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Abstract
Liposomes composed of soy lecithin (SL) have been studied widely for drug delivery applications. The stability and elasticity 
of liposomal vesicles are improved by incorporating additives, including edge activators. In this study, we report the effect of 
sodium taurodeoxycholate (STDC, a bile salt) upon the microstructural characteristics of SL vesicles. Liposomes, prepared 
by the thin film hydration method, were characterized by dynamic light scattering (DLS), small-angle neutron scattering 
(SANS), electron microscopy, and rheological techniques. We noticed a reduction in the size of vesicles with the incremental 
addition of STDC. Initial changes in the size of spherical vesicles were ascribed to the edge-activating action of STDC (0.05 
to 0.17 µM). At higher concentrations (0.23 to 0.27 µM), these vesicles transformed into cylindrical structures. Morphological 
transitions at higher STDC concentrations would have occurred due to its hydrophobic interaction with SL molecules in the 
bilayer. This was ascertained from nuclear magnetic resonance observations. Whereas shape transitions underscored the 
deformability of vesicles in the presence of STDC, the consistency of bilayer thickness ruled out any dissociative effect. It 
was interesting to notice that SL-STDC mixed structures could survive high thermal stress, electrolyte addition, and dilution.
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Abbreviations
SL	� Soy lecithin
STDC	� Sodium taurodeoxycholate
MLV	� Multilamellar vesicles
UL	� Unilamellar vesicles
NMR	� Nuclear magnetic resonance
HR-TEM	� High-resolution transmission electron 

microscopy
PDI	� Polydispersity index
Dh	� Hydrodynamic diameter
PEG	� Polyethylene glycol
DLS	� Dynamic light scattering
SANS	� Small angle neutron scattering

Introduction

Liposomes are formulated with phospholipid carrying 
the hydrophilic head and lipophilic tails. Their single- or 
multi-layered vesicular structure enables the incorporation 
of hydrophilic as well as hydrophobic payloads simultane-
ously. In accordance to polarity, such payloads occupy the 
hydrophilic core and hydrophobic bilayer region, respec-
tively [1, 2]. Liposomes improve the therapeutic efficacy 
of drugs through the stabilization of molecules against deg-
radation and the overcoming of physiological obstacles [3, 
4]. Researchers have succeeded in co-delivering drugs and 
diagnostic substances which allows monitoring of the pro-
gression of therapy [5–7]. Apart from theranostics, charged 
liposomes have been developed for gene transfer applica-
tions. Several liposomal formulations have been approved 
by the US-FDA for clinical use, and others are under the 
advanced stage of trials [8]. The structure of liposomes 
can be tailored through changes in the composition and/or  
functionalization of phospholipids. This includes the incor-
poration of organic additives for improving the membrane 
characteristics (elasticity/deformability) [9], and a well-stud-
ied PEGylation strategy for steric stabilization and improv-
ing the circulation half-life of liposomes [10]. Elasticity 
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facilitates the transport of liposomes through the tough skin 
barrier and, thus, minimizes the requirement for penetration 
enhancers [11, 12].

The stability of liposomes is dictated by the rigidity 
of the bilayer membrane [13]. A sufficiently rigid bilayer 
protects the vesicles against fusion or dissociation under 
practical use conditions. At the same time, membrane 
rigidity dictates “on-demand” discharge of the payload 
from stimuli-responsive liposomes. Such formulations can 
be actuated by ultrasound, pulsed electromagnetic fields, 
and other external factors [14]. At the systemic level, the 
rigidity of liposomes has been shown to correlate with 
the response of regulatory T cells [15]. The literature 
suggests that bilayer rigidity can be modulated by the 
length and saturation of carbon chains of phospholipids. 
Mixing of lipids, particularly sterols, remains the most 
common approach and has given encouraging results. It 
works through the formation of interspersed rigid and fluid 
domains [16]. Recently, Lim and a coworker [17] demon-
strated that cholesterol engages with poorly water-soluble 
drugs via hydrophobic forces and improves their loading. 
Such interactions contribute to achieving rate-controlled 
discharge kinetics from the formulations. The analogues 
of cholesterol such as stigmasterol, β-sitosterol, ergosterol, 
and lanosterol have also been employed for rigidization 
[18]. Charged derivatives interact more efficiently with 
phospholipid as a result of electrostatic forces operating 
in tandem with hydrogen bonding. Such an observation 
has been recorded for the dipalmitoylphosphatidylcholine-
cholesteryl hemisuccinate mixture carrying quaternary 
ammonium and carboxylic acid groups, respectively [19]. 
Overall, interfacial properties of bilayer, and the shape, 
elasticity, and organization of a specific phospholipid are 
regulated by the presence of saturated and unsaturated 
groups in its structure. These properties can, therefore, be 
tailored through the incorporation of additives with suit-
able structural attributes [20].

Some groups have proposed the use of bile salts for the 
rigidization of the bilayer, keeping in view the instabil-
ity of cholesterol-containing liposomes in gastrointesti-
nal fluid. Bile salts consist of a short ionic chain linked 
to a rigid and slightly curved hydrophobic steroid moi-
ety [21]. Physiologically, bile salt assists in the digestion 

and absorption of fats produced following lipolysis. By 
virtue of micellization potential and ability to alter the 
spontaneous curvature of self-assemblies, these biologi-
cal amphiphiles are expected to form more stable associa-
tion structures with phospholipids [22]. This is contrary 
to the disordered domains produced by cholesterol [15]. 
The interfacial action of bile salt facilitates the intestinal 
absorption of the formulation [23]. It is, therefore, perti-
nent to understand the phase behavior and dynamics of the 
bilayer during changes in the molar ratio of phospholipid 
and bile salt.

Fig. 1   Molecular structure of 
soy lecithin (a) and sodium 
taurodeoxycholate (b)

a b

Fig. 2   Changes in hydrodynamic diameter of liposomal vesicles upon 
the incorporation of STDC at different concentrations
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In this study, we look at newer assemblies emerging 
possibly at a different molar ratio of SL as phospholipid 
and sodium taurodeoxycholate (STDC) as bile salt. SL 
contains phosphatidylcholine, phosphatidylethanolamine, 
phosphatidylinositol, and phosphatidic acid and has been 
found to be biocompatible and biodegradable [24]. Ves-
icles, produced with the varying molar ratio of SL and 
STDC, were characterized using dynamic light scatter-
ing, electron microscopic, and rheological techniques. We 
delineate the threshold concentration of STDC at which 
morphological (sphere to cylinder) and structural (vesicle 
to mixed-micelle) transitions would occur. These observa-
tions can be used to rationalize the composition of liposo-
mal formulations during drug delivery applications.

Materials and Methods

Materials

Soy lecithin (SL), sodium taurodeoxycholate hydrate 
(STDC) (Fig. 1), potassium dihydrogen phosphate, cal-
cium chloride, and sodium chloride were purchased from 
Sisco Research Laboratories, India. Aluminum chloride 
was purchased from Thermo Fisher Scientific, India. 

Chloroform was purchased from Merck Life Science, 
India. Disodium hydrogen phosphate was purchased from 
Sigma Aldrich, USA. Deionized water was used for for-
mulation development. A sample for small-angle neu-
tron scattering experiments was prepared in heavy water 
(99.9% purity) and purchased from Sigma Aldrich, USA.

Methods and Characterizations

Preparation of Liposomes

Liposomes were prepared by the solvent evaporation method 
[25]. A total of seven batches were prepared as per the com-
position given in Table S1. The effect of STDC (0.05, 0.11, 
0.17, 0.23, 0.28, and 0.34 μM) was investigated at a fixed 
concentration of SL (0.01 mM). The components were dis-
solved in chloroform (2 mL) which was later evaporated 
under reduced pressure. As produced, the film was hydrated 
in phosphate buffer (pH 7.4; 3 mL) under mild shaking to 
formulate vesicles. These vesicles were large (hydrodynamic 
size  ~200 nm) and heterogeneous (PDI > 0.36). Narrowly 
distributed small-sized vesicles were prepared through probe 
sonication at 30% amplitude (pulse time: 10 s and resting 
time: 20 s). Three such cycles were performed. The disper-
sion was flushed with nitrogen, sealed, and stored at 4°C for 
further characterization.

Fig. 3   Small-angle neutron scattering profile of liposomes showing the effect of STDC at increasing concentrations  (a-f). The data were 
acquired at fixed temperature (30°C)
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Characterization of Liposomes

Hydrodynamic diameter (Dh), particle size distribution, and 
PDI were characterized by dynamic light scattering (Nano 
ZS, Malvern Instrument, UK). The samples were exposed to 
a laser (wavelength: 633 nm) and the data were acquired at a 
scattering angle of 173°. Zeta potential was recorded using 
deionized water as the dispersion medium. High-resolution 
transmission electron microscopy (HR-TEM) was used to 
visualize the morphology of vesicles using a field emission 
gun transmission electron microscope (Tecnai TF20, USA) 

with an accelerated voltage of 200 kV. The samples were 
dried over the grid and coated with copper prior to analysis.

The stability of the formulation was studied against tem-
perature, dilution, and exposure to different electrolytes. It 
was challenged with commonly used mono-, bi-, and triva-
lent salts (NaCl, CaCl2, and AlCl3) at a fixed concentration 
of 0.9%.

Microstructural characterization of the formulation was 
performed by small-angle neutron scattering (SANS) exper-
iments. The scattering intensity (dΣ/dΩ) per unit volume 
was measured as a function of wave vector transfer Q (= 4π 
sinθ/λ, whereas λ represents the wavelength of incident 
neutron and 2θ as the scattering angle). The mean neutron 
wavelength of 5.2 Å, with a resolution of ∆λ/λ  ~15% from 
the neutron velocity selector, was used during the experi-
ment. The angular distribution of scattered neutrons was 
performed by a one-dimensional position-sensitive detec-
tor. The data fitting and analyses were performed through 
SASfit software (supporting information).

Nuclear magnetic resonance (NMR) spectroscopy was 
performed on a JEOL spectrometer operating at 500 MHZ 
and equipped with a ROYAL HFX FGSQ probe. Spec-
tra were processed using a JEOL Delta NMR processor 
(Ver.5.3.1). Rheological characterizations were carried out 
at 25°C using a rotational rheometer (Anton Paar, Austria). 
The data were analyzed using RheoCompass software. The 
experiments were performed using a cone plate (CP1/25). 
Viscoelastic behavior of the formulation was studied over a 
shear rate range of 0.1–100 Pa. During steady-shear measure-
ments, sufficient time was allowed before acquisition at each 
shear rate to ensure that the viscosity reached its steady-state 
point.

Results and Discussion

Formulated liposomes were first investigated for particulate 
characteristics. The average hydrodynamic diameter (Dh) of 
initially hydrated liposomes was found to be 188 nm. High 
PDI highlights the heterogeneity in the vesicle population. 
We believe that heterogeneity arose from the formation of 
less organized structures during film hydration. One can 
notice multiple populations of vesicles (Table S1). We attrib-
ute it to the formation of multi-lamellar vesicles (MLVs) 
with Dh > 300 nm [26]. Downshift in Dh and PDI values can 
clearly be noticed upon: (a) sonication, and (b) incorporation 
of STDC into the dispersion (Fig. 2). Size reduction dur-
ing sonication results from the dissociation of MLVs under 
cavitation stress. These are later organized more uniformly 
to produce unilamellar vesicles (ULVs). The formation of 
ULVs in the presence of STDC can be explained by taking 
into account its surface-active action. Analogous to the solu-
bilization of lipid components in meals, STDC might have 

Table I   Structural Parameters of Vesicles Calculated from the Fitted 
SANS Data

tv, vesicle thickness; Rv, vesicle radius, Rcr, cross-sectional radius; Lr, 
length of rod; STDC, sodium taurodeoxycholate

STDC, [µM] Tem-
perature 
(°C)

Structural parameters Type of structure

0 25 tv ~ 27.8 Å Rv > 400 Å Unilamellar 
vesicles

30 tv ~ 27.3 Å Rv > 400 Å Unilamellar 
vesicles

40 tv ~ 27.1 Å Rv > 400 Å Unilamellar 
vesicles

0.05 25 tv ~ 26.1 Å Rv > 400 Å Unilamellar 
vesicles

30 tv ~ 25.8 Å Rv > 400 Å Unilamellar 
vesicles

40 tv ~ 25.7 Å Rv > 400 Å Unilamellar 
vesicles

0.11 25 tv ~ 21.9 Å Rv > 400 Å Unilamellar 
vesicles

30 tv ~ 21.3 Å Rv > 400 Å Unilamellar 
vesicles

40 tv ~ 22.1 Å Rv > 400 Å Unilamellar 
vesicles

0.17 25 tv ~ 24.8 Å Rv > 400 Å Unilamellar 
vesicles

30 tv ~ 24.4 Å Rv > 400 Å Unilamellar 
vesicles

40 tv ~ 24.5 Å Rv > 400 Å Unilamellar 
vesicles

0.23 25 Rcr ~ 20.8 Å Lr > 400 Å Rod-like micelles
30 Rcr ~ 21.8 Å Lr > 400 Å Rod-like micelles
40 Rcr ~ 24.0 Å Lr > 400 Å Rod-like micelles

0.28 25 Rcr ~ 19.3 Å Lr > 400 Å Rod-like micelles
30 Rcr ~ 19.3 Å Lr > 400 Å Rod-like micelles
40 Rcr ~ 19.7 Å Lr > 400 Å Rod-like micelles

0.34 25 tv ~ 24.0 Å Rv > 400 Å Unilamellar 
vesicles

30 tv ~ 23.9 Å Rv > 400 Å Unilamellar 
vesicles

40 tv ~ 23.9 Å Rv > 400 Å Unilamellar 
vesicles
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Fig. 4   High-resolution trans-
mission electron microscopic 
image of liposomes without 
(a) and with STDC (b). The 
concentration of STDC in (c) is 
0.28 µM. Scale bar: 200 nm

Fig. 5   Small-angle neutron 
scattering profile of liposomes 
showing the effect of tem-
perature in neat SL (a) and SL-
STDC mixed (b) vesicles

Fig. 6   Changes in the hydrodynamic diameter of neat soy lecithin and mixed vesicles in the presence of 0.9% NaCl (a), CaCl2 (b), and AlCl3 (c). 
Data were acquired at 30°C
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caused dissociation of pre-existing phospholipid assembly 
[27]. Most likely, this gave an opportunity to STDC mol-
ecules in co-assembling with phospholipid.

Reduction in the size of mixed aggregates can be attrib-
uted to the edge-activating action of STDC on curvopho-
bic phospholipid. It eventually affects the curvature of the 
bilayer [28, 29]. Changes in curvature create an opportunity 
for STDC molecules to undergo intercalation in the bilayer, 
as demonstrated by Mohapatra and Mishra [30]. In pre-
micellar concentrations, bile salt molecules surrounded the 
bilayer and caused the hydration of liposomes deep until the 
core region. In our case, bile salts are partitioned into the 
bilayer without any disruptive events. This can be verified 
from the unimodality of the intensity peak in the dynamic 
light scattering data. A steady decline in the average size 
can be noticed. STDC molecules could reduce the surface 
tension of the vesicles in a concentration-dependent manner 
which explains the reduction in the diameter.

We now looked at the possibility of structural transfor-
mation and shape changes in vesicles during the above-
mentioned reorganizations. Such transformations occur 
commonly in self-assembled structures during the incor-
poration of additives and have been studied extensively 
by our group on nonionic surfactants [31]. These transfor-
mations are driven by hydrophobic, electrostatic, van der 
Waals, and other non-specific forces. For instance, shape 
changes in charged micelles can simply be induced by 
increasing the ionic strength of the solution. Here, ionic 
strength correlates with changes in micellar dipoles [32].

Traces of shape change can be visualized in SANS data 
(Fig. 3a–f) plotted between scattering intensity (dΣ/dΩ) and 
wave vector (Q). The derived parameters of these data are 
presented in Table I. Keeping together the numerical value 
of bilayer thickness (<5 nm) and hydrodynamic diameter 
(>40 nm), it becomes clear that the vesicles carried a sin-
gle bilayer [33]. Fitted data suggest that unilamellar vesi-
cles first transformed to rod-shaped core-shell structures 
(0.23 µM STDC) which were later re-arranged to attain 
spherical morphology (0.34 µM STDC). Although vesicles 
remained spherical in between 0.05 and 0.17 µM STDC, a 
steady reduction in thickness can be noticed, underscoring its 
edge-activating action. In spite of this, we did not find any 
evidence of vesicle dissociation in the presence of STDC. 
It appears that, at higher concentrations, STDC molecules 
intercalated through the bilayer and engaged hydrophobically 
with SL. Traces of interaction between SL and STDC can be 
visualized in 1H NMR spectroscopy. The disappearance of 
the peak corresponding to the steroidal ring (1–2 ppm) can 
be ascribed to the insertion of STDC in the bilayer (Fig. S1).

Similar observations have been recorded by other 
researchers as well [34]. It is worth mentioning that the 
extent of insertion (and hence their effect on bilayer fluidity) 
would depend upon the lipophilicity of specific bile salt. 
Micelles, another class of self-assemblies with a wide 
pharmaceutical interest, tend to swell and dissociate during 
the insertion of bile salts in the corona region [22].

The reflection of STDC-induced structural changes can 
be visualized in the neutron scattering profile. Apart from 

Fig. 7   Dilution stability soy lecithin vesicles in the presence of a different concentration of STDC. Data shown in a, b, and c, respectively, repre-
sent 10, 100, and 1000-fold dilution in water
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a slight reduction in the scattering intensity, a weak hump 
formation can be noticed in the intermediate Q-region (0.04 
to 0.14 Å) of the correlation peak among vesicles carrying 
0.23 and 0.28 µM STDC. The unilamellarity of vesicles 
can be confirmed by the nature of peaks. For example, the 
hump in our case appears clearly suppressed and differs from 
the Bragg peak originating from large multilamellar vesi-
cles (MLVs) [31]. Large MLVs show Q−4 dependence of a 
decline in scattering intensity [35]. We rule out structural 
or shape changes among vesicles exposed with STDC con-
centration less than 0.23 µM. This can also be attested from 
Q−2-dependent decline in the scattering intensity of these 
samples (Fig. 3a–c). At higher concentration, the decline 
followed Q−1-dependence suggesting that spherical vesicles 
transformed into cylindrical ones. The nature of slopes at 
0.28 µM STDC hints towards the co-existence of spherical 
and cylindrical structures. This sample was, however, dom-
inated by the cylinders which later converted to spherical 
vesicles (Fig. 3d–f).

We get a clearer evidence of the effect of STDC upon the 
size of vesicles while looking at HR-TEM data. The image 
reveals that spherical vesicles showed a decrease in diameter 

as STDC concentration increased. For instance, pure SL ves-
icles showed an average diameter of 113 nm which reduced 
to 80 nm in the presence of 0.28 µM STDC (Figs. 4a, b; 
S2). Some groups have reported complete rupture of vesi-
cles and solubilization of lipids depending upon the partition 
behavior of the surfactants. Some of these can flip to the 
inner monolayer and trigger rapid solubilization. Contrarily, 
the action of weaker surfactants may remain confined to the 
edge or interlayers [36]. In the latter case, vesicular inter-
mediates and mixed assemblies are formed, as observed in 
our formulation.

The effect of edge-activation was investigated upon the 
stability of the formulation against dispersion temperature, 
ionic strength, and dilution was also investigated. SANS data 
attest to the stability of mixed vesicles until 40°C; we did not 
observe any changes in neutron scattering (Fig. 5a, b; S3).

Similarly, vesicles remained stable at pH 5 and 8 
(Fig.  S4). Next, the stability of formulation was chal-
lenged with commonly used mono-, bi-, and trivalent salts 
(NaCl, CaCl2, and AlCl3) at a fixed concentration of 0.9% 
(Fig. 6a–c). These ions are present in biological systems and 
serve important physiological roles at cellular and extra-
cellular levels. In line with previous reports, NaCl did not 
affect the stability of mixed vesicles carrying up to 0.28 mM 
STDC. This is probably the reason of co-encapsulating NaCl 
as high as 0.7 M for making liposomes responsive to micro-
wave irradiation during the elimination of solid tumors. 
Here, the NaCl acts as a thermo-seed and causes a rapid 
elevation in temperature at the tumor site [37, 38].

Stabilizing effect of STDC is clearly evident among vesi-
cles exposed to CaCl2 and AlCl3 which caused a high upshift 
in size (more than five- and two-fold increase, respectively) 
in neat SL vesicles. The data on the average size and PDI 
indicate that vesicles became more organized in the pres-
ence of STDC (Table S2). A steady drop in the size and 
PDI occurred in these samples at increasing concentrations 
of STDC. This can be ascribed to the fusion and/or aggre-
gation of vesicles as a result of dehydration and charge-
neutralization caused by multivalent cations [39, 40]. This 
is analogous to the effect of electrolytes upon water struc-
tures around the shell of polyoxyethylene-polyoxypropyl-
ene–based block copolymeric micelles studied extensively 
by our group [41, 42]. In addition to its direct action on 
the bilayer, the protective effect of anionic STDC lies in its 
ability to capture cations and form neutral salt [43]. Similar 
arguments have been given by McClements and coworkers 
to explain the electrostatic interaction between taurocholate 
and polylysine [44].

Our data suggest that neat SL vesicles could not with-
stand dilution, even up to tenfold. This is verifiable from 
the appearance of multi-modality in the vesicle population 
and the loss of symmetry in the primary peak. As opposed 
to this, mixed vesicles retained their stability even after 

Fig. 8   Effect of autoclaving (121°C; 20  min; 18 psi; three cycles) 
upon size distribution of vesicles
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1,000-fold dilution (Fig. 7a–c). For example, those carry-
ing 0.23 µM STDC showed identical distribution profile 
(Dh = 75–79 nm; PDI = 0.183–0.233) regardless of the extent 
of dilution.

Importantly, the mixed vesicular dispersion was found to 
be stable during three cycles of autoclaving (121°C; 20 min; 
18 psi). Such a high temperature offers high mobility to the 
bilayer components and creates an opportunity for the dis-
sociation of vesicles [45]. We, however, did not notice any 
turbidity or other physical signs of destabilization in the dis-
persion. It highlights the fact that bilayers were not ruptured 
under the high thermal stress typically applied during the 
sterilization of injectable formulations (Fig. 8).

We noticed that mixed vesicles containing 0.34 µM STDC 
behaved differently when challenged with salt addition 
and thermal stress (Figs. 6 and 8). This can probably be 
related to the high edge-activating action of STDC at this 
concentration traces of which are visible in Fig. 2. We argue 
that the destabilization would have been contributed by the 
salts through alteration in water clusters in the vicinity of the 
interface. Similarly, these vesicles could not withstand the 
stress of an autoclaving cycle.

Our data at low shear rate highlight two important points: 
(a) steady increase in the viscosity of dispersion with an 
increase in STDC concentration, and (b) thinning of disper-
sion at higher shear rates (0.5 to 5 s−1). The first point can 
be understood, taking into account the shape changes stimu-
lated by STDC (Fig. 9a). Dispersions containing elongated 
or a mixture of elongated and spherical vesicles offer greater 
opportunities of engagement. It translates into the viscous 
behavior of existing structures [46]. This is analogous to the 
superior entanglement density of hydrophilic colloids which 
later form weak association structures [47].

Viscoelastic properties of these dispersions were ascer-
tained through oscillatory measurements. Here, loss or vis-
cous modulus (G″) was recorded as a function of oscilla-
tion frequency (ω). The frequency dependence of samples 
increased marginally at increasing STDC concentration. 
Furthermore, G″ values of all samples remained lower than 

G′ which attests elastic behavior of vesicles (Fig. S5). Alto-
gether, rheology data ascertain the viscoelastic behavior 
of mixed vesicles (Fig. 9b). Tung and coworkers [48] have 
reported that in systems formulated with a higher concen-
tration of lecithin, the incorporation of negatively charged 
bile salts causes strong repulsion in bilayers. This offers the 
opportunity of developing a series of phases (viscoelastic, 
gel-like, and low-viscosity fluids) and architectures by tun-
ing the molar ratio of phospholipid to bile salt.

Conclusion

We have successfully demonstrated that STDC stabilizes 
vesicles composed of SL and modulates their microstruc-
tural characteristics. Our interpretations are based on the 
findings of scattering and rheological experiments. We show 
that initially formed unilamellar spherical vesicles under-
went a transition to cylindrical and spherical structures 
depending upon the concentration of STDC. We attribute 
these changes to the edge-activating action of STDC at the 
interface at low concentration (0.05 to 0.17 µM). At higher 
concentration, STDC molecules engaged hydrophobically 
with the phospholipid to form mixed structures. We assert 
that morphological transitions were driven by these hydro-
phobic interactions. Improvement in the viscoelastic behav-
ior, deformability, and stability of vesicles in the presence of 
STDC is interesting from the viewpoint of their application 
in drug loading and delivery.
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