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This study establishes and compares structure-property-processing relationships on three drug delivery
systems containing an anionic active pharmaceutical ingredient (API) in the following excipient carriers:
(a) an inorganic anionic nanoclay, (b) pH responsive acrylic polymers, and (c) combinations thereof. The
effects of the excipients on the APIs dissolution rate were studied from their release profile in simulated
body fluids (SBFs) with different pH.

In the API-nanoclay system, calcination of the clay followed by its reconstitution in an API solution was

g?r'] ‘;vr(;rl?esd release successfully used to intercalate the API in its amorphous state in the clay. As a result, the API showed
i increased apparent solubility vs. its crystalline form with its release mechanism from the clay being

Melt mixing 8 - X 8 i

Nanoclays predominantly diffusion controlled and depending on the pH of the SBFs. In melt mixed ternary polymer

Aqueous solubility systems containing the above hybrids, as a result of an additional diffusional step due to presence of

Diffusion nanoplatelets, the API showed a more controlled release vs. polymer systems that contained only APIL

lon exchange By comparison to the low pH SBF, the ternary system in the pH 7.4 SBF showed a reduced diffusion
contribution due to the presence of clay platelets, the latter unaffected by the high pH value. Reasonable
agreement was found with predictions from literature diffusion/erosion models.

It is confirmed that hot melt mixing offers opportunities to produce systems with enhanced API appar-

ent solubility. The presence of nanoclays can also increase the API's apparent solubility and affect its

release in a controlled manner.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nanoclays in the form of high aspect ratio platelets are well
known as high performance functional fillers for polymers, improv-
ing their mechanical, thermal, and barrier properties (Kamena,
2010; Schmidt et al., 2002). Clays can also be directly used for phar-
maceutical applications. For example, a cationic montmorillonite
nanoclay, MMT, is a potent detoxifier and it can adsorb dietary tox-
ins, bacterial toxins associated with gastrointestinal disturbance
and metabolic toxins such as steroidal metabolites associated with

Abbreviations: AEC, anionic exchange capacity; API, active pharmaceutical
ingredient; CHT, calcined hydrotalcite; DSC, differential scanning calorimetry; DIK,
diclofenac; EDX, energy dispersive X-ray; FBF, benbufen; FTIR, Fourier transform
infrared; HT, hydrotalcite; IND, indomethacin; LDH, layered double hydrox-
ide; MMT, montmorillonite; SBF, simulated body fluid; SEM, scanning electron
microscopy; SGF, simulated gastric fluid; TEC, triethyl citrate; TGA, thermogravi-
metric analysis; XRD, X-ray diffraction.
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pregnancy (Dong and Feng, 2005; Guarino et al., 2001). Hydro-
talcite, an anionic nanoclay - from the family of layered double
hydroxides (LDHs) - is a popular antacid and is used because mag-
nesium and aluminum metal oxides slowly hydrolyze regulating
the pH to an optimum value without provoking a rebound effect in
the stomach (Linares and Brikgi, 2006).

In addition to the therapeutic attributes of some unmodified
nanoclays, their hybrids with ionic active pharmaceutical ingredi-
ents (APIs) that may be intercalated in the nanoclay interlayer space
(Li et al., 2004a) in a non-crystalline, amorphous state can provide
advantages such as: (a) increased apparent solubility of APIs with
poor aqueous solubility, (b) controlled API release and, (c) improved
bioavailabilty. It has been hypothesized (Aguzzi et al.,2007; Li et al.,
2004a; Suzuki et al., 2001; White and Hem, 1983; Dong and Feng,
2005) that the addition of the nanoclay platelets may improve
the overall API stability by providing a tortuous path that would
slow down the API's diffusion to the body fluids in the presence or
absence of a polymeric excipient. The decrease of the API's mobility
inside the polymeric excipient would also help to prevent or slow
down the aggregation of the API molecules. Thus, the crystalliza-
tion of the API molecules that may lead to their delayed dissolution
could be minimized and the long term drug stability improved. It
should be noted that hydrophilic polymers are, in general, chosen
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as excipients for the purpose of improving the APIs’ dissolutionrate.
It follows, then, that hydrophilic pharmaceutical nanoclays such as
montmorillonite and hydrotalcite, would tend to disperse better in
hydrophilic polymers due to their improved affinity.

Although some studies reported a decreased bioavailability of
several APIs by co-administration with several types of clays (Vatier
etal., 1994), concomitant benefits of the uses of nanoclays in modi-
fied drug delivery systems have been more often reported (Ambrogi
et al., 2002; Costantino et al., 2008; Park et al., 2008; McGinity and
Lach, 1977; McGinity and Harris, 1980). Modified drug delivery
systems address issues such as release patterns and drug stabil-
ity/targeting (Aguzzi et al., 2007).

The action mechanism of the API/Clay hybrids is believed to
involve the following steps:

(1) The counter ion in the interlayer space of cationic or anionic
clays can be exchanged with foreign ions (in this case charged
API).

(2) The intercalated API/Clay complex is then able to ion exchange
again at the action site and release APl molecules.

(3) The released API from the clay interlayer space is absorbed at
the action site and, thus, the API is functioning.

The following are some literature examples on specific combi-
nations of anionic APIs and LDHs.

Li et al. (2004a) studied a fenbufen (FBF) delivery system pro-
duced by preparing FBF-LDH complexes through a co-precipitation
method at different pH conditions. Fenbufen was successfully
intercalated into the LDH interlayer as confirmed by XRD anal-
ysis. FBF content in LDH increased with increasing pH during
co-precipitation. Release patterns were different in accordance
with the presence of specific metal elements. An LDH composed
of Mg/Al showed sustained API release, while the one containing
Li/Al showed a maximum release within 20 min.

A study on dissolution of fenamates released from LDH was
reported by Del Arco et al. (2008). Mefenamic and meclofe-
namic acid were intercalated into a chloride LDH interlayer by
ion exchange. The intercalation of APIs was confirmed by X-ray
diffraction (XRD) analysis. Dissolution of APIs from the LDH hybrids
containing mefenamic was tested at three different pH of 1.2, 4.5
and 6.8. LDH-hybrids showed increased solubility at all three con-
ditions. The authors attributed the increased solubility of the API
from the LDH-mefenamic hybrid at pH 1.2 to the API released in its
molecular form and to the dissolution of LDH under acidic condi-
tions. Release profiles of all hybrids showed sustained API release
as compared to pure APIs and API-LDH physical mixtures releases
in the SBFs (pH 7.5 and 9). These slower releases were ascribed to
ion exchange reactions between the APl anion in the LDH interlayer
and anions in the buffer solutions.

Co-precipitation and calcination methods were used for the
intercalation of indomethacin (IND) into LDH by Del Arco et al.
(2004). The expansion of the interlayer space of the modified LDH
was confirmed by XRD. The co-precipitation method showed more
IND loading (=56 wt%) than the calcination method (~25 wt¥%) in
the LDH interlayer space and this was confirmed by elemental
analysis. Pharmacological studies in vivo showed that mice that
consumed the LDH modified with IND had reduced ulcerating dam-
age as compared to the ones that were treated with IND alone.

For drug delivery applications, ternary systems consisting of
polymers containing APl intercalated nanoclays have been reported
to provide interesting advantages as compared to binary polymer-
API systems (Li et al., 2004b; Campbell et al., 2008; Bugatti et al.,
2010; Ambrogi et al., 2002) such as a more controllable API release
pattern as compared to binary systems; the ternary system has one
more controllable parameter, namely the API release from the clay.

Among the objectives of this research are to determine the
release characteristics of an ionic API, namely diclofenac sodium
having pH dependent water solubility, from API-LDH hybrids into
body fluid simulants and compare with its release when the same
hybrids are dispersed in water soluble acrylate polymers by melt
mixing. Melt mixing, in particular as applied to extrusion (known
as HME, hot melt extrusion), has been reported to provide many
advantages vs. conventional methods, such as increasing the API
dissolution rate and thereby increasing the apparent solubility of
drugs with poor solubility, elimination of solvent usage, and pro-
viding a continuous process (Liu et al., 2009; Crowley et al., 2004).
Since, practically no data have been published on ternary systems
produced by melt processing, this research opens the route for
systems with improved efficacy, less toxicity and better patient
compliance than conventional drug delivery devices.

2. Materials and methods
2.1. Materials

The API used in this study is the sodium salt of diclofenac
Cl,CgH3NHCgH4CH,COO~Na* (DIK-Na*) purchased from Spec-
trum Chemical & Laboratory Products (Gardena, CA, USA). It is a
white powder with molecular weight of 296.14 g/mol and melt-
ing point (Tm) of 284°C. It is very soluble in methanol, whereas
its aqueous solubility is low increasing with increasing pH (Kincl
et al., 2004). The anionic LDH clay used in this work, referred to
below as hydrotalcite, HT, is a synthetic aluminum magnesium
hydroxyl carbonate donated by Sasol Germany (CAS # 11097-
59-9, trade name: Pural MG 63 HT). It has a double layered
metal hydroxide structure consisting of magnesium and aluminum
hydroxide octahedrally interconnected via the edge; the manufac-
turer’s reported weight ratio of Al;03:MgO is 38:62. The chemical
formula is Mg4Al;(OH)1,C03-nH, 0, the basal spacing is 0.77 nm
and the anionic exchange capacity (AEC) has been reported to be
approximately 340 meq/100 g.

An amorphous cationic butyl/methyl methacrylate-dimethyl-
aminoethyl methacrylate terpolymer (1:1:2) (Eudragit® E 100
granules) and an amorphous anionic methacrylic acid-methyl
methacrylate (1:2) copolymer (Eudragit® S 100 powder) donated
by Evonik Industries (Piscataway, NJ, USA), were used as the excip-
ients of the APIs and the API modified clays. Eudragit® E 100 is
soluble in the gastric fluid up to the pH 5.0. This polymer has a
reported T of 48 °C, a maximum processing temperature of 220°C
and a reported density of 1.09 g/cm? (Six et al., 2002). Eudragit®
S100 is soluble in the colonic fluid at pH above 7.0. This polymer
has a reported Tg of 172 °C (Schilling et al., 2010) and a maximum
processing temperature of 186°C (Nollenberger et al., 2009). In
order to facilitate the melt processing of Eudragit® S100 triethyl
citrate (TEC) (Sigma-Aldrich) was used as a plasticizer. TEC is a
colorless, odorless liquid with molecular weight 276.2 g/mol and
density 1.137 g/cm3. Its reported melting point is —55°C and its
boiling points are 127°C at 1 mm Hg and 294°C at 760 mm Hg.
Reported solubility in water is 62 g/L (Budavari et al., 1996).

2.2. Modification of anionic nanoclays with DIK-Na*

HT was calcined in a porcelain crucible heated at 490°C for
7-8 h to remove volatiles, including carbon dioxide and water and
produce calcined HT (CHT). CHT regeneration to a HT structure
containing API anions instead of carbonate anions was carried out
with methanol (200 ml) and de-ionized water (50 ml) solutions
containing 2 x the stoichiometric amounts of DIK based on the AEC
of the HT. The solution pH was set to 6.0 by adding 0.05 N HCI. The
reaction was carried out at 60 °C for 2 days in a closed system. The
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modified clays, referred to as hybrids, were then filtered under
vacuum, washed with a methanol/water mixture and separated
from the solution by centrifuging. These washing procedures
were repeated several times in order to remove the residual DIK
from the clay surface. The modified clays were then dried at room
temperature for 24 hand dried again at 80 °C for 24 h under vacuum.

2.3. Preparation of APl/polymers and API/Clay/polymer
compounds by melt mixing

Eudragit® E100 compounds containing 4 wt% or 15wt% DIK-
Na*, or 10wt% DIK/Clay hybrid (containing 4wt% DIK) were
prepared by compounding in a Brabender batch mixer (PL2000,
C.W. Brabender, NJ, USA) at 50 rpm and 130 °C for 5 min. After melt
mixing, the compounds were pressed for 50s at 130°C into thin
disks for further analyses.

Eudragit® S100 was premixed with 20 wt% TEC in a wrist action
shaker (Burrell Wrist-Action® Shaker) for 3 h. 4 wt% or 15 wt% DIK-
Na*, or 10 wt% DIK/Clay hybrid (containing 4 wt% DIK) were melt
compounded with the premix in the batch mixer at 170 °C for 4 min.
After compounding, samples were pressed into thin disks for fur-
ther characterization.

2.4. Characterization

FTIR spectra of unmodified clays, APIs, APl modified clays, poly-
mer excipients with or without APIs, or APl modified clays were
obtained using a Spectrum One FTIR Spectrometer® (PerkinElmer
Instruments, Waltham, MA, USA) in the mid-infrared range wave-
length 400-4000cm~!. Thermogravimetric analysis (TGA) was
carried out with a TGA Q50 analyzer (TA Instruments, New Cas-
tle, DE, USA). Tests were carried out from room temperature to
500°C, at a heating rate of 20°C/min in a nitrogen atmosphere
(flow rate 40 cm®/min). Glass transition temperature (Tg), melting
temperatures (T, ) and other thermal properties were determined
by differential scanning calorimetry (DSC) (DSC Q100, TA instru-
ments). Heating and cooling rates were 20°C/min in a nitrogen
atmosphere. The weight of all test samples ranged from 4 to 9 mg.
All samples were hot pressed and prepared as thin films before the
analysis. T of samples was calculated from three DSC runs for each
sample.

Wide-angle X-ray diffraction (XRD) analysis was per-
formed with a Philips PW3040 diffractometer (Cu K, radiation
A=0.154nm), operated at 45kV/40mA. All specimens were
scanned in the 26 range from 2° to 40° at a rate of 0.003°/s.

APIs, API modified clays and the fracture surfaces of polymer
compounds were examined by scanning electron microscopy (LEO
1530 VP Emission SEM) at 3-5keV working voltage. In order to
identify the API and the clay particles and their degree of dis-
persion in the polymer matrix, energy dispersive X-ray analysis
(EDX) (2400 PerkinElmer Elemental mapping), was used. By select-
ing characteristic elements, their mappings were possible and the
detected elements were identified as dots. The working voltage was
5kV and mapping time was 300 s for all specimens.

Elemental analysis of the hybrids for carbon, hydrogen, and
nitrogen was performed at a contract Analytical Research and
Development Laboratory (QTI Laboratories, Whitehouse, NJ, USA).
The nitrogen content in the API modified HT was determined using
a PerkinElmer 2400 Elemental Analyzer.

Drug dissolution (also referred to in the literature as drug
release) was studied in a Distek (Distec Inc., North Brunswick, NJ)
dissolution system 2100A at 36.5 £ 0.1 °C according to USP disso-
lution apparatus II with a paddle rotation speed of 50rpm. The
dissolution medium was 1 L of a pH 1.2 HCl buffer solution for simu-
lating a gastric acid fluid and a pH 7.4 phosphate buffer solution for
simulating a colonic fluid. The clay related dissolution tests were

carried out with 100+ 10mg powders. Samples of the test fluid
were collected at predetermined time intervals, filtered through
a 0.45 wm filter and then analyzed at 276 nm for DIK-Na* by an
UV-vis spectrophotometer (Evolution 60, Thermo Scientific). The
experiments were repeated three times with good reproducibil-
ity. For dissolution tests of Eudragit® E100 and S100 compounds
with APIs or API modified clays, 2 mm disks having the same circu-
lar holder geometry were produced by compression molding. The
weight of each sample was 200 4- 20 mg.

3. Results and discussion
3.1. Characterization of clays modified with DIK-Na*

3.1.1. FTIR results

FTIR spectra of DIK-Na*, unmodified HT, and DIK/Clay are
shown in Fig. 1. The spectra ascertain the presence of DIK on the
clay but not its exact location. The anionic clay contains carbonate
ions in its interlayer spacing corresponding to a band at 1357 cm™!
(Fig. 1(b)). The spectrum of the clay after calcination (CHT) and
modification with DIK-Na* (Fig. 1 (c)) does not show a band at
1357 cm! indicating the successful removal of the carbonate ion
from the interlayer space. On the DIK/Clay particles, the newly
created peaks can be attributed to DIK that may be present as
either a surface coating and/or as an intercalant. The peaks at
1575, 1508, 1499, and 1456 cm~! indicate ring stretching of 1, 2,
3 tri-substituted benzene. The peak at 1585 cm~! results from the
benzene ring carbon-carbon vibration. The peaks at 1470 cm~! and
1400cm! correspond to the CH, bending of ortho-substituted
benzene. The band in the region between 1300 and 1150cm™!
is responsible for C-O bonds. The band for aryl halide between
1080 and 1060cm™! is not visible, apparently due to the strong
interaction of ring vibrations (Colthup et al., 1975). The broad peak
between 3700 and 3000 cm~! results from hydroxyl groups of the
layers and the reabsorbed interlayer water.

3.1.2. XRD results

XRD analysis was used to evaluate the intercalation of DIK into
the interlayer space of the regenerated HT. Fig. 2 shows the XRD
spectra of DIK-Na*, HT, DIK/Clay and calcined HT. DIK-Na* shows
sharp peaks indicating a highly crystalline structure (Fig. 2(a)).
Pristine HT (Fig. 2(b)) has a strong peak around 11.5° (0.77 nm
calculated from Bragg’s law); it corresponds to its original basal
spacing and this value is in good agreement with supplier’s spec-
ifications. HT also shows a broad, asymmetric reflection marked
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Fig. 1. FTIR spectra of (a) DIK-Na*, (b) HT, and (c) DIK/Clay.
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Fig. 2. XRD results of (a) DIK-Na*, (b) HT, (c) DIK/Clay, and (d) CHT.

as star (*) (Fig. 2(b)) beyond 30°, which may be an indication of
turbostratic disorder in the layer stacking (Gago et al., 2004). Cal-
cined HT which lost its crystalline structure due to removal of
counter anions by heating does not show any peaks throughout
the range from 2° to 40° (Fig. 2(d)). Therefore, based also on the
FTIR results, it can be concluded that the carbonate ions are fully
removed. Fig. 2, (spectrum (c)), clearly shows the different X-ray
peaks of the DIK/Clay as compared to the parent HT (spectrum (b)).
It can be shown that the crystalline structure of HT was reformed by
regeneration in the presence of DIK-Na* and peaks corresponding
to the regenerated HT have shifted to lower angles. The anionic
clay modified with DIK-Na* shows an angle shifted from 11.5°
to 3.9° indicating an increased interlayer space from 0.77 nm to
2.39nm, and, hence, evidence of intercalation. The broadening of
the crystalline reflections in the DIK/Clay represents a loss of HT
crystallinity (Costa et al., 2008). Assuming a thickness of 0.45 nm
for the Mg-Al double hydroxide layer (Meyn et al., 1990), this result
indicates that the interlayer space generated by DIK is 1.94 nm, cor-
responding to twice the length of the end-to-end distance of DIK.
Costantino et al. (2008) and Ambrogi et al. (2002) reported that
increased interlayer spacing is responsible for the DIK bilayer pres-
ence in the clay interlayer space which is partially interdigitated
and perpendicular to the layer plane. It has been reported that the
second and the third peaks may correspond to the higher harmonics
of the interlayer distance (Tammaro et al., 2007).

3.1.3. Thermal analysis

Fig. 3 shows TGA data of DIK-Na*, HT, CHT, and DIK/Clay. HT
shows typically two different weight loss regions. The first region
is related to the dehydration of the HT (100-250°C). The second
region (250-527°C) is responsible for the dehydroxylation and
decarbonation reactions (lyi et al., 2004). DIK-Na* is thermally sta-
ble and starts decomposing around 284°C, close to its melting
point. Since the anions and water of HT were removed, the TGA
results of CHT do not show the typical weight losses of HT. The
early weight loss of CHT up to 100°C can be attributed to mois-
ture absorbed during sample preparation. DIK/Clay also does not
show a similar pattern of weight loss as compared to the unmod-
ified HT since the original carbonates have been replaced by DIK
anions. DIK/Clay shows an early 10 wt% moisture loss and these
water molecules may have been absorbed during the DIK-Na*/Clay
reaction or the preparation of the sample for the analysis. Subtract-
ing the moisture content of the DIK/Clay, the approximately 40%
additional weight loss could be attributed to the weight of both
intercalated and coated DIK.
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Fig. 3. TGA results of DIK-Na*, clays, and CHT modified with DIK-Na*.
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Fig. 4. DSC heating results of DIK-Na*, DIK/Clay, and HT.

The DSC results of DIK-Na* show a strong endothermic peak
at 291 °C corresponding to its Ty, (Fig. 4). HT shows two broad
endothermic peaks attributed to the dehydration, and the dehy-
droxylation and decarbonation reactions (lyi et al., 2004) discussed
in the TGA analysis. However, unlike the unmodified clay, DIK/Clay
that does not contain carbonate ions and interlayer water shows
very weak broad endothermic peaks. Furthermore, DIK/Clay does
not show any T, which may suggest an amorphous state for DIK.

3.1.4. Quantitative analysis of DIK/Clay

The DIK loading of DIK/Clay was determined by carbon and
nitrogen elemental analysis (Table 1). Carbon and nitrogen are
unique elements present only in the DIK and not in the CHT. Cal-
culated DIK loadings on the modified clays based on carbon and
nitrogen are 40.0% and 41.3%, respectively. Therefore, it may be

Table 1
Elemental analysis of clays, API and their combinations.

Material % Carbon % Nitrogen
HT? 4.0 0.0

CHT? 0.0 0.0

DIK? 56.7 4.7
DIK/Clay® 22.7 1.9

2 Calculated.

b Experimental.
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Fig. 5. Dissolution results in simulated gastric fluid (pH 1.2) of DIK-Na*, DIK/Clay
(containing approximately 40% DIK) and a HT/DIK-Na* physical mixture containing
40% DIK-Na*.

assumed that approximately 40% of the DIK was loaded on the
clay matrix. This is in reasonable agreement with the results of
Ambrogi et al. (2002) who, by using a different type of HT and a dif-
ferent preparation method, reported that roughly 50 wt% DIK was
intercalated.

3.1.5. Dissolution tests at different pH

Fig. 5 shows the percentage of the dissolved DIK from DIK-Na*,
DIK-Na*/HT physical mixture and DIK/Clay as a function of time in
acidic buffer. DIK-Na* rapidly dissolves in neutral pH water. How-
ever, as mentioned earlier, its solubility is dramatically decreased
at lower pH. Fig. 5 shows that less than 4% DIK is dissolved from
both DIK-Na* and from the physical mixture of DIK-Na* and HT
while less than 10% DIK was dissolved from DIK/Clay in the sim-
ulated gastric fluid (SGF) at pH 1.2. Therefore, it is shown that HT
does not affect the dissolution behavior of DIK-Na*. The increased
apparent solubility of DIK from the DIK/Clay can be explained by
the following considerations:

1. DIK released in its molecular form (non-ionized) while HT dis-
solved rapidly under the acidic conditions. (Del Arco et al., 2008).

2. Amorphous-like state of DIK in the anionic clay interlayer space.

3. Increased wettability of DIK associated with the anionic nanoclay
(McGinity and Lach, 1977).

It is to be noted that clays can increase, not only the appar-
ent solubility, but also the API release rate due to their hydrophilic
and swelling properties in aqueous solution (McGinity and Harris,
1980). Initially, it was expected that DIK/Clay may achieve a sus-
tained DIK release. However, since HT was dissolved at the low pH
medium within 30 min sustained DIK release was not observed.

The acidic solution firstly dissolves HT to produce a mixture
of MgCl, and AICl3 and converts DIK anions into an acid form;
the amorphous-like DIK is then exposed to the medium simul-
taneously. According to the Noyes-Whitney equation (Noyes and
Whitney, 1897; Wurster and Taylor, 1965), the dissolution rate,
among other parameters, is proportional to the total area of the
DIK exposed to the dissolution medium. Therefore, it is not surpris-
ing that DIK/Clay shows the highest dissolution rate (Fig. 5) since,
assuming that DIK is in an amorphous state, it is spread over a larger
area in the clay interlayer space. It should be noted that the possi-
bility of inappropriate sampling and poor detection may exist as a
result of precipitation of the protonated DIK at the bottom of the
cell, although increase in the agitation speed and allowable time
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Fig. 6. Dissolution profiles of DIK/Clay in simulated body fluid (phosphate buffer
solution, pH 7.4).

up to 24 h did not appear to change the maximum amount of API
dissolved. A total recovery experiment performed by filtering the
buffer medium and dissolving up in a base would possibly confirm
if greater amounts of DIK are actually present.

Fig. 6 shows the dissolution profile of DIK/Clay in SBF at a 7.4 pH.
Since HT does not dissolve in the neutral pH medium, the inter-
calated DIK anions had to be ion exchanged with the phosphate
ions of the medium in order to diffuse out from the clay interlayer
(Ambrogi et al., 2002). Since this procedure takes time, DIK could
be released slowly. However, the DIK release rate at an early stage
up to 30 min was somewhat faster (dissolution rate: 1.03%/min)
than the release after 30 min. This could provide evidence that DIK
is, not only intercalated in the interlayer space, but is also coating
the outside clay surface. Unlike DIK at the interlayer, the DIK at the
outside layers will be exposed directly to the medium and will be
dissolved immediately.

After 30 min and up to 240 min, the release rate of DIK slowed
down indicating that release from the clay interlayer was dominant
(dissolution rate: 0.15%/min). Based on Fig. 6, a rough approxima-
tion of the concentration of DIK on the clay surface is 30 wt%. After
240 min, the dissolution of DIK/Clay is the slowest. This may be
due to the precipitated DIK/Clay being stacked at the bottom of the
vessel, even at an agitation speed of 50 rpm, and the inner stacked
DIK/Clay was not directly exposed to the medium making diffu-
sion slower. It is shown that DIK/Clay achieved 100% DIK release
after 25 h. This suggests that the dissolution method can be another
method for calculating DIK loading on the clay along with the ele-
mental analysis. Note that Fig. 6 is very similar to Fig. 7, obtained
with different clay and different experimental conditions, in the
article by Ambrogi et al. (2002).

3.1.6. Mechanisms of DIK release from DIK/Clay at different pH

API release rates are usually explained by three controlling
mechanisms, namely diffusion, swelling and erosion (Yang et al.,
2010; Langer and Peppas, 1983). Among others, two simple,
semi-empirical equations, the Korsmeyer-Peppas (power law)
(Korsmeyer et al., 1983) and the equation developed by Peppas and
Sahlin (Siepmann and Peppas, 2001; Peppas and Sahlin, 1989), can
be used to describe the API release behavior from a matrix.

The Korsmeyer-Peppas (power law) equation is:

% = kt" (1)

00
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Fig. 7. R/Dratio values vs. API fraction dissolved for the DIK/Clay system at different
pHof 1.2 and 7.4.

where M; and M, are the absolute cumulative amounts of API
released at time t and infinite time, respectively, “k” is a constant
incorporating structural and geometric characteristics of the sam-
ple, and “n” is the release kinetics exponent. This “n” value is used
in order to differentiate between release mechanisms. The inter-
pretation of “n” value for different diffusion mechanisms is given
in Table 2.

The heuristic equation developed by Peppas and Sahlin (1989)

can be used to estimate the effect of API diffusion and polymer
erosion on the anomalous transport:
Mﬂ; =k t™ + kyt?™ (2)
where “k1”, “kp” and “m” are constants. The first term on the
right hand side represents the Fickian diffusional contribution (D),
whereas the second term represents the polymer relaxation con-
tribution (R). “m” is geometrical factor (in this case m=0.5: disk
or film). Eqs. (1) and (2) are valid only up to 60% dissolution
(M¢/My <0.6) (Costa and Sousa Lobo, 2001). The ratio of relaxation
(R) and diffusion (D) contributions (Peppas and Sahlin, 1989; Bettini
et al., 1994) could be calculated as:
R _ kot™

D~ k]

(3)

Table 3 shows results calculated from Egs. (1) and (2). The exponent
for Eq. (1) indicates that both systems exhibit anomalous transport.

Table 2
Interpretation of diffusional release mechanisms from polymeric films (Costa and
Sousa Lobo, 2001).

Release exponent (n) Drug transport Rate as a function of time
mechanism

0.5 Fickian diffusion t03
(diffusion dominant)

0.5<n<1.0 Anomalous transport [
(non Fickian diffusion)

1.0 Case-II transport? Zero order release
(erosion dominant)

n>1.0 Super Case-II -1
transport®

a Case Il transport (Case Il relaxational release) is the drug transport mechanism
associated with stresses and state-transition in hydrophilic glassy polymers which
swell or erode in water or biological fluids (non-Fickian) (Peppas and Sahlin, 1989;
Hassan and Durning, 1999).

b Super case-II transport is indicating API release due to the combination of API
diffusion and polymer relaxation/dissolution as opposed to simple Fickian diffusion
(Rathbone et al., 2003).

0.7 L DIK/Clay at pH 1.2
y=0.165x
0.6 R2=0.988
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Fig. 8. DIK release from DIK/Clay as a function of time®, (W) DIK/Clay at pH 1.2 and
(@ ) DIK/Clay at pH 7.4.

Since the DIK/Clay dissolved very quickly in SGF within 30 min, it
was anticipated that the erosion mechanism would be dominant.
From the k; and k; values of Table 3 obtained by regression, the R/D
ratio can be calculated (Eq. (3)) and plotted vs. fraction dissolved in
Fig. 7. The results show that for both pH values diffusion dominates
over relaxation. However, the R/D ratios in the pH 7.4 solution are
much lower than the ones in the pH 1.2 solution since the clay did
not dissolve in the pH 7.4 buffer solution but was able to exchange
slowly DIK anions for buffer anions.

Since both DIK/Clay dissolution profiles from pH 1.2 and 7.4
have a stronger diffusion than relaxation component, dissolution
data were fitted to the Fickian model (no erosion) presented earlier
which describes API diffusion from a disc:

M; Dappt
M _y 4
My 27 @

where L is the disk thickness, initially the same for all samples,
Dapp is the apparent diffusion coefficient depending only on the
molecular size of the API and the temperature of release (Bhaskar
et al., 1986; Cypes et al., 2003). Fig. 8 shows dissolution profiles of
DIK from DIK/Clay at different pH fitted to the Fickian model. DIK
release from DIK/Clay at pH 7.4 has a larger R? value than at pH 1.2
since no erosion occurs in this case.

3.2. DIK-functionalized nanoclay/Eudragit® E100 composites

A DIK/Clay hybrid was shown to improve DIK apparent solu-
bility due to the amorphous state of the DIK in the clay interlayer
space. Therefore, it was anticipated that incorporation of the nan-
oclay hybrid may also increase the apparent solubility of the DIK
released from the hybrid/polymer composites.

3.2.1. XRD analysis

Eudragit® E100 is an amorphous polymer showing no crys-
talline peaks in its XRD spectrum (Fig. 9(a)). However, Eudragit®
E100 mixed with 15wt% DIK-Na* shows a major peak at 6.67°
(Fig. 9(b)) and other minor peaks elsewhere. These peaks provide
evidence that DIK-Na* is not dissolved during melt mixing but dis-
persed as crystalline particles. Eudragit® E100 compounded with
DIK/Clay (10 wt%) (Fig. 9(c)) also shows crystalline peaks but these
are not exactly the same as the ones of Eudragit® E100 compounded
with DIK-Na* but more closely correspond to those of the nanoclay
hybrid DIK/Clay (Fig. 9(d)). This suggests that the DIK in the clay
interlayer space did not undergo any changes during the melt mix-
ing process. This is because the first peak in Fig. 9(d) marked with a



J.U. Ha, M. Xanthos / International Journal of Pharmaceutics 414 (2011) 321-331 327

Table 3
Dissolution fitting results of DIK/Clay in media of different pH.

Power law (Eq. (1)),
(M¢[My)=kt"

System

Peppas and Sahlin (Eq. (2)), (M/My,)=kqt%5 + kot

n k1 (min=%3) ko (min~1)

+95% CI +95% ClI +95% CI
DIK/Clay at pH 1.2 0.64 + 0.05 0.11 + 0.02 0.02 + 0.01
DIK/Clay at pH 7.4 0.54 + 0.04 7.78 £ 0.17 0.14 + 0.01

Intensity (a.u.)

0 5 10 15 20 25 30 35 40
26°

Fig. 9. XRD results of (a) Eudragit® E100, (b) Eudragit® E100/15wt% DIK-Na*, (c)
Eudragit® E100-10wt% DIK/Clay, and (d) DIK/Clay (samples prepared in batch
mixer).

star corresponding to the intercalated DIK, does not shift to a higher
20 angle but to aslightly lower 3.83°26 angle in Fig. 9(c). The slightly
increased basal spacing of DIK/Clay in the Eudragit® E100 matrix
after hot melt processing may have resulted from a small amount
of polymer that migrated into the anionic clay interlayer space dur-
ing melt compounding. Similar effects have been observed in other
studies on nanoclay composites (Ha and Xanthos, 2009; Kawasumi
etal., 1997).

3.2.2. SEM and EDX analysis

The fracture surfaces of Eudragit® E100 and its melt mixed com-
pounds were examined by SEM. Eudragit® E100 compounded with
DIK-Na* shows agglomerated crystalline particles (Fig. 10 (top)).
DIK/Clay hybrid particles shown in Fig. 10 (bottom) are significantly
smaller as compared to DIK-Na* particles and are more uniformly
dispersed (average particle size 10 pm vs. 30 wm).

3.2.3. Dissolution test

The data from the dissolution tests in SGF of Eudragit® E100
compounded with DIK-Na*, DIK/Clay and physically mixed with
DIK-Na* are shown in Fig. 11.

The improved apparent solubility of DIK-Na* from Eudragit®
E100/DIK-Na* compounds as compared to DIK-Na* from the
Eudragit® E100/DIK-Na* physical mixture may be attributed to the
less aggregated DIK-Na* particles in the matrix after hot melt mix-
ing and the enhanced wettability due to the polymeric excipient.
The DIK from the physical mixture was separated from the poly-
mer powder and floated as segregated particles when the sample
was immersed into the medium. As a result, the hydrophobic DIK
(at low pH) tended to minimize its contacting surface with the
medium, thereby reducing wettability. The DIK from the Eudragit®
E100-DIK/Clay composite shows roughly 10% increased solubility

Fig. 10. SEM images of fracture surface of (top) Eudragit® E100/4 wt% DIK-Na* and
(bottom) Eudragit® E100-10 wt% DIK/Clay (samples prepared in batch mixer).
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Fig. 11. Dissolution results in SGF (pH 1.2) of: (a) Eudragit® E100-10 wt% DIK/Clay,
(b) Eudragit® E100/4 wt% DIK-Na*, (c) physical mixture of Eudragit® E100 and 4 wt%
DIK-Na* (samples prepared by batch mixer) (Note: Data on DIK/Clay (d) added for
comparison).
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as compared to the DIK from the Eudragit® E100/DIK-Na* com-
pound. This increased apparent solubility may be attributed to the
following:

1. The crystalline DIK-Na* is at least partially present in an amor-
phous state in the anionic clay interlayer space and would
therefore dissolve more efficiently in the medium.

2. The smaller size of the DIK/Clay as compared to the DIK-Na*
agglomerates in the matrix would provide a larger contacting
surface area, thereby affecting rate of dissolution and apparent
solubility.

Along with the increased apparent solubility, it should be noted
that the DIK dissolution results from Eudragit® E100-DIK/Clay
have a relatively lower variability as compared to those from the
Eudragit® E100/DIK-Na* compound due to the smaller and more
uniformly dispersed DIK/Clay particles. However, the apparent sol-
ubility cannot reach 100%, unlike the one in the case of miscible
API-polymer systems (Liu et al., 2009) which confirms again that
fully dissolved amorphous API in the polymer matrix is desirable
in order to achieve the maximum apparent solubility.

The DIK dissolution rates from the Eudragit® E100 compounds
that contain either only DIK or the nanoclay hybrid do not show
significantly differences. This could be evidence that the surfactant
effect of Eudragit® E100 in the earlier stages of the dissolution test
was dominant and it prevailed over the effect of the clay hybrid.
The physical mixture shows a slightly higher dissolution rate at the
early stages. This is because the small size Eudragit® E100 pow-
der (other samples were pressed to thin disks) dissolved faster and
affected immediately the overall mixture dissolution rate.

3.3. Eudragit® S100-plasticizer compounds with DIK/Clay

The quaternary system (polymer/plasticizer/DIK/Clay) for this
particular combination employs a different acrylic polymer and its
intended application is sustained DIK delivery.

3.3.1. Thermal analysis

Fig. 12 contains glass transition temperature values
for FEudragit® S100 plasticized with 20% TEC and the
blends/composites of the plasticized mixture with DIK-Na*
and DIK/Clay. The glass transition temperature of composite (e)
containing plasticizer and DIK/Clay was somewhat higher than
that of Eudragit® S100 containing either only plasticizer (b) or
plasticizer and DIK-Na* (c or d). This increased Ty is a common
phenomenon in clay composites since the dispersed clay restricts

180
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Fig. 12. T, of Eudragit® S100 composites of (a) Eudragit® $100, (b) Eudragit®
$100/20 wt% TEC, (c) Eudragit® S100/20 wt% TEC-4wt% DIK-Na*, (d) Eudragit®
$100/20wt% TEC-15wt% DIK-Na*, and (e) Eudragit® $100/20wt% TEC-10wt%
DIK/Clay (samples prepared in batch mixer).

the mobility of the polymer chains (Uhl et al., 2004). It can also
be argued that during melt processing the DIK, which could also
be acting as a plasticizer, was not released from the interlayer. Ha
and Xanthos (2010) reported that ionic liquids, which could be
functioning as plasticizers, exerted only a small plasticizing effect
on PLA due to the barrier effect of the nanoclay layers.

3.3.2. SEM and EDX analysis

Fig. 13 shows a fracture surface of the Eudragit® S100 composite
containing 20 wt% TEC and 10 wt% DIK/Clay. By rough approxima-
tion based on the SEM images, the DIK/Clay particles are smaller
than 5 wm (Figs. 13 and 14) and the particles are more uniformly
dispersed than in the Eudragit® E100 matrix (Fig. 10 (bottom)).
This suggests that Eudragit® S100 has better compatibility with
DIK/Clay than Eudragit® E100.

EDX mapping (Fig. 14) was carried out in order to identify the
location of DIK/Clay in the matrix and the degree of dispersion of the
hybrid. The shape and location of the DIK/Clay could be identified
by EDX mapping of Mg, Al, and Cl since HT contains magnesium
and aluminum, and DIK contains chlorine. On the EDX images,
dense bright dots indicate higher population of each individual ele-
ment. The population of chlorine matched with magnesium and
aluminum indicates that DIK is still associated with the nanoclay
after mixing.

Fig. 13. SEM image of Eudragit® $S100/20 wt% TEC-10 wt% DIK/Clay fracture surface.
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Fig. 14. Images of Eudragit® S100/20 wt% TEC-10 wt% DIK/Clay by: (a) SEM, (b) EDX Mg mapping, (c) EDX Al mapping, and (d) EDX Cl mapping (samples prepared in batch

mixer).

3.3.3. Dissolution study

In the SGF acidic medium at pH 1.2, the anionic nanoclay was
dissolved shortly after its immersion into the medium and the DIK
in the clay interlayer would, thus, be immediately released. On the
other hand, since HT is not soluble at a pH 7.4 SBF medium, sus-
tained DIK release would be expected. Fig. 15 shows the dissolution
profiles of Eudragit® S100/20 wt% TEC containing 4 wt% DIK-Na*
and 10 wt% DIK/Clay. Eudragit® S100 containing the DIK shows a
relatively slow release profile while the one containing DIK/Clay
shows an even slower DIK release. The different release behavior
between the two compounds can be explained as follows:

1. DIK in the clay interspacing may experience one more step in its
release path, which is diffusion from the clay interlayer space.

2. Nanoclay platelets may act as barriers and slow down the DIK
release process in the polymer matrix and/or its buffer solution.

Note that Eudragit® S100/20wt% TEC containing 10wt%
DIK/Clay achieved almost 100% DIK release, while DIK/Clay in
Eudragit® E100 reached only 70% (Fig. 11). This different appar-
ent solubility is mainly due to the different water solubility of the
DIK in the different pH media.

Dissolution results of Eudragit® S100 compounds were fitted
with Eqgs. (1) and (2) (ordinary least square regression, +95% con-
fidence limits) and results are listed in Table 4. It is to be noted
that Eudragit® S100 compounds containing DIK/Clay have a larger

Table 4
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Fig. 15. API dissolution results in pH 7.4 buffer of: (a) Eudragit® S100, (b) DIK-
Na*, (c) DIK/Clay, (d) Eudragit® S100/20 wt% TEC-4 wt% DIK-Na* and (e) Eudragit®
$100/20 wt% TEC-10 wt% DIK/Clay (samples prepared in batch mixer).

“n” exponent value (Eq. (1)) as compared to the ones that do not
contain clay. This could be an indication that the diffusion ten-
dency of DIK vs. erosion was reduced due to the presence of the
clay in the polymer matrix. Values calculated by Eq. (2) also show

DIK dissolution fitting results (pH 7.4) from Eudragit® S100/TEC matrix as per Eqgs. (1) and (2).

Sample Power law (Eq. (1)) Peppas and Sahlin (Eq. (2)) (M¢/My) =k1t%3 + kot
(M¢/Mo)=kt"
n ki (min—92) ky (min—1)
+95% Cl +95% Cl +95% Cl
Eudragit® S100/20 wt% TEC-4 wt% DIK-Na* 0.75 + 0.02 0.75 + 0.01 0.56 + 0.05
Eudragit® $100/20 wt% TEC-10 wt% DIK/Clay 0.92 + 0.03 0.02 + 0.01 0.57 + 0.04
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interesting results in that the sample containing nanoclay showed
reduced diffusion constant while the erosion constant remains at
a similar value as compared to the sample without the nanoclay.
Therefore, it can be interpreted that DIK release from the polymer
matrix was either obstructed in the presence of nanoclay due to the
barrier property of the latter, or the actual release mechanism was
modified in the presence of the nanoclay.

4. Conclusions

An anionic nanoclay HT was successfully intercalated by DIK at
about 40 wt% loading. DIK/Clay showed increased interlayer spac-
ing and less tendency to agglomeration vs. the unmodified clay. DIK
released from DIK/Clay showed not only increased apparent solu-
bility and dissolution rate than DIK-Na* in SGF but also sustained
DIK release in SBF. Increased solubility and dissolution rate in SGF
might be due to: (a) non ionized form of DIK and rapid dissolution
of HT, (b) the amorphous state of DIK in the clay interlayer space
and (¢) increased wettabililty. Sustained DIK release from DIK/Clay
in SBF can also be an indication of intercalated DIK, whereas fast
release at the initial stages may be due to the presence of DIK
coating on the clay. The Korsmeyer-Peppas (Power law) and the
Peppas and Sahlin equations predicted the DIK dissolution mecha-
nism from the nanoclay. DIK dissolution from the modified clay in
different pH media showed that diffusion was the dominant mech-
anism although its magnitude differed among the two different pH
buffers used. DIK dissolution from the clay showed a good fitting
with Fickian diffusion.

Ternary polymer systems containing DIK modified nanoclay
were compared with binary systems in which DIK was melt mixed
with the polymer directly. Ternary systems showed several advan-
tages. For example, the DIK from Eudragit® E100 melt mixed with
DIK/Clay had higher DIK apparent solubility than from a binary sys-
tem, and less dissolution variation. However, use of this ternary
system could not increase the DIK apparent solubility as much
as DIK-polymer miscible system did. As an example, Eudragit®
E100 containing IND/Clay showed less apparent IND solubility than
Eudragit® E100/IND system (Ha, 2011). Eudragit® S100 compounds
containing plasticizer and DIK/Clay showed slower DIK release than
in the absence of clay in pH 7.4 buffer solution. This slower release
behavior due to the presence of the nanoclay platelets in the poly-
mer matrix would be related to the formation of a more tortuous
DIK diffusion path and/or modification of the release mechanism in
the presence of the nanoclay. It remains to be seen whether a sys-
tem containing fully exfoliated nanoclay and DIK separately mixed
with the polymer would have different dissolution characteristic
than the present system.
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