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d cytotoxicity of self-assembled
monoolein–capric acid lyotropic liquid crystalline
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Stephen T. Mudie,b Benjamin W. Muir,a Emma C. Giakoumatos,a

Lynne J. Waddington,d Nigel M. Kirbyb and Calum J. Drummond*ae

Monoolein forms self-assembled nanoparticles with various internally ordered nanostructures, including

the lyotropic liquid crystalline inverse hexagonal and inverse bicontinuous cubic phases. This study

investigated the influence of a saturated fatty acid, capric acid (decanoic acid), on the formation of

different lyotropic liquid crystalline phases in monoolein-based systems. The nanoparticles were

characterized by synchrotron small angle X-ray scattering (SAXS), cryogenic transmission electron

microscopy (cryo-TEM), dynamic light scattering, and zeta potential measurements. The addition of

capric acid to monoolein triggered concentration dependent phase changes with the sequence evolving

from an inverse primitive cubic phase to inverse double-diamond cubic, inverse hexagonal (HII), and

emulsified microemulsions. SAXS and cryo-TEM revealed the formation of both single phase and mixed

phases within a nanoparticle. To understand the cytotoxicity effects of the different nanoparticles,

cellular cytotoxicity and hemolysis assays were performed. Nanoparticles in emulsion and hexagonal

phases were found to be less toxic than cubic phase nanoparticles. The hemolysis assays followed the

same trend with cubic phase dispersions causing the highest level of hemoglobin release. In summary,

this study showed that the internal lyotropic liquid crystal mesophase structure of self-assembled

nanoparticles needs careful consideration in the design of drug delivery vehicles.
1. Introduction

Monoolein (MO) is an amphiphilic molecule with a hydro-
philic head group and a hydrophobic hydrocarbon tail. Under
varying conditions of temperature and composition, this lipid
self-assembles into various lyotropic liquid crystalline struc-
tures in aqueous solution.1–3 The polymorphism of MO
self-assembly has been studied extensively. Studies suggested
that the packing efficiency of MO molecules results in struc-
tures such as an inverse hexagonal phase, several inverse cubic
phases, a lamellar phase, and a water-in-oil microemulsion
phase (Fig. 1).4,5
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In recent years, an increasing number of studies have
focused on MO and its biomedical applications. Self-assembled
MO nds application as carriers in drug delivery,6–13 and in gene
therapy,14–16 cancer therapy,17–20 protein crystallisation,21–26 and
MRI imaging.27–31 The use of MO based self-assembly objects in
drug delivery has gained signicant interest due to its
Fig. 1 Amphiphile molecular shape and aggregate morphologymodel
for monoolein and phases formed from the self-assembly of lipid (A) in
this study, including inverse hexagonal (HII), water-in-oil
microemulsion (L2-emulsified microemulsions (EME)), and inverse
bicontinuous cubic, including primitive (QP

II with space group Im�3m)
and double diamond (QD

II with space group Pn�3m) phases (B).
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Fig. 2 Structures of capric acid (decanoic acid), monoolein, and the
colloidal stabilizer Pluronic F127 block co-polymer used to produce
stable nanodispersions.
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amphiphilic nature, which allows the incorporation of a wide
range of hydrophilic, hydrophobic, and lipophilic drugs.1

Additionally, MO is generally regarded as safe, biodegradable,
bioadhesive, and can accommodate multiple drug sizes, and
can be engineered to display a sustained release of drugs.32–35

Despite decades of research, there have been very few studies
that have investigated the impact of the nanostructure upon
function and cytotoxicity of MO-based self-assembled nano-
particles. Recent studies have started to exploit the different
liquid crystal phases of MO to tailor a desirable controlled
release prole.35–38 For example, Boyd et al. described that an
inverse hexagonal phase showed a much slower release of iri-
notecan hydrochloride and paclitaxel compared to inverse cubic
phases.37 This led to the design of a system to trigger a phase
change between hexagonal to cubic resulting in the controlled
release of glucose.38 However, in order to design a more effective
drug delivery carrier, it is essential to understand the phase
behavior of MO under the inuence of factors such as temper-
ature, chemical environment, water content, and charge.

MO is also promising for medical applications as it is
approved by the US Food and Drug Administration for use in
food with no limitation.39 It is interesting that only a small
number of studies have focused on investigating the toxicity of
nanoparticle dispersions made from lyotropic liquid crystal
phase forming lipids.27,40–42 Recently, the in vitro toxicity of cubic
phase nanoparticles, cubosomes, of MO was investigated.43 The
results showed that MO cubosomes affected the viability of
Chinese hamster ovary (CHO) and human alveolar basal
epithelial (A549) cell lines differently. While MO cubosomes
showed no toxicity to CHO cells, at 100 mg mL�1, the viability of
A549 cells reduced to 60%. It was also shown that MO
nanoparticles were hemolytic at concentrations higher than
25 mg mL�1. This study further conrmed that the in vitro
cytotoxicity of MO nanoparticles is inuenced by particle size,
mesophase type, and the tested cell line.

The current study is divided into two parts. The rst involves
examining the inuence of capric acid (decanoic acid) on the
formation of the lyotropic liquid crystal phases of MO-based
nanoparticle dispersions (Fig. 2). The second part of the study
investigated the cytotoxic effects of various nanoparticles with
different mesophases. Capric acid (CA) was used in this study as
it is a generally regarded as safe (GRAS) and its presence in a
monoolein system provides ne control over the spontaneous
curvature of the resultant self-assembled particles. The internal
nanostructure of the dispersions was examined using small
angle X-ray scattering (SAXS) and cryo-transmission electron
microscopy (cryo-TEM). A range of mesophases including cubic
(cubosomes), hexagonal (hexosomes), and EMEs were observed
upon the addition of varying amounts of CA. It is important to
note that these systems are formed in excess water condition
making them particularly applicable to drug delivery applica-
tions. Subsequently, MO–CA nanoparticles with different
internal nanostructures were selected for an in vitro cytotoxicity
and hemolysis study. Cell viability of L929 broblast cells and
hemoglobin release were found to vary in the presence of
cubosomes, hexosomes, and EME. This study expands the
material space for drug delivery carrier design as well as the
26786 | RSC Adv., 2015, 5, 26785–26795
understanding of safety and formulation considerations for this
increasingly popular lipid.
2. Results
2.1. SAXS results and nanoparticle internal structures

MO–CA nanoparticles were prepared by ultrasonicating the
mixture in the presence of Pluronic F127 as a stabilizer. The
F127 to MO ratio was kept constant at 1/10 (w/w) and the CA
content varied. The nanoparticles were observed visually not to
aggregate for at least onemonth aer preparation. SAXS proles
of nanoparticles measured at 25 �C (Fig. 3) show that the
addition of CA altered the phase of the nanoparticles, which
ranged from QP

II, to QD
II, hexagonal (HII), and EME. Conse-

quently, six samples (Table 1) with distinct scattering proles
were chosen for further testing. Using the 1D proles (Fig. 3B),
phases were identied and are summarized in Table 1. The
SAXS prole of MO without CA (NT-01) showed several peaks
with spacing ratios of O2 : O4 : O6 : O10 : O12 : O14. They were
indexed as the (110), (200), (211), (310), (222), and (321) reec-
tions of a QP

II phase with space group Im�3m (Fig. S1†) and a
lattice parameter of 146�A. The addition of CA to MO resulted in
decreased lattice parameters and phase changes (Fig. 3).

Sample NT-02 maintained the QP
II cubic symmetry but with a

smaller lattice parameter of 135 �A, an indication of increasing
interfacial curvature. Further addition of CA in sample NT-03
(CA : MO (w/w) ¼ 0.063) triggered the formation of a secondary
phase with d-spacing ratios of O2 : O3 : O4 : O6 : O8 : O9 indexed
as the (110), (111), (200), (211), (220) and (221) reections of a QD

II

cubic phase with space group Pn�3m (Fig. S1†). In sample NT-04
(CA : MO (w/w) ¼ 0.109), a phase transformation from QP

II to QD
II

was complete with scattering peaks clearly from the double
diamond phase. However, there was an additional peak for
sample NT-04 that arose from a small population of hexosomes
in the sample as later conrmed by cryo-TEM. The lattice
parameters of the double diamond phase in NT-03 and NT-04
were 95�A and 84�A respectively.
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Characterization of nanoparticle dispersions using SAXS and
DLS. 1D profiles at 25 �C showed the formation of different phases with
the addition of CA (A). Variation in the lattice parameters with respect
to the CA : MO ratios from SAXS (B). Since the EME are not ordered, the
values here are the characteristic distances of the L2 phases measured
by using the single broad peak in the scattering profile. Size distribu-
tions of the nanoparticles measured via DLS (C).
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In samples with even higher CA concentrations (NT-05,
CA : MO (w/w) ¼ 0.25), an inverse hexagonal phase HII with
d-spacing ratios of 1 : O3 : O4 was observed with lattice param-
eter of 54 �A. Further increases of CA content resulted in the
formation of EMEs with the characteristic distance of 37 �A
(NT-06, CA : MO (w/w) ¼ 1, Fig. 3B).

The scattering proles collected at 37 �C (ESI Fig. S2†)
showed that the phases of the nanoparticles remained
unchanged at physiological temperature (37 �C).
This journal is © The Royal Society of Chemistry 2015
2.2. Size and zeta potential measurements

The intensity weighted size distribution of the six nanoparticle
formulations is presented in Fig. 3C and Table 1. The hydro-
dynamic diameters of the nanoparticles decreased with the
addition of CA. Initially, the hydrodynamic sizes of the QP

II

nanoparticles (NT-01 and NT-02) were 182 nm, while the QP
II/Q

D
II

(NT-03) and QD
II (NT-04) nanoparticles with higher CA content

were 176 nm and 157 nm respectively. Upon the further addi-
tion of CA, the nanoparticles were converted to hexosomes with
a smaller average size of 155 nm.

The polydispersity index (PdI) represents the size distribution.
In this case, CA addition also inuenced the PdI of the nano-
particles with PdI increasing at higher CA : MO ratios. These
nanoparticles were relatively homogenous with a PdI around 0.1
with the highest PdI of 0.15 in the QD

II nanoparticles (NT-04).
All six types of nanoparticles were negatively charged with

zeta potential magnitude increasing with higher CA contents.
The zeta potential of control MO nanoparticles with no CA was
�7.4 � 0.1 mV while that of the EMEs was �18.5 � 0.4 mV
(highest CA content).
2.3. Cryo-transmission electron microscopy (Cryo-TEM)

Cryo-TEM was used to visualize the selected nanoparticles
(Fig. 4).

As expected, cubosomes are visible in samples NT-01, NT-02,
NT-03, and NT-04. The nanoparticles were viewed from the [111]
direction in Fig. 4A–C. The coexistence of two different cubic
phases was apparent in sample NT-03 (Fig. 4C2). Cryo-TEM
images of NT-04 samples revealed that while the majority of
the nanoparticles were cubosomes, some hexosomes were also
present. Although some hexosomes were found in NT-04, their
concentration was too low to yield the relevant Bragg peaks
when analyzed using SAXS.

The majority of hexosomes imaged from NT-05 were spher-
ical in nature, however, elongated rod shape particles were also
found (Fig. 4E2). The particles exhibited the typical “nger-
print” patterns of hexosomes which have been described in
previous studies.44,45

The particle sizes of the EMEs (NT-06) varied greatly, as
reected by the large PdI observed (Table 1). Nanoparticles with
diameters of less than 100 nm as well as large particles with
diameters around 500 nm were observed.

The cryo-TEM images were analyzed using Fast Fourier
Transform (FFT) (Fig. S3†). Lattice parameters of cubic phase in
NT-01, NT-02, NT-03, NT-04, and hexagonal phase in NT-05
samples calculated using FFT agreed well with the SAXS data.
For the NT-03 sample, FFT analysis revealed the coexistence of
two cubic phases with lattice parameters of 114 �A and 88 �A,
which matched the SAXS result for QP

II and QD
II cubic phases,

respectively.
2.4. Cellular cytotoxicity of CA–MO self-assembled
nanoparticles

Before cellular cytotoxic testing, phases of nanoparticles in
Minimum Essential Media (MEM) supplemented with fetal
RSC Adv., 2015, 5, 26785–26795 | 26787
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Table 1 Composition, internal structure, size distribution and zeta potential of self-assembled amphiphilic MO–CA nanoparticles

NT-01 NT-02 NT-03 NT-04 NT-05 NT-06

MO content (mg) 25 25 25 25 25 25
CA content (mg) 0 0.78 1.56 2.74 6.25 25
F127 content (mg) 2.5 2.5 2.5 2.5 2.5 2.5
CA : MO (w/w) 0 0.031 0.063 0.109 0.25 1
CA : MO (mol mol�1) 0 0.065 0.129 0.226 0.517 2.07
Phase QP

II QP
II QP

II/Q
P
II QP

II/HII HII L2
Space group Im�3m Im�3m Im�3m/Pn�3m Pn�3m/HII

b HII N/A
Lattice parametera (�A) 146 135 127/95 84/61 54 37c

Hydrodynamic diameter (nm) 182 � 4 184 � 2 176 � 2 157 � 3 155 � 2 257 � 3
Polydispersity index 0.07 � 0.04 0.06 � 0.02 0.10 � 0.02 0.15 � 0.02 0.12 � 0.03 0.42 � 0.3
Zeta potential (mV) �7.4 � 0.1 �9.5 � 0.3 �11.3 � 0.3 �11.1 � 0.7 �13.2 � 0.2 �18.5 � 0.4
pH 4.89 4.16 4.06 3.90 3.80 3.61

a Lattice parameters were measured at 25 �C. b HII phase was identied and conrmed using both SAXS and cryo-TEM. c This value is the
characteristic distance for the L2 phase calculated using the single broad peak in the scattering prole.
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bovine serum (FBS) were examined using SAXS. Due to the
relatively low sensitivity of X-ray scattering techniques, the
nanoparticles used for structure analysis had MO concentration
of 50 mg mL�1. The results indicated that although increasing
CA concentration still caused an increase in curvature, the effect
was less marked in the presence of MEM. Samples NT-01 to
NT-05 were conrmed to have an internal QP

II phase. Sample
NT-06, which was an EME in water, formed hexosomes in MEM
(Fig. S4†).

The relative cell densities with respect to MO and CA
concentrations are presented in Fig. 5. At MO concentrations
higher than 75 mg mL�1, all of the nanoparticles inhibited
cell growth in MTS assays. At MO concentrations lower than
25 mg mL�1, none of the nanoparticles had any signicant effect
on cell growth. Between 25 mg mL�1 and 75 mg mL�1, nano-
particles NT-01, NT-02, NT-03 and NT-04 caused more cell death
than NT-05 or NT-06 nanoparticles. The MTS assays suggested
that the IC50 values for the rst four types of nanoparticles were
about 40 mg mL�1 versus 64 mg mL�1 for NT-05 and NT-06
(Fig. 5A).

When cell densities were plotted against CA concentration, it
was clear that the cytotoxic effects of the nanoparticle disper-
sions were primarily from MO. CA had no effect on cell growth
at concentrations less than 100 mg mL�1. The IC50 of the control
CA solution was about 300 mg mL�1 (Fig. 5B). The pH of the
dispersions with high levels of CA do not appear to play a role in
their cytotoxicity as the more acidic nanoparticle solutions
demonstrated the least toxicity.

The calcein AM assay also mirrored the MTS assay results
(Fig. 6). The cells spread and grew well on polystyrene control
substrates (Fig. 6A). The cell viability in the presence of MO
nanoparticles (at 6.25 mg mL�1) was similar to that of
the control sample. In the presence of MO nanoparticles at
50 mg mL�1, fewer cells were observed on the NT-01, NT-02,
NT-03 and NT-04 samples which all contained cubosomes
(Fig. 6C1–C4), while cell numbers on NT-05 and NT-06
were similar to those in control wells (Fig. 6C5 and C6). At
100 mg mL�1, no cells were observed in wells with cubic phase
nanoparticles (Fig. 6D1–D4). Cell numbers in wells with
26788 | RSC Adv., 2015, 5, 26785–26795
hexosomes and EMEs decreased dramatically, but some live
cells were still visible (Fig. 6D5 and D6). There appears to be
more live cells in the well with EME than in the one with hex-
osomes (Fig. 6D5 and D6).

Hemolysis assays showed that all particles at MO concen-
trations larger than 100 mg mL�1 were highly hemolytic (Fig. 7).
The levels of hemoglobin released at these concentrations were
comparable to that of the Triton X-100 control. Below 20 mg mL�1,
however, none of the tested nanoparticles were hemolytic and
hemoglobin release was comparable to the PBS control.
Interestingly, although CA itself is not hemolytic, there was a
signicant variation in the amount of hemoglobin released in
samples containing 50 mg mL�1 of MO with varying CA
concentrations. Samples NT-01 (QP

II) and NT-06 (EME) were the
most and the least hemolytic respectively. A trend was observed
in that as the CA concentrations increased in the nanoparticles,
a lesser amount of hemoglobin was released. This result
correlates well with cell toxicity data, where increased CA
content led to higher cell viability, suggesting hemolytic ability
may be linked to cytotoxicity.

3. Discussion
3.1. Mesophase formation of monoolein nanoparticles in
the presence of capric acid

In this study, the effect upon the phase behavior and cell cyto-
toxicity of MO lipid nanoparticles with increasing concentration
of CA was investigated. Addition of CA clearly caused an
increase in system curvature which resulted in a decrease in
lattice parameter or triggered phase changes from QP

II to QD
II,

followed by a HII phase, and nally forming EMEs.
This effect has been previously rationalized. Aota-Nakano

et al. investigated the inuence of electrostatic repulsive
forces and pH on the phase formation in MO–oleic acid
(OA)–H2O and MO–sodium oleate (NaO)–H2O tertiary systems.46

At 20 �C and pH 7.0, the addition of OA to the MO system
resulted in phase changes from QD

II to QP
II. The phase change can

be rationalised by using the effective critical packing parameter,
cpp¼ n/aL, where n is the hydrophobic tail volume, a is the head
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Cryo-TEM images of MO–CA nanoparticles. The various phases (e.g.QP
II, Q

D
II , HII, and EME) formed with different CA contents are visible.

Scale bar ¼ 100 nm.
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group area, and L is the hydrophobic chain length.4 Different
values of cpp correspond to different effective amphiphile
molecular shapes which favor different aggregate structures
(Fig. 1). The cpp of lamellar, cubic, and hexagonal phases are 1,
values ranging from 1.27 to 1.31, and about 1.7 respectively
with higher cpp corresponding to higher negative
curvature surfaces.4,47,48 A more detailed phase diagram of the
MO–OA–H2O system was reported by Borné et al.48 They found
that OA mixed with MO induced the formation of liquid
crystalline phases with negative curvatures, i.e. phase sequences
from inverse cubic to inverse hexagonal to inverse micelles.
Barauskas et al. studied heat treatment effects on nanoparticle
size and structure of MO–OA dispersions.49,50 They showed that
OA and F127 had opposite inuences on the nanostructure of
the particles. While F127 tended to shi the phase equilibrium
This journal is © The Royal Society of Chemistry 2015
toward QP
II phase, OA shied phase equilibrium toward QD

II

phase. As the QP
II phase has a lower cpp than the QD

II phase, a
similar trend is observed in our current study when increasing
amounts of CA are added in the MO mixture.

A similar phase sequence from cubic to HII, and L2 was
reported in different monoglyceride-based systems upon the
addition of hydrophobic agents such as oleic acid or tetrade-
cane.51,52 It has been shown that the presence of these agents
increases the cpp and thus induces a phase transition to mes-
ophases with enhanced negative spontaneous curvatures. This
has been attributed to the dehydration of the head group and
the increased hydrophobic tail volume, which led to decreased
water uptake in the non-planar phase.53 Previous studies also
suggest that the presence of an oil-rich domain was necessary to
stabilize mesophases such as the inverse hexagonal phase, as it
RSC Adv., 2015, 5, 26785–26795 | 26789
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Fig. 5 L-929 fibroblast cell viability with respect to MO concentration
(A) and CA concentration (B) measured by an MTS colorimetric assay.
Data ¼ mean � SD. n ¼ 3.
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relieves the packing frustration by lling the interstitial regions
in the hydrophobic region.53–57

In this study, the F127 to MO ratio was kept constant at 1 : 10
resulting in the initial primitive cubic phase (QP

II) produced for
the dispersion. Upon the addition of CA, a double diamond
phase (QD

II), HII phase and nally an EME phase appeared
indicating that CA increased the cpp and the negative interface
Gaussian curvature of the lipid–water interfaces. In the pH
range 4–8 it is typical for a range of moieties to exist including
the acid, the anion and the acid–soap dimer (RCOO)2H

�.58 The
pH of the dispersions was typically less than the pKa of CA
(pKa 4.9) and was found to decrease with higher CA content
(Table 1). At this pH, it is likely that the acid moiety is dominant
as the dissociation of CA is low thus reducing the head group
area of CA leading to a smaller hydrophilic head group area.
This means that cpp increases as CA concentration increases
leading to the observed phase sequence of QP

II, Q
D
II, and HII

phases with increasing CA content. At even higher CA concen-
trations, increased negative curvature destabilized the HII phase
resulting in the formation of a uid isotropic inverse EME. It is
possible that several other self-assembled phases may be
observed at different pHs for this system, as exemplied by the
work of Salentinig and co-workers but this falls outside of the
scope of this paper.59
26790 | RSC Adv., 2015, 5, 26785–26795
3.2. Cytotoxicity of MO–CA nanoparticles and implications

The applicability and future clinical translation of MO as a
drug carrier is largely affected by its toxicity. Recently, Hinton
et al. studied the cytotoxicity of cubosomes of MO and phy-
tantriol.43 They showed that phytantriol cubosomes were
more toxic to CHO cells and human alveolar basal epithelial
cells (A549) than MO counterparts. The study also demon-
strated that MO toxicity was varied with respect to different
cell types. IC50 values for each cell type were not established
but were indicated to be larger than 100 mg mL�1. In our study,
MO nanoparticles with the less negatively curved surface
(QP

II cubosomes, samples NT-01 to NT-04) exhibited higher in
vitro toxicity toward L929 broblasts than nanoparticles with
higher negative curvature (NT-05 and NT-06). The IC50 values
for NT-01 to NT-04 were ca. 40 mg mL�1, while those of NT-05
and NT-06 were ca. 64 mg mL�1. The hemolysis assay results
showed a similar trend. The nanoparticles with more CA and
higher negative curvatures (NT-06) were less hemolytic
compared to the ones with less CA (NT-01). This result is
surprising and somewhat unexpected as all nanoparticles had
the same concentration of monoolein and polymer stabilizer,
while CA had a negligible effect on cells at concentrations
below 100 mg mL�1. Furthermore, the contribution of particle
size effect to cytotoxicity could be ignored since cubosomes
and hexosomes were similar in size. The differing cytotoxicity
could be related to the inuence of the specic nanoparticle
internal structures and surface curvature on the interaction of
particles with the lipid membranes of the cell.40–42 It has been
shown that this interaction leads to membrane fusion and
lipid exchange, resulting in membrane disruption and cell
death. The hemolysis results in this study also support this
link. However further studies are necessary to elucidate the
mechanism in detail.

Alternatively, cytotoxicity differences may arise from the
elasticity of the nanoparticles affecting their internalisation by
cells differently. The elastic moduli of lipid nanoparticles are in
the range of 10�2 kPa to 103 kPa with hexosomes being soer
and cubosomes being more rigid.60–62 Banquy et al. showed that
the elastic modulus of a nanoparticle determined the endocytic
pathways in which the particles were internalized by the cell.63

The soest nanoparticles (18 kPa) were internalized through
macropinocytosis, while harder ones (from 35 kPa to 211 kPa)
underwent clathrin-mediated or caveolae-mediated endocy-
tosis. The nanoparticles with a stiffness of 136 kPa had the
highest uptake as they exhibited multiple entry mechanisms.
Liu et al. showed particles with similar stiffness (155 kPa)
decreased cell adhesion of HepG2 cells compared to soer
nanoparticles.64 The range of elastic moduli of lipid nano-
particles in the current study is, however, much wider than
those tested by Banquy et al. and Liu et al.

Another possibility for the difference in cytotoxicity may
relate to the adsorption of stabilizer F127 on nanoparticle
surfaces. Since the bicontinuous inverse cubic phases and the
inverse hexagonal phase have a system of water channels
distributed inside the nanoparticles, F127 adsorbs not only on
the outer surfaces but also at the lipid interface of internal water
This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Calcein AM stained L929 cell in the presence of MO nanoparticles. Images are collected from cells without nanoparticles (A), with MO
nanoparticles at 6.25 mg mL�1 (B), 50 mg mL�1 (C), and 100 mg mL�1 (D). Scale bars ¼ 200 mm.
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channels. The internal structure of hexosomes consists of
densely packed reverse micelle tubes, which is considered to
have much less interfacial area compared to that of
Fig. 7 Hemoglobin released due to the interaction of MO–CA nanopartic
of hemolysis. The data was normalized to hemoglobin release level of T

This journal is © The Royal Society of Chemistry 2015
cubosomes.65 Therefore, despite the fact that the hexagonal and
cubic phase nanoparticles have similar hydrodynamic radii, the
amount of F127 associated with cubosomes is likely to be higher
les with red blood cells. Increased nanoparticles resulted in higher level
riton X-100 control. Data ¼ mean � SD. N ¼ 3. *p < 0.05.
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than with hexosomes.66 The difference in F127 density on the
surface of nanoparticles in part dictates protein adsorption to
nanoparticles and ultimately changes the interaction of cells
and nanoparticles.67,68 Currently, there is still a lack of detailed
information regarding the relationship between the internal
surface area of lyotropic phase nanoparticles and the degree of
protein adsorption.
4. Conclusions

In this study, the self-assembly of a common lipid, MO, was
modied through the addition of capric acid (CA). Increasing
the CA content led to a progression in the lyotropic liquid crystal
phases observed through QP

II, Q
D
II, hexagonal phase and EMEs.

This experiment provided another method to adjust the liquid
crystalline phases of MO using a biocompatible material. Add-
ing CA both changed the mesophase formation of the particles,
and affected their cytotoxicity with L929 broblast cells. As the
CA content in nanoparticles increased, the cell viability
decreased, which made the nanoparticles with the most nega-
tive surface curvature the least cytotoxic. Hemolysis assays
performed on these samples conrmed the trend observed in
the cytotoxicity tests. Future studies on nanoparticle–cell
membrane interactions should have the objective of further
evolving the understanding of the underlying mechanisms of
the cytotoxicity of these nanomaterials.
5. Experimental section
5.1. Materials

Monoolein was obtained from Nu-chek-Prep, Inc (Elysian, MN,
USA) with purity >99% determined by using gas liquid
chromatography. Capric acid 99–100% Sigma Grade, Pluronic
F127, and ethanol were purchased from Sigma-Aldrich
(St Louis, MO, USA). L-929 broblast cells were obtained from
ATCC (Manassas, VA, USA). Minimum Essential Media (MEM),
fetal bovine serum (FBS), penicillin/streptomycin (P/S), non
essential amino acid (NEAA) solutions for cell culture, and
calcein AM live cell staining were purchased from Life Tech-
nologies Australia (Mulgrave, VIC, Australia). CellTiter
96 AQueous One Solution cell proliferation assay was purchased
from Promega (Madison, WI, USA).
5.2. Preparation of self-assembled amphiphilic
nanoparticles

Monoolein and capric acid were dissolved in ethanol separately.
Monoolein (25 mg) and increasing amounts of capric acid was
added to each well of a 96-well deep block plate. Ethanol was
then evaporated over night using a centrifugal evaporator
(GeneVac). Pluronic F127 was dissolved in sterilized MilliQ
water (5 mg mL�1). Pluronic F127 solution (500 mL) was added
on to the top of the MO and CA mixture. Mixtures were then
sonicated by a probe sonicator (Heat systems-Ultrasonics, Inc.,
model W-220F) at a frequency of 20 kHz and an output power of
40 W, with a 3 s-on, 7 s-off mode for a total of 2 min. The plate
was sealed and the resultant milky solutions were kept at room
26792 | RSC Adv., 2015, 5, 26785–26795
temperature for further examination. A similar method was
used to prepare nanoparticles in cell media by replacing MilliQ
water with MEM supplemented with FBS, P/S, and NEAA
solutions.

5.3. Small angle X-ray scattering (SAXS)

SAXS was performed at the SAXS/wide-angle X-ray scattering
(WAXS) beamline at the Australian Synchrotron.69 The instru-
ment used X-ray of wavelength of l ¼ 1.128�A (11.0 keV) with a
typical ux of approximately 1013 photons per s. The sample to
detector distance was chosen as 1.6 m which provided a q-range
of 0.01–0.5 �A�1 (scattering vector q ¼ 4p sin(q)/l where q is the
scattering angle and l is the wavelength). MO–CA dispersions
(100 mL) were loaded in a 96-well plate and positioned in a
custom-designed plate holder. Sample temperature was
controlled by a circulating water bath for experiments at 25 �C
and 37 �C. 2D X-ray diffraction patterns were recorded
on a Decris-Pilatus 1-M detector. A silver behenate standard
(d ¼ 58.38 �A) was used for calibration. The exposure time for
each sample was 1 s.

SAXS data was collected using in house ScatterBrain so-
ware. 2D scattering images were integrated into 1D plots of
intensity versus q-value for phase identication. Phases were
identied using the spacing ratios of peaks in the 1D plot. To
facilitate the phase identication process, in house automated
soware RapidPhaseIdent was developed. Additionally, the
IDL-based AXcess soware package was used to calculate the
lattice parameter of the nanoparticles.70

5.4. Size and zeta potential measurements

Nanoparticle hydrodynamic diameter and zeta potential were
measured using a Malvern Zetasizer Nano ZS (Malvern Instru-
ments, U.K.). The mean hydrodynamic diameter of the nano-
particles and the particle size distribution (polydispersity index
– PdI) were measured using a dynamic light scattering method,
in which diffusion of particles under Brownian motion is
measured and converted into particle size and size distribution
using the Stokes–Einstein relationship. For particle size and
size distribution measurements, nanoparticles were diluted to
roughly 5 mg mL�1 and transferred to low-volume plastic
cuvettes. We validated that particle size measurements were not
inuenced greatly by the dilution of nanoparticles. Samples
were analyzed at 25 �C using a refractive index of 1.33. Water
was used as the solvent to calculate the hydrodynamic sizes of
the nanoparticles. Triplicate measurements with a minimum of
12 runs were performed. Disposable capillary cells (Malvern
Instruments, UK) were used for zeta potential measurements.
The experiments were performed on six types of nanoparticles
with different CA contents, selected based on the SAXS results.
These nanoparticles were also used for further characterization
and cytotoxic testings. The sample names and compositions are
presented in Table 1.

5.5. Cryo-transmission electron microscopy (Cryo-TEM)

Cryo-TEM was used to visualize the formulated nanoparticles.
Copper grids (200-mesh) coated with perforated carbon lm
This journal is © The Royal Society of Chemistry 2015
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(Lacey carbon lm, ProSci Tech, Australia) were glow discharged
in nitrogen to render them hydrophilic and placed in a
laboratory-built humidity-controlled vitrication system.
Aliquots of samples were applied onto the grids and aer 30 s
adsorption time, grids were blotted manually by lter paper for
approximately 3 s. Grids were then plunged into liquid ethane
cooled by liquid nitrogen. The samples were examined using a
Gatan 626 cryoholder (Gatan, Pleasanton, CA, USA) and Tecnai
12 Transmission Electron Microscope (FEI, Eindhoven, The
Netherlands) at an operating voltage of 120 kV. At all times low
dose procedures were followed, using an electron dose of 8–10
electrons�A�2 for all imaging. Images were recorded using a FEI
Eagle 4k � 4k CCD camera at magnications ranging from
15 000� to 50 000�. Cryo-TEM images were analyzed using
ImageJ soware (NIH).

5.6. Cell culture

The L929 broblast is a common cell line widely used for in vitro
cell cytotoxic investigation. Cell culture media was MEM solu-
tion supplemented with 10% FBS, 1% penicillin/streptomycin,
and 1% non essential amino acids. The cells were grown to
80% conuence before collected for experiments.

Prior to the experiment, the six types of nanoparticles with
selected phases (Table 1) were serially diluted with cell culture
media. L929 cells were grown in a 96-well plate at a volume of
100 mL per well and a seeding density of 5000 cells per well. The
cells were incubated over night under standard conditions
(37 �C, humidied, 5% CO2, 95% air). Then new media con-
taining the diluted nanoparticles (100 mL) was added to each
well. The highest and lowest nanoparticle concentrations
(MO concentrations) tested were 300 mg mL�1 and 6.25 mg mL�1

respectively. Cell culture media and 5% DMSO in cell culture
media were used as controls. The cells were incubated for an
additional 48 hours in standard cell culture environment before
CellTiter proliferation and calcein AM assays were performed.

An additional set of experiments were performed to compare
cytotoxicity of CA containing nanoparticles. CA was dissolved in
ethanol at 100 mg mL�1. This solution was then serially
diluted using complete MEM to the range from 6.25 mg mL�1 to
300 mg mL�1. The diluted CA solutions were added to L929 cells
following the same process as described above.

5.7. CellTiter 96 cell proliferation (MTS) assay

MTS assay is a colorimetric assay for evaluating cell prolifera-
tion and viability. For MTS cell viability assay, CellTiter 96®
AQueous One Solution Proliferation Assay was added to each
well (40 mL per well). Cell solutions were incubated at 37 �C, in
the dark for three hours then analyzed using a BioTek micro-
plate spectrophotometer (BioTek, VT, USA) at 490 nm absor-
bance. The absorbance was compared to the absorbance at a
reference wavelength of 655 nm. Optical densities were
normalized to the non-particle control and plotted against MO
concentrations. To differentiate the contribution of MO and CA
to cytotoxicity, the CA content of each sample was calculated
and normalized cell numbers were plotted against CA concen-
trations. Prior to the MTS assay with nanoparticles, a standard
This journal is © The Royal Society of Chemistry 2015
curve was created to optimize the assay and to determine the
linear range of cell number and optical density.
5.8. Calcein AM staining and uorescent microscopy

Cell viability and morphology were assessed using calcein AM
staining. In live cells, the non-uorescent calcein AM is con-
verted to a green-uorescent calcein by intracellular esterases
through acetoxymethyl ester hydrolysis. Aer the cells had been
incubated with nanoparticles, they were rinsed using a phos-
phate buffered saline (PBS) solution before the addition of
calcein AM (100 mL of 1 mg mL�1 solution in PBS). The plates
were then incubated in the dark for 45 min at 37 �C. Excess
calcein AM was removed by PBS rinsing. Cells were subse-
quently observed using a uorescent microscope (Nikon
TE2000U inverted microscope, Nikon, Japan) with FITC lter.
5.9. Hemolysis assay

Mouse blood in EDTA was obtained from C57/BLK6 mice from
the small animal facility of the Australian Animal Health
Laboratory (AAHL) with Animal Ethics Committee (AEC)
approval. The blood was washed in PBS three times and
resuspended at approximately 7.5 � 106 cells per mL. MO–CA
nanoparticles were serially diluted 1 in 2 across a microtitre
plate in PBS (100 mL) to the lowest concentration of 20 mg mL�1.
Diluted red blood cells (100 mL) were added to each well and
incubated for one hour at 37 �C. Unlysed erythrocytes were
removed by centrifugation (1000 � g, 5 min), the supernatant
(150 mL) was transferred to a new microplate. Hemoglobin
absorption was determined at 450 nm (background correction
at 750 nm) on an EL808 Absorbancemicroplate reader (BIOTEK,
USA). 100% lysis was determined by adding a 0.1% Triton X-100
solution (5 mL) prior to centrifugation. The amount of hemo-
globin released in the presence of nanoparticles was normal-
ized to that of the Triton X-100 control. The experiment was
performed in triplicate.
5.10. Statistical analysis

All experiments were performed in at least triplicate and were
repeated to conrm the trend. Data was analyzed using a two-
tail Student's t-test in Excel with p < 0.05 considered statistical
signicance.
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