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Abstract 

Nanostructured capsules comprised of the anionic bile salt, sodium taurodeoxycholate 

(STDC) and the biocompatible cationic polymer, chitosan, were prepared to assess their 

potential as novel tailored release nanomaterials. For comparison, a previously studied 

system, sodium dodecyl sulphate (SDS) and polydiallyldimethylammonium chloride 

(polyDADMAC) was also investigated. Crossed-polarizing light microscopy (CPLM) and 

small angle X-ray scattering (SAXS) identified the presence of lamellar and hexagonal phase 

at the surfactant – polymer interface of the respective systems. The hydrophobic and 

electrostatic interactions between the oppositely-charged components were studied by 

varying temperature and salt concentration, respectively, and were found to influence the 

liquid crystalline nanostructure formed. The hexagonal phase persisted at high temperatures, 

however the lamellar phase structure was lost above ca. 45 ℃. Both mesophases were found 

to dissociate upon addition of 4% NaCl solution. The rate of release of the model hydrophilic 

drug, Rhodamine B (RhB), from the lamellar phase significantly increased in response to 

changes in the solution conditions studied, suggesting that modulating the drug release from 

these bile salt – chitosan capsules is readily achieved. In contrast, release from the hexagonal 

phase capsules had no appreciable response to the stimuli applied. These findings provide a 

platform for these oppositely-charged surfactant and polymer systems to function as stimuli 

responsive- or sustained release- drug delivery systems. 
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1. Introduction 

 Formation of liquid crystalline phases or ‘mesophases’ in mixtures of oppositely-

charged surfactant and polymer solutions has been known since the late 1970s.1-2 There is 

increasing interest in these particular materials as they offer great versatility in structure 

manipulation over oppositely-charged polymer-based drug delivery systems such as layer-by-

layer (LbL) engineered capsules.3-4 Complex nanostructures have potential applications in the 

cosmetic,5 food, consumer and pharmaceutical industries.6-8 

 Liquid crystalline systems are excellent candidates as drug carriers for their ability to 

solubilize therapeutics with a diversity of physicochemical properties. It is also well known 

that the liquid crystalline nanostructure controls the drug release rate from these matrices,9-11 

therefore it is advantageous to have control over which mesophase is formed. This may be 

achieved by introducing variables that can modulate the electrostatic and/or hydrophobic 

interactions between the oppositely-charged species, which in turn influences their geometric 

packing that dictates the liquid crystalline phase formed. These experimental parameters 

include the surfactant-to-polymer molar charge ratio,12-14 surfactant chain length,15-17 polymer 

molecular weight18-19 and charge density,20-22 temperature,7, 23-27 pH28 and ionic strength.29-31  

 There has been much research into cationic lipids and DNA for use in gene therapy,31-

33 however, studies on biocompatible anionic surfactant and cationic polymer systems have 

received little attention. Bile acids, or bile salts, are biological anionic amphiphiles that 

exhibit great solubilization capacity for lipids, such as lecithin and cholesterol,34 through 

formation of micelles at dilute conditions. At higher concentrations, bile salts can form more 

highly ordered liquid crystalline phases, such as hexagonal phase.35 Chitosan is a cationic 

polysaccharide produced from the deacetylation of chitin, a natural component abundantly 

sourced from the shells of crustaceans. Its biocompatibility, biodegradability, low toxicity 

and mucoadhesive properties enable chitosan to be used in skin products, cosmetic and 
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biomedical materials, and has potential to function as a novel carrier of drugs for oral and 

intravenous administration.36 Drug delivery via the buccal route is advantageous as it 

provides a rich blood supply, good accessibility for self-medication, patient compliance and 

safeness, and most importantly bypasses the hepatic first-pass metabolism and degradation 

within the gastrointestinal tract. However, this route of drug administration also possesses a 

few limitations, including poor permeability of high molecular weight molecules,37-38 

requiring penetration enhancers that tend to cause mucosal damage, as well as needing 

protection from enzymes introduced within the saliva. Systems comprising a combination of 

both bile salt and chitosan have recently become a growing field of interest (chemical 

structures shown in Figure 1). 

The previously studied system comprising the anionic surfactant sodium dodecyl 

sulphate (SDS), and the cationic polymer polydiallyldimethylammonium chloride 

(polyDADMAC), are industrially relevant materials that were chosen in these studies as a 

known comparative system (chemical structures shown in Figure 1). Independently, SDS and 

polyDADMAC have been used as detergents in cleaning products and as coagulants in waste 

water treatment, respectively. Synergistically, they encompass the commonly exploited 

ingredients in hair products and are known to form hexagonal phases in certain mole ratios.13, 

17, 25, 39-40 

 This paper aims to (i) identify the liquid crystalline phases formed at the interface 

between contacted surfactant and polymer solutions, 41 study the growth and development of 

nanostructures across this interface with varying polymer concentration, (iii) probe the 

strength of hydrophobic and electrostatic interactions between moieties by examining how 

the nanostructures are influenced by changes in solution temperature and salt concentration, 

(iv) determine the diffusion coefficient of a model hydrophilic drug from macro-sized 

capsules possessing nanostructured ‘shells’ at different solution conditions. The phase 
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behavior of the bile salt – chitosan system is contrasted to that of the SDS – polyDADMAC 

system. Gaining a further understanding of how the structural attributes of these oppositely-

charged surfactant and polymer moieties can be manipulated would assist in formulating a 

novel and interesting route for responsive liquid crystalline nanomaterials.42 

2. Experimental 

2.1 Materials 

Sodium taurodeoxycholate hydrate (STDC, BioXtra, ≥97% (TLC), chitosan- low 

molecular weight (≥ 75.0% deacetylation), Rhodamine B (RhB, dye content 90 %), acetic 

acid (ReagentPlus, ≥ 99%), and sodium dodecyl sulphate (SDS, BioXtra, ≥99.0%) were 

purchased from Sigma-Aldrich (Sydney, Australia). Dioleylphosphatidyl choline (DOPC, 

>94%) was obtained from Trapeze Associates Pty Ltd. (Victoria, Australia), and 

polydiallyldimethylammonium chloride (polyDADMAC, commercial name: Merquat™ 100, 

molecular weight: 1.5 x 105 g/mol) was sourced from Nalco Company (Naperville, USA). 

These materials were used without further purification. Milli-Q grade water purified through 

a Milli-pore system was used throughout this study.  

2.2 Characterization of liquid crystalline nanostructures  

2.2.1  Sample preparation 

All stock solutions were prepared by weight. Chitosan is known to be readily soluble 

in acidic conditions where it predominantly exists in its protonated form. For this reason and 

for the interest of the studies presented in this paper, stock solutions of bile salt and chitosan 

were both prepared in 10% (v/v) acetic acid; where the solution pH was not adjusted. The 

liquid crystalline structure formed in systems comprised of fixed bile salt-to-chitosan 

composition was not influenced by pH (Figure S1). Bile salt concentration was held constant 
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throughout the studies at 30 wt% STDC. Solutions of chitosan were prepared at 1, 2, 3, 4, 5 

and 6 wt% to explore how the apparent viscosity of the polymer solution influences the 

kinetics of structure formation across bile salt – chitosan interfaces.  

In order to study the dynamics of structure formation between oppositely-charged 

surfactant and polymer solutions, a ‘neat’ well-defined interface was created between the two 

components. This was achieved by loading the bottom half of an open-ended VitroCom 

borosilicate ‘flat cell’ (dimensions: 0.4 x 5.0 x 50 mm) with polymer solution via capillary 

action, and the slow addition/layering of surfactant solution from the top of the cell opening; 

then sealing both ends with parafilm (Schematic 1). The location of the initial interface 

formed was marked on the cell as a guide to monitoring the development of structure 

formation across the bile salt – chitosan interface over time; the distance being referred to as 

the ‘distance from origin’ (Figure 2).  

The effect of salt concentration on the liquid crystalline phase formed was studied 

slightly differently, using a circular rather than a linear interface. This enabled replacement of 

the 30 wt% bile salt solution that surrounded a disc of 4 wt% chitosan solution (delivered into 

the flat cell via a 27G syringe), with 4 % NaCl solution. This arbitrary salt concentration was 

chosen as it was in excess of the theoretical amount of salt required to force the SDS – 

polyDADMAC equilibrium reaction towards the reactants in order to induce the dissociation 

of the nanostructure formed in the system comprised of 20 wt% SDS and 20 wt% 

polyDADMAC solution. 

2.2.2 Crossed-polarizing light microscopy (CPLM) and hot stage microscopy (HSM) 

CPLM was used as a pre-screening step to indicate the presence and growth of liquid 

crystalline phases formed at the bile salt – chitosan interfaces. Images of samples loaded in 

flat cells were taken at various time intervals using a Nikon ECLIPSE Ni-U upright 
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microscope fitted with crossed-polarizing filters and a DS-U3 digital camera control unit 

(Nikon, Japan). Isotropic phases, such as cubic and micellar phases, appear dark under 

crossed-polarized light, whereas the anisotropic structures (hexagonal and lamellar phases) 

exhibit birefringence (appear bright under crossed-polarizers) and their characteristic textures 

can be observed.43  

To optically examine the effect of salt on the stability of existing liquid crystalline 

phase(s) formed between the oppositely-charged solutions, images were taken of the samples 

before and after addition of 4 % NaCl solution.  

Hot stage microscopy was employed to probe any changes to the liquid crystalline 

structure(s) in response to heating. Samples loaded in flat cells were gradually heated at a rate 

of 5 °C/min from 25 to 60 °C using a Mettler Toledo FP82HT hot stage fitted with a FP90 

Central Processor temperature controller and viewed under the microscope.  

2.2.3 Small angle X-ray scattering (SAXS) 

 To determine the structural attributes of phases formed at the bile salt – chitosan 

interfaces, two different SAXS instruments were used. For equilibrium temperature scans and 

pH studies, a Bruker lab source was utilized, while for spatial line scans and kinetic studies, 

the SAXS/WAXS beamlime at the Australian Synchrotron was used.44 Both are described in 

more detail below.  

 As a complementary technique to hot stage microscopy, bench-top SAXS at the 

Bragg Institute at the Australian Nuclear Science and Technology Organisation was used in 

order to verify the structural integrity of respective nanostructures formed in mixtures of bile 

salt – chitosan (30 wt%: 4 wt%) and SDS – polyDADMAC (20 wt%: 20 wt%) in response to 

heating. Sample mixtures were prepared by drop-wise addition of surfactant solution (500 

µL) into polymer solution (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. Samples were packed into 
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quartz glass capillaries (Capillary Tube Supplies Ltd, Germany) with a path length of 2.0 

mm, sealed with wax and then inserted into a thermostatted metal heating block controlled by 

a Peltier system accurate to ± 0.1°C. The samples were 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 cross-coupled Gӧbel mirrors, resulting in CuKα radiation wavelength 1.54 Å. 

The SAXS camera was fitted with 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 minimise air scatter. Samples were 

heated stepwise from 25 °C to 80 °C at 5 °C increments. 

Samples prepared in flat cells were introduced into the SAXS/WAXS beamline at the 

Australian Synchrotron and a line scan conducted from the bottom (bulk polymer solution), 

through the surfactant – polymer interface to the top of the sample (bulk surfactant solution) 

at a spatial resolution of 100 µm increments (q-range of 0.0160-1.0432 Å-1). At each position, 

2D SAXS patterns were collected with 1 s acquisition using a 1M Pilatus detector (active 

area 169 x 179 mm2 with a pixel size of 172 µm.) 

The computer software ScatterBrain Analysis 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 (𝟐𝒅𝒔𝒊𝒏𝜽 =  𝒏𝝀, where n is an integer, λ is the wavelength, θ is the 

scattering angle). Since the scattering profiles of various liquid crystalline phases have been 

well characterized using SAXS,45 observing the difference in relative positions of the Bragg 

peaks, correlated by the Miller indices of known phases, allows the recognition of 

nanostructure(s) that exist in samples of interest. The lamellar (Lα) phase can be identified by 

Bragg reflections that are equidistant, whereas the hexagonal phase can be identified by the 

Bragg reflections at spacing ratios 1: √3: √4, etc. The micellar phase is identified by a single 
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characteristic broad peak. The absolute location of the peaks allow for the calculation of the 

mean lattice parameter, a, of the matrices, from the corresponding interplanar distance, d 

(𝒅 = 𝟐𝝅/𝒒), using the appropriate scattering law for the phase structure.45 For lamellar 

phases, 𝒂 =  𝒅, while for the hexagonal phases, 𝒂 =  𝟒𝒅/𝟑(𝒉2 + 𝒌2)1/2, where h, and k are 

the Miller indices for the particular structure present. 45 

2.2.4 In vitro release studies 

Proof of concept release studies were conducted in triplicate with the purpose of 

determining the diffusivity of a model hydrophilic drug, Rhodamine B (RhB; chemical 

structure shown in Figure 6) across the permeable lamellar phase formed between solutions 

of bile salt and chitosan, and how the diffusivity of the model drug across the bile salt – 

chitosan interface is affected by changes in temperature and salt concentration.  

Babak et al. have previously shown the formation of capsules after drop-wise addition 

of chitosan solution to a solution of sodium dodecyl sulphate (SDS), where the thickness of 

the gel bead, which purportedly possessed an ordered liquid crystalline structure, grew over 

time.46 Employing a similar approach, nanostructured spherical capsules (~0.3 cm in 

diameter) with reproducible surface area (~0.28 cm2) were prepared by delivering a droplet of 

4 wt% chitosan solution loaded with 1 mg/mL RhB dye into a stirred solution of 30 wt% 

STDC (1 mL in 2 mL glass vial) via a 25G syringe. The liquid crystalline structure formed 

within the ‘outer shell’ was allowed to develop over time while maintained at 37 °C.  

Aliquots (200 µL) of the release medium (surfactant solution) were sampled at pre-

determined time points and replaced with 200 µL of fresh drug-free solution. For the systems 

tested with different stimuli, either the temperature was increased to 50 °C from 37 °C, or the 

salt-free surfactant solution was replaced with 4 % NaCl solution and kept at 37 °C, after ca. 

2.25 hr.  A schematic of the release experiment is illustrated in Figure 6.  



 

 10

2.2.5 Determination of Rhodamine B concentration in release medium 

Aliquots of the release medium (surfactant solution) were taken during the release 

study and diluted with 10% (v/v) acetic acid 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 

nm and 627 nm, respectively. The concentration of dye released was quantified using a 

calibration curve of Rhodamine B in blank media (Figure S.2-4). 

2.2.6 In vitro release data analysis  

 In order to determine the apparent diffusion coefficient, D (cm2/s), of Rhodamine B 

across the single-sided matrix, the quantity expressing the moles of drug released per unit 

area, Q (mol/cm2), was plotted against the square root of time, t1/2 (s1/2). The gradient of the 

linear curve from this plot was determined, which allowed for the calculation of D by 

applying the Higuchi equation[1],47 

𝑄 = 2 ∙ 𝐶 ∙
∙  

    [1] 

where C0 is the initial concentration of drug in the capsule (mol/cm3). As previous studies 

have shown that liquid crystalline systems display diffusion-controlled release,9-11 data were 

plotted as % RhB released versus time1/2 (Figure 7). The Higuchi equation is based on Fickian 

diffusion, which allows for the direct comparison between the different release rates of the 

same drug from mesophases with different structures.48 

3. Results  

3.1  Liquid crystalline nanostructure(s) formed across bile salt – chitosan interfaces 

3.1.1 Growth and development of nanostructure 
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When approximately equal volumes of bile salt solution (sodium taurodeoxycholate) 

were contacted with the chitosan solution within a flat cell, an initial interface was created, 

with the initial position defined as the ‘point of origin’. At the interface, a band exhibiting 

birefringence was observed under CPLM at room temperature (Figure 4.B), which was later 

confirmed to be lamellar (Lα) phase by SAXS with a lattice parameter of ca. 32 Å (Bragg 

reflections at spacing ratios 1 and 2, Figure 2). Micellar phase was present within the bulk 30 

wt% STDC solution (spanning from close to 0 to approximately 4 mm away from the point of 

origin), which was indicated by the broad hump at low q values in the scattering profiles 

shown in Figure 2. It should be noted that chitosan and many other polymeric solutions 

scatter X-rays very poorly and therefore their scattering is not easily resolved in the flat cell 

configuration. In these experiments, nanostructures were allowed to develop over the 

duration of ca. 1 week, after which the Lα phase had grown predominantly towards the bulk 

chitosan side with the peaks slightly shifted to lower q (Å-1) values. This change in the 

absolute position of the Bragg peaks relates to differences in the distance between repeating 

units within the liquid crystal nanostructure i.e. its internal dimensions, which will be 

discussed later. 

The effect of chitosan concentration on the kinetics of Lα phase formation was also 

investigated after ca. 1 week (Figure 3). At low polymer concentrations (1 – 2 wt %), Lα 

phase co-existed with micellar (L1) phase, which spanned across the entire region previously 

occupied by chitosan solution at time zero. At higher concentrations (3 – 6 wt %), a distinct 

area comprised of only Lα phase arose in between the region of co-existing L1 and Lα phases 

and the bulk polymer solution. As the latter concentration range of chitosan clearly 

demonstrated distinct sections in the flat cells where only lamellar phase was present, and for 

ease in handling and preparation in sample cells, the bile salt – chitosan composition selected 

for further studies comprised of 30 wt% STDC and 4 wt% chitosan.      
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3.1.2  Effect of temperature and salt concentration on lamellar phase 

Following the identification of lamellar phase formed in systems containing solutions 

of bile salt and chitosan, the structural integrity of the lamellar phase was examined in 

response to temperature and salt concentration.  The influence of temperature is expected to 

probe the nature of the hydrophobic interactions between the bile salt surfaces.  In the 30 

wt% STDC: 4 wt% chitosan system, micelles co-existed with Lα phase at room temperature. 

During the temperature scan, scattering indicative of lamellar phase persisted up until ca. 45 

°C, above which the highly ordered structure disappeared. Images taken of the sample under 

CPLM-coupled with a hot stage were in agreement with SAXS data (Figure 4.A), where the 

intensity of the birefringent band at the surfactant – polymer interface decreased with 

increasing temperature (Figure 4.B).  

The electrostatic interactions between the oppositely-charged species were probed by 

introducing a salt solution containing 4 % NaCl to the nanostructure formed at the interface. 

The amount of lamellar phase formed in the bile salt – chitosan system was found to decrease 

upon exposure to salt solution, which was evident in a decrease in the scattering intensity of 

the first Bragg reflection peak and a blurred appearance of the band exhibiting birefringence 

at the surfactant – polymer interface under crossed-polarizers (Figure 5).  

3.1.2 Liquid crystalline nanostructures formed across SDS – polyDADMAC interfaces  

For the purpose of comparison, the often studied oppositely-charged 

polydiallyldimethylammonium chloride (polyDADMAC) and sodium dodecyl sulphate 

(SDS) was also investigated. Upon contact of a 20 wt% SDS solution with 20 wt% 

polyDADMAC solution, a hexagonal phase was found to grow at the interface, which 

preferentially developed towards the bulk surfactant region after a week (Figure S2). The 

nanostructure was shown to be temperature-stable (Figure S3) with no significant change in 
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its lattice parameter (~43 Å) when heated (Figure S3). Whereas, the addition of salt lead to a 

decrease in the SAXS peak intensity along with a reduction in the width over which the 

hexagonal phase spanned across the SDS – polyDADMAC interface (Figure S4). 

3.3 In vitro release studies 

Having established that the lamellar nanostructure is destabilized with heating to 

above 45 °C, or an increase in salt concentration, it was of interest to determine whether the 

bile salt – chitosan or SDS – polyDADMAC system may be useful as responsive liquid 

crystalline drug delivery systems. This concept was examined by determining the rate of 

diffusion of a model hydrophilic drug, Rhodamine B (RhB), from within capsules, possessing 

the self-assembled structure in the wall and how the diffusion is responsive to temperature 

and salt stimuli. 

Initially, when the capsules were created in surfactant solution at ca. 37 °C, the rate of 

Rhodamine B release from inside the capsule into the release medium displayed a slow 

diffusion–controlled process, as illustrated by a linear increase in release in Figure 7. After 

ca. 2.25 hr, the temperature of a set of triplicate samples was elevated to ca. 50 °C, indicated 

by the arrow, whereupon a dramatic increase in the gradient of the release curve was 

observed. Similarly, when the bile salt solution was replaced with 4% NaCl solution for a 

different set of triplicate samples which were maintained at ca. 37 °C after ca. 2.25 hr, a 

significant rise in the steepness of the % RhB released vs. time1/2 slope was also exhibited by 

the system in response to this stimulus (Figure 7).  

The calculated diffusion coefficient (D) of Rhodamine B at the various experimental 

conditions (Table 1) studied were in agreement with the release profiles. Initially at ca. 37 

°C, the rate of model drug release from the nanostructured capsules was ca. 0.7 ×10−6 cm2 

s−1. When the temperature was elevated to ca. 50 °C after 2.25 hr, the release of dye greatly 
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increased, which was reflected in a 40 fold increase in D when compared to the system at ca. 

37 °C. On the other hand, when the bile salt solution was replaced with a solution of 4% 

NaCl maintained at ca. 37 °C, the rate of diffusion of model drug across the liquid crystalline 

matrix rose by 10 fold, a lower increase in comparison with the effect of temperature.  

4. Discussion 

4.1  Formation of lamellar phase at bile salt – chitosan interfaces 

Previous studies on the encapsulation capacity of proteins and adenoviral vectors in 

bile salt – chitosan microparticles are found in the literature.49-50 The temperature dependent 

binding process experienced by these oppositely charged materials have also been 

described.51  However, the mesophase-containing complexes formed upon contact between 

solutions of bile salt and chitosan have not been structurally characterized by X-ray scattering 

to date.  

From the SAXS studies, it was clear that a lamellar phase forms in this system (Figure 

2). Interestingly, inspection of the sodium taurodeoxycholate – water binary phase diagram 

indicates the absence of Lα phase.35, 52 For this reason, it can be postulated that it is a specific 

interaction between the oppositely-charged species that lead to the formation of lamellar 

phase. Bearing this in mind, it can be envisaged that with further understanding of the 

parameters that influence the way these surfactant and polymer molecules associate, 

nanomaterials can be generated with desired liquid crystalline matrices possessing 

characteristic physicochemical properties and phase behavior in response to various 

environmental conditions.  

The growth and development of Lα phase towards the bulk chitosan solution proved to 

be a peculiar unforeseen phenomenon (Figure 2). A possible explanation could be that the 

concentration gradient created between the opposing solutions drives the smaller surfactant 
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molecules with greater mobility to traverse the interfacial region, and then to form new 

surfactant – polymer complex on the chitosan side. In contrast, the growth of hexagonal 

phase at the SDS – polyDADMAC interface was bidirectional, but projected predominantly 

towards the bulk surfactant solution (Figure S2). This observation contradicts the reason 

postulated for the behavior of the bile salt – chitosan system. Hence, the direction of growth 

will be the subject of future studies, where the ionic strength of both components of the 

surfactant – polymer systems will be investigated. 

An increase in polymer concentration did not have an influence over the type of liquid 

crystalline phase formed at the interface or the lattice parameter of the lamellar phase formed, 

but rather the extent to which Lα phase existed across the surfactant – polymer interface 

(Figure 3). At low polymer concentrations (1 – 2 wt %), Lα phase co-existed with micellar 

phase toward the bulk chitosan side of the interface. This suggests that the fewer polymer 

molecules present allowed for greater interfacial transport of the surfactant, and increased the 

interaction volume available for mesophase formation. At higher concentrations (3 – 6 wt %), 

Lα phase also developed, however the increased amount of polymer molecules in a given 

volume resulted in the slower growth of liquid crystalline structures at the interface, due 

presumably to an increased density of the surfactant – polymer complex in this smaller 

volume. In other words, the movement of unbound surfactant molecules across this more 

dense/viscous interfacial region is impeded. In this instance, polymer encounters micelles 

(cmc of STDC of ~3 mM by surface tension; ~0.16 wt%)53 at the interface between the two 

liquids, and the electrostatic interactions reorient the bile salt to form a bilayer based 

structure. Although the exact mechanism for this reorganization at short times is not yet 

understood, at very early time points birefringence is already observed on contact and 

lamellar phase scattering data at 2 hr. 
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As discussed earlier, the hydrophobic and electrostatic interactions between the 

oppositely-charged moieties play a crucial role on their geometric packing, which dictates the 

type of liquid crystalline nanostructure that is formed.54 Therefore, the phase behavior of the 

30 wt% STDC: 4 wt% chitosan system was studied against various experimental parameters. 

This particular surfactant – polymer composition was selected as it was shown to form a 

lamellar rich zone at the interface and where the concentration of chitosan was most easily 

handled. 

4.2 Structural responsiveness of lamellar phase in bile salt – chitosan systems 

The interfacial lamellar phase was found to be sensitive to both temperature and salt 

concentration. The most significant result that arose from the temperature scan was the 

complete loss of lamellar structure above ca. 45 °C. This suggests that the hydrophobic 

interactions are relatively weak, where only a small amount of energy input is required to 

increase the mobility of the associating molecules and cause a disruption to the packing 

within the liquid crystalline nanostructure. In contrast, the hexagonal phase that is formed in 

the SDS – polyDADMAC system remained stable at high temperatures (Figure S3). The 

temperature at which the lamellar phase was lost is significant in the context of this system to 

act as a novel stimuli responsive drug delivery system. Drugs could be encapsulated within 

the capsule or the lamellar phase itself and the phase would remain stable at physiological 

temperature. Introducing heat via a heat pack, for example, to the site of administration 

would disrupt packing within the liquid crystalline matrix, leading to the disintegration of the 

ordered structure and trigger the release of the therapeutic.  

 Addition of salt to the Lα phase resulted in the dissociation of the highly ordered 

nanostructure. Under crossed-polarizers, the band formed at the surfactant – polymer 

interface exhibiting birefringence became fragmented and decreased in intensity. This 
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observation was reflected in a decrease in peak intensity and the distance over which Lα 

phase formed across the interface in the SAXS profile, which is indicative of a reduced 

amount of lamellar phase present. This was the result of a screening effect introduced 

between the opposite charges, where the strength of the electrostatic interactions is 

diminished in the presence of electrolyte; an effect that is well known for oppositely-charged 

surfactant and polymer systems in the literature.22, 24, 26, 30, 39, 55-58  

This demonstrates that changes in salt concentration, as well as temperature, can be 

employed to modulate the structural integrity of the lamellar phase and has potential for 

triggering release of therapeutic molecules from these complex matrices. 

4.3 Triggered release of model drug from bile salt – chitosan lamellar capsules 

The model hydrophilic drug, Rhodamine B (RhB), displayed a substantial increase in 

release across the lamellar phase formed in the bile salt – chitosan capsules when compared 

to that from the hexagonal phase forming polyDADMAC – SDS system. This supports the 

understanding that the liquid crystalline structure acts as a diffusional barrier, controlling the 

rate of diffusion of small molecules across these liquid crystalline systems.9-11 It has been 

well established for various lipid-based lyotropic liquid crystalline systems that drugs are 

released much faster from inverse bicontinuous cubic phases as they possess continuous 

water channels, whilst release from hexagonal phases is much more slower owing to the 

tightly packed rod-like micellar structures.9-10  

The distinct difference between the diffusion coefficient (D) calculated for the 

lamellar and hexagonal systems in this study at 37 °C could be related to the differences in 

rheology of the two systems. The lamellar phase, by virtue of the aqueous bilayer structure, 

appeared to be less viscous than the hexagonal phase formed in the SDS – polyDADMAC 

system. Therefore, the microrheology of the mesophases present at the surfactant – polymer 
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interfaces likely plays an important role in controlling the diffusion of molecules across these 

intricate nanostructures; a subject that will be addressed in future microrheology studies.  

Outcomes from the temperature scans correlated well with the in vitro release studies. 

Release of RhB from the Lα phase increased significantly at ca. 50 °C due to the loss of 

structure, whilst RhB released linearly versus square root of time from the hexagonal phase 

for the SDS – polyDADMAC system despite the increase in temperature. On the other hand, 

immersing the nanostructured-capsules into salt solution at ca. 37 °C did not induce as 

significant an effect on the rate of drug release, correlating with the modest effect of salt on 

structure in the CPLM and SAXS experiments. This perhaps may have depended on the time 

allowed for the liquid crystalline phase to form at the surfactant – polymer interface before 

the stimulus was initiated; where a thicker ‘membrane barrier’ would be produced when left 

for a longer duration, which in turn would require higher salt concentration and/or extended 

time for diffusion of molecules to occur to disturb the electrostatic interactions between 

charged species. Interestingly, the time-scale of drug release from lamellar phase (Figure 7) is 

consistent with the time oral dosage forms transit within the upper region of gastrointestinal 

tract (3-4 hr)59; where absorption of drug is at its highest owing to the large surface provided 

by the small intestine.60 These findings provide a platform for these oppositely-charged 

surfactant and polymer systems, bile salt – chitosan and SDS – polyDADMAC, to function as 

stimuli responsive- or sustained release- drug delivery systems, respectively. 

5. Conclusion 

This paper describes one of the first quantitative structural probes of these oppositely-

charged surfactant – polymer systems in relation to release; providing an initial proof of 

concept that temperature and salt concentration are potential parameters that may be 

exploited to modulate drug release from lamellar phase complexes formed between solutions 
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of bile salt and chitosan. This is the first report of lamellar phase formation at bile salt – 

chitosan interfaces, where its growth and development is not only influenced by the apparent 

viscosity of bulk solutions, but also the characteristic physical properties exhibited by the 

complex formed. Therefore, controlling interfacial structural attributes in complex 

oppositely-charged surfactant and polymer systems may provide an interesting route to 

tailored release nanomaterials. Future studies will involve exploring the effect of surfactant-

to-polymer molar charge ratio on nanostructure formation, as well as performing release 

studies from dispersed nanoparticles. 
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Table 1. Comparison of rate of diffusion of Rhodamine B (RhB) from nanostructured 

capsules composed of both biologically and industrially relevant materials at varying 

temperatures, from 37 ºC (control) to 50 ºC, and when surfactant solution was replaced with 

4% NaCl solution. Literature value for the diffusion coefficient of RhB at 25 ℃ measured by 

a static imaging method in an aqueous solution was determined to be 4.27 ± 0.040 ×10−6 cm2 

s−1 (n = 13). 

 

Liquid crystalline 
nanostructure 

Diffusion Coefficient of RhB (×10−6 cm2 s−1) n = 3 

Control Effect of temperature Effect of salt at 37 °C 

37 ºC 50 ºC 4 % NaCl solution 

Lamellar phase 0.07 ± 0.1 3 ± 2 0.7 

Hexagonal phase 0.0002 ± 0.0001 0.0004 ± 0.0001 0.03 ± 0.07 
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Figure Captions 

Figure 1. Chemical structures of the anionic surfactants, bile salt (sodium 

taurodeoxycholate, STDC), and sodium dodecyl sulphate (SDS), and the cationic 

polymers, chitosan and polydiallyldimethylammonium chloride (polyDADMAC). 

Figure 2. SAXS scattering profiles as a function of ‘distance from origin’, D, obtained 

during a spatial line scan, across a system comprised of 4 wt% chitosan (bottom) 

and 30 wt% STDC solution 61, where the lamellar structure was allowed to 

develop over 1 week from when the initial surfactant – polymer interface was 

created (0 mm).  

Figure 3. Effect of polymer concentration on the development of liquid crystalline phases 

across the bile salt – chitosan interface after 1 week. Bar charts illustrate regions 

of bulk polymer (P- green), micellar phase (L1- yellow), co-existing micellar and 

lamellar phases (L1 + Lα- patterned grey), and only lamellar phase (Lα- black). 

Figure 4. Effect of temperature on the structural integrity of lamellar phase formed between 

solutions of 4 wt% chitosan and 30 wt% STDC. (A) Waterfall plot of SAXS 

scattering profiles obtained for the system when exposed to heating from 25 – 60 

°C at 5 °C increments. (B) Images taken of the sample under a crossed-polarizing 

light microscope (CPLM) fitted with a hot-stage (HSM), illustrating the 

disappearance of birefringence at the surfactant – polymer interface above 50 °C. 

Figure 5. SAXS scattering profiles across the bile salt – chitosan interface before (left) 

and after addition of 4 % NaCl (right). Up-down arrows indicate changes in 

peak intensity, which correlates to the relative concentration of the lamellar 

phase formed. Insets: CPLM images 
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Figure 6. Approach for studying the effect temperature and salt has on the rate of model 

drug (Rhodamine B, RhB) release from nanostructured capsules.  

Figure 7. Cumulative % release profile of Rhodamine B (RhB) from chitosan – bile salt 

capsules, where the environmental temperature was increased from 37 °C to 50 

°C (●) or when the bile salt solution was replaced with 4% NaCl solution at 37 °C 

(○), as indicated by the dashed arrow.   
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Schematic 1. Sample preparation in flat cells for studying structural behavior at surfactant – polymer 

interfaces. 
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