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ABSTRACT: The self-assembly of ordered structures in mixtures of oppositely
charged surfactant and polymer systems has been exploited in various cleaning and
pharmaceutical applications and continue to attract much interest since their discovery
in the late twentieth century. The ability to control the electrostatic and hydrophobic
interactions that dictate the formation of liquid crystalline phases in these systems is
advantageous in manipulation of structure and rendering them responsive to external
stimuli. Nanostructured capsules comprised of the cationic surfactant, cetyltrimethylammonium bromide (CTAB), and the diblock copolymer poly(acrylamide-acrylic acid)
(PAAm-AA) were prepared to assess their potential as pH responsive nanomaterials.
Crossed-polarizing light microscopy (CPLM) and small-angle X-ray scattering (SAXS)
identiﬁed coexisting Pm3n cubic and hexagonal phases at the surfactant−polymer
interface. The hydrophobic and electrostatic interactions between the oppositely
charged components were studied by varying temperature and solution pH,
respectively, and were found to inﬂuence the liquid crystalline nanostructure formed.
The lattice parameter of the mesophases and the fraction of cubic phase in the system decreased upon heating. Acidic conditions
resulted in the loss of the highly ordered structures due to protonation of the carboxylic acid group, and subsequent reduction of
attractive forces previously present between the oppositely charged molecules. The rate of release of the model hydrophilic drug,
Rhodamine B (RhB), from nanostructured macro-sized capsules signiﬁcantly increased when the pH of the solution was adjusted
from pH 7 to pH 2. This allowed for immediate release of the compound of interest “on demand”, opening new options for
structured materials with increased functionality over typical layer-by-layer capsules.
KEYWORDS: poly(acrylamide-acrylic acid), cetyltrimethylammonium bromide, pH responsive, Pm3n cubic phase, hexagonal phase,
release studies

1. INTRODUCTION
Since the emergence of self-assembled ordered structures in
mixtures of oppositely charged surfactant and polymer systems
four decades ago,1,2 they continue to receive great attention
especially targeted in cleaning, personal care, pharmaceutical,
and biomedical applications. The ability to attain control over
the electrostatic and hydrophobic interactions that dictate the
formation of liquid crystalline phases in these systems is
advantageous in manipulation of structure and rendering them
responsive to external stimuli. Variables that have impacted on
the phase behavior, stability, and/or size of nanostructures
formed in these systems include temperature, 3−7 salt
concentration,8−13 and pH.14 The system consisting of the
© 2015 American Chemical Society

industrially relevant anionic surfactant, sodium dodecyl sulfate,
and the cationic polymer, poly(diallyldimethylammonium
chloride), has been shown to form hexagonal phase-structured
capsules, whereas the biorelevant anionic bile salt, sodium
taurodeoxycholate, and the cationic polymer, chitosan, formed
lamellar mesophase within the capsule shell.15 These two
systems were salt and temperature responsive, respectively,
releasing an encapsulated model hydrophilic drug “on demand”.
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Speciﬁcally, the aims were to (a) identify the liquid
crystalline phases formed at the interface between surfactant
and polymer solutions, (b) study the growth and development
of nanostructures across this interface, (c) probe the strength of
hydrophobic and electrostatic interactions between moieties by
examining how the nanostructures are inﬂuenced by changes in
solution temperature and pH, and (d) determine the release
behavior of incorporated model drug from macro-sized capsules
possessing nanostructured “shells” under diﬀerent solution
conditions.

The identiﬁcation of similar nanostructured materials that are
pH responsive is of particular interest as a variety of
physiological states involve changes in pH, and consequently
could be used in biomedical applications to act as a trigger for
the release of active components from surfactant−polymer
complexes.16,17 For a material to be responsive to changes in
pH, it must possess a functional group that is susceptible to
ionization. Poly(acrylic acid), poly(N,N-dimethylaminoethyl
methacrylate), alginate, and hyaluronic acid are examples of
synthetic and natural polyelectrolytes that fall under this
category.18 They are commonly utilized as hydrogels, where
diﬀerences in their swelling behavior at varying pH may be
exploited as a means of stimulating the delivery of therapeutics.
Mahdavinia et al. reported on how pH and salt inﬂuenced the
swelling capacity of cross-linked hydrogels comprised of
poly(acrylamide-acrylic acid) grafted with chitosan. Findings
presented pH-dependent reversible swelling between pH 3
(“on”) and pH 10 (“oﬀ”) and that its swelling capacity was
controlled by the degree of cross-linking. The valency of the
salt also aﬀected the swelling capacity, where the presence of a
divalent ion increased the cross-linking density by having a
double interaction with the negatively charged functional group
on the polymer, which led to the deswelling of the gel.19 While
interesting, these materials do not form nanostructured
elements as is often found in oppositely charged surfactant
and polymer systems.
Nizri et al. demonstrated that highly ordered nanostructures,
namely hexagonal phase, can arise upon interaction between
polyacrylate and alkyltrimethylammonium salts with a
surfactant chain greater than eight carbons in length.20 Crosslinking of polyacrylate produced macrogels which when in
contact with a solution of CTAB resulted in its deswelling. This
was explained by the diﬀusion of micelles into the stagnant
macrogel and the subsequent formation of Pm3n cubic phase
onto its surface, which transformed into hexagonal phase over
time.21 Hierarchical complex columnar phases have also been
encountered when combining polyelectrolytic block copolymers with oppositely charged surfactants.22
In the study presented here, the formation of mesophases at
the interface between solutions of the cationic surfactant,
cetyltrimethylammonium bromide (CTAB), and the block
copolymer, poly(acrylamide-acrylic acid) (PAAm-AA) (chemical structures shown in Figure 1), was investigated. It was
hypothesized that the liquid crystalline phase(s) formed at the
surfactant−polymer interface can be controlled by adjusting the
solution pH, which in turn can modify the rate of release of a
model hydrophilic drug from nanostructured capsules.

2. EXPERIMENTAL SECTION
2.1. Materials. The block copolymer poly(acrylamide-acrylic acid,
sodium salt) (PAAm-AA, 40% carboxy, MW: > 10 000 000) was
purchased from Polysciences Inc. (1-Hexadecyl)trimethylammonium
bromide, 98% (CTAB) was obtained from Alfa Aesar (UK).
Rhodamine B (RhB, dye content ∼90%) was sourced from SigmaAldrich (AUS). Sodium hydroxide pellets (Univar) were purchased
from Ajax Chemicals (AUS) and hydrochloric acid (32% concentrated,
Univol) was acquired from Asia Paciﬁc Specialty Chemicals Limited
(AUS). These materials were used as received. Milli-Q grade water,
puriﬁed through a Milli-pore system, was used throughout these
experiments.
2.2. Characterization of Liquid Crystalline Nanostructures.
2.2.1. Sample Preparation. Leonard et al. showed the existence of
Pm3n cubic phase in mixtures of PAAm-AA and cetyltrimethylammonium chloride at charge stoichiometric amount, where the
concentration of the polymer (40% carboxylate content) was ﬁxed
at 1 wt %.23 To favor the formation of liquid crystalline structure(s) in
the system of interest, PAAm-AA was also prepared at 1 wt % in MilliQ water. The concentration of CTAB required to ensure that
stoichiometric charge equivalence was achieved was calculated to be
2.5 wt %. Hence, all studies were performed at this composition.
Aqueous solutions prepared for investigation were adjusted to either
pH 7 or 2 by dropwise addition of 0.1 M NaOH or 32% concentrated
HCl as required.
The kinetics of structure formation and phase behavior at the
interface between surfactant and polymer aqueous solutions was
studied as described previously for other oppositely charged
surfactant−polymer systems.15 Brieﬂy, PAAm-AA solution was
drawn up from the bottom of an open-ended VitroCom glass “ﬂat
cell” (dimensions: 0.4 × 8.0 × 50 mm3, height × width × length) and
sealed with paraﬁlm. CTAB solution was then carefully pipetted into
the top-end of the ﬂat cell and the top sealed again with paraﬁlm. This
method allowed a neat interface to be created between the oppositely
charged solutions of surfactant and polymer, which was marked as the
“point of origin” to enable temporal and spatial resolution of the
development of nanostructures across the interface. The internal
dimension of the ﬂat cell was 0.4 mm, which thereby determines the
thickness of the same sample for microscopy and SAXS studies.
A second conﬁguration was also used to study the inﬂuence of pH
on the mesophase(s) formed between solutions of CTAB and PAAmAA, which allowed adjustment of the pH of the surrounding solution.
Here, a circular interface was produced by delivering a disk of polymer
solution inside the ﬂat cell, which was subsequently ﬂooded with
CTAB solution to gain complete contact between the two components
at pH 7. Structures were allowed to form at the interface over a
deﬁned time, after which the surrounding CTAB solution was replaced
with Milli-Q water at pH 2.
2.2.2. Crossed-Polarizing Light Microscopy (CPLM). Crossedpolarizing light microscopy was used to visualize the appearance of any
anisotropic liquid crystalline structures formed at CTAB−PAAm-AA
interfaces by detection of birefringence. Images were taken using a
Nikon ECLIPSE Ni−U upright microscope ﬁtted with crossedpolarizing ﬁlters and a DS-U3 digital camera control unit (Nikon,
Japan) before and after changing the solution pH from 7 to 2.
2.2.3. Small-Angle X-ray Scattering (SAXS). Two diﬀerent SAXS
instruments were used to (1) spatially resolve the structures present at

Figure 1. Chemical structures of cetyltrimethylammonium bromide
(CTAB) and poly(acrylamide-acrylic acid) (PAAm-AA).
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Scheme 1. Illustration of the Approach Employed for Studying the Inﬂuence of Solution pH on the Rate of Model Drug
(Rhodamine B, RhB) Release from Nanostructured Capsules

as depicted in Schematic 1.15,26 A single droplet of PAAm-AA solution
(1 wt %) containing 1 mg/mL RhB was delivered into a stirred
solution of the release medium (1 mL in a 2 mL glass vial) via a 25 G
needle, to form a nanostructured spherical capsule (∼0.2 cm in
diameter) with a reproducible surface area (∼0.13 cm2). The release
medium was comprised of 2.5 wt % CTAB solution to initially form
ordered structures at the surfactant−polymer interface and remained
as the control system to avoid disruption of the capsule. The liquid
crystalline structure present within the “shell” of the capsule was
allowed to develop over time while submerged in the surfactant
solution at pH 7 and maintained at ca. 37 °C. Aliquots (200 μL) of the
release medium were sampled approximately every 5 min and replaced
with 200 μL of fresh drug-free solution. To test the responsiveness of
the system to pH, we carefully removed the surfactant solution after
∼30 min, avoiding any disturbance to the capsule, then replenished it
with Milli-Q water adjusted to pH 2. Aliquots were further collected
until ∼100% of the dye was released from the capsules. The
percentage of mass recovered was determined at the end of the study
by comparing the initial mass of RhB loaded in the capsule with the
mass of RhB measured in the release medium at the ﬁnal time point.
2.3.1. Determination of Rhodamine B Concentration in Release
Medium. Aliquots of the release medium (CTAB solution) taken
during the release study were diluted with Milli-Q water at their
corresponding pH (either pH 7 or 2) and loaded into a 96-well plate.
The ﬂuorescence intensity of Rhodamine B in solution was measured
at 37 °C using an EnSpire Multimode Plate Reader (PerkinElmer,
Singapore) with an excitation and emission wavelength of 554 and 627
nm, respectively. The concentration of dye released was quantiﬁed
using a calibration curve of Rhodamine B in blank media at that pH
(Figure S1).
2.3.2. In Vitro Release Data Analysis. Calculation of the apparent
diﬀusion coeﬃcient, D (cm2/s), of Rhodamine B across the singlesided matrix was derived by using the slope of the linear curve attained
when the moles of drug released per unit area, Q (mol/cm2), was
plotted against the square root of time, t1/2 (s1/2), and applying it to
the Higuchi eq 1,27

CTAB−PAAm-AA interfaces, and (2) to determine the equilibrium
phase behavior of mixtures with increasing temperature; both
previously described by Tangso et al.15 For spatial resolution of
structure at interfaces, samples prepared in ﬂat cells were mounted in
the beam on a remotely operated XYZ translation stage at the SAXS
beamline at the Australian Synchrotron.24 A beam energy of 11 keV
(wavelength of 1.1271 Å) and sample to detector distance of 1531.89
mm provided a q-range of 0.0103−0.5776 Å−1. An automated “line
scan” was conducted which involved rastering across the interface from
the bulk polymer to surfactant solution at 100 μm steps (beam size:
200 × 100 μm2, horizontal × vertical), acquiring SAXS 2D patterns for
1 s at each position using a 1 M Pilatus detector (active area 169 × 179
mm2 with a pixel size of 172 μm). The ScatterBrain Analysis in-house
software was used to reduce the 2D scattering patterns to the 1D
scattering function I(q). The d-spacing of the liquid crystalline lattice is
derived from Bragg’s law (2dsin θ = nλ, where n is an integer, λ is the
wavelength, θ is the scattering angle). SAXS scattering curves provide a
characteristic ﬁngerprint that allows the recognition of speciﬁc liquid
crystalline phases in the sample.25
For the equilibrium phase behavior experiments, a benchtop SAXS
at the Bragg Institute at the Australian Nuclear Science and
Technology Organisation was utilized to assess the stability of the
structures formed in the CTAB−PAAm-AA system to changes in
temperature. A bulk sample mixture was prepared by dropwise
addition of 2.5 wt % CTAB solution (500 μL) into a solution of 1 wt
% PAAm-AA (500 μL), vortex mixed, then left to equilibrate on rollers
in an incubator oven set at ca. 37 °C for at least 1 week prior to
analysis. As justiﬁed earlier, this composition was studied as it was the
theoretical amount required to achieve charge equivalence, which
would favor the formation of a coacervate. The sample was packed
into a quartz glass capillary (Capillary Tube Supplies Ltd., Germany)
with a path length of 2.0 mm, sealed with wax and then inserted into a
thermostated metal heating block controlled by a Peltier system
accurate to ±0.1 °C. The sample was introduced to the beamline of a
Bruker Nanostar SAXS camera, with pinhole collimation for point
focus geometry. The instrument source was a copper rotating anode
(0.3 m ﬁlament) operating at 45 kV and 110 mA, ﬁtted with crosscoupled Göbel mirrors, resulting in CuKα radiation wavelength 1.54 Å.
The SAXS camera was a Hi-star 2D detector (eﬀective pixel size 100
μm) which was located 650 mm from the sample to provide a q-range
of 0.008−0.3910 Å−1. Scattering patterns were collected over 30 min
under vacuum to minimize air scatter. Samples were heated stepwise
from 25 to 60 °C at 5 °C increments.
2.3. In Vitro Release Studies. In vitro release studies were
conducted in triplicate with the aim to determine the diﬀusivity of a
model hydrophilic drug, Rhodamine B (RhB; chemical structure
shown in Schematic 1) across the permeable nanostructure(s) formed
at interfaces between solutions of CTAB and PAAm-AA, and assess
how the rate of drug release across the CTAB−PAAm-AA interface is
inﬂuenced by changes in solution pH. Macro-sized beadlike capsules
possessing an ordered shell structure were prepared as previously
described by introducing a droplet of one component into the other,

Q = 2C0

Dt
π

(1)

where C0 is the initial concentration of drug in the capsule (mol/cm3).
As it is well-known that liquid crystalline systems generally display
diﬀusion-controlled release,28−31 data were plotted as % RhB released
versus time1/2.

3. RESULTS
3.1. Liquid Crystalline Nanostructure Formed across
CTAB−PAAm-AA Interfaces. 3.1.1. Growth and Development of Nanostructure. Upon initial contact between the
oppositely charged solutions of surfactant and polymer, the
CTAB molecules already exists as micelles as indicated by the
broad hump in the SAXS proﬁle, whereas the PAAm-AA
24503
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Figure 2. SAXS scattering proﬁles as a function of distance from origin, D, obtained during a spatial line scan across a system comprised of 2.5 wt %
CTAB (top) and 1 wt % PAAm-AA solution (bottom). Coexisting cubic and hexagonal phase was shown to predominantly grow toward the bulk
CTAB region after 1 week from initial contact between the two solutions (0 mm). This behavior and the diﬀerences in the lattice parameter of the
Pm3n cubic (squares) and hexagonal (circles) phases formed at the interface is mapped and highlighted on the right. See the Supporting Information
for q vs intensity proﬁles at three pertinent representative D values (Figure S2).

Figure 3. Inﬂuence of temperature on the equilibrium phase behavior of coexisting cubic and hexagonal existing in a mixture comprised of 2.5 wt %
CTAB and 1 wt % PAAm-AA. (A) SAXS scattering proﬁles obtained for the system when heated from 25 to 60 °C at 5 °C increments. (B) Changes
in the lattice parameter (size) of coexisting Pm3n cubic (squares) and hexagonal (circles) phases in response to heating.

molecules displayed weak scattering (Figure 2, left). Highly
ordered structures that spanned ∼2 mm across the interface
were identiﬁed as coexisting Pm3n cubic (√2:√4:√5:√6···)
and hexagonal (1:√3:√4···) phases by indexing the Bragg
reﬂections present in the SAXS scattering curves acquired
across the surfactant−polymer interface (see the Supporting
Information). It should be noted that synchrotron SAXS oﬀers
a high ﬂux of X-rays and signal-to-noise ratio that enables
acquisition of highly resolved scattering proﬁles that is superior
in comparison with what is obtained from a benchtop
instrument. This is emphasized in the appearance of the
Bragg peak at √2 for Pm3n cubic phases when characterized by
synchrotron SAXS (Figures S2 and S3). However, it was
unresolved in SAXS proﬁles obtained during the temperature
scan with a benchtop SAXS instrument (Tables S1 and S2 and
Figure S4). These self-assembled mesophases grew predominantly toward the bulk CTAB micellar solution after 1 week
(Figure 2).
Further examination of the structures formed at the interface
showed distinct spatial trends in the lattice dimensions of the
structures across the interface (Figure 2, right). Notably, the
lattice parameter of the Pm3n cubic phase followed a somewhat
sigmoidal curve, where the minimum lay near the bulk polymer
region indicating the position of least swelling of the cubic
structure, whereas the maximum was situated toward the bulk
micellar region. Interestingly, the point of inﬂection in the

change in lattice parameter for the cubic phase corresponded to
the position across the interface where a signiﬁcant drop in the
internal dimensions of the hexagonal phase was observed;
however, the point of minimal swelling of the two phases was
not spatially coincident.
3.1.2. Eﬀect of Temperature and pH on Nanostructures.
Following the identiﬁcation of the structures that arise within
the CTAB/PAAm-AA system, their equilibrium phase behavior
and structural stability against changes to temperature and
solution pH were then assessed. The coexisting Pm3n cubic and
hexagonal phases persisted throughout heating of the bulk
aqueous mixture of CTAB and PAAm-AA (Figure 3A) from 25
to 60 °C although the ratio between them changed (see Table
S1 and Table S2 for how the mesophases were indexed). As the
temperature was increased, a number of the Bragg reﬂections
indexed as Pm3n cubic phase gradually disappeared giving rise
to a system being comprised majority of hexagonal phase. In
addition, the Bragg peaks shifted toward higher q values upon
heating, which correlated to a linear decrease in the lattice
parameter with increasing temperature (Figure 3B).
In contrast to the weak dependence on temperature, the
liquid crystalline phases that arise at the CTAB−PAAm-AA
interface were strongly susceptible to pH. Reduction of the
surrounding solution pH to 2 resulted in the disappearance of
the Bragg reﬂections that were previously present in the SAXS
scattering proﬁle at pH 7 (Figure 4). This eﬀect was also
24504
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Figure 4. Eﬀect of solution pH on the structural integrity of mesophase(s) formed at the CTAB−PAAm-AA interface. SAXS scattering proﬁle shows
the loss of coexisting cubic and hexagonal phases (left) after ﬂushing the system with acidic solution (right). Insets: CPLM images.

4. DISCUSSION
4.1. Formation of Cubic and Hexagonal Phases at the
CTAB−PAAm-AA Interface. The appearance of coexisting
Pm3n cubic and hexagonal phases in CTAB−PAAm-AA
complexes has been previously identiﬁed using small-angle Xray scattering;23,32,33 however, their formation at liquid−liquid
interfaces has not yet been reported until now. Inspection of
the CTAB/water binary phase diagram by crossed-polarizing
light microscopy illustrates phase transitions between an
isotropic phase to a viscous isotropic phase to a nematic
phase and ﬁnally a hexagonal phase with increasing CTAB
concentration.34 Although analysis by X-ray diﬀraction showed
phase transitions between micellar → hexagonal → Ia3d cubic
→ lamellar phases with increasing surfactant concentration.35
Because micelles were already present in the CTAB solution
prepared at 2.5 wt % (∼69 mM), a concentration that is well
above its critical micellar concentration (cmc ≈ 0.8 mM),36
interaction with the solution of the charged block copolymer
resulted in the self-assembly of highly ordered structures at the
neat interface created between the two components (Figure 2).
Unlike the systems presented by Berret et al. and Uchman et
al., which showed the formation of Pm3n cubic phase colloidal
complexes with a core−shell microstructure (where the core
comprised densely packed micelles and the shell containing the
neutral polymeric chains) in aqueous mixtures of dodecyltrimethylammonium bromide and poly(sodium acrylate), and
N-dodecylpyridinium chloride and poly(ethylene oxide)-blockpoly(methacrylate), respectively, coexisting Pm3n cubic and
hexagonal phases were found at the CTAB−PAAm-AA
interface (Figure 2).37,38 The Pm3n cubic phase has been
described to be a construct of disconnected micellar aggregates
composed of two types of elongated micelles packed in the unit
cell,33,39 whereas the hexagonal phase is deﬁned as cylindrical
micelles arranged in a hexagonal lattice. Interestingly, the
mesophases that spanned across the CTAB−PAAm-AA
interface displayed diﬀering lattice parameters ranging between
105−123 Å for Pm3n cubic phases and 50−58 Å for hexagonal
phases. Smaller lattice parameters exhibited by the structures
formed at the interface could possibly be explained by a higher
concentration of the polymer that is locally present where it can
act as a “glue” and assist in the compression of ordered
structures.
The scattering indicates the presence of hexagonal and cubic
phases. There are two descriptions of the situation, (i) that the
two phases are coexisting in equilibrium, which is supported by
the fact that their proportion changes during the equilibrium
temperature ramp study, or (ii) that there is nonequilibrium

observed in the images taken under cross-polarizers in which
the band at the interface exhibiting birefringence vanished upon
lowering of the solution pH (Figure 4, insets).
3.2. In Vitro Release Studies. After establishing that the
nanostructures formed at the CTAB−PAAm-AA interface were
pH-sensitive, the diﬀusion of model drug (Rhodamine B) from
macro-sized capsules was then studied. The in vitro release
studies were conducted in the same format as previous studies
at 37 °C to enable direct comparison between the diﬀusion
coeﬃcient of Rhodamine B from other oppositely charged
surfactant and polymer systems previously investigated by
Tangso et al.15 As depicted in Figure 5, the percentage of dye

Figure 5. Cumulative % release proﬁle of Rhodamine B (RhB) from
structured CTAB−PAAm-AA capsules at ca. 37 °C (n = 3). The
dashed arrow indicates when the surfactant solution (pH 7) was
replaced with Milli-Q water at pH 2; the point at which burst release of
the dye was observed because of loss of structure at acidic conditions.

molecules released from the structured capsules increased
linearly as a function of square root of time with a calculated
diﬀusion coeﬃcient of 0.087 ± 0.013 × 10−6 cm2 s−1. At
approximately 44 s1/2 (∼32 min after the capsules were initially
formed, highlighted by the position of the dashed arrow in
Figure 5, the pH of the release medium was adjusted from pH 7
to 2. The pH shift resulted in a signiﬁcant increase in the
gradient of the release curve, reaching complete release within 5
min of the pH switch.
24505
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in charge density of the diblock copolymer.23 Nilsson et al. also
demonstrated a Pm3n cubic to hexagonal phase transition at the
interface between a polyacrylate gel and a solution of CTAB.21
As more surfactant molecules diﬀused into the core of the gel,
the concentration of the bromide ions increased, which
promoted the formation of a more condensed structure,
namely hexagonal phase. Therefore, heat can evidently be
employed to drive the phase behavior of the system presented
in this paper in the expected direction, from coexisting Pm3n
cubic and hexagonal phases to hexagonal phase, which
constitutes structure that is at equilibrium.
On the other hand, exposing the CTAB−PAAm-AA interface
to an acidic environment led to the complete loss of the
nanostructures which had formed there at neutral pH. At pH 7,
the carboxylic acid group (pKa ≈ 5.4)50 on the polymer
backbone is deprotonated, giving it a negative net charge.
Ionization of this functional group promotes its interaction with
the positively charged surfactant and the subsequent release of
the counterions that causes an increase in entropy of the system
both contributing to the spontaneous formation of the
coexisting cubic and hexagonal phases at the surfactant−
polymer interface. At pH 2, the opposite eﬀect occurs, where
the acrylic acid portion of the polymer becomes protonated,
thus losing its negative charge. This, along with a fraction of the
acrylamide (pKa ≈ 2.45) monomer units attaining a positive
charge introduces a repulsive force that exceeds the hydrophobic interactions involved in maintaining its structural
integrity lead to the dissociation of the highly ordered
structures. The eﬀect of pH on the ionization state of
functional groups on the polymer chain was much subtler in
the system comprised of poly(vinylamine) and sodium alkyl
sulfates. Zhou et al. demonstrated phase transitions from a twodimensional distorted hexagonal phase at pH 5.8, to a lamellar
phase at pH 8.9 and a two-dimensional hexagonal close packed
phase at pH 12.2. This signiﬁes the importance of the charge
density exhibited by the polymer at varying pH, which is
dictated by its pKa, in tuning the structure of the complex
formed.51
4.3. pH-Triggered Release of Model Drug from
CTAB−PAAm-AA Cubic/Hexagonal Capsules. The release
of active agents from capsules formed from associations
between solutions of oppositely charged surfactant and polymer
systems can be controlled by structural changes.45,52,53 Here,
the diﬀusivity of the model hydrophilic drug, Rhodamine B,
from capsules possessing diﬀering geometries, studied under
the same conditions, can be compared. The hierarchy of the
diﬀusion coeﬃcients calculated for the in vitro release studies
performed on various oppositely charged surfactant and
polymer systems conducted at 37 °C are as follows: a > b ≫
c. The release behavior exhibited from (a) coexisting cubic
Pm3n and hexagonal phases formed at the interface created
between solutions of CTAB and PAAm-AA described in this
paper, (b) lamellar phase formed at the interface between bile
salt and chitosan, and (c) hexagonal phase formed at the
interface between sodium dodecyl sulfate and poly(diallyldimethylammonium) chloride demonstrates that the interactions
that govern the nanostructures formed play a notable bearing
on their inherent physical properties, such as their viscosity,
which subsequently controls the permeability of molecules
through the intricate matrices. More speciﬁcally, the diﬀerences
in the lattice parameter of the ordered structures partly support
the distinct release behavior demonstrated from the various
nanostructured capsules. Since the lattice parameter gives a

trapping of one or both of the structures at the interface. The
latter case might reasonably be expected to produce bands of
structure with and without birefringence in the microscopy
studies, which was evident. Nevertheless, nonequilibrium
structures are often kinetically trapped in these systems
depending on the method of preparation.11,40−44 It is also
known that mixing is not an instantaneous process, especially
when studying the system at high surfactant and polymer
concentrations, where the inherent viscosity of each solution
inﬂuences the ability of the molecules to diﬀuse into the other
component to form structures at equilibrium.45 However, the
evidence in this study indicates that coexisting cubic and
hexagonal phases at or close to equilibrium are more likely in
this case.
Another intriguing facet to the phase behavior at the CTAB−
PAAm-AA interface studied here was its development
predominantly toward the bulk micellar region. As the
coexisting cubic and hexagonal phases are postulated to be
highly viscous, this introduces a barrier that molecules will have
to traverse to further interact with free or bound micellar
structures. The most probable reason behind this outcome
would be the movement of water molecules from the bulk
polymer solution, which in turn drives the transportation of
more PAAm-AA molecules through the permeable interface
and form interactions with the existing maze of complexes. A
better understanding of the kinetics of structure formation at
surfactant−polymer interfaces may be attained by correlating
changes in structure with changes in composition as a function
of time. An approach to address this is currently being
developed.
4.2. Structural Responsiveness of the Cubic/Hexagonal Phases in CTAB−PAAm-AA Systems. A wide variety of
lyotropic lipid-based liquid crystalline systems have demonstrated structural responsiveness to various stimuli such as,
ultraviolet or near-infrared irradiation through activation of
photochromic additives,46,47 changes in solution pH,48,49 and
temperature,28 all of which alter the geometric packing within
the mesophase, resulting in a diﬀerent phase structure.
Similarly, structures formed in oppositely charged surfactant
and polymer systems can be tuned by studying parameters that
inﬂuence the electrostatic and hydrophobic interactions that
govern their self-assembly in water.
A temperature scan on a bulk aqueous mixture of CTAB and
PAAm-AA was conducted to probe the hydrophobic
interactions between the surfactant and polymer molecules.
SAXS data showed that the coexisting cubic and hexagonal
phases were sensitive to increasing temperatures, but was not
suﬃcient to cause a full phase transition. This implies that
heating of the sample slightly weakens the hydrophobic
interactions, thus stimulating mobility within the liquid
crystalline structure. This gives the molecules more freedom
to reorientate themselves and pack more tightly in an ordered
structure as seen by a decrease in lattice parameter. It is also
worth mentioning that the hexagonal phase dominated in
existence with minimal Pm3n cubic phase present at the highest
temperature experienced by the system. This phase behavior
was more prominent when the eﬀect of osmotic pressure on
the compressibility of the mesophases formed in a similar
system was measured. The following phase transitions were
reported with increasing osmotic pressure: Pm3n cubic phase
(100−150 Å) → hexagonally closed-packed cylinders (45−60
Å) → lamellar phase (25−35 Å), where a decrease in lattice
parameter of the structures was also observed with an increase
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sensing and diagnostic applications where the materials could
provide a highly controllable ampliﬁcation function.
Future studies involving pH-responsive biocompatible
oppositely charged surfactant and polymer systems are
underway.

numerical indication of the internal structure, or rather the
internal dimensions of the liquid crystalline phase, smaller
values which are characteristic of hexagonal phases would lead
to a more compacted network of molecules through which drug
molecules will have to diﬀuse and consequently the time it
would take for it to be released would also increase. Conversely,
the rate of drug release is faster with the coexistence of Pm3n
cubic phase with hexagonal phase in the PAAm-AA−CTAB
system. This is a result of the lattice parameter of the cubic
phase being more than double in size in comparison with the
hexagonal phase alone, which also suggests that the cubic phase
is the dominating structure that exists in this system and
therefore is the key determinant of the release behavior
observed. Moreover, lamellar phase is known to be quite a leaky
structure and so it is not surprising that the diﬀusion coeﬃcient
for Rhodamine B from the bile salt−chitosan system was found
to be in between the other two oppositely charged surfactant
and polymer systems.
pH is often a desirable means of imparting responsiveness to
liquid crystalline structures by changing the extent of ionization
state of a particular component of a drug carrier system.
Directly linking the in situ formation (and loss) of structure in
these systems with changes in pH, and consequently
demonstrating release of an encapsulated molecule is new for
systems comprised of CTAB and PAAm-AA. This behavior can
be used to take advantage of changes in cellular pH,54 for
example in tumors,49,55 or even the range of pH across the
gastrointestinal tract.56
Of particular interest is the exploitation of hyaluronic acid,
which is a naturally occurring polysaccharide involved in, but
not limited to, the maintenance of connective tissues in living
organisms.57 Its biodegradability, biocompatibility and low
toxicity is advantageous in the ﬁeld of targeted drug delivery,
where the carboxyl group functions as a ligand to hyaluronan
CD-44 receptors that are overexpressed in solid tumor cells.58
When conjugated with the anticancer drug, paclitaxel, nanoparticles coated with chitosan to protect it from degradation by
hyaluronidase, were found to accumulate in tumors cells via
cell-mediated endocytosis, providing a platform for oral delivery
of hydrophobic drugs.59 Furthermore, when hyaluronic acid
was conjugated with poly(L-histidine), the ionization of the
imidazole ring of poly(L-histidine) in response to changes in
solution pH was shown to dictate the swelling behavior of the
copolymer micelles and subsequent release of the encapsulated
chemotherapeutic drug, doxorubicin.60 In addition, hyaluronic
acid has been blended with poloxamers to increase the stability
and mechanical properties of gels formed in situ in response to
physiological temperature.61 Mayol et al. demonstrated that the
ionization of hyaluronic acid enhanced the mucoadhesion of
the polaxomer, which in turn increased the residence time and
bioavailability of the drug, acyclovir. Here, temperature was
used to control the viscosity of the formulation through
changes in the degree of molecular entanglements and
secondary chemical bonds within the poloxamer, oﬀering a
potential system for sustained-release ocular drug delivery.61
Cetyltrimethylammonium bromide and poly(acrylamideacrylic acid) are not biocompatible and are considered
unsuitable for the delivery of actives in the body. Nevertheless,
this system serves as a conﬁrmatory system for such behavior
providing conﬁdence that analogous biocompatible oppositely
charged surfactant and polymer systems will show similar pHresponsive behavior. The use of these materials is not excluded
in external applications either such as fragrance release, or in

5. CONCLUSION
This paper describes the coexistence of Pm3n cubic and
hexagonal phases at the interface created between oppositely
charged surfactant and polymer solutions of cetyltrimethylammonium bromide and poly(acrylamide-acrylic acid), respectively. These highly ordered liquid crystalline nonequilibrium
structures were found to be weakly sensitive to increases in
temperature, but dramatically sensitive to changes in solution
pH. In vitro release studies demonstrated the pH triggered
release of model hydrophilic dye from nanostructured capsules,
which serves as a platform for devising systems that are
responsive to changes in solution pH, particularly in the
application of biomaterials.
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