Pharm Res (2013) 30:290-302
DOI 10.1007/s11095-012-0873-7

RESEARCH PAPER

Insights into the Role of Polymer-Surfactant Complexes in Drug
Solubilisation/Stabilisation During Drug Release from Solid

Dispersions

Sheng Qi+ Steve Roser « Karen J. Edler « Claudia Pigliacelli+ Madeleine Rogerson « llse Weuts « Frederic Van Dycke «

Sigrid Stokbroekx

Received: 22 April 2012 / Accepted: 13 July 2012 / Published online: 15 September 2012

© Springer Science+Business Media, LLC 2012

ABSTRACT

Purpose To evaluate the role of polymer-surfactant interac-
tions in drug solubilisation/stabilisation during the dissolution of
spray-dried solid dispersions and their potential impact on in vivo
drug solubilisation and absorption.

Methods Dissolution/precipitation tests were performed on
spray-dried HPMC-Etravirine solid dispersions to demonstrate
the impact of different surfactants on the in vitro performance of
the solid dispersions. Interactions between HPMC and bio-
relevant and model anionic surfactants (bile salts and SDS
respectively) were further characterised using surface tension
measurements, fluorescence spectroscopy, DLS and SANS.
Results Fast and complete dissolution was observed in media
containing anionic surfactants with no drug recrystallisation with-
in 4 h. The CMCs of bile salts and SDS were dramatically
reduced to lower CACs in the presence of HPMC and Etravir-
ine. The maximum increases of the apparent solubility of Etra-
virine were with the presence of HPMC and SDSbile salts. The
SANS and DLS results indicated the formation of HPMC-SDS/
bile salts complexes which encapsulated/solubilised the drug.
Conclusions This study has demonstrated the impact HPMC-
anionic surfactant interactions have during the dissolution of
non-ionic hydrophilic polymer based solid dispersions and has
highlighted the potential relevance of this to a fuller understand-
ing of drug solubilisation/stabilisation in vivo.

Electronic supplementary material The online version of this article
(doi: 10.1007/s11095-012-0873-7) contains supplementary material,
which is available to authorized users.

KEY WORDS bile salts - polymer-surfactant interaction -
poorly water-soluble drugs - solid dispersions - solubilisation

INTRODUCTION

Solid dispersions, in particular water-soluble polymer-based
dispersions, have been increasingly used for enhancing the
oral absorption of poorly water-soluble drugs (1-3). It is
believed that the formulation with best i vitro stability and
in vwo performance should have the drug dispersed, ideally
molecularly, in the polymer matrix (1-5). However, recently
there has been an ongoing debate as to whether having a
molecular dispersion is necessary for achieving the best
dissolution outcomes (6). The improvement in drug release
and absorption using such systems has been explained as
being mainly associated with the fast dissolution of amor-
phous/molecularly dispersed drugs in the polymer matrix in
comparison to those in the crystalline state. Improved ab-
sorption has also been attributed to the stabilisation effect of
hydrophilic polymers on a supersaturated drug solution
after dissolution (7,8). However, the recrystallisation of some
drugs from the polymer dispersions after coming into con-
tact with the dissolution media still often poses a barrier to

S. Qi () - C. Pigliacelli + M. Rogerson
School of Pharmacy, University of East Anglia
Norwich, Norfolk NR4 7T], UK

e-mail: sheng.qi@uea.ac.uk

S. Roser - K. . Edler

School of Chemistry, University of Bath
Bath BA2 7AY, UK

@ Springer

l. Weuts * S. Stokbroekx

Pharmaceutical Research and Development
Johnson & Johnson

Beerse, Belgium

F Van Dycke
SEPS Pharma
Ghent, Belgium


http://dx.doi.org/10.1007/s11095-012-0873-7

Polymer-Surfactant Complexes in Solid Dispersions Drug Release

291

realising dissolution enhancement for many solid disper-
sions. Non-ionic hydrophilic polymers, such as water-
soluble cellulose derivatives (i.e. HPMC) and polyvinylpyr-
rolidone (PVP) are amongst the most studied matrix materi-
als. Increased viscosity has been widely accepted as one of
the key mechanisms involved in their ability to inhibit nu-
cleation of drugs in supersaturated solution (9,10). However,
for most orally administrated solid dispersions, the increase
in the viscosity of the media by dissolving the amount of
polymer in a single dose is trivial. This is particularly true for
low viscosity grade polymers, such as HPMC E5 with
5 mPa.s viscosity for its 2% w/v solution. Therefore, other
stabilisation mechanisms may exist and a fuller understand-
ing of this behaviour can have an important impact on the
development of solid dispersions and other related areas,
such as the design of new pharmaceutical polymers. Al-
though the drug release behaviour of these polymer based
solid dispersions has been intensively studied, many of these
studies were performed using  vitro dissolution conditions
that have little relevance to the human gut environment.
Therefore the true mechanisms of drug solubilisation and
stabilisation of the supersaturated drug solution in the gut
after oral administration of these solid dispersion formulations
still remain poorly understood.

It is accepted that the human gut is a complex environ-
ment, which makes the mechanistic study on the formula-
tion dissolution and absorption behaviour extremely
challenging. Few studies have been conducted using ex vivo
gastrointestinal model systems (11,12). In order to mimic
human GI conditions, the testing fluids used in these models
are often complex and contain multiple components. Mech-
anistic investigation of the interaction of each key compo-
nent in the GI fluid with the formulation is thus very difficult
to conduct. Therefore in order to simplify the system, in this
study we have explored the effect of one of the key surfac-
tant components in the gut, bile salts, and a model anionic
surfactant sodium dodecyl sulphate (SDS) on the dissolu-
tion/solubilisation behaviour of HPMC E5 based solid dis-
persions. Bile salts are anionic surfactants with a CMC
range from 2 to 20 mM (13,14). This range is attributed to
the multi-component nature of bile salts. Depending on
concentration, the formation of secondary micelles may
occur and the shape of bile salts micelles can develop from
spherical to rod shape micelles (13,14). The bile salts con-
centration in the intestinal region is higher than the stom-
ach, both values are within the CMC range of bile salts (14,
which leads to the presence of bile salts micelles in the GI
tract. Interactions between anionic surfactants and non-
ionic polymers are well documented (15-21), but there is
limited knowledge of the interactions between bile salts and
polymers in relation to drug formulation performance. In
contrast to systems containing non-ionic surfactants and
non-ionic polymers, where often no interactions or very

weak interactions are considered to occur (22), anionic sur-
factants can actively interact with non-ionic polymers and
form polymer-surfactant complexes (15-21).
Polymer-surfactant interactions have been extensively
studied as a result of their wide application in the food, oil
and pharmaceutical industries (15-21). The interaction is a
cooperative process in which the surfactant culsters aggre-
gate around the hydrophobic regions of the polymer chain
via non-covalent binding/adsorption, by for example hydro-
phobic interaction. Many models have been proposed for
describing the structure of polymer-surfactant complexes
(15-21). One of the most widely accepted models is the
‘pearl necklace” model which describes the adsorption of
surfactant aggregates onto hydrophobic segments of the
hydrophilic polymer (16,17). PVP/SDS complexes are a
typical example of this model (23-26). The interactions
between anionic surfactants and cellulose derivatives have
also been intensively studied in non-biorelevant media. Sim-
ilar aggregation behaviour of surfactant molecules around
hydrophobic patches on the polymer chain have been
hypothesised (19-21). Nilsson and co-workers conducted
substantial studies on highly purified HPMC/SDS solution
systems (19-21). They proposed the concentration (both
HPMC and SDS) dependence of the interactions between
HPMC and SDS in water occurs as illustrated in Fig. 1 (19).
The HPMC-SDS interaction can only be initiated at a
specific surfactant concentration (critical aggregation con-
centration, CAC). At and above the CAC, small SDS clus-
ters adsorb onto the HPMC: chain in a cooperative manner
(19). The size of the adsorbed SDS clusters increase with
SDS and HPMC concentration until a plateau value of the
size 1s reached. Their results also suggested that at low
polymer concentrations, the cluster adsorption is likely to
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be an intramolecular (one SDS cluster adsorb on a single
polymer chain) process which may cause polymer coil
shrinkage. At high polymer concentrations, the adsorption
of SDS clusters tends to switch from intramolecular to
intermolecular (one SDS cluster shared by two or more
polymer chains) in nature and leads to an increase in vis-
cosity. After the saturation of SDS clusters on the HPMC
chains, adding more SDS leads to the formation of normal
SDS micelles and the loss of polymer network (19). However,
little is known about the impact of these polymer-surfactant
complexes on drug solubilisation or whether they can exert a
stabilisation effect on supersaturated drug solutions. In the
context of dissolution of solid dispersions in the presence of
anionic surfactants, after the dissolution of polymer and drug,
these polymer-surfactant complexes may have great potential
for solubilising drug molecules via drug encapsulation in the
complexes prior to the oral absorption process. The encapsu-
lation can dramatically reduce the concentration of the free
drug in the gut fluid and reduce the crystallisation/precipita-
tion of the drug after it is released from the formulations, thus
stabilising the dissolved drug in the GI fluid.

In this study, the effect of anionic surfactants on the drug
release/precipitation of the formulations has been investi-
gated in comparison to non-ionic surfactant (Tween 20) in
order to gain insight into the impact of polymer-surfactant
interactions on facilitating drug solubilisation in the gut
environment. The multicomponent nature of bile salts often
causes practical experimental difficulties in particular with
characterisation techniques such as DLS and SANS (such as
the formation of secondary micelles at high concentration).
Therefore, the synthetic anionic surfactant, SDS, which has
a CMC within the range of the CMC values of bile salts, at
approximately 8 mM (27), was used as a simple anionic
model surfactant in the mechanistic studies in order to
obtain a preliminary structural understanding of the effect
of HPMC E5-anionic surfactant interactions on drug solu-
bilisation. A poorly water-soluble model drug Etravirine
which has a solubility of <10 pg/ml in water/HCl/phos-
phate buffers and logP>5 at pH7.0 in octanol/buffer (28),
was used in this study. Our previous work has confirmed the
formation of a molecular dispersion of Etravirine in HPMC
E5 with drug loadings at concentrations below 50% (w/w)
(29). No drug release was observed in the media without
anionic surfactant, and the addition of surfactant in the
dissolution media allowed complete dissolution of the for-
mulation within 30mins. No release was observed with the
media containing non-ionic surfactant Tween 20 (30).
Although mmproved surface wetting by adding surfactant
can contribute to the fast dissolution, no release by adding
Tween indicates the presence of other mechanisms. Signif-
icant absorption enhancement was achieved in the  vivo
animal model studies of the HPMC solid dispersions in
comparison to the nanocrystal suspension of the model drug
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(29). The main aim of this study is to reveal the underpinning
mechanism behind the formulation behavior i vitro described
above using a range of physical characterisation methods,
including surface tension measurements, fluorescence spectros-
copy, DLS, and SANS. In this study we report for the first time
on the possible effect that polymer-anionic surfactant com-
plexes may have on drug solubilisation from low viscosity grade
HPMC based solid dispersion formulations during dissolution.

MATERIALS AND METHODS
Materials

Crystalline Etravirine was obtained from Johnson & Johnson,
Beerse, Belgium. The hydroxypropylmethyl cellulose E5
(HPMC E5) 2910 grade (USP/EP substitution type) which
has an apparent viscosity of 5 mPa.s as a 2% w/v polymer
solution was provided by Johnson & Johnson. The HPMC
used in this study has 7-12% hydroxypropyl and 28-30%
methyl substitution. Sodium dodecyl sulfate (SDS) (>99%,
Fisher Bioreagents, UK), Pyrene (>99.0%, GC, Fluka,
82648), Tween 20 and bile salts containing approximately
50% sodium cholic acid and 50% sodium deoxycholic acid
(SigmaUltra, Sigma-Aldrich, Gillingham, UK) were used as
received. Distilled water purified using a Millipore Milli-Q)
four-cartridge system (Millipore, Watford, UK) was used in all
experiments.

Spray-Dried Etravirine-HPMC Solid Dispersions

Solid dispersions of various compositions were prepared by
spray drying on a laboratory scale Mobile Minor spray drier
(GEA Niro, Seborg, Denmark). Etravirine and HPMC were
dissolved in an organic solvent mixture, after which the
solvent was removed by spray drying. Powders with the
following Etravirine:HPMC ratios (w/w) were prepared:
1:3 (TH 1:3), 1:1 (TH 1:1), and 1:0.5 (TH 1:0.5).

For the granulo-layered formulations, a solution of Etra-
virine:HPMC was sprayed onto lactose using a fluid bed
with a Wurster insert. The carrier particles were bound
together with the solid dispersion. After granulation, the
powder was milled to the desired particle size.

Formulation Study—Precipitation Tests

The precipitation experiments were performed using 25 mg
spray dried microspheres in 25 ml purified water/0.1 M
HCI at room temperature. The suspensions were stirred
intensively for different time periods (5 mins, 10 mins,
20 mins, 30 mins, 1 h, 2 h, and 3 h) at approximately
700 rpm using a magnetic stirring rod. For the vacuum
filtration, a 12 p 47mm@ Cyclopore™ polycarbonate
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membrane filter was used. The nonionic surfactant, Tween
20 (2% w/v), and anionic surfactant, SDS (1% w/v), were
added into the media separately and the precipitation tests
were performed as described above. The residues were
dried overnight at 40°C in a vacuum oven and were studied
using ATR-FTIR spectroscopy (BioRad FTS 165 FTIR,
Varian Limited, Oxford, UK).

Drug Solubilisation

First, the solubilisation effect of the surfactants, SDS and
bile salts (biorelevant surfactant), on Etravirine was tested in
the absence of polymer. An aqueous solution of 1% (w/v)
surfactant (equivalent to 34 mM for SDS and 24 mM for
bile salts) was stirred for 72 h at room temperature in the
presence of excess drug. The resulting suspension was fil-
tered through a 0.45 um cellulose acetate filter (Millipore,
Watford, UK) and the concentration of solubilised drug was
determined in the filtrate (using A,,,. of Etravirine at
312 nm) using UV-visible spectroscopy (Hewlett-Packard
8452A, Agilent Technologies, Stockport, UK). Second, an
excess amount of the spray dried formulations with 1:3, 1:1,
and 1:0.5 drug:polymer ratios were dispersed in the 1%
surfactant solutions and stirred for 72 h at room tempera-
ture prior to filtration and the solubilised drug concentra-
tion analysis.

Polymer-Surfactant Interactions

Critical Micellar Concentration (CMC) Measurements
Using Surface Tension

The surface tensions of the surfactant and polymer-surfactant
solutions were measured at 25°C and atmospheric pressure by
the Wilhelmy plate method using a Langmuir trough (KSV
Nima Technology, Coventry, UK) with supporting software
to convert surface pressure readings into surface tension. Fresh
filter paper plates (Whatman® Chromatography paper
Grade 1Chr, Sigma-Aldrich, Gillingham, UK) were used in
cach measurement. At least 1520 min equilibrating time was
used for each measurement before the recording of the surface
tension values of the solution. The pure surfactant (SDS and
bile salts) solutions in water and in polymer solutions with
HPMC E5 concentrations from 0.0125% to 0.05% (w/v)
with and without Etravirine were tested. The rationale for
the polymer concentrations selection was to cover a range
of polymer concentrations expected after the complete n
vitro dissolution of a commercialised tablet product with an
Etravirine dose of 100 mg and 300 mg HPMC E5. All
samples were prepared by serial dilution and those contain-
ing Etravirine were filtered prior to use. Six repeats were
conducted for each measurement.

Critical Micellar Concentration (CMC) Measurements
Using Pyrene Fluorescence

Aqueous solutions containing polymer, SDS, and a pyrene
concentration less than 10~ M were analysed using fluores-
cence spectroscopy. For all experiments, the steady-state
fluorescence measurements were recorded on a spectroflu-
orimeter FluoroMax-2 (HORIBA Jobin Yvon Ltd, Middle-
sex, UK). Calibrations of determining the xenon lamp
profile and water scan for emission sensitivity were made
prior to running each set of experiments. The emission
spectra of pyrene were obtained with an excitation wave-
length of 334 nm. A one centimetre optical path quartz
SUPRASIL cuvette (QS 111, Hellma GmbH & Co. KG)
was used in all experiments. The ratios of vibronic peak
intensities at 373 nm and 384 nm (I,/I5) in the emission
spectra were measured for solutions containing different
surfactant concetrations. The data were processed using
computer program Origin following the calculation theories
described by Aguiar et al. 2003 (31).

Dynamic Light Scattering (DLS) Analysis of Polymer-Surfactant
Systems

The dynamic light scattering (DLS) measurements of the
surfactant and surfactant-polymer solutions were carried out
using a Zetasizer Nano ZS (Malvern, Worcestershire, UK)
to measure the hydrodynamic particle size. The instrument
was fitted with a 633 nm red laser. The detector position
was fixed at 173° (backscattering detection). The samples
were centrifuged at 5000 rpm for 10 min and equilibrated
before the measurements for 5 min. For the formulations
samples containing precipitates after dissolution, the super-
natant was taken and centrifuged again for 5 min and
filtered using 0.45 pm cellulose acetate filter (Millipore,
Watford, UK) before measurements. All measurements
were performed at 25°C. All final intensity-weighted hydro-
dynamic size distribution of the aggregates were derived by
fitting intensity autocorrelation functions using the CON-
TIN algorithm. All the experiments performed in this study
were repeated in triplicate.

Small Angle Neutron Scattering (SANS) Measurements
on the Polymer-Surfactant-Drug Solutions

The SANS measurements were performed on the LOQ) (32)
at the ISIS facility of the Rutherford Appleton Laboratory
(Oxfordshire, UK). Through all the measurements, a well-
collimated incident neutron beam transmitted through the
sample into the detector. The neutron beam was polychro-
matic, containing a range of neutron wavelengths from 0.5
to 6.5 A. As ISIS is a pulsed source, the wavelengths of the
transmitted neutrons are measured by their time-of-flight
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(TOF) from the source to the detector. The magnitude of
the scattering vector, Q (A", is calculated as described in

Eq. (1).
QZ;'—E sin 260 (1)

The scattering intensity as a function of time-of-arrival
were normalised for the sample transmission and converted
to intensity versus () using a standard data reduction routine
(Colette) provided by the ISIS laboratory. Before the sample
measurement, the instrument was calibrated with a copoly-
mer standard to allow the data to be plotted on an absolute
intensity scale. Backgrounds consisting of scattering from
DyO or 50% DyO/50% HyO were subtracted from the
sample scattering. Data was taken for solutions of polymer
(0.0125% w/v), model drug molecule (0.042% w/v) and
surfactant (3.4 mM) using ¢-SDS in 50% D,0O/50% H,O
(partially deuterated water was used to reduce background),
and A-SDS or Tween in DyO. Data was fitted using models
provided by the NIST Centre for Neutron Research, imple-
mented in Igor Pro (Wavemetrics) (33).

RESULTS

Effect of Surfactant on Dissolution/Precipitation
of Spray-Dried Solid Dispersions

The residues of the formulations dispersed in media with no
surfactant were tested after certain time periods using ATR-
FTIR spectroscopy. As seen in Fig. 2a, the residues of the
spray dried TH 1:0.5 formulation show no significant
changes 1n the IR spectra after exposure to media with no
surfactant. No clear crystalline drug peaks were observed in
the IR spectra of the residues. The drug/polymer peak
ratios as well as the peak intensities also show no significant
changes over the 3 h exposure period. This implies that no
drug or polymer dissolution nor drug recrystallisation oc-
curred over the 3 h testing period in the media. Similar
behaviour was also found with TH 1:1 and TH 1:3 formu-
lations. The reason behind this behaviour is not entirely
clear. However, it 1s likely that the highly hydrophobic drug
can lead to increased hydrophobicity of the surfaces of the
spray dried Etravirine-HPMGC particles hindering the disso-
lution of the water soluble polymer. The high interfacial
tension of the spray-dried particles in the media can dra-
matically reduce the wettability therefore preventing the
dissolution of the formulation. HPMC-Etravirine interac-
tions may also contribute to the low level dissolution of
HPMC into the media.

The spray-dried TH 1:3 formulation instantly dis-
solved and formed a clear solution in water/0.1MHCI
containing 1% w/v SDS (equivalent to 34 mM) or bio-
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relevant surfactant (bile salts). No precipitation was ob-
served after 4 h suggesting a good ability to solubilise
the drug or potentially stabilise a supersaturated drug
solution.

The residues of the formulations in the media containing
Tween 20 with a concentration of 16 mM show different
results. The concentration of 16 mM was chosen because
that it is well above the CMC of Tween 20 (the CMC of
Tween 20 is below 0.1 mM), and recreates the concentra-
tion of Tween in solution after the complete dissolution of
the granulo-layered formulations (the formulations contain-
ing Tween 20). As seen in Fig. 2b, the formulation with the
highest drug loading (TH 1:0.5) as well as the formulation
with the lowest drug loading (TH 1:3) show a clear reduc-
tion in the peak intensity of the polymer associated peak
(broad peak at 1113 em™ ") indicating the loss of polymer
from the spray dried microparticles. The obvious increases
in the crystalline drug peaks intensities (within the finger
print region) indicate the drug recrystallization in the resi-
dues. Thus the presence of Tween 20 promotes the escape
of HPMC from the spray dried solid dispersions that seems
to outweigh its contribution to drug solubilisation. One
possible explanation is that the dissolution of HPMC could
be accelerated by the presence of Tween 20 which reduces
the interfacial tension between the spray dried particles and
the release media. As HPMC is hydrophilic, it can be
rapidly removed from the solid dispersion into the media
by dissolution with much faster kinetics than the drug
solubilisation by Tween 20. In comparison to SDS/bile
salt, the solubilisation capacity of a non-ionic surfactant
alone is often weaker than a ionic type surfactant. This
could lead to the ratio of Etravirine to HPMC being higher
than the solid solubility of the drug in polymer. The supersat-
uration of drug in the dispersion eventually causes drug
crystallisation.

Similar results were also observed in the granulo-layered
material (with drug to polymer ratio of 1:3), containing
Tween 20. As seen in Fig. 2¢c, over the 3 h test period, the
intensity of the polymer associated peak gradually reduced
with time; whereas the crystalline drug peak intensities in-
crease. This further confirms that the presence of Tween 20
facilitates the fast dissolution of HPMC, but has no signifi-
cant solubilisation effect on the drug. The dissolution of
polymer from the solid dispersions resulted the recrystallisa-
tion of Etravirine during immersion. Further investigation
on the mechanism of the interaction between Tween and
HPMC will be discussed elsewhere. As the presence of SDS
showed a clear solubilisation effect on the formulations,
the key focus of the following section in this paper is to
facilitate a better understanding of the underlying mech-
anism behind the effect of anionic surfactants (SDS and
bile salts) on the drug solubilisation of HPMC E5 based
solid dispersions.
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Fig.2 FT-IR spectra (from top to -
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Drug Solubilisation in the Presence of Polymer
and Surfactants

In order to further establish that the co-presence of HPMC and
anionic surfactant is essential for the enhanced solubilisation
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effect, the static state equilibrium solubility of the drug in
the solution containing HPMC and SDS/bile salts were test-
ed. Table I shows the maximum apparent solubility results of
Etravirine in bile salts and SDS aqueous solutions. The ap-
parent solubilities of Etravirine increased in both anionic
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Table 1 Apparent Solubility of Etravirine in Different Media Containing
Either 1% wi SDS (34 mM) or 1% wh Bile Salts (24 mM)

Solution systems Maximum Drug

Solubility (mg/ml)

Etravirine <0.01

Etravirine + HPMC <0.01

SDS + Etravirine 0.175
SDS + Etravirine/HPMC [:0.5% 0.245
SDS + FEtravirine/HPMC |:1* 0.251
SDS + FEtravirine/HPMC |:3%* 0.275
Bile Salts + Etravirine 0.136
Bile Salts + Etravirine/HPMC 1:0.5% 0.275
Bile Salts + Etravirine/HPMC 1:1* 0.310
Bile Salts + Etravirine/HPMC 1:3* 0.325

*Spray dried Etravirine-HPMC ES5 solid dispersions

surfactants solutions after being formulated into spray dried
amorphous dispersion with HPMC. Slight increases in the
apparent solubility of Etravirine were observed with decreasing
the ratio of drug to HPMC. No improved solubilisation effect
was found for the systems with the non-ionic surfactant, Tween
20 (16 mM). The maximum apparent solubility of Etravirine is
higher in bile salts than in SDS. For both surfactants the
apparent solubilities of the drug are much higher in the
HPMC-surfactant solutions than the surfactant solution alone.
This again indicates that the presence of both of HPMC E5
and the anionic surfactants is essential for the fast dissolution
and stable supersaturated Etravirine solution after dissolution.

Mechanistic Study |: Effect of Polymer and Drug
on Surfactant Aggregation Behaviour

Many studies have demonstrated that the addition of a
hydrophilic polymer to the media can have significant im-
pact on the critical micellar concentration (CMC) of an
1onic surfactant v the adsorption of surfactant molecules
onto the hydrophobic segments of the polymer chain
(15-26). The concentration at which the surfactant mole-
cules start to interact with the hydrophobic regions of the
polymer chain is known as critical aggregation concentra-
tion (CAC). The thermodynamic driving force for the ad-
sorption of surfactant molecules onto the hydrophobic
segments of the polymer and forming micelles-like structures
with a lower aggregation number is more energetically
favourable than the formation of free surfactant micelles in
water with a higher aggregation number. Therefore a de-
crease of the original CMC of the surfactant with the pres-
ence of the polymer to a lower value, the CAC, is often
observed (15-26).

The CMCs of the bile salts and the model anionic sur-
factant, SDS, were measured using Wihelmy plate surface
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tension and confirmed by fluorescence spectroscopy (involv-
ing the use of pyrene as the fluorescent probe) and pendand
drop (see Supplementary Material) methods in water. In the
literature, the surfactant tension of polymer-surfactant sys-
tem has been preferably measured using pendant drop
method. This is mainly because that pendant drop measure-
ments are less disruptive during the long equilibrium period
of the surface tension of the solutions (20,21). However, it
has also been confirmed that the kinetics of equilibrium is
highly polymer concentration dependent (20,21). At poly-
mer concentrations above 0.001% (w/w), the surface tension
equilibrium of the solutions containing different grades of
cellulose derivatives and SDS can be reached within the
time timeframe of 10—15 min (20,21). This suggests that at
high polymer concentration the surface tension measured by
pendant drop method should be similar to the results
obtained from classic Wihelmy plate method. As all polymer
concentrations used in this study were significantly higher
than 0.001% (w/w), the Wihelmy plate method was used to
test the effect of HPMC E5 on the micellisation behaviour of
the surfactants.

As seen in Figure 3a, the CMC value for bile salts alone
was measured at 5.9 mM. When HPMC was added at
concentrations between 0.0125 and 0.05% (w/v) the CAC
value is reduced to approximately 1.3 mM. The CAC was
also reduced to approximately 1.2 mM on addition of
Etravirine. Similar results were found in the case of SDS,
as seen 1n Fig. 3b. The CMC value of SDS alone was found
to be 7.6 mM which is in agreement with literature values
(15-26). HPMC alone reduced the CAC of SDS to 3.4 mM.
The addition of Etravirine reduces the CAC of SDS (with
and without HPMC E5) to 3.4 mM. The mechanism of how
Etravirine reduces the CAC of the surfactants is not yet
clear. We speculate that the Etravirine may act as nuclei
for the formation of surfactant aggregates as it is highly
hydrophobic. In turn the surfactant aggregates solubilise
the drug. From these data it can be concluded that HPMC
and Etravirine had a greater effect on the aggregation
behaviour of bile salts than that of SDS. This 1s likely to
be associated with the multi-component nature and unique
micellisation behaviour reported in the literature (13,14). As
a result of the complex bile salts behaviour, this study
focuses on understanding the basic interactive principle
between HPMC E5 and anionic surfactants using SDS as
the model in water in the first instance in order to gain
insights into the nature of the interaction and any practical
impacts.

In order to confirm the effect of HPMC on the aggrega-
tion behaviour of SDS and further probe the nano-structure
of the complexes, the CMC of SDS was measured using
pyrene as a fluorescent probe in water with and without
HPMC (0.033% w/v which is equivalent to a finishing tablet
of TH 1:3 formulation of the spray dried microspheres
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Fig. 3 The effect of HPMC E5 a
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completely dissolved in 900 ml dissolution media) by fluo-
rescence spectroscopy. The tendency towards the formation
of the excimers of pyrene is a measure of the viscosity of the
microenvironment of the probe molecule during the forma-
tion of the micelles. Since pyrene is extremely poorly water-
soluble it partitions into micelles or other hydrophobic
regions present in the solution. The formation of excimers
requires at least two pyrene monomers to be present in a
surfactant micelle during the excited state lifetime. The
CMC and CAC values with the presence of HPMC mea-
sured using pyrene florescence show that the CMC is re-
duced from 7.7 mM to 3.6 mM as seen in Fig. 4. This is in
good agreement with the values obtained by the surface
tension measurements. There is no excimer formation for
the tested SDS concentrations in the presence of HPMC.
This may be due to the reduced aggregation number, there-
fore increased overall number of SDS aggregates in the
presence of polymer (19). This indicates that the number
of SDS micelles is greater than the dissolved pyrene mole-
cules leading to no formation of excimer. The formation of
surfactant aggregates/micelles can facilitate the solubilisa-
tion of poorly water-soluble compounds. No significant
excimer formation occurred in the SDS/HPMC solutions
(Fig. 4 inserted graph) indicating high solubilisation capacity
of the SDS/HPMUC solution. This also may explain that the
addition of SDS in the dissolution media triggers dissolution
of Etravirine from the formulations (30). In order to further
probe the solubilisation mechanism of SDS with the presence
of HPMC, the HPMC-SDS interactions were characterised

Log [SDS] (% wiv)

by dynamic light scattering (DLS) and small angle neutron
scattering (SANS).

Mechanistic Study 2: Evidence of Formation
of Polymer-Surfactant Complexes

The surface tension and pyrene florescence spectroscopic
methods both confirmed that the CMC of SDS (in water) is
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Fig. 4 The effect of HPMC E5 on the aggregation behaviour of SDS in
water measured using pyrene fluorescence at 25°C. (The CMC of SDS
without the presence of HPMC is indicated on the graph, and the inserted
graph of the fluorescence emission spectra of HPMC solution containing
0.5 mM (below CMC) and 20 mM (above CMC) of SDS in water).
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decreased from 8 mM to a CAC of 3.4-3.6 mM with the
addition of HPMC. In order to obtain more direct evidence
of the presence of polymer-surfactant aggregates/com-
plexes, DLS measurements were performed. The DLS
results of the HPMC E5 alone in water (with concentrations
from 0.0125 to 0.05% w/v) indicated that at a concentration
0f 0.0125% (w/v), polymer aggregation already occurs. The
hydrodynamic particle sizes of the HPMC E5 aggregates
with concentration of 0.025% w/v show bimodal distribution
(approximately 18 nm and 260 nm) in water, as seen in Fig 5a.
The DLS results of the SDS (34 mM) micelles alone in water
indicate a micelle size of around 1.2 nm (data not shown).
From the surface tension measurement, it is known that the
CAC of SDS can be reduced to 3.4 mM with the addition of
HPMC E5. As seen in Fig. 5a, with the presence of HPMC E5
at SDS concentration of 3.4 mM, a bimodal distribution
occurs with two populations of colloidal particles with hydro-
dynamic sizes of 15 and 230 nm. With increasing the SDS
concentration to 34 mM, no significant change in the size of
the two populations is observed (Table II). These values are

20
=——HPMC water

=#=HPMC SDS 3.4 mM
16 —+—Formulation 1:0.5 5DS 3.4 mM
- —&—Formulation 1:1 5D5 3.4 mM
==—Formulation 1:3 SDS 3.4mM

Intensity %

10000

18 =——HPMC water b
16 —#—HPMC + SDS 34mM
14 —+—Formulation 1:0.5 sds 34Mm

=&=Formulation 1:1 SD5 34 mM
12

=&=Formulation 1:3 SDS 34mM

Intesity %

10000

Fig. 5 DLS profiles of SDS solutions containing dissolved spray dried
HPMC-Etravirine formulations with drug:polymer ratios from 1:3 to
1:0.5; (a) the solutions with SDS concentration of 3.4 mM; and (b) the
solutions with SDS concentration of 34 mM.

@ Springer

slightly smaller than the ones in the polymer solutions without
SDS. The SDS clustering on the HPMC chains (the formation
of complexes) leading to the shrinkage of HPMC: coil may be
responsible to the slight reduction on the sizes (19). The
dissolution of the spray dried Etravirine-HPMC formulations
leads to a significant increase in the hydrodynamic sizes of the
complexes. The TH 1:3 formulations containing highest pro-
portion of HPMC E5 and lowest concentration of drug
showed rapid and complete dissolution in the SDS solutions.
As seen in Fig. 5a, all formulations show dramatic increase in
the size of the complexes. The significant increases in com-
plexes hydrodynamic sizes can be contributed to the drug
encapsulation/solubilisation which leads to the swelling of
the complexes. The TH 1:3 formulations gives the largest size
of the aggregates in comparison to TH 1:1 and TH 1:0.5. This
trend correlates well with the results of the drug solubilisation
study (Table I). This indicates that the drug encapsulation/
solubilisation capacities of the HPMC-SDS complexes are
concentration dependent.

In order to further confirm the structure of the polymer-
anionic surfactant complexes and their solubilisation mech-
anism, the polymer-surfactant with and without model drug
were studied using SANS. The £-SDS/100% DyO and d-
SDS 50% D,O solutions were examined. Without HPMC,
at SDS concentrations 3 mM (below the CMC), no scatter-
ing was detected implying that no micelles are present in
solution. The SANS results of the solution with high SDS
concentration (70 mM) in water (well above the CMC)
showed good fit to a slightly ellipsoid shape with a structure
factor indicating the presence of micelle-micelle interaction,
as seen in Fig. 6a. The fitted charge data suggested that the
aggregation number of each SDS micelle is approximately
60 with 30% of SDS molecules being charged. This data 1s
in good agreement with the reported aggregation number of
SDS in water (34).

With the addition of HPMC (A-SDS/HPMC. in D,O),
the scattering intensity slightly increased for the high SDS
concentration solution (70 mM). However, at this high con-
centration the polymer chains have been saturated with
SDS micelles resulting in a large number of free SDS
micelles in the solution. Therefore, the scattering is domi-
nated by the intensity contributed from the free SDS
micelles, and little information on the polymer-SDS com-
plexes can be obtained. Reducing the SDS concentration to
3 mM, which is below the CMC of SDS but close to the
CAC of SDS in the presence of HPMC, can help to enhance
the scattering of the HPMC-SDS complexes. The SANS
results of the sample with 3 mM /-SDS/HPMC in D,O
show an increase in the scattering intensity. However, the
scattering density is still proportionally lower than 1/20th of
the density of the 70 mM £-SDS/HPMC samples in D,O,
indicating that the SDS aggregates (may not be perfect
micelles as the concentration is slightly below the CAC in
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Table Il Summary of the Hy-

drodynamic Size Changes of Sample

Hydrodynamic size(diameter) nm

the Aggregated with the Addition

of Etravirine HPMC in water

HPMC + SDS 3.4 Mm

Etravirine/HPMC 1:0.5% + SDS 3.4 mM
Etravirine/HPMC |:1* 4+ SDS 3.4 mM
Etravirine/HPMC 1:3* + SDS 3.4 mM

HPMC + SDS 34 mM

Etravirine/HPMC 1:0.5% + SDS 34 mM
Etravirine/HPMC |:1* + SDS 34 mM
Etravirine/HPMC 1:3* + SDS 34 mM

*Spray dried Etravirine-HPMC E5

Population I: 18+0.96
Population I: 15+0.23
438+6.8
445+1.2
594+9.6
Population I: 15+0.8
308%1.2
370=0.6
612+0.8

Population 2: 260+0.83
Population 2: 230+ | .4

Population 2: 239+ 1.3

solid dispersions

the presence of HPMC) are likely to be penetrated by the
HPMC polymer chains. The data fitting suggested a more
ellipsoid shape of the micelles than the SDS micelles without
the presence of HPMC.

The scattering intensity of the SDS/HPMC/Etravirine
solution with high SDS concentration (70 mM) is very
similar to the pure SDS and HPMC-SDS results. This can
be explained by the high concentration of SDS micelles in
the solution, which dominate the scattering pattern. At low
SDS concentration (3 mM), the scattering of the solution
containing HPMC and Etravirine changed dramatically in
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Fig. 6 SANS patterns of (a) h-SDS (3.4 mM)/HPMC (0.0125% w)
solutions in 100% D,O. The smooth line is a fit to the data using a model
of charged ellipsoids; (b) h-SDS (3.4 mM)/HPMC (0.0125% w/)/Etravirine
(0.0042% w/v) solutions in 100% D,O showing the increase in scattered
intensity due to the formation of aggregates as HPMC E5 and HPMC/drug
are added to the SDS solution.

comparison to the solution without the drug. The contrast
for the A-SDS has reduced from 5.7 % 107% t0 0.6 x 10~ and
the size/shape of the micelles changed from largely spheri-
cal to long and thin ellipsoid by the addition of the drug as
suggested in Iig. 6b. This can be an indication of the
encapsulation of the highly hydrophobic drug molecules in
the SDS aggregates particularly in the near head-group
region. As the data suggested that the head-groups are
increased relative to the tail groups in volume, which may
partially contribute to the conversion of spherical micelles
into cylinder-shaped aggregates. The comparison of the
nano-structures of polymer-surfactant complex before and
after drug addition indicates the main mechanism being
drug encapsulation into the surfactant aggregates which
are adsorbed on the hydrophobic patches of the polymer
chain.

DISCUSSION

This study has investigated the behaviour of HPMC E5 in
solution in the presence of anionic (bile salts and SDS) and
compared with the behaviour in media containing non-ionic
(Tween 20) surfactants. The dissolution/precipitation tests
of the spray dried solid dispersions were performed in the
presence of both non-ionic (non-interacting model) and
anionic (complex formation model) surfactants. With anion-
ic surfactants fast dissolution and stable supersaturated drug
solutions were obtained (in which drug crystallisation can be
prevented for a reasonable period of time during which the
drug absorption can take place). Studies on the interaction
of polymer and surfactants were carried out in order to
reveal the underlying mechanisms of these experimental
observations. The presence of Tween 20 in the media indu-
ces rapid removal of HPMC: from the solid dispersion and
leads to drug recrystallisation in solution. Without any sur-
factant in the media, although no dissolution occurred, the
molecular dispersion of HPMC-Etravirine surprisingly
showed high integrity in solution without obvious drug
recrystallisation or polymer escaping/dissolution from the
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Fig. 7 lllustration of the Below CMC
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soluble drugs via polymer- A r
surfactant interactions. L
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formulations. The dissolution/precipitation results provide
strong experimental evidence of the role anionic surfactants,
such as bile salts in human gut, may play during the disso-
lution of solid dispersions of hydrophilic non-ionic polymers,
such as HPMC. These results are experimental evidence for
the hypothesis of polymer-surfactant interaction and corre-
late well with mechanisitic studies such that the polymer-
surfactant complexes act as a solubilisation carrier for the
drug during dissolution from the solid dispersions.

The nature of the interaction was investigated using
surface tension measurements, fluorescence spectroscopy,
DLS, and SANS. The investigation of the mechanism of
interaction and solubilisation contains three main stages, the
indication of interactions (effects on micellisation behav-
1our), understanding the interaction between HPMC E5
and SDS alone, and the structural understanding of
HPMC-SDS-Etravirine complexes. The anionic surfactants,
bile salts and SDS, both demonstrated a strong binding
affinity towards the polymer chain in solution as evidenced
by the significant changes of CMC to lower CAC values.
This is associated with the fact that thermodynamically,
adsorption of surfactant molecules onto polymer chains is
more energetically favourable than forming free micelles at
higher concentration (15-21). Bile salts showed stronger
responses to the addition of HPMC and Etravirine than
SDS. The DLS and SANS results support the ‘pearl neck-
lace’ model of the polymer-surfactant complex structure.
The hydrodynamic particle size of the polymer aggregates
showed slight decrease with the presence of SDS at and
above the CAC due to the shrinkage of the polymer coil
after the adsorption of SDS clusters. The hydrodynamic
sizes of the polymer-surfactant complexes only significantly
increase once the complexes solubilize the drug. The SANS
data confirmed the model and suggested the shallow pene-
tration of the polymer chain into the surfactant micelles.
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The SANS data also suggested that the encapsulation of the
drug molecules in the SDS clusters (at low surfactant con-
centration) or SDS micelles (at high surfactant concentra-
tion) adsorbed onto the HPMC chain (forming the polymer-
surfactant complexes) leads to the evolution of spherical
shaped micelles to a more cylinder shape. These experimen-
tal data supported the hypothesis of the formation of
HPMC-anionic surfactant complexes which may play an
important role in drug solubilisation and stabilisation (from
drug recrystallisation under supersaturated conditions) dur-
ing dissolution. In the gut environment, the presence of bile
salts, in particular in the small intestine region where there is
a high concentration of bile salts, the HPMC-bile salts
complexes could be one a key mechanisms involved in the
dissolution and subsequent absorption of poorly water-
soluble drugs via solubilisation of drug molecules in the
complexes as illustrated in Figure 7. Investigations on the
effect of media properties (i.e. pH, ionic strength) and poly-
mer structure/properties on the polymer-bile salts interac-
tions are ongoing in order to gain better understanding of
the behaviour of other pharmaceutical polymers in the gut

fluid.

CONCLUSION

This study has reported for the first time the potentially vital
role that polymer-surfactant complexes may play in facili-
tating fast dissolution of poorly water-soluble drugs and
prevention of drug precipitation. This study focused on the
interaction between a nonionic hydrophilic polymer
(HPMC E5) and surfactants including anionic (bile salts
and SDS) and a non-ionic surfactant (Tween 20). The
results indicated that the formation of polymer-anionic sur-
factant complexes had a high encapsulation capacity for a
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poorly water-soluble model drug; whereas the non-ionic
surfactant promoted polymer dissolution and rapid drug
recrystallization during dissolution. This is an important
finding, suggesting that for solid dispersions containing
HPMC the use of non-ionic surfactant such as Tween
should be avoided to prevent any drug recrystallization
during dissolution. The results suggested that the formation
of nonionic polymer-anionic surfactant complexes via the
adsorption of surfactant clusters on the polymer chain con-
tributes significantly to the solubilisation and stabilisation of
supersaturated solution of poorly water-soluble drug.
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