucoadhesive properties with

the mucosal membrane. It can be explained that the MAS silicate layers containing

many hydroxyl groups that could mainly interact with mucin on the mucosal

membrane via hydrogen bonding. For this reason, interaction of MAS with NCT to

form microparticles could reduce a quantity of hydroxyl groups on the surface of

silicate layers, leading to a reduction of mucoadhesive properties of the

microparticles, which could be obviously observed from the DFmax values.

The use of LCS in surface modification of the NCT-MAS mcroparticles did not affect

the mucoadhesive properties (Table 2). In contrast, the microparticles surface-

modified with 0.04% w/v HCS showed the highest DFmax value (Table 2). It was

indicated that surface modification with 0.04% w/v HCS could enhance

mucoadhesive properties, especially DFmax value. CS is a cationic polysaccharide that

had good mucoadhesive properties (Grabovac et al., 2005). CS, which had pKa

approximately 6.5 (Wang et al., 2006), could form 76% of protonated species at pH 6

of the test, which possessed positively charged CS molecules to interact with a

negatively charged mucin on the mucosal membrane via electrostatic force (He et al.,

1998). This effect was dependent upon molecular weight of CS and quantity of CS
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adsorbed onto the surface of microparticles. Furthermore, surface modification of the

NCT-MAS microparticles with CS could potentially enhance biocompatibility of

MAS because polymer-clay nanomaterials possessed a lower cytotoxicity than the use

of clay alone (Depan et al., 2009; Hsu et al., 2012; Salcedo et al., 2012; Mieszawska

et al., 2011).

4. Conclusions

NCT-MAS microparticles without and with surface modification using CS were

successfully prepared using an electrostatic interaction and dried using lyophilization

method. Originally natural particle morphology of the microparticles was irregular

shape. Surface modification using CS caused an increase in release rate and diffusion

coefficient of NCT from the microparticles because CS could intercalate into the

MAS silicate layers and decreased crystallinity of the microparticles. Moreover,

higher NCT permeation fluxes and mucoadhesive properties of the microparticles

surface-modified with CS was found. However, the enhancement of NCT release and

permeation, and also mucoadhesive properties was dependent upon molecular weight

and concentration used of CS. This finding suggested that the NCT-MAS

microparticles surface-modified with CS displayed a strong potential for mucosal

delivery of NCT.
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(a) (b)

(c) (d)

(e) (f)

Fig. 1. Particle and surface morphology of MAS (a,b), pH 4 NCT-MAS (0.2:1)

microparticle (c,d), and pH 4 NCT-MAS microparticles surface-modified with 0.04%

HCS (e,f).
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Fig. 2. FTIR spectra of NCT (a), MAS (b), pH 4 NCT-MAS (0.2:1) microparticles (c),

HCS, and NCT-MAS (0.2:1) microparticles surface-modified with 0.04% HCS.
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Fig. 4. Schematic representation of NCT-MAS microparticles surface-modified with

CS.
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Fig. 5. DSC thermograms of NCT, MAS, CS, NCT-MAS microparticles, and NCT-

MAS microparticles surface-modified with CS.
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