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Neutral guar gum-montmorillonite and cationic guar gum-montmorillonite nanocomposites loaded with ibu-
profen were prepared, and their ability to control in vitro release of the drug was presented. These materials ex-
hibited a reduced initial burst release effect and sustained release of up to several hours in a pH 7.4 simulated
intestinal fluid. Blank experiments suggested a nanocomposite-mediated action. Improved propertieswere dem-
onstrated for two different clay minerals: SodiumWyoming (SWy-2) montmorillonite from the Source Clay Re-
pository and a Portuguese montmorillonite from the Benavila bentonite deposit. The prepared materials were
based on abundant, low-cost, natural minerals and plant-extracted biopolymers, and were synthesized using a
facile method, thus exhibiting a low environmental impact.
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1. Introduction

Clay minerals are ubiquitous near the Earth’s surface and offer re-
markable potentials in material science (Bergaya and Lagaly, 2013).
Among others, clay-polymer nanocomposites (CPN) are extensively in-
vestigated across disciplines (Bergaya et al., 2013). Currently, there is an
urgent need to seek advanced functional materials with low environ-
mental impact, which generates a strong interest in biopolymers.
Clay-biopolymer nanocomposites are a novel class of versatilematerials
with an expanding range of possible applications involving drug deliv-
ery systems and tissue engineering (Dawson and Oreffo, 2013;
Lambert and Bergaya, 2013; Ruiz-Hitzky et al., 2013; Mansa et al.,
2015). Smectite is the most common clay mineral component of these
materials (Lambert and Bergaya, 2013).

Montmorillonite (Mt) belongs to the smectite group, which com-
prises the 2:1 layer type, swelling clay minerals with relatively low
layer charge (0.3 to 0.6 per half unit cell - O10[OH]2) (Velde and
Meunier, 2008). In particular, Mt is a dioctahedral smectite with
esses (PGP), University of Oslo,
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heterovalent substitutions in octahedral sheets (Mg2+→Al3+) and the
typical chemical formula - (Na,Ca)0.3(Al,Mg)2Si4O10[OH]2·n(H2O).

Medicinal properties of clays have been recognized since ancient
times (Young et al., 2011; Gomes et al., 2013), and up till now, raw
clays and clay minerals have been used in pharmaceutical formulations
as active agents and excipients. Due to their cation exchange capacity
and adsorptive potential, they can interact with drug molecules, facili-
tating their liberation. Sustained release of drugs, controlled by desorp-
tion from clay mineral excipients, was found favorable in the case of
antibiotics, amphetamines and anti-inflammatory drugs (Mcginity and
Lach, 1977; Porubcan et al., 1978; Zheng et al., 2007; Gomes et al.,
2013). Carretero and Pozo (2009) describe advantageous rheological,
colloidal, thixotropic, mechanical and bioadhesive properties of clay
mineral excipients. By making the gastric mucus more viscous and sta-
ble, clay minerals can act as gastrointestinal protectors against aggres-
sive agents, such as pepsin and some anti-inflammatory drugs (More
et al., 1987; Droy-Lefaix and Tateo, 2006). Smectite was demonstrated
to be efficient in alleviating ailments caused by ingestion of non-steroi-
dal anti-inflammatory drugs (Droy-Lefaix and Tateo, 2006).

Guar gum is a galactomannan biopolymer of high molecular weight,
extracted from endosperm of guar plant’s seeds (Mathur, 2011). It is a
copolymer of mannose and galactose, comprised of a linear backbone
of D-mannopyranose units, linked through β(1→4) glycosidic bonds.
D-galactopyranose grafts are side-chained to mannose units at the C-6
position by α(1→6) glycosidic bonds. One derivative of guar gum is
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guar 2-hydroxy-3-(trimethylammonio)propyl ether chloride (cationic
guar gum), modified with a quaternary ammonium cation. Guar gum
and its derivatives aremanufactured at an industrial scale and primarily
serve as highly viscous food hydrocolloids. Cationic guar gumhas exten-
sive use in cosmetics, where it serves as a viscosity, volume and foam
enhancer. Guar gum is used in pharmaceutical formulations and as an
excipient with drug release controlling properties due to its non-toxic-
ity, biodegradability, low cost and useful physicochemical properties
(Mathur, 2011). Moreover, it is reported to be therapeutically active
(Alam et al., 2000; Chaurasia et al., 2006; Gamal-Eldeen et al., 2006;
Butt et al., 2007; Belo et al., 2008; Kuo et al., 2009; Takahashi et al.,
2009). Native and chemically modified guar gum has been proposed
to serve as a cost-effective matrix and a coating in colonic and retarded
delivery of various drugs, as indicated by numerous in vitro and in vivo
studies (Altaf et al., 1998; Prasad et al., 1998; Soppimath et al., 2001;
Krishnaiah et al., 2002a, 2002b; Chourasia and Jain, 2004; Toti and
Aminabhavi, 2004; Sen et al., 2010; Tiwari and Prabaharan, 2010;
Prabaharan, 2011; Tripathy et al., 2013; Singh et al., 2014, Seeli and
Prabaharan, 2016).

Biopolymers become adsorbed and intercalated in the interlayer
space of smectite clay minerals, driven by electrostatic interactions or
by a gain in the system’s entropy (Henao and Mazeau, 2009; Theng,
2012). As a result, clay minerals may undergo delamination leading
eventually to exfoliation giving rise to CPN. In such materials, clay min-
eral layers act as a nanometer-sized phase domain associated with a
polymeric matrix (Theng, 2012; Bergaya and Lagaly, 2013). Such a
unique structure may induce modulated release of the drug due to the
interaction with both the polymer and the clay mineral. The potential
use of the guar gum-Mt nanocomposites in drug delivery applications
was suggested by Mansa and Detellier (2013).

Ibuprofen (IBU) is a non-steroidal, anti-inflammatory drug with an-
algesic and antipyretic properties. However, treatment with (IBU) fre-
quently leads to side effects, due to the reported gastrointestinal
toxicity of this drug (Lichtenstein et al., 1995). IBU contributes to topical
injuries of the gastric mucus, what decreases mucus resistance to acidic
environment, pepsin and some exogenous factors, such as the drug it-
self (Wolfe et al., 1999). Additionally, IBU has an adverse systemic effect
on gastric, mucosal protective agents (Schoen and Vender, 1989). An-
other problematic issue is related to the fast absorption of the drug
(maximum blood concentration levels of IBU are reached within 1-2
h) and its rapid elimination from the plasma (~2 h) (Wilson et al.,
1989).

Due to its short half-life and adverse gastrointestinal side effects,
modified drug delivery systems for IBU are desired. Such systems
should exhibit sustained release of the drug so as to: decrease dosing
frequency, prevent reaching toxic concentration of drug in the body,
hinder unsteady release, and minimize occurrence of side effects
(Wilson et al., 1989; Arida et al., 1999). Several authors report modified
IBU delivery systems, based on polymers (Das et al., 2006; Pang et al.,
2011; Abdeen and Salahuddin, 2013; Seeli et al., 2016), clay minerals
(Zheng et al., 2007); halloysite nanotubes (Tan et al., 2013, 2014;
Yuan et al., 2015); LDH (Rojas et al., 2012), zeolites (Horcajada et al.,
2006), and CPN (Depan et al., 2009; Campbell et al., 2010). However,
to the best of our knowledge, there are no such systems based on guar
gum-Mt nanocomposites, which are attractive due to high adsorptive
potential and cation exchange capacity of the clay mineral component,
as well as intercalation of guar gum. The latter contributes to an in-
crease of montmorillonite interlayer space, potentially contributing
to further intercalation of drug molecules, which can also interact
with guar gum’s functional –OH groups. Mt in particular is advanta-
geous for use in preparing nanocomposites with water-soluble poly-
saccharides due to its hydrophilicity and its dispersibility in water.
Additionally, the use of Mt from a raw bentonite deposit can give
substantial insight into clay mineral-polymer interactions, which
are usually studied using commercial clay products and reference
clay minerals.
2. Materials and Methods

2.1. Materials

Raw Portuguese Mt from the Benavila bentonite deposit (BV3) and
the reference clay mineral, Sodium Wyoming Mt (SWy-2), were used
to prepare the CPN. BV3 was collected from the Benavila bentonite de-
posit located in the central-east part of Portugal, close to Benavila
town, which belongs to Portalegre district (-7.8522 W and 39.1275 N
at the altitude of 158 m.a.s.l.). Typically, about 1kg of BV3 was purified
using a wet sieving procedure. SWy-2 was supplied from the Source
Clay Repository (the Clay Minerals Society, USA). Clay fraction (b2
μm) was achieved from both the BV3 and SWy-2 clays by a sedimenta-
tion procedure according to Stokes Law. The amount of clay fraction for
the BV3 samplewas determined by anX-ray beamparticle size analyzer
(Micromeritics® Sedigraph 5100). Subsequently, to enhance their
swelling properties (Norrish andQuirk, 1954)Mt sampleswere saturat-
ed with Na+ according to a procedure adapted from Carrado et al.
(2006). Clay samples were thenwashedwith distilled water and recov-
ered by centrifugation (10 000 rpm). After washing, dialysis was per-
formed to remove excess salts (using dialysis membranes from
SpectrumLaboratories Inc.,MCWO12,000 – 14,000) until no Cl-was de-
tected by AgNO3 test. The samples were dried at 60°C and ground with
an agate mortar and a pestle. The sodium saturated samples were la-
belled Na+-SWy and Na+-BV3.

Neutral guar gum (NGG) was purchased from Sigma-Aldrich (USA).
It has a total ash content b1% and loss on drying b 13%. Cationic guar
gum (gum guar 2-hydroxy-3-(trimethylammonio)propyl ether chlo-
ride, CGG) with N content ranging from 0.8 – 1.8% was purchased
from Spec-Chem Ind. (China). Both gums were used as received.

Ibuprofen (α-Methyl-4-(isobutyl)phenylacetic acid) sodium salt
≥98% with a molecular formula C13H17O2Na and a molecular weight of
228.3 g/mol, was supplied from Sigma-Aldrich and used as received
(See Fig. 1).

2.2. Methods

2.2.1. Preparation of Ibuprofen-loaded Mt-NGG Nanocomposite
The IBU/SWy-NGG, having NGG : IBU sodium salt: Na+-SWy mass

ratio of 6 : 2 : 1 was prepared using the following procedure: 0.7 g of
Na+-SWy were dispersed in 600 mL of distilled water. Subsequently,
1.4 g of IBU sodium salt were added to the clay mineral dispersion,
followed by the addition of 4.2 g of NGG. The mixture was stirred mag-
netically (1500 rpm) at room temperature for 2weeks. Some part of the
material was removed at that point, dried at 50°C and ground with an
agate mortar (labeled as IBU/SWy-NGG-U). The remaining part was re-
covered by centrifugation at 5000 rpm for 5 min, the supernatant was
discarded, and the sample was dried at 50°C and ground with an agate
mortar, without further washing (labeled as IBU/SWy-NGG). The high
NGG to Na+-SWy ratio was chosen to enhance delamination of the
clay mineral (Mansa and Detellier, 2013).

2.2.2. Preparation of Ibuprofen-loaded CGG-Mt Nanocomposites
The IBU/SWy-CGG and IBU/BV3-CGG nanocomposites, having CGG :

IBU sodium salt: Mt mass ratio of 4 : 2: 1, were prepared using the fol-
lowing procedure. 0.5 g of Na+-SWy or Na+-BV3 were dispersed in 1L
of distilled water prior to addition of 1.0 g of IBU sodium salt. After 30
min, 2.0 g of CGG were added to the dispersions and stirred 3 days at
500 rpm, at room temperature. The unwashed samples, labeled IBU/
SWy-CGG-U and IBU/BV3-CGG-U were then dried at 50°C and ground
with agate mortar. Subsequently, a portion of both materials was
washed with water. Typically, ~1.5 g of the samples were dispersed in
200 mL of distilled water, shaken vigorously in a centrifuge bottle and
centrifuged at 5000 rpm for 5 min. The samples were dried at 50°C
and ground with an agate mortar. The resulting materials are referred
to as IBU/SWy-CGG and IBU/BV3-CGG.



Fig. 1. Structures of: a. NGG, b. CGG, c. IBU sodium salt.
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2.2.3. Preparation of Blank Guar Gum-Mt Nanocomposites
As a reference, similar nanocomposite materials were prepared

without IBU. Na+-SWy NGG nanocomposite (SWy-NGG), with a bio-
polymer to claymineral ratio of 6 : 1, was prepared by a solvent interca-
lation method (distilled water) adapted from Mansa and Detellier
(2013).

Mt-CGG nanocomposites, with a biopolymer to clay mineral ratio of
4 : 1, were prepared by a solvent intercalationmethod using a modified
procedure adapted from Mansa and Detellier (2013). Prior to addition
of CGG, 0.5 g of dry sodium-saturated Mt (Na+-BV3 or Na+-Swy)
were dispersed in 1L of distilled water to allow swelling. Subsequently,
2 g of CGG were added into the clay dispersion and stirred for 3 days at
500 rpm, at room temperature. The materials were dried at 50°C, well-
ground with an agate mortar and labelled SWy-CGG and BV3-CGG
respectively.

2.2.4. Preparation of Ibuprofen Blank Samples
The IBU/SWy blankwas prepared keeping the IBU sodium salt to Mt

ratio of 2 : 1. Typically, 0.25 g of Na+-SWywere dispersed in 0.5 L of dis-
tilled water, prior to addition of 0.5 g of IBU sodium salt. The dispersion
was stirred for 3 days using a magnetic stirrer (500 rpm) at room tem-
perature. Subsequently, the product, labeled as IBU/SWy-U,was dried at
50°C and ground with an agate mortar. Additionally, a similar material
was prepared using the above procedure, where prior to drying, thema-
terial was centrifuged at 10 000 rpm for 5 min. The supernatant was
discarded, and the recovered Mt was dried at 50°C, ground with an
agate mortar and labeled as IBU/SWy.

The IBU/NGG and IBU/CGG blank samples were prepared maintain-
ing the guar gum to IBU sodium saltmass ratio as previous experiments,
3:1 and 2:1, respectively. Typically, 200mg of NGG and 66mgof IBU so-
dium salt were dissolved in 100mL of distilled water. Similarly, 200mg
of CGG and 100 mg of IBU sodium salt were dissolved in 100 mL of dis-
tilled water. Both samples were shaken for 3 days on a platform shaker
(300 rpm) at room temperature. Subsequently, the samples were dried
at 50°C and ground with an agate mortar.

In addition, physical mixtures of IBU/SWy-NGG and IBU/SWy- were
prepared keeping the same mass ratio of the drug, the biopolymer and
the clay mineral as in the corresponding CPN.

2.3. Characterization of the Samples

The mineralogical composition of the Benavila bentonite sample
(fraction b63 μm) was determined using a Philips/Panalytical X’pert-
Pro MPD, with Cu Kα radiation (λ = 1,5405 Å), and a step size of
0,02° 2θ s-1, in the 2θ angle range 4-65°. The randomly oriented powder
mount was prepared by a back-loading method. The identification of
clay minerals was carried out using oriented aggregates. Dispersions
of the clay fraction b2 μm, were deposited on thin glass slides and air
dried. Diffraction patterns were measured with a step size 0,02° in
the 2θ angle range 4-20°. Afterwards, diffractograms of the slides,
saturated with ethylene glycol (24 h), and heated to 500°C, were re-
corded in order to differentiate between particular clay minerals.
Semi-quantification of mineralogical composition was performed
by a method adapted from Martins et al. (2007), and verified using
the results of X-ray fluorescence spectroscopy (XRF) chemical
analysis.

X-ray diffractograms of the synthesized CPN were collected using
Philips PW 3710 diffractometer, with a Cu Kα radiation at 45 kV, 40
mA, and with a step size of 0,02°2θ, in 2-90° 2θ angle range. Randomly
oriented powder samples were prepared by a back-loading method.
Oriented XRD mounts were prepared by pipetting a small amount of
dispersion onto glass slides, which were then air dried.

The chemical composition of the Benavila bentonite (BV3, fractions
b63 μm and b2 μm) was determined by XRF using a Philips Panalytical
PW1404 X-ray fluorescence wavelength dispersive spectrometer for
major, minor and trace elements. Routinely, for the analysis, a pressed
powder pellet was made out of about 12 g of the sample.

Scanning electron microscopy was performed for the Benavila Mt
sample (BV3, fraction b2 μm)using aHitachi SEMS-4100 scanning elec-
tron microscope equipped with Bruker Quantax 400 Energy Dispersive
Spectrometer (EDS) for point chemical analyses, without sample coat-
ing. The SEM images were acquired with a tungsten filament working
at 20 kV and the EDS was performed at 15 kV in order to determine
smectite type in the sample and calculate its estimated chemical formu-
la (as an average result offive pointmeasurements recalculatedwith re-
spect to charge balance).

Cation exchange capacity (CEC) was determined as a sum of ex-
changeable cations after saturation with ammonium cations. Typically,
about 5.0 g of a clay sample, dried at 50°Cwas dispersed in a 1M ammo-
nium acetate solution for 24h and, thus, saturatedwithNH4

+ cations. Af-
terwards, the clay sample was separated by filtration using a glass fiber
filter paper (Macherey-Nagel MN640d). At this point, 100 mL of the fil-
trate was collected and analyzed by inductively coupled plasma mass
spectrometry for quantitative determination of exchangeable cations
using Agilent 7700 X Spectrometer.

Thermogravimetric data (TG, DTG) were recorded using a TGA
Q5000 instrument in a temperature range of ~30°C – 700°C or ~30°C
– 1000 °C and a heating rate of 10°C/min, under nitrogen atmosphere.
Platinum-HT or alumina Al2O3 sample pans were used and the amount
of a sample was ranging from ~2 mg – 15 mg.
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2.4. Determination of Drug Loading

The content of IBU was determined by using a modified method
adapted from Wang et al. (2009) and Ribeiro et al. (2014). Typically,
20 mg of a drug loaded material were placed in a plastic tube, which
was then filled with 50 mL of phosphate buffer (pH 7.4), prepared ac-
cording to U.S. Pharmacopeia (Buffer Solutions). The tube was shaken
for 3 days (300 rpm), at room temperature. Subsequently, the solution
was sonicated using a constant pulse program for 5minutes and filtered
using a qualitative paper filter. The tube was filled again with a known
amount of fresh phosphate buffer in order to rinse it, and this solution
was filtered, too. The experiment was performed in triplicate for each
sample. The concentration of the IBU was measured in the collected fil-
trate using a Genesys10S UV-Vis Spectrometer and a quartz cuvette at
λmax = 222 nm. UV-Vis measurements were carried out in triplicate,
as well. The error was expressed as a standard deviation.

Drug loading (DL) and drug loading efficiency (DLE)were calculated
according to the following equations (Ambrogi et al., 2008):

%DL ¼ mass of drug in the material mg½ �
mass of the material mg½ � � 100%

%DLE ¼ mass of drug loaded¼ DL of the treated sample mg½ �
total mass of drug added ¼ DL of the untreated sample mg½ � � 100%

2.5. In Vitro Release Experiments

In vitro release experiments were performed using a modified mem-
brane dissolution method, adapted from Marchal-Heussler et al. (1990)
and Shen and Burgess (2013). The experiments were carried out, using
simulated intestinal fluid (SIF) - phosphate buffer pH =7.4, as a release
medium. The buffer was prepared according to U.S. Pharmacopeia by
mixing 250mL of 0.2M KH2PO4, 195.5 mL of 0.2 MNaOH and adding dis-
tilled water to equal a volume of 1L. Cellulose dialysis membranes, with
MCWO 12,000 – 14,000, were supplied from Spectrum Laboratories Inc.
Prior to release experiments, the membranes were immersed in distilled
water for 2h to remove any preservatives, rinsed thoroughly with water
and immersed in the SIF to equilibrate for 1h. Subsequently, the dialysis
bag was filled with 6mL of the releasemedium. Afterwards, the carefully
weighed amount of a powdered material, that contained approximately
20mg of IBU, was placed inside themembrane. The bag, sealedwith plas-
tic clips, was shaken and immediately immersed in the 300mL of the re-
lease medium, which was pre-heated to 37°C in order to simulate body
temperature. The experiments were performed using a magnetic stirrer
(100 rpm), during a 6h-interval. The aliquots of 9 mL (3 x 3 mL) were
withdrawnatfixed time interval and replacedwith 9mL of a fresh release
medium each time. The concentration of IBU was measured by UV-Vis
Spectroscopy in triplicates, using a Genesys10S UV-Vis single beam spec-
trometer at λ= 222 nm, using pH 7.4 phosphate buffer as a solvent.

3. Results and Discussion

3.1. Mineralogical and Chemical Composition of the Benavila Mt (BV3)

The Benavila bentonite, sampled in the Hercynian Massif, is a resid-
ual rock that originated from the weathering of Benavila granodiorites.
Table 1
Mineralogical composition of theBV3 sample (fraction b63 μm)determined byX-ray diffraction
sample (fractions b63μm and b2 μm). The results are in wt.%., *Cr content is given in ppm. (LO

XRD % b63 μm smectite calcite chlorite K-feldspars anatase

74 21 3 1 1

XRF % SiO2 Al2O3 CaO Fe2O3 MgO
b63 μm 45,4 14,1 9,1 9,0 5,1
b2 μm 52,0 15,5 2,4 10,4 5,5
This alteration product can be dated as a paleogenic deposit (Rebelo et
al., 2010) and comprises Fe-rich smectite along with typical associated
minerals. The grain size distribution of Benavila bentonite bulk sample,
estimated from the wet sieving procedure and sedigraph analysis, indi-
cated that the clay fraction (b2 μm) constitutes approximately 30% of
the raw sample. XRD analysis revealed the BV3 sample (b63 μm) to be
mainly composed of smectite (76%) and calcite (21%) as a main associ-
ated mineral phase (Table 1). The purified BV3 sample (b2 μm) was
enriched in smectite (N90%) as indicated by XRD semi-quantification.
The XRF chemical composition of the BV3 sample (b63 μm), regarding
the major elements, is in a good agreement with their mineralogical
composition. High abundance of Si and Al (SiO2 ~50%, Al2O3 ~15%) is
linkedwith themainmineral phases: Si-rich phyllosilicates and primary
silicates. Presence of Fe inmajor amounts (Fe2O3 ~10%)may be attribut-
ed to Fe-rich smectite and amorphous or poorly crystalline Fe-(hy-
dr)oxides, undetectable by XRD. The dominant source of Ca is calcite,
which is well reflected by substantial loss on ignition, mainly caused
by water loss and very likely carbonate decomposition. XRF analysis of
the clay fraction (b2 μm) indicated that the BV3 sample was enriched
in Si, Al, Fe and Mg and depleted in Ca as compared to the silt-clay frac-
tion (b63 μm), and confirmed that smectite content was increased. Ad-
ditionally, ~7% CaO depletion indicated a partial removal of calcite
impurity. Among theminor elements, relatively high content of chromi-
um may be linked with the sample residual origin (alteration of mag-
matic rocks – granodiorites, containing Cr-bearing minerals) (Oze et
al., 2007). According to U.S Pharmacopeial Convention (2012), Cr is
not considered dangerous in pharmaceutical formulations. Additionally,
the bioaccessible fraction of potentially harmful elements, such as Cr,
that reaches the human or animal systemic circulation is usually much
lower than their total concentration in the clay (Stewart et al., 2003;
Van de Wiele et al., 2007; Roussel et al., 2010; Wragg et al., 2011).

The smectite type in the sample was determined by XRD and SEM-
EDS analyses. Dioctahedral and trioctahedral smectites can be distin-
guished on the basis of smectite (060) XRD reflection’s position
(Brindley and Brown, 1980). The smectite type present in BV3 sample
is a dioctahedral one (the (060) reflection was measured at 1.505 Å).
The average chemical formula of the BV3 is Mg0.08Ca0.08Na0.04K0.03

(Al1.18Fe0.44Mg0.38)O10(Si3.99Al0.01)(OH)2·nH2O, as recalculated from
the SEM-EDS results, and it corresponds to Mt.

XRD patterns of the commercial Wyoming Mt from the Source Clay
Repository (SWy-2) and PortugueseMt (BV3) after purification and sat-
uration with Na+ are presented in Fig. 2. Quartz (~10%) is present as an
impurity in the Na+-SWy sample. In the case of Na+-BV3, there is a
trace amount of calcite. Effective CEC, calculated as a sum of exchange-
able cations, is equal to 61 cmol(+)/kg for the Na+-SWy and 111
cmol(+)/kg for the Na+-BV3.

3.2. Drug Loading and Structure of Nanocomposites

3.2.1. IBU/SWy Blank Samples
Interaction of IBU with Mt was studied using XRD and TGA (Figs. 3,

4). The XRD pattern of the untreated blank IBU/SWy-U indicated a sig-
nificant enhancement of the d-value from 12.5 Å to 15.0 Å, suggesting
intercalation of IBU into the clay mineral interlayer. IBU-intercalated
Mt complexes were also obtained by Zheng et al. (2007), where the
clay mineral d-value varied from 13.2 Å to 15.7 Å, depending on the
(XRD) andX-rayfluorescence (XRF) chemical analysis ofmajor elements and Cr in theBV3
I – loss on ignition).

dolomite quartz plagioclases hornblende Fe(hydr)oxides

b1 b1 b1 b1 b1

TiO2 K2O P2O5 Na2O other LOI Cr*
0,7 0,4 0,1 0,1 0,2 15,8 480 ppm
0,3 0,2 0,1 0,1 0,1 13,3 460 ppm



Fig. 2. X-ray diffraction (XRD) powder patterns for the purified (a) Na+-BV3; (b) Na+-
SWy samples; clay fraction b2 μm.

Fig. 3. X-ray diffraction (XRD) patterns (oriented aggregates) of (a) IBU/SWy; (b) IBU/
SWy-U; (c) Na+-SWy.
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initial drug concentration. The intense reflection at 24 Å is due to exter-
nal IBU that crystallized on the clay mineral surface. After centrifuga-
tion, the (001) reflection of IBU/SWy was reduced to 12.6 Å, which
corresponds to the starting clay mineral. This indicates that the IBU
that was adsorbed in the interlayer was easily replaced by water mole-
cules. A lack of the IBU-typical reflection at 24 Å is attributed to removal
of amajor part of the externally adsorbed drug. Upon centrifugation, the
amount of IBU was reduced from the initial 68% to 11%, showing DLE of
16% (Table 2). TGA revealed that the pyrolysis of IBU is altered upon in-
teraction with Na+-SWy. Whereas IBU was pyrolysed between 300°C
and 500°C, indicated by the single DTG peak centered at 458°C, the
DTG trace of IBU/SWy-U indicated the presence of two major peaks
with maxima at 386°C and 492°C, and a shoulder at 540°C. The higher
thermal stability of IBU may be attributed to its intercalation (Zheng
et al., 2007). An increase in thermal stability of organic component has
been reported in previous works on CPN, owing to dispersed clay layers
and enhanced char formation, both acting as barriers against out-diffu-
sion of volatile degradation products (Park et al., 2002; Leszczyńska et
al., 2007; Mansa et al., 2015). As such, the DTG peaks at 386°C (IBU/
SWy-U) and at 320°C (IBU/SWy) plausibly correspond to the externally
absorbed part of IBU. In the case of IBU/SWy physical mixture, a vast
majority of IBU was pyrolysed at temperatures typical for the drug.
The altered thermal stability of IBU may be additionally influenced by
changes in the drug crystallinity upon its dissolution and drying
Table 2
Drug loading (DL) and drug loading efficiency (DLE) (wt.%) for the prepared samples. DLE
of the untreated samples (U - not washed nor centrifuged) is considered as 100 wt.% de-
termined by UV-Vis spectroscopy.

Drug Loading (wt.%) Drug Loading Efficiency (wt.%)

IBU/SWy-NGG-U 24.0 ± 0.7 -
IBU/SWy-NGG 16.5 ± 0.4 68.7
IBU/SWy-CGG -U 30.5 ± 1.1 -
IBU/SWy-CGG 15.5 ± 0.6 50.6
IBU/BV3-CGG-U 29.0 ± 0.5 -
IBU/BV3-CGG 9.6 ± 0.4 33.3
IBU/SWy-U 67.6 ± 2.2 -
IBU/SWy 11.0 ± 0.8 16.3
IBU/NGG 22.4 ± 2.5 -
IBU/CGG 29.7 ± 1.1 -
(Dubernet et al., 1990). Due to low IBU loading for the IBU/SWy sample
(11%), a dehydroxylation step of Mt is detectable (a broad DTG peak
centered at 665°C).

3.2.2. IBU/NGG and IBU/CGG Blank Samples
TG and DTG traces of IBU/NGG and IBU/CGG blank samples, com-

pared to starting NGG, CGG, and IBU, showed an altered behavior of
Fig. 4. Differential thermal gravimetric (DTG) traces of (a) IBU; (b) IBU/SWy-U; (c) IBU/
SWy; (d) IBU/SWy physical mixture with IBU to SWy ratio 3 : 1.



Fig. 6. Thermal gravimetric (TG) traces of (a) IBU; (b) IBU/CGG; (c) CGG; (d) IBU/NGG; (e)

57J. Dziadkowiec et al. / Applied Clay Science 135 (2017) 52–63
both IBU and guar gum upon pyrolysis (Figs. 5, 6). Starting NGG was
pyrolysed in a single step with the DTG peak centered at 304°C. In the
instance of the IBU/NGG blank sample, there were three major mass
loss steps (with DTG maxima at 242°C, 270°C and 587°C), apart from
the water loss at around 50°C. The absence of a major feature around
450°C, typical for IBU, suggests that the drugmay be pyrolysed together
with NGG (around 250°C) thus lowering the biopolymer decomposition
temperature. Similarly, in the DTG trace of IBU/CGG, the DTG peak that
is typical for CGG pyrolysis (centered at 286°C) was shifted to lower
temperature (centered at 269°C) and no significant peak typical for
IBU pyrolysis was observed. An additional broad peak appeared at
around 630°C. These high-temperature DTG features may correspond
to thermal events arising from reactions between lower-temperature
decomposition byproducts (Leszczyńska et al., 2007). Altered thermal
stability of various polymers upon interaction with IBU was reported
before and depended on the drug’s content and changes in its physical
state (Dubernet et al., 1991; Grochowicz and Kierys, 2015). IBU may
form different crystal polymorphs upon interaction with polymers and
porous solids, and can be present in an amorphous form or as a molec-
ular dispersion within a polymeric matrix (Dubernet et al., 1990;
Saravanan et al., 2003; Azais et al., 2006).

3.2.3. IBU/SWy-NGG and SWy-NGG nanocomposites
Upon interaction with NGG, the d-value of Na+-SWy was enhanced

from the initial 12.5 Å to 30 Å and 24 Å for the unwashed and washed
SWy-NGG blank samples, respectively (Figs. 3c, 7). Such an increase
clearly indicates that NGG is present in the clay mineral’s interlayer
and that CPN with intercalated structures were obtained. The (001) re-
flection for the unwashed SWy-NGG-U blank nanocomposite is broad
and diffuse, suggesting a partial exfoliation of the clay mineral (Theng,
2012; Bergaya and Lagaly, 2013). The XRD of the washed blank SWy-
NGG nanocomposite indicates interlayer spacing of 24 Å. This suggests
that upon centrifugation and the simultaneous reduction of the polymer
Fig. 5.Differential thermal gravimetric (DTG) traces of (a) IBU; (b) IBU/CGG; (c) CGG; (d)
IBU/NGG; (e) NGG.

NGG. The percentage indicates the remaining sample mass (wt.%) at 700°C.
content, clay layers tend to reassemble (Greenland, 1963; Lagaly, 1986).
Due to strong interactions between polymer chains and the clayminer-
al, the latter may partially realign and thus produce intercalated, rather
than exfoliated structures. These interactions may involve hydrogen
bonding (between –OH groups in the NGG structure and siloxane sur-
face) and ion-dipole interactions (between hydrophilic NGG and the re-
maining interlayer cations through a water bridge) (Theng, 2012).

The XRD pattern of IBU/SWy-NGG-U revealed reflections corre-
sponding to IBU (themost intense at 24 Å) and a lack of a distinctmont-
morillonite’s (001) plane reflection and presence of a broad reflection
instead, below the IBU peak at 24 Å (Fig. 7b). The presence of the clay
mineral was evidenced by the reflection typical of phyllosilicates at
4.49 Å, which was more pronounced in the XRD pattern of IBU/SWy-
NGG. The increasing background, starting from ~13° 2θ is due to an
amorphous NGG component. The interlayer space of the centrifuged
IBU/SWy-NGG sample is not well defined: the (001) plane reflection
is very broad and present at low 2θ angle values. The estimated d001

value of 34 Å indicates that NGG was introduced into the interlayer
space of Na+-SWy and that a CPNwith the mixed intercalated-exfoliat-
ed structure was obtained (Theng, 2012). Additionally, this high inter-
layer space may suggest that some part of IBU was intercalated
together with NGG. The lack of reflections typical for crystalline IBU in-
dicates that the excess of this salt was removed upon centrifugation and
the drug molecules were homogenously dispersed within the polymer
matrix (Dubernet et al., 1990, 1991). Interestingly, IBU content was re-
duced only by 7% when compared to IBU/SWy-NGG-U, and this sample
exhibits the highest DLE of 70% (Table 2).

DTG and TG traces of the washed IBU/SWy-NGG and unwashed IBU/
SWy-NGG-U samples are shown in Figs. 8 and 9, respectively. In case of
the latter, apart from the DTG peakwith amaximum at 290°C, there is a
shoulder centered at 322°C and a series of three minor peaks with



Fig. 7. X-ray diffraction (XRD) patterns (powder mounts) of (a) IBU/SWy-NGG; (b) IBU/
SWy-NGG-U; (c) IBU; (d) SWy-NGG; (e) SWy-NGG-U. Intensity scale is unchanged in a,
b, d and e subplots.

Fig. 9. Thermal gravimetric (TG) traces of (a) IBU/SWy-NGG; (b) IBU/SWy-NGG-U. The
percentage indicates the remaining sample mass (wt.%) at 700°C.
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maxima at 464°C, 543°C and 640°C. Whereas the peak at 464°C corre-
sponds to crystallized IBU, the other features suggest that the drug
was dispersed within the polymer matrix, where it interacts with NGG
and Mt in varied environments, which affects thermal stabilities of or-
ganic nanocomposite constituents (Dubernet et al., 1990; Saravanan et
al., 2003). The lack of peaks at 543°C and 640°C for the washed IBU/
SWy-NGG suggests that they were due to thermal events related to ex-
cess IBU and NGG, which were then removed upon centrifugation. This
is in accordance with the DTG trace of IBU/NGG, showing a peak cen-
tered at 587°C (Fig. 5d).
Fig. 8. Differential thermal gravimetric (DTG) traces of (a) IBU/SWy-NGG; (b) IBU/SWy-
NGG-U.
3.2.4. SWy-CGG and BV3-CGG Ibuprofen-loaded Nanocomposites
Another set of IBU-loaded materials was prepared with CGG and

Na+-SWy or Na+-BV3 Mt samples. The choice of CGG was motivated
by the fact that its possible interaction with IBU will be enhanced com-
pared to that of NGG: The anionic form of IBU can interact electrostati-
cally with CGG.

XRD patterns (Fig. 10b,e) indicated enhancements of d-values of
both IBU/SWy-CGG-U (from 12.5 Å to 14.3 Å) and IBU/BV3-CGG-U
(from 12.2 Å to 14.3 Å), comparing to the starting Na+-SWy and Na+-
BV3, respectively (Fig. 2a,b). This increase indicates that CPNwith inter-
calated structures were obtained. In spite of IBU presence, IBU/SWy-
CGG-U exhibited a very similar d-value to blank SWy-CGG (14.5 Å and
Fig. 10. X-ray diffraction (XRD) patterns (oriented mounts) of (a) IBU/BV3-CGG; (b) IBU/
BV3-CGG-U; (c) BV3-CGG; (d) IBU/SWy-CGG; (e) IBU/SWy-CGG-U; (f) SWy-CGG.



Fig. 12. Thermal gravimetric (TG) traces of (a) IBU/BV3-CGG; (b) IBU/BV3-CGG-U; (c)
BV3-CGG; (d) IBU/SWy-CGG; (e) IBU/SWy-CGG-U; (f) SWy-CGG. The percentage
indicates the remaining sample mass (wt.%) at 700°C.
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14.3 Å, respectively), suggesting that only CGG underwent intercalation
between the Mt layers. After washing treatment, the IBU/SWy-CGG
sample retained an interlayer space value of 14.7 Å, showing that the
CGG in not easily removed by washing with distilled water. The reflec-
tions at 8.0 Å, present for both IBU-loaded samples, correspond to crys-
talline IBU. However, the powder XRD of IBU/SWy-CGG (not shown)
revealed that the amount of crystalline IBU has been significantly re-
duced in comparisonwith the unwashed IBU/SWy-CGG-U. A similar en-
hancement of BV3 interlayer space value was revealed for the
unwashed IBU/BV3-CGG-U, the washed IBU/BV3-CGG and the blank
BV3-CGG (14.3 Å). That indicates stability of the CPN prepared with
the Portuguese clay upon washing with water and centrifuging. The
minor presence of crystalline IBU is revealed by the reflections at 8.0
Å. Repeatability of the obtained d-value for both Mt samples in the
CGG-nanocomposites results from a strong electrostatic interaction be-
tween the cationic biopolymer and the negatively charged clay surface,
which may affect the ordering of clay layers in the polymeric matrix
(Mansa and Detellier, 2013). As such, IBU was most likely dispersed in
a polymeric matrix, interacting with both clay mineral layers and poly-
meric chains.

DTG and TG traces showed a major decomposition feature centered
at approximately 280°C for all the samples (Figs. 11, 12). According to
the SWy-CGG trace, this peak corresponds to the decomposition of
CGG. However, as discussed earlier (IBU/CGG), a certain part of IBU
may be also pyrolysed in this temperature range. In the case of IBU/
SWy-CGG-U, the relatively small DTG peak with a maximum at 458°C
may be attributed to the decomposition of crystalline IBU. The DTG
trace of IBU/BV3-CGG-U resembles the trace of the CPN prepared with
the reference clay Na+-SWy. The feature centered at 462°C can be asso-
ciated with pyrolysis of crystalline IBU, in accordance with the pure IBU
DTG trace. The presence of a broad peak with maximum at 597°C (IBU/
BV3-CGG-U) again suggests a complex interaction of IBU and CGG on
heating.
Fig. 11. Differential thermal gravimetric (DTG) traces of (a) IBU/BV3-CGG; (b) IBU/BV3-
CGG-U; (c) BV3-CGG; (d) IBU/SWy-CGG; (e) IBU/SWy-CGG-U; (f) SWy-CGG.
3.3. Ibuprofen Release Experiments

3.3.1. Ibuprofen Blank Release Profiles
Initially, behavior of pure IBU blank during release was examined in

a pH 7.4 phosphate buffer (Fig. 13a). IBU has a pKa value of 4.91 and low
solubility in an acidic medium. On the other hand, the drug is released
rapidly at higher pH, reaching 80% cumulative release in the pH 7.4
phosphate buffer within the first 2h. After this time, the concentration
of the drug, within the dialysis bag and outside it, became equilibrated.

Release of IBU from the blank Mt samples (IBU/SWy-U and centri-
fuged IBU/SWy) was studied in a phosphate buffer solution at pH 7.4.
The unwashed IBU/SWy-U sample exhibited a very similar drug release
pattern as the blank IBU. Despite the fact that some part of IBU was in-
tercalated within the montmorillonite layers, the high drug loading of
this sample (68%) hinders any potential effect on sustained release of
the drug that could result from its interaction with the clay mineral. In
the instance of the centrifuged sample (IBU/SWy), there was a strong
decrease in the drug’s release rate. Approximately 20% of IBU was re-
leased within the first hour, followed by a very slow desorption of the
drug from the sample. This indicates that Na+-SWy can strongly inter-
act with IBU, and this effect is enhanced when a drug loading is low
(11%). Since IBU exists prevalently in anionic form at pH 7.4, one possi-
ble mechanism of this interaction may be hydrogen bonding between
COO- groups of IBU and –OH groups on montmorillonite’s surface (Xu
et al., 2006; Zheng et al., 2007). A decreased release rate of the drug
from similar complexes have been reported before, where depending
on a drug’s loading, approximately 40% of IBU was released over 10
hours (Zheng et al., 2007). However, a crucial disadvantage of such sys-
temsmay be that there is too strong of an interaction between drug and
clay mineral, which can prevent the therapeutic levels of drug in the
plasma from being reached (Carretero et al., 2006). In case of IBU/NGG



Fig. 13. Cumulative release profiles of IBU-loaded samples in a pH 7.4 phosphate buffer.

60
J.D

ziadkow
iec

etal./A
pplied

Clay
Science

135
(2017)

52–63



Table 3
Kinetic release parameters fit using the simplified Higuchi model.

Sample Model

Higuchi Release

Equation Qt = KH t-1/2 R2 KH

IBU/SWy-NGG Qt = 36.71 t-1/2 -3.963 0.975 36.71
IBU/SWy-CGG Qt = 30.62 t-1/2 -2.654 0.969 30.62
IBU/BV3-CGG Qt = 32.76 t-1/2 + 0.114 0.980 32.76
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and IBU/CGG blanks there was no improvement on IBU release kinetics,
despite possible interaction with the drug (Depan et al., 2009). IBU was
released quickly within the first 2h. The very rapid swelling of samples
in a powdered formwasnot controlled in anyway. As such, thedrug can
quickly diffuse through the swollen polymer matrix into the release
media (Prasad et al., 1998; Das et al., 2006).

3.3.2. IBU/SWy-NGG Release Profiles
The release patterns of the unwashed IBU/SWy-NGG-U and the cen-

trifuged IBU/SWy-NGG samples with DL of 24% and 17%, respectively,
(Fig. 13b) showed the improved in vitro release properties. The release
profiles were additionally compared to a physical mixture of NGG,
IBU, and Na+-SWy, prepared in the same ratio as the IBU/SWy-NGG-U
sample (6 : 2 : 1). The plots indicate that therewas a slight sustained re-
lease-effect observed even for the untreated sample in comparisonwith
the behavior of the physicalmixture. The effect was further enhanced in
IBU/SWy-NGG sample. This indicates that the sustained release effect
was nanocomposite-induced. Most probably, the improved release
characteristics of these systems are due to a homogenous dispersion
of IBU in the nanocomposite matrix and its increased interaction with
NGG and delaminated montmorillonite. IBU can interact with NGG via
hydrogen bonding between oxygen atoms in IBU carbonyl groups and
plenty of –OH in the biopolymer structure. Additionally, because of
the interactionwith clay layers and the presence of NGG in the interlay-
er space of the claymineral, the extent of biopolymer’s swellingmay be
reduced, and this can also control IBU release (Saravanan et al., 2003;
Viseras et al., 2008). Clay-mediated reduced swelling has been proposed
as the dominant mechanism that sustains drug release in several sys-
tems (Liu et al., 2008; Depan et al., 2009;Wang et al., 2009). These inter-
actions possibly prevent IBU from fast diffusion, which was observed in
the case of IBU/NGG blank. The removal of excess crystalline IBU in the
case of the centrifuged CPN, and the possible presence of IBU in an
amorphous form, as suggested by XRD and TGA, may further contribute
to the reduction of IBU release rate. Additionally, this sample exhibits
the highest drug loading efficiency (70%).

3.3.3. IBU/SWy-CGG and IBU/BV3-CGG Release Profiles
On the basis of a possible electrostatic interaction of ionized IBU and

a positively charged biopolymer, a set of IBU-loaded nanocomposites
prepared with CGG and two Mt samples were examined. The IBU re-
lease profiles of the unwashed IBU/SWy-CGG-U washed IBU/SWy-
CGG samples (Fig. 13c, d) are shown in comparisonwith a physicalmix-
ture of CGG, IBU and Na+-SWy (4 : 2 : 1 ratio, respectively). A reduced
release rate of IBUwas observed even for the unwashed sample, as com-
pared to the release pattern of the physicalmixture. Again, upon remov-
al ofmajor amount of crystalline IBU, the releasewasmore sustained for
IBU/SWy-CGG, with a significantly reduced initial burst release effect.
After 90minutes, 36% less IBUwas released from this sample in compar-
ison to the IBU blank. Such a steady release of IBU is desirable in modi-
fied drug delivery systems (Viseras et al., 2008). In a first place,
homogenous dispersion of IBU in the material and reduced swelling of
CGGdue to a better defined intercalated structure of the nanocomposite
(than for IBU/SWy-NGG) may contribute to further improvements of
release parameters. Intercalated structure, with CGG monolayer in the
interlayer space, is likely to undergo less swelling in aqueous media
than partially exfoliated structure as in case of IBU/SWy-NGG. Such
structure, additionally with relatively higher content of smectite than
IBU/SWy-NGG, may also contribute to longer diffusion path length of
thedrug towards thedissolutionmedium, aswell as diffusion of theme-
dium inside the CPN itself, providing a specific tortuous path. This can
reduce initial burst release effect of the drug. Depan et al. (2009) attrib-
uted initial reduced ibuprofen release rate directly to incorporation of
clay mineral and resulting intercalated structure in chitosan-g-lactic/
montmorillonite films. Moreover, the electrostatic interaction between
COO- groups of IBU and positively charged aminopropyl functional
groups of CGG may play an additional role in a further reduction of
the drug release rate, which wasn’t observed in case of the IBU/CGG
blank due to its rapid swelling and dissolution. Reduced swelling of
polymeric matrix, achieved by various strategies, yielded several im-
proved ibuprofen delivery systems (Saravanan et al., 2003; Das et al.,
2006; Seeli et al., 2016; Seeli and Prabaharan, 2016).

Because of themost pronounced sustained release-properties for the
CPN prepared with CGG, similar materials were synthesized using the
Portuguese Mt, BV3. The release profiles of the unwashed IBU/BV3-
CGG-U and washed IBU/BV3-CGG samples are presented in Fig. 13c, d.
Release rate of IBU was also noticeably reduced, when CGG-nanocom-
posites were prepared with the Portuguese Mt. The initial burst effect
was also significantly minimized for the washed sample, IBU/BV3-
CGG. This further indicates that nanocomposites prepared with CGG
and having a well-defined intercalated structure exhibit a better
performance.

The additional advantage of the prepared CPN in comparison with
other proposed IBU delivery systems is their very facile and environ-
mentally friendly method of preparation by solvent intercalation in dis-
tilled water, based on highly abundant, low-cost, non-toxic and
biodegradable (guar gum) resources.

3.3.4. Release Kinetics
The drug release data were fitted to three kinetic models: zero-

order, first-order and Higuchi release model, to assess the mechanism
of drug release from the CPN. The best fit was obtained for the Higuchi
release model: the IBU release rate was proportional to the square
root of time (Table 3). Generally, the simplified Higuchi model is appli-
cable when a drug is released from semi-solid and solid matrices and
the release is diffusion controlled and is given by the following expres-
sion: ft = KH

ffiffi

t
p

, where ft is the amount of the drug dissolved, KH is the
Higuchi dissolution constant and t is release time (Higuchi, 1963;
Costa et al., 2001; Saravanan et al., 2003). In the case of the CPN, this
would indicate that IBU release depends on its diffusion through the
swollen polymer matrix, and upon progression in diffusion, the release
rate decreases. In accordancewith the previous observations, the lowest
KH constantwas obtained for IBU-CGG-SWy,which corresponded to the
lowest release rate of IBU among the prepared CPN. Release kinetics is
strongly dependent on the drug carrier form.Mineral-based IBU release
systems in a formof pellets (Campbell et al., 2010) or films (Depan et al.,
2009) exhibited extended drug release properties over 10 h and more,
thus changing a dosage form from ground powder in case of the pre-
pared CPN can potentially effectuate a further improvement of the IBU
release parameters.

4. Conclusions

Treatmentwith ibuprofenmay lead to gastric irritation, and the drug
itself has a short biological half-life. Consequently, materials which ex-
hibit sustained release of ibuprofen are desired. In this work, the perfor-
mance of ibuprofen-loaded guar gum-montmorillonite nanocomposites
was assessed in vitro, using a membrane diffusion method as a dissolu-
tion testing strategy. XRD revealed the intercalated structure of the pre-
pared CPN, with delamination and partial exfoliation. Both neutral guar
gum and cationic guar gum were present in the clay mineral spacing,
giving rise to ordered structures, particularly in the case of the latter.
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Ibuprofen may undergo intercalation into the clay mineral’s interlayer
space. However, it was not directly evidenced in the interlayer of mont-
morillonite in the nanocomposite samples. TGA and DTG traces of the
CPN indicated altered thermal behavior of ibuprofen upon pyrolysis,
suggesting its dispersion in the polymeric matrix, changes in crystallin-
ity, and interaction with both polymer and clay minerals. NMR con-
firmed the presence of the biopolymers and ibuprofen in the prepared
CPNwith no evidence of loss in their structural integrity. The release ex-
periments performed in pH 7.4 phosphate buffer indicated that both the
neutral guar gum-montmorillonite and cationic guar gum-montmoril-
lonite ibuprofen-loaded nanocomposites exhibited an ability to control
the release of the drug. The blank release experiments suggested a
nanocomposite-mediated action. Improved properties were demon-
strated for both SWy-2montmorillonite from the Source Clay Reposito-
ry and natural Portuguesemontmorillonite from the Benavila bentonite
deposit. In particular, the IBU-CGG-SWy and IBU-CGG-BV3 samples
showed the reduction of the initial burst release of ibuprofen and a
sustained release of up to 6 hours. The best release parameters of
these samples are most likely due to reduced swelling, induced by
well-ordered, intercalated structure of the CPN. As the materials were
tested in a ground powder form, the sustained release action can be fur-
ther improved by changing the dosage form, e.g. into compressed tab-
lets or cross-linked beads. Future work should involve studying the
release as a function of pH and different ratios of clay mineral to the
drug and the biopolymers.
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