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a b s t r a c t

Sodium alginate–magnesium aluminum silicate (SA–MAS) composite dispersions were prepared and
characterized for the flow behavior and morphology of their dispersed phase before casting. The high
G block and high M block SA (GSA and MSA, respectively) were used. The physicochemical properties and
permeabilities of the films were investigated using non-electrolyte and amine compounds in an acidic
medium. The results showed that incorporation of MAS into the GSA and MSA dispersions gave identi-
cal flow behaviors and morphologies of MAS flocculates. FTIR spectroscopy revealed that the GSA and
MSA presented similar molecular interactions with MAS in the films. However, the crystallinity of the
agnesium aluminum silicate
lock structure
omposite film
iffusion coefficient

GSA–MAS films was possibly higher than that of the MSA–MAS films. This indicated a higher density of
matrix structure formed between GSA and MAS, resulting in lower water uptake in an acidic medium.
Consequently, the permeability of the GSA–MAS films was lower than that of the MSA–MAS films. The
diffusion and partition coefficients were directly related to the molecular weight of the non-electrolyte
and amine compounds. This study suggested that transport of non-electrolyte compounds was predom-
inantly controlled by diffusion in aqueous-filled microchannels, whereas both partition via adsorption
onto MAS and diffusion in microchannels occurred concurrently for amine compounds.
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. Introduction

Magnesium aluminum silicate (MAS) is a mixture of natural
mectite clays, particularly montmorillonites and saponites (Kibbe,
000). It has a layer structure that is composed of tetrahedrally
oordinated silica atoms fused into an edge-shared octahedral
lane of either aluminum hydroxide or magnesium hydroxide
Alexandre and Dubois, 2000; Kibbe, 2000). The layered struc-
ures of MAS can be separated when they are hydrated in water.
nce MAS is hydrated, the weakly positively charged edges are
ttracted to the negatively charged faces of the colloidal lay-
rs of MAS. The face to edge attraction of these colloidal layers
reates a three-dimensional colloidal structure throughout the
ispersion that exhibits thixotropic properties (Zatz and Kushla,
989). Thus, MAS has been widely used in pharmaceutical devel-
pment as a suspending and stabilizing agent (Kibbe, 2000).

oreover, the positively charged edges on the layers of MAS

ould interact with anionic polymers, such as xanthan gum (Ciullo,
981), carbomer (Ciullo and Braun, 1991) and sodium alginate
SA) (Pongjanyakul et al., 2005a), resulting in viscosity synergism

∗ Tel.: +66 43 362092; fax: +66 43 362092.
E-mail address: thaned@kku.ac.th.
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nd increases in the thixothopic properties of polymeric disper-
ions.

SA is a sodium salt of alginic acid, a naturally occurring non-
oxic polysaccharide found in brown algae. Alginate has been
idely used as a food and pharmaceutical additive, a tablet disinte-

rant and gelling agent. It contains two uronic acids, �-l-guluronic
G) and �-d-mannuronic acids (M) (Fig. 1), and is composed
f homopolymeric blocks and blocks with alternating sequences
Draget, 2000). Generally, insoluble gel formation has been demon-
trated to result from specific interactions between calcium ions
nd blocks of G residues in SA (Kohn, 1975). A cross-linked film
etween SA and divalent ions has also been prepared and some
f its physical properties have been investigated, such as water
apor transmission (Remuñán-López and Bodmeier, 1997) and
rug permeability (Julian et al., 1988; Aslani and Kennedy, 1996;
emuñán-López and Bodmeier, 1997; Sriamornsak and Kennedy,
008). Recently, Russo et al. (2007) reported that cross-linked SA
lms prepared using various M/G ratios of SA caused a change in
hermal behavior and water vapor permeability.
According to interaction between MAS and SA, composite films
f both materials have been prepared, and it has been proven that
his composite film is a phase-separated microcomposite. Physic-
chemical properties and water vapor and drug permeability of
he composite films were investigated (Pongjanyakul et al., 2005b).

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:thaned@kku.ac.th
dx.doi.org/10.1016/j.ijpharm.2008.08.025
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Fig. 1. Molecular structures of �-d-mannuroni

oreover, the SA–MAS composite dispersions were employed as a
oating material for tablets, and the coated films could modulate
rug release, especially in an acidic medium, because SA was con-
erted to alginic acid, and then in situ insoluble composite films
ere formed for controlling drug release. However, the SA used in

he previous study (Pongjanyakul et al., 2005b) was a high M block
rade, in which the M/G ratio was 1.6 (Lemoine et al., 1998). Due
o the different properties of M and G block residues, the inter-
ction between MAS and SA with various M/G ratios may occur
ifferently, which may influence the physicochemical and perme-
bility characteristics of the SA–MAS composite films. Moreover,
t is possible to use the composite films with other drugs; there-
ore, the permeability test needs to be investigated using many
rugs.

In the present study, the composite dispersions were prepared
t the weight ratio of 1:1 of MAS and SA, with high G block (GSA)
r high M block (MSA) contents. The flow behavior and morphol-
gy of the dispersed phases of the composite dispersions were
nitially characterized before casting onto a plastic mold and dry-
ng to obtain the composite films. Then, interactions of MAS were
nvestigated with different block structures of SA in the film by
TIR spectroscopy. The physicochemical properties of the compos-
te films, such as thermal behavior, solid-state crystallinity, water
ptake, and water vapor permeability, were investigated. Addition-
lly, the permeability of the composite films in an acidic medium
as characterized using non-electrolyte and amine compounds

or elucidating the relationship between molecular weight (MW)
f the compounds and permeation parameters. The relationships
btained can be applied to predict drug release behavior from
oated tablets in an acidic medium.

. Materials and methods

.1. Materials

High G block sodium alginate (GSA, ratio of M/G = 0.59) and high
block sodium alginate (MSA, ratio of M/G = 1.50) were obtained

rom ISP Thailand Ltd. (Bangkok, Thailand). MAS (Veegum®HV)
as obtained from R.T. Vanderbilt Company, Inc. (Norwalk, CT,
SA). Nicotine (NCT), methylparaben (MP), propylparaben (PP),
nd butylparaben (BP) were obtained from Fluka (Buchs, Switzer-
and). Propranolol HCl (PPN), dextromethorphan HBr (DTM), and

cetaminophen (ACT) were purchased from Praporn Darsut Ltd.
Bangkok, Thailand). Diphenhydramine HCl (DPH) was purchased
rom and Srichand United Dispensary Company, Ltd. (Bangkok,
hailand). Other reagents used were of analytical grade and used
s received.

2

p
6
c

s (a) and �-l-guluronic (b) of sodium alginate.

.2. Preparation of dispersions

SA (2 g) was dispersed in distilled water with agitation to obtain
omogeneous gels. MAS (2 g) was pre-hydrated with hot water for
5 min and then added into the SA gel. The composite dispersions
ere adjusted to a final volume of 200 ml with distilled water. The
ispersions were mixed with a homogenizer for 5 min and at room
emperature during hydration and before use. The SA dispersions
ithout MAS were prepared using the method as described above.

.3. Preparation of films

SA and SA–MAS composite films were prepared using the
asting/solvent evaporation technique that has been previously
eported (Remuñán-López and Bodmeier, 1997). A 200 ml sample
f the SA or SA–MAS dispersion was poured onto a plastic plate
15 cm × 20 cm) and allowed to evaporate at 50 ◦C. The films were
eeled off and stored in a desiccator (40 ± 2% RH).

.4. Characterization of composite dispersions

The microscopic morphology of the MAS particles and SA–MAS
occulates in dispersion were investigated using an inverted micro-
cope (Eclipse TS100, Nikon, Japan) and examined with a digital
amera (Coolpix 4500, Nikon, Japan). The rheological properties of
he dispersions were studied using a Brookfield digital rheometer
Model DV-III, Brookfield Engineering Laboratories, Inc., Middle-
oro, MA, USA) and the condition used was described in the
revious study (Pongjanyakul et al., 2005a). The area of the hys-
eresis loop of the rheogram was computed from the difference
etween the area under the up-curve and the down-curve using
he trapezoidal rule. Moreover, other rheological parameters of the
ispersions were calculated using the following equations (Martin,
993):

N = �G (1)

og G = N log F − log � (2)

here G, F, N and � are shear rate, shear stress, exponential constant
hat defines the type of flow, and viscosity coefficient, respectively.

.5. Characterization of composite films
.5.1. Thickness of films
The thickness of the dry and wet films was measured in 12

laces using a microprocessor coating thickness gauge (Minitest
00B, ElektroPhysik, Germany). The dry films (4 cm × 4 cm) were
ut and placed on a control plate. The probe, which was connected
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Table 1
Rheological properties of SA and SA–MAS dispersions

Dispersion N Viscosity coefficient ([dyne cm−2]N s) Area of hysteresis loop (dyne cm−2 s−1)

GSA 0.88 ± 0.01 1.04 ± 0.08 2.56 ± 1.95
MSA 0.82 ± 0.02 0.78 ± 0.04 3.29 ± 0.73
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SA–MAS 1.33 ± 0.03 5.38 ± 0.55
SA–MAS 1.37 ± 0.07 5.63 ± 1.26

ata are the mean ± S.D., n = 3.

o the measurement gauge and calibrated using a standard film,
ently moved downward to touch the film, and the thickness of
lm was then measured. The films were subsequently placed in a
mall beaker containing 0.1 M HCl, which was shaken occasionally
n a water bath at 37.0 ± 0.5 ◦C for 30 min. The samples were taken
nd blotted to remove excess water. The thickness of the wet films
as immediately determined following the procedure mentioned

bove.

.5.2. DSC, PXRD and FTIR spectroscopy
DSC curves of samples were recorded using a differential scan-

ing calorimeter (DSC822, Mettler Toledo, Switzerland). Powder
-ray diffraction (PXRD) measurements of samples were performed
n a powder X-ray diffractometer (Philips PW3710 mpd control,
he Netherlands). FTIR spectra of samples were recorded with
n FTIR spectrophotometer (Spectrum One, Perkin Elmer, Nor-
alk, CT) using the KBr disc method. The methods and conditions
sed for measurement were similar to those in the previous study
Pongjanyakul and Puttipipatkhachorn, 2007).

.5.3. Water uptake and erosion of films
Water uptake and erosion of the films were carried out using

he gravimetric method. Films measuring 1.5 cm × 1.5 cm were
eighed (W0) and then soaked in 0.1 M HCl and shaken occasionally

t 37.0 ± 0.5 ◦C. After a predetermined time interval, each film was
ithdrawn, blotted to remove excess water, immediately weighed

Wt), and then dried in a hot air oven at 50 ◦C to a constant weight
Wd). The percent water uptake and percent erosion can be calcu-
ated from the following equation (Tuovinen et al., 2003):

ater uptake (%) =
(

Wt − Wd

Wd

)
× 100 (3)

rosion (%) =
(

W0 − Wd

W0

)
× 100 (4)

here W0, Wt and Wd are the original, wet and dry weights of the
lms, respectively.

.5.4. Water vapor permeability of film
Water vapor permeation (WVP) across the films was studied

ollowing the method that was described in the previous study
Pongjanyakul and Puttipipatkhachorn, 2007). The WVP rate was
btained from the slope of relationship of the amount of water
ermeated and time. The WVP coefficient of the films was cal-
ulated using the following equation (Porter and Ridgway, 1982;
immatvapirat et al., 2004):

VP coefficient = Mh

A �Pv
(5)

here M is the WVP rate, h is the mean thickness of the film, A is the
rea of the exposed film, and �Pv is the vapor pressure difference.
.5.5. Permeability studies of films
Permeability of the films was studied using two groups of

ompounds. The first group consisted of the non-electrolyte
ompounds, such as ACT (MW = 151.2), MP (MW = 152.2), PP

3

M
b

7.60 ± 0.72
9.28 ± 1.03

MW = 180.2), and BP (MW = 194.23). The second group included
he amine compounds, such as NCT (MW = 162.2), DPH (MW in
ree base form = 255.4), PPN (MW in free base form = 259.3), and
TM (MW in free base form = 271.4). The permeation of compounds

hrough the films was studied using a horizontal side-bi-side dif-
usion cell (Crown Glass Co., Inc., Somerville, NJ) at 37.0 ± 0.5 ◦C.
he films that had been hydrated in 0.1 M HCl for 30 min were
lamped between donor and receptor compartments in a 3 ml
olume, and the diffusional area was 0.66 cm2. The solutions of
ermeants (4 mg/ml) or suspensions of parabens in 0.1 M HCl were
laced in the donor compartment, while the receptor compartment
as 3 ml of 0.1 M HCl. Both compartments were stirred continu-
usly throughout the tests. At appropriate time intervals, 2.5 ml
liquots of the receptor medium were withdrawn and immediately
eplaced with fresh medium. The amount of compound permeated
as analyzed using UV–vis spectrophotometry (Shimadzu UV1201,

apan) at the maximum absorption wavelength of each compound.
The paraben suspensions were prepared by adding an excess

mount of paraben into a test tube containing 10 ml of 0.1 M HCl.
hen, the tubes were shaken at 37 ◦C for 3 days until a saturated
olution of parabens was obtained. The concentration of parabens
n the supernatant was analyzed using UV–vis spectrophotometry
t a wavelength of 256 nm (Shimadzu UV1201, Japan). The suspen-
ions of parabens (3 ml) were used as the donor compartments
nd the saturated concentrations of parabens were also used to
alculate the permeability coefficients of the films.

Drug permeation through a polymeric film was determined
nder steady state conditions by mean of Fick’s first law, which
an be expressed as (Martin, 1993):

dQ

Adt
= PC0 (6)

here dQ/Adt is the permeation flux, which is the slope value cal-
ulated using linear regression analysis of the linear relationship
etween the amount of permeant and time, A is the surface area
f the film in which the diffusion is taking place, C0 is the concen-
ration of permeant in the donor compartment which is assumed a
onstant throughout the test, and P is the permeability coefficient.
he apparent diffusion coefficient (D) can be estimated using the
ollowing equation:

L = h2

6D
(7)

here tL is the lag time, which is obtained from the x-intercept of
he permeation profiles, and h is the mean thickness of the films.
hus, the apparent partition coefficient (K) is obtained as follows:

= Ph

D
(8)

. Results and discussion
.1. Interaction of SA with MAS in dispersions and films

The interaction between different block structures of SA and
AS in dispersions was studied by determining the change of flow

ehavior and microscopic morphology of MAS. The microscopic
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Fig. 2. Microscopic morphology of MAS in 1% M

orphology of 1% MAS dispersion showed separated particles of
ydrated MAS (Fig. 2a). A unique arrangement of some MAS parti-
les was found in the GSA–MAS and MSA–MAS dispersions (Fig. 2b
nd c, respectively). This indicated the presence of an interaction
f SA with MAS in the dispersions, resulting in a flocculation. The
heological parameters of the SA and SA–MAS dispersions are pre-
ented in Table 1. The GSA and MSA dispersions showed Newtonian
ow with an N value that defined a type of flow closed to unity.

ncorporating MAS into the GSA and MSA dispersions caused higher
values and viscosity coefficients, indicating a shift from a New-
onian to a pseudoplastic flow and a viscosity synergism (Martin,
993). Moreover, the area of the hysteresis loop between the up-
urve and down-curve of the flow curve also increased with MAS.
his suggested the presence of a thixotropic property of the com-
osite dispersion.

p
d
(
b
c

able 2
hickness and permeability of SA and SA–MAS films

ilm Dry thicknessa

(�m)
Wet thicknessa

(�m)
Thickness increased
after hydrationb (%)

WV
(mg

SA 32.9 ± 6.4 79.1 ± 17.5 140.4 1.7
SA 38.7 ± 9.6 82.1 ± 24.3 112.1 2.2
SA–MAS 61.6 ± 4.0 113.7 ± 6.6 84.6 1.4
SA–MAS 60.5 ± 4.1 135.3 ± 2.5 123.6 1.6

a Data are the mean ± S.D., n = 12.
b ((Mean wet thickness − mean dry thickness)/mean dry thickness) × 100.
c Data are the mean ± S.D., n = 4.
d Data are the mean ± S.D., n = 3.
), GSA–MAS (b), and MSA–MAS (c) dispersions.

The interaction between GSA or MSA and MAS in the films was
nvestigated using FTIR spectroscopy. Fig. 3a shows the peaks of

AS, such as the hydroxyl stretching of SiOH (3628 cm−1), hydroxyl
tretching of hydrogen bonded water (3461 cm−1), hydroxyl bend-
ng (1642 cm−1), and the stretching of Si–O–Si (1015 cm−1) (Katti
t al., 2006). FTIR spectra of GSA and MSA films showed similar
tretching peaks of OH, COO− (symmetric), and COO− (asymmet-
ic) at around 3435, 1610, and 1416 cm−1, respectively (Fig. 3b
nd c). The obvious difference between the GSA and MSA spectra
s the stretching peak of C–O–C around 1033–1125 cm−1. Incor-

oration of MAS caused a shift to a higher wavenumber and
ecreased the intensity of both COO− stretching peaks of SA
Fig. 3d and e), suggesting that the negative charge of the car-
oxyl groups had an electrostatic interaction with the positive
harged sites in the edges of MAS. Moreover, the OH stretching

P coefficientc × 104

h−1 mm−1 mmHg−1)
ACT permeability in 0.1 M HCld

Lag time (min) P × 105 (cm s−1) D × 108 (cm2 s−1)

3 ± 0.10 0.49 ± 0.09 7.96 ± 1.10 36.8 ± 7.8
2 ± 0.10 0.39 ± 0.07 15.8 ± 3.90 48.8 ± 8.5
7 ± 0.27 3.09 ± 0.45 2.70 ± 0.18 11.8 ± 1.2
7 ± 0.18 1.63 ± 0.27 5.06 ± 0.46 31.7 ± 5.5
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ig. 3. FTIR spectra of MAS powder (a), GSA film (b), MSA film (c), GSA–MAS film
d) and MSA–MAS film (e).

eak of the silanol group (SiOH) at 3628 cm−1 disappeared in
he spectra of SA–MAS films. These results could be expected if
ntermolecular hydrogen bonding could be created between the
ilanol groups on the surface of MAS and the hydroxyl or car-
oxyl groups of SA; the silanol groups had hydrogen bonding
otential with some substances (Gupta et al., 2003). Further-
ore, new evidence in this study, the lower wavenumber shift
f the Si–O–Si stretching peak of MAS (from 1015 to 1010 cm−1),
ould confirm the occurrence of intermolecular hydrogen bond-
ng between SA and MAS. These findings indicated that GSA and

SA could similarly interact with MAS in both dispersions and
lms.

M
o
G
t
e

Fig. 4. DSC thermograms of MAS powder (a), MSA powder (b), MSA film (c), M
harmaceutics 365 (2009) 100–108

.2. Appearance and thickness of films

Transparent SA films were obtained, whereas incorporation of
AS into the films gave opaque composite films. The thickness

f the films is shown in Table 2. The dry thicknesses of GSA and
SA films were comparable. The GSA and MSA films gave signif-

cantly lower dry thicknesses than the GSA–MAS and MSA–MAS
lms because of the increase in the solid content in the films after

ncorporating MAS. The wet thickness of the films was remarkably
reater than that of the dry films, indicating that the films could
well in an acidic medium. The MSA–MAS films showed higher per-
entages of thickness after hydration than the GSA–MAS films. This
uggested that incorporating MAS into the GSA films could reduce
he swelling properties in an acidic medium, which may affect the
ater uptake and drug permeability of the films.

.3. DSC and PXRD studies

DSC curves of the films are presented in Fig. 4. The MSA powder
resented a lower temperature and sharpness of the exothermic
ecomposition peak than the GSA powder (Fig. 4b and e). The MSA
nd GSA films had exothermic peaks at about 212.4 and 217.9 ◦C
Fig. 4c and f), respectively, which followed with an endothermic
eak. This may be due to a recrystallization and a phase transition
f SA after heat induction. These peaks shifted to lower tempera-
ures when MAS was incorporated into the films (Fig. 4d and g),
hich was similar to the results of a previous study (Pongjanyakul

t al., 2005b). This suggested that interaction of MAS and SA led to
change in the crystal structure formed, where recrystallization of
A–MAS composites and their phase transition occurred at a lower
emperature. Moreover, the composite films’ exothermic peak was
hifted to a higher temperature and the intensity of the peak was
educed. This indicated that incorporation of MAS into the MSA and
SA films caused a similar change of thermal behavior.

The crystallinity of the films was investigated using powder
-ray diffractometry. The MAS powder showed an outstanding
iffraction peak at 7.1◦ (2�) (Fig. 5a), indicating the basal spacing of
AS, which represented 1.22 nm of the silicate layer thickness of

AS (Darder et al., 2003). A broad diffraction peak at 14◦ (2�) was

bserved in the GSA and MSA films (Fig. 5b and c), respectively. The
SA–MAS and MSA–MAS films showed stronger intensity peaks at

he same position as the basal spacing peak of MAS (Fig. 5d and
). This indicated that SA was unable to intercalate between the

SA–MAS film (d), GSA powder (e), GSA film (f) and GSA–MAS film (g).
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ig. 5. PXRD patterns of MAS powder (a), and GSA (b), MSA (c), GSA–MAS (d) and
SA–MAS films.

ilicate layers, but higher crystallinity of the films resulted from a
eaggregation of MAS silicate layers during the drying process, in
hich the flocculation of MAS in the SA dispersions (Fig. 2b and c)
ay have led to the reaggregation process of MAS. However, it was

bserved that a stronger intensity peak at 7◦ (2�) was found in the
SA–MAS films compared with that of the MSA–MAS films. This
ay be due to higher crystallinity of the GSA–MAS films, suggest-

ng that a higher density of the ordered structure of the GSA and
AS was formed (Peppas, 1987).

.4. Water uptake and erosion of the films

The percent water uptake and erosion of the films in 0.1 M

Cl is shown in Fig. 6. The GSA films had lower water uptake
ercentages than the MSA films, whereas no differences in the ero-
ion of both films were found. The water uptake and erosion of
he films remarkably decreased when MAS was added. The water

ig. 6. Water uptake and erosion of SA and SA–MAS films in 0.1N HCl. Each value is
he mean ± S.D., n = 4.
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ptake of the GSA–MAS films was lower than that of the MSA–MAS
lms, and similar erosion was observed. In an acidic medium, SA
as rapidly changed to water-insoluble alginic acid (Østberg et

l., 1994), so the intact films were visually observed. The erosion
f the films occurred rapidly (within 5 min) (Pongjanyakul and
uttipipatkhachorn, 2007) because of dissolution of some SA on the
urface of the films. Alginic acid in the hydrated films had weaker
ntermolecular bonding (Aslani and Kennedy, 1996). This led to a
arge aqueous pore in the films and high water uptake was obtained.
owever, the considerably lower water uptake of the GSA films was
bserved because GSA had a stronger gel in acidic medium com-
ared to MSA (Draget et al., 1994). This suggested that the GSA
lms possessed smaller aqueous pore channels and denser matrix
tructures than the MSA films. Incorporation of MAS could reduce
he water uptake of the SA films, suggesting that the interaction of
A and MAS gave a denser matrix structure of the films. Moreover,
he GSA–MAS films presented smaller aqueous pore channels than
he MSA–MAS films. This could possibly explain that the higher
rystallinity of the GSA–MAS films may reduce the water uptake
apacity in acidic medium when compared with the MSA–MAS
lms.

.5. Permeability of the films

The water vapor permeability of the SA and the SA–MAS films is
resented in Table 2. The WVP coefficient of the GSA films was lower
han that of the MSA films. This result was in agreement with the
nding of Russo et al. (2007), in which GSA promoted the chain-to-
hain interaction in the films. This led to a denser matrix structure
imilar to that of the GSA films. The decrease of the WVP coefficient
as found in both films when adding MAS. However, the lower WVP

oefficient, compared with the MSA–MAS films, was still obtained
ith the GSA–MAS films. This indicated that interactions between

A and MAS caused a denser matrix structure preventing perme-
tion of small molecules such as water vapor.

Comparative ACT permeation profiles of the SA and the SA–MAS
lms in 0.1 M HCl showed a straight line (R2 higher than 0.99) with a

ag time, indicating that the ACT permeation reached a steady state
nd could be described using Fick’s first law. The ACT permeation
arameters are listed in Table 2. The lag time of the ACT permeation
cross the GSA films seemed longer than that of the MSA films,
hereas the P value of the GSA films was obviously lower than that

f the MSA films. It was indicated that the GSA films had lower
ermeability in an acidic medium than the MSA films. The D values
alculated using Eq. (7), using the wet thickness in Table 2, showed
hat the GSA films also gave lower D values than the MSA films.
his is likely due to lower water uptake of the GSA films, producing
maller aqueous pore channels for ACT diffusion. The effect of MAS
n ACT permeability of the SA films was also presented in Table 2.
ncorporation of MAS into the SA films caused an increase in the
ag time and a decrease in P and D values when compared with the
A films. However, the GSA–MAS films still provided lower P and
values than the MSA–MAS films. This suggested that interaction

etween SA and MAS brought about smaller aqueous pore channels
nd higher tortuosity of pore channels of the SA films.

The permeability of the GSA–MAS and MSA–MAS films using
on-electrolyte and amine compounds was investigated in this
tudy. In the case of parabens, the donor compartments of the
iffusion cells were contained using paraben suspensions with sat-
rated solutions. The solubility of MP, PP, and BP was found to be

.10 ± 0.03, 0.57 ± 0.02, and 0.34 ± 0.02 mg/ml (n = 3), respectively.
he permeation parameters of non-electrolyte and amine com-
ounds are summarized in Fig. 7. As expected, the GSA–MAS films
ave longer lag times and lower P and D values of all compounds
han the MSA–MAS films, the reasons for which were discussed
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emarkably longer than those of neutral compounds. This was due
o an adsorption of positively charged amine compounds onto the
egatively charged sites of the MAS silicate layers (Sánchez-Matrin
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on-electrolyte compounds were quite similar, indicating that the
olecular weight did not affect the P value. However, NCT gave
igher P values than the other amine compounds. The D values of
he non-electrolyte compounds decreased with increasing molec-
lar weight, and similar results were obtained using the amine
ompounds. In contrast, greater K values were found with increas-
ng molecular weight. It was observed that the type of amine group
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ig. 8. Relationship between molecular weight and K values of non-electrolyte and
mine compounds across GSA–MAS and MSA–MAS films.

n the molecular structure, such as a secondary amine group of
PH and PPN, and a tertiary amine group of DTM, did not affect

he permeability of the composite films. Moreover, the permeation
arameters of DPH and PPN, which had a side chain in the struc-
ure, were no different than those of DTM that were composed of
four-ringed structure. However, the fastest permeation value was

ound with NCT; even through it contained two amine group, it had
he lowest molecular weight.

The relationship between the molecular weight of permeants
nd the permeation parameters was also investigated. The molec-
lar weight of permeants showed a poor relationship with the P
alues (R2 less than 0.62, data not shown). However, a good linear-
ty between the molecular weight and the K values was obtained,

ith an R2 value of more than 0.92 and 0.97 for the GSA–MAS
nd MSA–MAS films, respectively (Fig. 8). Moreover, the slope
f the relationship with GSA–MAS was higher than that of the
SA–MAS films. This result suggested that the higher molecular
eight of the permeants had stronger affinity with MAS in the

omposite films, particularly the amine compounds which pos-
essed a positive charge in acidic medium. The smaller aqueous
ore and higher tortuosity of microchannels of the GSA–MAS films
aused an increase in the adsorption of permeants by MAS sili-
ate layers that dispersed in the films. This resulted in the higher K
alues of the GSA–MAS films. Furthermore, the molecular weight
f all permeants could be described by an exponential function
ith the D values in both composite films (Fig. 9). In most poly-
eric membranes, it is possible to relate log D with log MW for
linear function (Flynn et al., 1974); the results of this study

howed linearity between log D and log MW, with R2 higher than
.90 and 0.98 for the GSA–MAS and MSA–MAS films, respec-
ively. However, an alternative approach was found, showing that
good linearity between the relationship of the D values and MW

ould be directly found in each type of compound (Fig. 9). It can
e seen that the increasing molecular weight of permeants pro-
ided slower diffusion mobilities in aqueous pore channels; this
ould be observed in the case of parabens, where the diffusivity
ecreased with an increasing number of hydrocarbon side chains

Flynn et al., 1974).

Two mechanisms of diffusive transport of permeants in a
olymeric film had been previously purposed (Thacharodi and
anduranga Rao, 1993). The first is the partition mechanism of
ermeants into polymeric films, and the diffusion process in

p
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ig. 9. Relationship between molecular weight and D values of non-electrolyte
open symbols) and amine (closed symbols) compounds across GSA–MAS and

SA–MAS films. The broken and solid lines are the regression lines of non-
lectrolyte and amine compounds, respectively.

he polymer fraction progressed across the films. Permeability is
ainly determined by the solubility of the permeant in the poly-
er. The other mechanism was pore mechanism. The permeant
as presumed to diffuse across microchannels within the structure
f hydrated films. The diffusion process was related to molecular
eight and solubility of the permeants. In this study, it is likely

hat both mechanisms could be used to explain the diffusion of the
ompounds through the SA–MAS films. The microchannels of the
A–MAS films in the acidic medium could be formed because of the
ater uptake and swelling properties of the composite films. The
on-electrolyte compounds with low K values may mainly diffuse
hrough the composite films using microchannels. In contrast, the
trong affinity of the amine compounds to the MAS in the compos-
te films, which caused high K values, may be described using both

echanisms. The partition mechanism probably predominated in
he initial stage of the diffusion process, which could be observed
rom a long lag time. Then, the diffusion of the compounds pro-
ressed across the composite films via diffusion in the route of the
icrochannels; this process depended on the molecular weight of

he compounds.

. Conclusion

The GSA and MSA had similar interactions with MAS in both dis-
ersions and films. However, the crystallinity of the GSA–MAS films
as possibly higher than that of the MSA–MAS films. This presented
higher density of matrix structure of the GSA–MAS composite,

esulting in lower water uptake in an acidic medium. Consequently,
he drug permeability of the GSA–MAS films was obviously lower
han that of the MSA–MAS films. The permeation parameters, such
s diffusion and partition coefficients, were directly related to the
olecular weight of the non-electrolyte and amine compounds.

his study suggested that the transport of the non-electrolyte com-
ounds across the SA–MAS films was predominantly controlled by
iffusion process in aqueous-filled microchannels, whereas both
artition and pore mechanisms occurred concurrently for the trans-

ort of the amine compounds. These findings also suggest that the
A–MAS films could offer potential in the development for modu-
ating drug release from coated tablets, which is dependent on the

olecular weight of drug in the tablets and the ratio of the block
tructure of SA used in the films.
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