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The aim of this study was to outline a novel way of understanding the controlled drug release from drug-clay-
polymer matrices using isothermal calorimetry (ITC) as a complementary technique to dissolution studies. ITC
results showed that the binding phenomenon between the model drug propranolol hydrochloride (PPN) and
magnesium aluminium silicate (MAS) in the presence of xanthan gum (XG was spontaneous and enthalpically
driven (negative enthalpy (AH) and small entropy (-TAS)). This may be due to the competition for PPN due to
the anionic nature of XG. Dissolution results showed that when using the MAS-PPN complexes, 10% w/w XG

polymer level was enough to significantly reduce the burst release. When used together, ITC and dissolution
studies may help a formulator understand and identify interactions which occur during dissolution studies and
may be beneficial to the controlled drug delivery system.

1. Introduction

Minerals have physicochemical properties such as chemical inert-
ness, high adsorption capacity and specific area, swelling, water sol-
ubility and dispersivity, plasticity, acid-absorbing capacity, as well as
colour, opacity and low or no toxicity in patients, which makes them
suitable for medical and pharmacological applications (Carretero, 2002;
Carretero & Pozo, 2009). In the formulation of pharmaceutical dosage
forms, minerals can be used as excipients, carriers of active ingredients
to achieve modified release, as binders, fillers, disintegrants, lubricants,
thickening agents, anticaking agents, flavouring correctors and emulsi-
fying agents. The use of minerals as drug carriers in the formulation of
pharmaceutical dosage forms has gained more interest in the develop-
ment of controlled drug release systems. Minerals are able to adsorb or
reversibly fixate polar compounds onto their structure and form com-
plex dispersions and particles, which can, in turn, modify the release of
drugs upon administration (Carretero & Pozo, 2009). Modified drug re-
lease is particularly desirable for drugs used to treat chronic conditions
that have a short half-life and require frequent administration to main-
tain adequate drug plasma levels (Rojtanatanya & Pongjanyakul, 2010).

The most widely used smectite clays used within the pharma-
ceutical industry are montmorillonite, saponite and hectorite, often
used as excipients within drug formulation. These share structural
similarities but have unique chemical compositions. Magnesium alu-
minium silicate (MAS) is a mixture of natural smectite montmoril-
lonite and saponite clays, having a layered silicate structure, formed of
one alumina or magnesia octahedral sheet, sandwiched between two
tetrahedral silicate sheets (Fig. 1) (Kanjanakawinkul, Rades, Puttipi-
patkhachorn & Pongjanyakul, 2013). MAS has a high surface area, a
very good affinity with cationic drugs and it is not toxic or an irri-
tant.

Numerous studies have aimed to form intercalated complexes
through the adsorption of different compounds such as (nicotine
(NCT) and propranolol hydrochloride (PPN)) onto MAS as well
as polymers such as chitosan (CS) (Kanjanakawinkul et al., 2013;
Khunawattanakul, Puttipipatkhachorn, Rades & Pongjanyakul, 2010;
Pongjanyakul & Rojtanatanya, 2012; Pongjanyakul, Khunawattanakul
& Puttipipatkhachorn, 2009; Rojtanatanya & Pongjanyakul, 2010;
Rongthong, Sungthongjeen, Siepmann & Pongjanyakul Quaternary,
2013). The formed complexes and composites were essentially used to
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Fig. 1. Structure of montmorillonite (a) and saponite (b) clays found in MAS, showing the magnesia or alumina octahedral sheet trapped between two tetrahedral
silicate sheets: adapted from Vanderbilt Minerals, 2014, (c) chemical structure of XG: adapted from (CPKelco, 2008).

modulate drug release. Multiple other studies published using smec-
tite clays showed their capacity to adsorb a wide variety of drugs
and form complexes able to modulate drug release. Drugs such as
chlorhexidine acetate, timolol maleate, donepezil, sertraline hydrochlo-
ride, theophylline, tetracycline, diltiazem hydrochloride, nicotine and
diclofenac sodium were shown to be adsorbed onto montmorillonite
and form complexes (Adebisi, Conway & Asare-Addo, 2015; Asare-
Addo, Totea & Nokhodchi, 2020; Joshi, Kevadiya, Patel, Bajaj & Jasra,
2009; Kaur & Datta, 2014; Meng, Zhou, Zhang & Shen, 2009; Musko &
Sznitowska, 2013; Nunes et al., 2007; Okeke & Boateng, 2016; 2017;
Park et al., 2008; Parolo, Savini, Valles, Baschini & Avena, 2008;
Trivedi, U, Maniruzzaman & Coleman, 2018) and exploited for drug
delivery. Totea et al. also aimed to understand the binding process of
diltiazem hydrochloride and propranolol hydrochloride onto MAS using
isothermal titration calorimetry. The studies confirmed the binding and

offered insight into thermodynamics of the binding process (Totea et al.,
2019; 2020a; 2020Db).

PPN is the model drug of choice in this study and was adsorbed onto
MAS to form complex dispersions and particles aimed to modulate drug
release. PPN is a highly soluble p-blocker, which has its therapeutic ef-
fect from antagonizing the adrenergic pathway that can lead to blocking
receptors in heart, lungs, liver, pancreas, peripheral blood vessels and
other parts of the body. PPN is efficient in the treatment of high blood
pressure, angina pectoris and myocardial infarction, as well as severe
infantile haemangioma (Guan et al., 2015). PPN’s drawback is the short
half-life of 3.9 h which requires frequent administration 2-3 times/day,
therefore making it a suitable target for controlled drug release formu-
lation.

XG is a polysaccharide having a repeating unit consisting of five
sugar residues: one glucuronic acid, two glucose and two mannose. The
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polymeric chain is identical to cellulose, consisting of 1, 4-linked -
D-glucose. The distinguishable component from cellulose is the trisac-
charide side backbone consisting of alpha-D-mannose typically con-
taining a linked acetyl group, beta-D-glucuronic acid and a terminal
beta-D-mannose usually linked to a pyruvate group (Fig. 1c) (CP Kelco
KELTROL® / KELZAN® xanthan gum book, 2008). XG can be efficiently
used as an excipient in the formulation of dosage forms for intended con-
trolled drug delivery. XG is a hydrophilic matrix polymer normally used
in small amounts in the formulation of tablets due to its efficiency. When
tablets get into the dissolution media (i.e. stomach, small intestine), the
XG particles on its surface become hydrated and form a gel layer which
is viscous and enables drug diffusion but is resistant to erosion. XG has
been shown to provide time-independent release (Jian, Zhu, Zhang, Sun
& Jiang Galactomannan, 2012). These therapeutic advantages led to the
use of XG in numerous published studies as an excipient in tablets to con-
trol drug release (Andreopoulos & Tarantili, 2001; CP Kelco KELTROL®
/ KELZAN® xanthan gum book, 2008; Jian et al., 2012; Lazzari, Kleineb-
udde & Knop, 2018; Petri, 2015; Talukdar & Kinget, 1995; Talukdar, Mi-
choel, Rombaut & Kinget, 1996).

Although numerous studies have demonstrated XGs efficacy in con-
trolling drug release on its own or in combination with other polymers
(Nokhodchi, Palmer, Asare-Addo, Levina & Rajabi-Siahboomi, 2015),
XG has never been used in combination with MAS to the best of our
knowledge. The present study therefore firstly aims to evaluate the ef-
fects on controlling PPN release from a combination between a polymer,
XG and MAS-PPN complexes or physical mixtures. We also report for
the first time the thermodynamics using isothermal calorimetry (ITC) to
give insights into the complexation process at the molecular level which
may impact drug release.

Hypothesis: Binding between MAS and PPN will be more enthalpy
driven in the presence of XG due to competition for PPN thus affecting
the binding at the molecular level and have consequences on the drug
release.

2. Material and methods
2.1. Materials

VEEGUM F EP® or magnesium aluminium silicate (MAS) was a kind
gift from R.T.Vanderbilt Company, Norwalk, CT (USA). Xanthan gum
(XANTURAL® 75) was also a kind donation by CP Kelco Ltd. (Leather-
head, UK) and has a molecular weight of approximately 2000,000 Da
(CP Kelco KELTROL® / KELZAN® xanthan gum book, 2008 and
Ferstl et al., 2013). The viscosity as measured using a Kinexus rheome-
ter, Malvern Instruments, Herrenberg, Germany of the 0.1% (w/w) xan-
than gum solution in 0.1 N HCI at 37 °C with a rotational rheometer
equipped with a cone plate system (angle of the cone: 1°) was 5.5 mPa s
(Lazzari et al., 2018). It is important to note that the extraction method-
ology that produces differences in the molecular weight and viscos-
ity grades of xanthan gum (Wang, Wu, Zhu & Zhan, 2016, 2017) can
impact and influence drug release. Propranolol hydrochloride (PPN)
was purchased from TCI (Tokyo Chemical Industry, Tokyo). Acetoni-
trile (HPLC grade), sodium phosphate dibasic dihydrate, 99+% (HPLC
grade), sodium hydroxide and 2 M hydrochloric acid were purchased
from Fisher Scientific (UK).

2.2. Methods

2.2.1. Formulation of MAS-PPN complex particles

The MAS-PPN complex particles were prepared as reported in
Totea et al., 2019 using MAS dispersions (2% w/v) and PPN solutions
(2% w/v). The double loaded MAS-PPN complex dispersions obtained
after the drying process were milled (Retsch® PM 100 Ball Mill set at
350 rpm) and the particle size fraction of 65-123 pm stored in a glass
vial and used as needed.
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2.2.2. Attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR)

ATR-FTIR (Smart Orbit ATR-FTIR) was used to characterise potential
molecular interactions between MAS and PPN using diamond as the ATR
crystal scanned from 4000 to 400 cm~!.

2.2.3. Scanning electron microscopy/ energy dispersive X-ray spectroscopy
(SEM/EDX)

SEM (QUANTA FEG 250 microscope) was conducted to elucidate
the surface morphology of the samples to detect potential changes that
may have occurred following the complexation process. PPN, MAS or
the complex was mounted on a metal stub with double-sided adhesive
tape and sputter coated with a thin layer of gold. The micrographs of
the samples studied were taken at various magnifications at 20 kV.

2.2.4. Differential scanning calorimetry (DSC)

1-10 mg of PPN, MAS or the complex was placed onto a 40 pL alu-
minium crucible with the lid hermetically sealed and heated between
25 and 500 °C, at a rate of 10 °C/min using a DSC instrument (Mettler
Toledo, Switzerland).

2.2.5. X-ray powder diffraction (XRPD)

Analysis of the PPN, MAS and complex was performed at an angular
range 2.5-70° (20) and a step angle of 0.02° (26) s~! using a D2 PHASER
(BRUKER). The X-ray source was generated as a Cu radiation at 30 kV
and 10 mA.

2.2.6. Drug content analysis from the MAS-PPN complexes using HPLC

Drug content within the MAS-PPN complexes was determined by dis-
persing 50 mg of the prepared complex particles in 100 mL of a 2 M
HCI, ultra-pure water or pH 6.8 phosphate buffer under continuous
stirring for 24 h, at 25 °C and 700 rpm and filtered using 0.2 pm sy-
ringe filters. The clear supernatant was analysed using reversed phase
high performance liquid chromatography (Shimadzu HPLC, Japan),
equipped with an SPD-20AV UV-Vis detector, using an XTerra® MS C18
150 mm X 4.6 mm X 3.5 pm column. The mobile phase was prepared
using acetonitrile and 0.01 M sodium phosphate dibasic dihydrate (pH
3.5) at a ratio of 30:70 v/v. The flow rate of the mobile phase was set
at 1 mL/min with a detection wavelength of 230 nm.

2.2.7. Tablet preparation and bulk compaction behavior

The powder mixture required to make the tablets containing MAS-
drug complex was prepared by mixing the amount of MAS-PPN complex
equivalent to a set amount of active ingredient (i.e. 40 mg PPN) with XG
at a ratio of 1:1 w/w. The powder mixture required to make the tablets
containing MAS-drug physical mixture and XG was prepared using the
same amounts of powder as in the tablets containing MAS-drug com-
plex particles (equivalent to a set amount of active ingredient) (Table 1).
The powder combination was mixed in a 3-D shaker/mixer Turbula T2F
(Stort Eskens Ltd., UK) for 10 min. The powder mixture was poured
into the die and tablets were formed by applying a set force of 10 kN. A
pre-set maximum force was set at 16 kN. During the compression stage,
the displacement was measured accurately through a short-travel ex-
tensometer by the movement of the cross head of the machine which
was set at 3 mm min~! while the lower punch remained fixed. After
the set force was reached, the upper-punch was allowed to retract at a
speed of 1 mm min~!. The recorded displacement was corrected using
the apparent displacement under load of the instrument that was deter-
mined by performing compaction as described above on the empty dye.
Once the experiment finished and the force applied returned to zero, the
specimens were ejected from the dye using the same instrument set at a
speed of 10 mm/min. The weight, as well as diameter and height of the
specimens were recorded immediately.
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Table 1
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Formulation codes for tablets prepared using MAS-PPN complexes or MAS-PPN physical mixture (both containing an equivalent of 40 mg PPN), and XG in different
amounts (50%, 30%, 10% and 5% w/w) and their powder and compact properties.

Relative density

Formulation Polymer amount Formulation True density Uncompacted At maximum After ejection  Elastic recovery (%) Porosity (%)
in formulation code (kg/m?) pressure
(% w/w)
MAS-PPN (phys. 5 XG5%_PM 2050.56 + 12.40 0.35 + 0.01 0.79 + 0.02 0.72 + 0.01 835 + 1.11 23.22 +1.07
mix) + XG 10 XG10%_PM 1910.47 + 2.97 0.36 + 0.02 0.83 + 0.01 0.76 + 0.02 7.93 + 1.15 17.24 + 0.72
30 XG30%_PM 1799.95 + 5.77 0.43 + 0.00 0.85 + 0.01 0.79 + 0.01 6.78 + 0.23 15.58 + 0.57
50 XG50%_PM 1718.95 + 2.65 0.45 + 0.02 0.85 + 0.00 0.80 + 0.00 5.72 + 0.08 13.50 + 0.63
MAS-PPN 5 XG5%_C 1952.43 + 1.02 0.37 + 0.01 0.81 + 0.00 0.74 + 0.00 7.59 + 0.82 20.50 + 0.46
(complex) + XG 10 XG10%_C 1946.70 + 1.87 0.37 + 0.01 0.81 + 0.00 0.76 + 0.00 6.03 + 0.33 20.31 + 0.25
30 XG30%_C 1855.78 + 2.26 0.47 + 0.01 0.83 + 0.00 0.78 + 0.01 5.50 + 0.41 17.84 + 0.74
50 XG50%_C 1731.33 + 1.26 0.47 + 0.00 0.85 + 0.00 0.80 + 0.00 5.10 + 0.23 16.09 + 1.17
2.2.8. True density and porosity determination Shadbad et al., 2011).
The true density of the powder mixtures used to make tablets was S IAM,
determined by helium pycnometry on an AccuPyc II 1340 (Micromet- MDT = ’n_—j 3)
rics, UK). The determination of the true density of the formulations Z/=1 AM;

(Table 1), along with the tablet weight, height and diameter allowed
for the determination of tablet porosity (Eq. (1)) (Asare-Addo, Levina,
Rajabi-Siahboomi & Nokhodchi, 2011).

Tablet weight/Tablet volume

Tablet porosity = |1 -
True density of powder

x100 (1)

2.2.9. Dissolution testing

The in vitro release characteristics of the tablets prepared were anal-
ysed using a USP dissolution apparatus with sinkers (paddle method; PT-
DT70 Pharma Test, Germany). Tablets were tested in 900 mL of 0.1 M
hydrochloric acid (pH 1.2) to simulate the gastric fluid for up to 9 h
or 900 mL of phosphate buffer (pH 6.8) to simulate the intestinal fluid
for up to 9 h. The rotation speed of the paddles was 100 rpm. Samples
were collected automatically at suitable intervals and were analysed at
a wavelength of 290 nm in each case by the UV-Vis detector attached to
the dissolution instrument. All experiments were performed in triplicate
for reproducibility.

2.5.1. Kinetics of drug release and dissolution parameters

The dissolution profiles obtained were described by the Peppas
model also known as power law and was used to determine the re-
lease mechanism based on the value of the diffusional exponent (Eq. (2))
(Dash, Murthy, Nath & ChowdhuryKinetic, 2010; Romero et al., 2018;
Siahi-Shadbad, Asare-Addo, Azizian, Hassanzadeh & Nokhodchi, 2011).

QO = ktn 2)

where Q is the percentage of drug released at time ¢, k is the release rate
constant which describes the structure and geometry of the tablet, and
n is the diffusional exponent which indicated the mechanism of drug re-
lease (Dash et al., 2010; Romero et al., 2018; Siahi-Shadbad et al., 2011).
A value of n lower than 0.45 calculated from drug release of cylindrical
tablets indicates Fickian diffusion mechanism. A value of n higher than
0.89 shows that the dissolution process was controlled by erosion and
that the rate of drug release was independent of time, ‘zero-order’ re-
lease. An anomalous transport or non-Fickian is considered when n was
between 0.45 and 0.89 which suggests that drug release is governed
by both diffusion and erosion (Ritger & Peppas, 1987; Costa, Manuel &
Lobo, 2001).

The efficiency on retarding drug release using PEO combined with
both MAS-PPN complexes and physical mixtures were compared using
the following equations describing the mean dissolution time (MDT)
and the dissolution efficiency (DE — area under the dissolution curve
up to a certain time t) (Eq. (3)) (Costa, Manuel & Lobo, 2001; Siahi-

where j is the sample number, n is the number of dissolution sample
times, t is the time at midpoint between t and t—1 (that can be calculated
with the formula (7 + 7 — 1)/2) and AMj;is the additional amount of drug
that dissolved between t and t—1 (Costa, Manuel & Lobo, 2001; Siahi-

Shadbad et al., 2011).
JTY xdt
DE="2"" x 100% )
YipoXT

where Y is the percent of drug release at time t and Y;(, represents
100% drug release (Costa, & Lobo, 2001; Siahi-Shadbad et al., 2011).

2.6. Calorimetric binding studies - effects of XG on the MAS-PPN
interactions

To ascertain the effects of XG on the MAS-PPN complexes or how pos-
sible interactions between, drug, MAS and XG could inform the choice of
formulation as well as the dissolution process, calorimetric MIM binding
studies were carried out on the VP-ITC instrument (calibrated to ensure
the instrument was within acceptable limits (Baranauskiené, Petrikaité,
Matuliené & Matulis, 2009)) at pH 5 and at two different temperatures
(25 °C and 37 °C). A high-gain feedback mode whilst applying a ref-
erence power of 20 ucal s! under stirring at 307 rpm was used. The
real-time binding isotherm was studied in 29-120 injections of 2-10 uL
each into the sample cell every 260-550 s. XG dispersions were pre-
pared separately using purified water under stirring at 500 rpm (25 °C)
for 24 h. Each of the prepared dispersions was separately combined with
one MAS dispersion and the resultant MAS-polymer complex was used
in the sample cell. Fresh drug solution of PPN was added into the sample
cell containing MAS-polymer complex (Table 2). All experiments were
conducted in triplicate and the results analysed using Origin 7.0 (Micro-
cal, Inc) software.

3. Results and discussion
3.1. Solid-state characterisation of complexed particles

MAS-PPN complexes have been evaluated and characterised previ-
ously (Pongjanyakul & Rojtanatanya, 2012; Totea et al., 2019). The
results obtained from the SEM, FTIR, DSC and XRPD (Fig. 2) were in
accordance with reported literature. SEM showed the incorporation of
PPN into MAS to create MAS-PPN complex particles with changes in the
microstructural properties of the MAS hence the possibility of the MAS-
PPN complexes to control drug release (Fig. 2c) (Rapacz-Kmita, Krupa
& Jachowicz, 2010). With regards to FTIR, the peak observed as the
hydroxyl stretching belonging to Si-OH became smaller and shifted to
a lower wavelength of 3631 cm™! (Fig. 2d). The PPN adsorption onto
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Table 2

Materials and parameters used in ITC SIM and MIM experiments.
Cell Syringe Number of injections  Injection volume (uL) Spacing Reference
Clay/ polymer Concentration (% w/v) Drug/polymer Concentration (% w/v) (s) power (pcal/s)
*MAS 0.037 PPN 0.15 1 150 2500 20
*MAS 0.037 PPN 0.15 120 2 260 20
MAS 0.037 XG 0.02 29 4 1200 10
XG 0.02 PPN 0.15 29 4 1200 10
MAS-XG 0.037 MAS PPN 0.15 120 2 260 10

0.020 XG

*Experiment conducted and reported previously by Totea et al., 2019.

—PPN —MAS —MAS-PPN (double drug loading)

—MAS —PPN —MAS-PPN (double drug loaded)

—PPN —MAS —MAS-PPN (double drug loading)
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Fig. 2. SEM images of (a) PPN, (b) MAS, (c) MAS-PPN complex, (d) FTIR spectra of PPN, MAS and MAS-PPN complex, (e) DSC of PPN, MAS and MAS-PPN complex,

(f) XRPD of PPN, MAS and MAS-PPN complex.

MAS was via hydrogen bond formation between the silanol groups of
MAS with the amine and/or hydroxyl groups of PPN (Rojtanatanya &
Pongjanyakul, 2010). The MAS-PPN complex particles prepared were
shown to be amorphous and the absence of the melting point of PPN in
the DSC profile confirmed that the drug was molecularly dispersed in
the clay (Fig. 2e) (Rojtanatanya & Pongjanyakul, 2010). The XRPD data
from Fig. 2f also suggested that the prepared MAS-PPN complexes con-
tained molecularly dispersed PPN within the MAS due to the absence
of the crystalline peaks of PPN (Rojtanatanya & Pongjanyakul, 2010;
Sinha Ray, Maiti, Okamoto & Yamada, 2002).

3.2. Powder and tableting properties

Bulk compaction behavior was studied for the formulations prepared
as plots of relative density vs. upper punch pressure measured during
loading to 10 kN and unloading (Fig. 3). The compaction curves of all
the samples tested followed roughly similar trends: the compaction be-
havior was dominated by plastic recovery during the loading stage fol-
lowing non-reversible deformation, movement and fragmentation of the
particles (Laity & Cameron, 2008; Han et al., 2013; Laity, Asare-Addo,
Sweeney, Supuk & Conway, 2015). Overall, the elastic recovery was
considerably higher for the specimens containing a MAS-PPN physical
mixture compared with those containing MAS-PPN complexes (Table 1).
It was also noted that there was a decrease in the elastic recovery with
an increase in the XG content, as the overall proportion of MAS in
the tablets was reduced (Table 1). This behavior can be linked to the
elastic recovery of MAS and was previously reported in literature by

Laity et al. (2015)). The authors found that MAS exhibited significant
elastic recovery upon compaction to 204 and 611 MPa which was at-
tributed to changes in the basal spacing of the clay upon compaction or
to the bending of the clay platelets (Laity et al., 2015). Hence, the over-
all reduction in elastic recovery during compaction upon use of MAS-
PPN complexes and XG in the tablets instead of MAS-PPN physical mix-
ture and XG is of high importance because it decreases the chances of
tablets cracking, laminating or tooling wear (Laity et al., 2015). This
trend was also observed for the porosity values for the physical mixture
samples and complexed samples with the samples containing the com-
plexes (with the exception of compacts with 5% XG content) generally
having higher porosity at all polymer levels (Table 1). Tablet porosity
values were calculated based upon sample volume and weight, as well as
true density of the powder, the least parameter being an important dif-
ferentiating factor in the results. This may be as a result of the physical
mixture between MAS and PPN not being sieved to the same particle
size as the complexes (used as supplied from manufacturers). On the
other hand, the process of formulating the complexes involved a wide
variety of procedures which led to different particulate physicochemical
properties. Despite these differences between materials, porosity is an
important parameter and overall, a higher porosity of tablets MAS-PPN
complexes may offer additional benefits in controlling PPN release due
to potential differences in water ingress. It is however important to note
that other key tablet characteristics such as solubility, surface area and
particle size can influence dissolution rates (“Micrometrics Porosity and
Its Influence on Pharmaceutical Tablet Dissolution,” 1998; Riippi et al.,
1998).
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Fig. 3. Compaction behavior of formulations containing MAS-
PPN complexes or MAS-PPN physical mixture compacted to
130 MPa: plots of measured upper punch pressure vs. relative
density at (a) 5%, (b) 10%, (c) 30 and (d) 50% XG polymer con-
tent.
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Table 3

Relative density
—XG50%_PM —XG50% _C

Mechanism and kinetics of drug release of tablet matrices prepared using MAS-PPN physical mixture and MAS-PPN complexes

incorporated in 5 - 50% XG polymer content.

Formulation Dissolution media ~ Polymer amount in Formulation code ~ DEg4ni, (%)  MDT (min)  n value
formulation (% w/w)

MAS-PPN (phys. mix) + XG ~ pH 1.2 5 XG5%_PM 66.84 22.26 -
10 XG10%_PM 65.89 54.62 0.62
30 XG30%_PM 3349 166.23 0.6
50 XG50%_PM 22.93 226.67 0.68

MAS-PPN (complex) + XG pH 1.2 5 XG5%_C 78.36 26.86 -
10 XG10%_C 51.61 166.96 0.74
30 XG30%_C 39.02 174.31 0.63
50 XG50%_C 24.47 239.51 0.8

MAS-PPN (phys. mix) + XG ~ pH 6.8 5 XG5%_PM 62.87 18.85 0.56
10 XG10%_PM 35.41 141.58 0.57
30 XG30%_PM 23.02 219.43 0.81
50 XG50%_PM 17.42 237.94 0.73

MAS-PPN (complex) + XG pH 6.8 5 XG5%_C 64.53 76.37 0.73
10 XG10%_C 30.69 180.77 0.63
30 XG30%_C 24.59 200.68 0.69
50 XG50%_C 17.02 252.01 0.79

3.3. Dissolution, dissolution parameters and kinetics of drug release

The use of XG in tablets in different amounts (5, 10, 30, 50% w/w)
allowed the observation of MAS-PPN complexes and physical mixture
behavior in combination with XG and its effects on modulating PPN re-
lease. At 5% XG w/w, PPN release was rapid for all the tablets tested
(Fig. 4a and b). At pH 1.2, tablets containing MAS-PPN complexes and
those containing MAS-PPN physical mixture were unable to retard PPN
release, as they disintegrated within a few seconds. At pH 6.8, the tablets
containing MAS-PPN complexes were shown to be relatively controlled
compared with its physical mixture counterpart with a significant de-
crease in the initial burst release (Fig. 4b). What can also be observed
here is the influence of ions in the dissolution media. It is important to
note that XG is an anionic polymer. This therefore means the pH does

have an influence on its behavior. XG has a pKa of 3.1 and hence, be-
comes less soluble at lower pH leading to a lower solubility and hence,
a lower matrix swelling (Mu, Tobyn & Staniforth, 2003). Furthermore,
the increase in ionic strength of the medium leading to a ‘salting out’ of
the polymer causes the polymer to lose its water hydration properties
and show a lower degree of swelling and erosion and form a more rigid
structure (Kavanagh & Corrigan, 2004; Baumgartner, Pavli and Kristl,
2009).

The calculation of the n value was not possible for the dissolution
of tablets containing 5% w/w XG and MAS-PPN complexes/ physical
mixture in the acidic media due to the rapid PPN release. In buffer, the
tablets had an anomalous (non-Fickian) diffusion, with a value of n as
0.73 for tablets containing MAS-PPN complexes and 0.56 for tablets con-
taining MAS-PPN physical mixture (Table 3) suggesting a shift toward
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swelling kinetics for the complexes. MDT values were similar in acid for
tablets containing MAS-PPN complexes (27 min) and those containing
MAS-PPN physical mixture (22 min) (Table 3). In buffer, tablets con-
taining MAS-PPN complexes had a considerably higher MDT (76 min),
while the tablets containing MAS-PPN physical mixture had a low MDT
(19 min). DE values in acid and buffer for tablets containing MAS-PPN

physical mixture (67% in acid and 63% in buffer) and for the tablets
containing MAS-PPN complexes (78% acid and 67% buffer) suggest the
low capability of the tested tablets to modulate PPN release (Table 3).
PPN release from tablets containing MAS-PPN complexes was shown to
be more controlled in both acid and buffer, compared to PPN release
from tablets containing MAS-PPN physical mixture at the 10% w/w XG
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Fig. 5. Raw data for titration of 0.020% w/v XG dispersion (pH 5) into 0.037% w/v MAS dispersion (pH 5) at (a) 25 °C and (b) 37 °C, (c) Scheme of MAS-XG
composite formation using MAS dispersed in water and PEO dispersed in water: adapted from (Gao, 2004). Note: Red lines are XG polymer. Calorimetric titration
of 0.150% w/v PPN solution (pH 5) into 0.020% w/v XG dispersion (pH 5) at (d) 25 °C and (e) 37 °C. Raw data (top) and integrated heats (bottom) as a function of

molar ratio. Control runs suggesting limited interaction between water and XG.

polymer level (Fig. 4c and d). Here again, the n value was slightly higher
for the tablets containing the MAS-PPN complexes compared to tablets
containing MAS-PPN physical mixture in both acidic (0.74 compared to
0.62) and buffer media (0.63 compared to 0.57). This mainly suggests
that more PPN was released from the tablets containing MAS-PPN phys-
ical mixture which may be due to the compatibility between XG, PPN
and MAS. This behavior may be explained in that both XG and MAS may
compete for the binding with PPN, possibly leading to a reduction in
drug released from the MAS-PPN complexes as it is potentially rebind-
ing with XG. Totea et al. reported using liquid-state analysis of small
angle X-ray scattering (SASX), that the generation of a slope of — 2.76
was obtained for just MAS dispersions A considerably different slope of
- 3.17 was however obtained for the MAS-PPN complex dispersion. The

difference in results was as a result in the difference in structure as a re-
sult of the intercalation process. This resulted in the MAS-PPN complex
dispersion having a more complex structure (Totea et al., 2020a).

At 30 and 50% w/w XG polymer levels (Fig. 4e-h), there was not
much of a difference between the PPN release for MAS-PPN complexes
or MAS-PPN physical mixture. In both cases however, there was a con-
siderably higher amount of PPN released in acidic media compared with
that of the buffer. This has been explained earlier as the nature of the
polymer as well as the effect of ions in the buffer media (Kavanagh &
Corrigan, 2004; Mu et al., 2003; Baumgartner, Pavli and Kristl, 2009).
Anomalous (non-Fickian) diffusion dominates the kinetics of drug re-
lease (Table 3) with the MDT values increasing with an increase in the
polymer contents also (Table 3).
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Fig. 6. Titration of 0.150% w/v PPN solution (pH 5) into a mixture of MAS and XG (0.037% w/v MAS; 0.020% w/w XG; pH 5) and thermodynamic profile for
adsorption of PPN onto MAS-XG mixture at (a) 25 °C and (b) 37 °C. Raw data (top) and integrated heats (bottom) as a function of molar ratio showing enthalpy (AH),
entropy(AS) or Gibbs free energy (AG), (c) schematic representation using shapes of possible chemical interactions between PPN, MAS and XG based on isothermal

titration calorimetry results.

3.4. Calorimetric binding studies

SIM and MIM studies for MAS-PPN complexes have been reported
by Totea et al., 2019 to be predominantly enthalpically driven from
broken and created hydrogen bonds and electrostatic interactions. The
focus of this paper is to consider the additional incorporation of XG
within the system and report the novel interactions at the molecular
level between, MAS and XG, XG and MAS and the adsorption of PPN on
MAS-XG complexes.

Following the titration of XG into the MAS dispersion, no interactions
were observed between the anionic polysaccharide and the negatively
charged MAS. The mixture between MAS and XG was shown to be ho-
mogenous with no precipitation being observed in the calorimetric cell
at the end of the experiment (Fig. 5a and b) (Vanderbilt Minerals, 2009).
The lack of interaction between XG and MAS may lead to very few poly-
mer segments being adsorbed possibly at the platelet edges, with very
long polymer tails suspended in solution (Fig. 5¢) (Vanderbilt Miner-
als, 2014).

Binding was observed between PPN (0.150% w/v) and XG (0.020%
w/v), which was expected considering the nature of the compounds,
i.e. cationic PPN and anionic XG which makes them compatible for in-
termolecular interactions. Control studies between water at pH 5 and

XG dispersion at pH 5 showed very little evidence of binding/self-
association through small heats of dilution (Fig. 5d and e). Analysis
of the thermodynamic profiles through a ‘set of sites’ curve fitting re-
vealed that the binding between PPN and XG was enthalpically driven,
shown by the negative AH and comparatively small -TAS at both tem-
peratures studied (—5.40 + 1.90 and —1.52 + 1.07 kcal/mol at 25 and
37 °C respectively). The increase in experimental temperature from 25
°C to 37 °C led to the binding becoming gradually more enthalpy driven
(—1.40 + 0.26 kcal/mol at 25 °C compared to —6.16 + 2.11 kcal/mol at
37 °C). The reaction had the same binding energy (AG) at both temper-
atures (—6.80 + 0.17 kcal/mol at 25 °C and —6.75 + 0.11 kcal/mol at
37 °C). A slightly higher affinity (K,) of PPN for XG was observed at 25
°C (97.90 + 20.4 M), compared to 37 °C (59.10 + 9.67 M) suggesting
more optimal reaction conditions.

Binding between PPN (0.150% w/v (pH 5)) and MAS-XG mixture
(0.037% w/v MAS; 0.020% w/w XG; pH 5) led to a different titration
profile when compared to the binding between MAS (0.037% w/v) and
PPN (0.150% w/v) or the binding between MAS (0.037% w/v) and XG
(0.020% w/v) (Fig. 6). This can be related to the competition between
MAS and XG for the binding with PPN, as these were both shown to
interact with PPN separately. A competitive binding model was fitted
to the data using the affinity (K,) and enthalpy (AH) obtained in non-
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Table 4

Results showing data analysed through the competitor binding model to
calculate affinity (K) and changes in enthalpy (AH) and entropy (-TAS) for
the PPN-MAS binding in the presence of XG following multiple injection
calorimetric binding studies between PPN (0.150% w/v) and XG-MAS mix-
ture (0.037% w/v MAS; 0.020% w/w XG) at 25 and 37 °C (pH 5). Results
are based on three independent repeats.

25 °C 37 °C
Ka (M) 3.85 x 106 + 6.06 x 105  1.37 x 105 + 2.19 x 10°
AH (kcal/ mol)  —14.50 + 0.85 -30.30 + 1.26
TAS (kcal/ mol)  -8.84 x 103 ~8.55 x 103

competitive binding experiments between PPN and XG at both 25 and
37 °C (Table 4). Results showed that the binding phenomenon between
PPN and MAS in the presence of XG was enthalpically driven as shown
by the negative enthalpy (AH) at both temperatures. The binding affinity
(K,) gradually decreased upon increasing temperature, suggesting that
at 25 °C the binding was more energetic (3.85 x 10° + 6.06 x 10° M
at 25 °C and 1.37 x 105 + 2.19 x 10°> M at 37 °C). The same behav-
ior was observed between MAS and PPN in a simple MAS-PPN titra-
tion experiment as reported by Totea et al., 2019. However it was ob-
served that an increase in affinity between MAS and PPN occurred when
XG was added to the reaction (2.61 x 10% + 2.71 x 103 M 25 °C and
1.48 x 10* + 1.48 x 10® M at 37 °C obtained in the simple MAS-PPN
binding studies). Another difference to be noted is that the binding be-
tween MAS and PPN is more enthalpically driven in the presence of XG
which may be due to the competition for the PPN which affects the bind-
ing ((—14.50 + 0.85 kcal/mol at 25 °C and —30.30 + 1.26 kcal/mol at
37 °C) obtained in the MAS-PPN binding experiments in the presence of
XG, compared to the enthalpy obtained in the simple MAS-PPN binding
experiments (—6.03 + 0.06 kcal/mol at 25 °C and —5.97 + 1.37 kcal/mol
at 37 °C)). Based on the findings concerning the binding reactions taking
place between MAS, PPN and XG, a reaction scheme may be proposed
(Fig. 6¢). This thus explains the dissolution experiments with regards to
the PPN release process from the XG matrix tablets containing MAS and
PPN physical mix and complex particles.

4. Conclusion

Double loaded MAS-PPN complexes were successfully manufactured
and fully characterised using SEM, DSC, XRPD and FTIR. Compacts were
prepared using MAS-PPN complexes or physical mixture and dispersed
in XG. Bulk compaction behavior was studied for the formulations pre-
pared as plots of relative density vs. upper punch pressure and followed
roughly similar trends. The compaction behavior was dominated by
plastic recovery during the loading stage following non-reversible de-
formation, movement and fragmentation of the particles. Dissolution
results showed that when using the MAS-PPN complexes, 10% w/w XG
polymer level was enough to significantly reduce the burst release expe-
rienced by soluble drugs in matrix tablets as well as control the drug re-
lease of the model drug propranolol HCl in both acidic and basic media.
No binding was observed between XG and MAS at the molecular level
using ITC, whereas just as predicted in the hypothesis, PPN was shown
to interact with XG. PPN adsorption onto MAS-XG mixture was shown
to be influenced by the competition of both MAS and XG for the PPN.
This again supports the hypothesis showing the binding phenomenon
between PPN and MAS in the presence of XG to be spontaneous and
enthalpically driven as shown by the negative enthalpy (AH) and com-
paratively small entropy (-TAS). This behavior explains the observation
from the dissolution testing making the formation of complexes and at-
tractive way of reducing polymer content in matrices.
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