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A B S T R A C T

Non-lamellar liquid crystalline nanoparticles are promising drug delivery lipidic nanosystems, stabilized by
amphiphilic block copolymers. In the present investigation, the widely used Poloxamer P407 is compared with
the innovative stimuli-responsive polycationic block copolymer poly(2-(dimethylamino)ethyl methacrylate)-b-
poly(lauryl methacrylate) (PDMAEMA-b-PLMA) as stabilizer for glyceryl monooleate (GMO) or phytantriol
(PHYT)-based colloidal dispersions of liquid crystalline nanoparticles. As such, a variety of techniques was
combined in order to comprehensively characterize these nanosystems in terms of physicochemical, morpho-
logical and thermal properties. Particle size, size distribution, ζ-potential and the fractal dimension parameter
(df), calculated from light scattering data, as well as the morphology (from cryo-TEM analysis) of nanoparticles
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were markedly affected by the different lipid and type of polymeric stabilizer, indicating different kind of in-
terfacial lipid-polymer interactions. Notably, PDMAEMA-b-PLMA block copolymer was effective as well as P407
in stabilizing the GMO-based, but not PHYT-based nanosystems. Furthermore, microcalorimetry, high-resolution
ultrasound spectroscopy and rheology were applied to characterize the thermal behavior of these nanosystems,
highlighting their transition temperatures. In conclusion, a detailed evaluation was carried out on liquid crys-
talline nanoparticles, providing significant information, useful for the development of innovative non-lamellar
therapeutic nanosystems with advanced properties that can be successfully applied in the pharmaceutical na-
notechnology field.

1. Introduction

Lipid-based lyotropic liquid crystals (lamellar, cubic or hexagonal
phases) represent a promising platform for the design of versatile drug
delivery systems. These systems are most usually composed of glyceryl
monooleate (GMO, 2,3-dihydroxypropyl oleate) or phytantriol (PHYT,
3,7,11,15-tetramethyl-1,2,3-hexadecanetriol), because these two lipids
can self-assemble into different mesophases (such as cubic and hex-
agonal), depending on both water concentration and temperature
[1–3]. These viscous bulk lipidic mesophases can be fragmentized and
dispersed into non-lamellar lyotropic liquid crystalline nanoparticles,
termed as cubosomes or hexosomes [1–5]. This class of lipidic nano-
particles has gained a remarkable scientific attention due to their sig-
nificant advantages. More specifically, they present an increased grade
of internal organisation, allowing the loading and controlled release of
larger amounts of drugs and other active agents compared to liposomes,
designating them as promising drug delivery nanosystems [2,4,6,7].

Lipid-based liquid crystalline nanoparticles require a stabilizer
(surfactant or amphiphilic copolymer) to form stable aqueous disper-
sions [2,4]. In addition to the stabilizing effect, the used stabilizer can
play a key role in determining the mesophases of the final nanos-
tructures. For example, the amphiphilic PEO98-PPO67-PEO98 triblock
copolymer Poloxamer 407 (P407), which is the most popular and
widely used stabilizer, is proved to cause a double-diamond type
(Pn3m) to primitive type (Im3m) phase transition only in GMO-prepared
cubosomes, but not in PHYT-prepared cubosomes [8,9]. Therefore, the
used stabilizer can be carefully designed, in order to provide extra
properties [10–12], such as stimuli-responsiveness, thereby promoting
a possible triggered drug release from the nanosystems exactly to the
pathological tissues [13]. As such, Kluzek et al. [14] combined the P407
along with a pH-sensitive polymer, in order to develop monoolein-
based cubosomes that are successfully disrupted in acidic conditions.

In the present study, we investigated a potential polymeric stabi-
lizer, alternative to P407, and more specifically the amphiphilic block
copolymer PDMAEMA-b-PLMA, consisted of the hydrophilic stimuli-
responsive poly(2-(N,N-dimethylamino) ethyl methacrylate)
(PDMAEMA) block and the hydrophobic poly(lauryl methacrylate)
(PLMA) block. We also compared its stabilizing ability with the P407.
PDMAEMA block, due to its functional ionizable tertiary amino group,
is a weak cationic polyelectrolyte, with dual pH- and temperature-re-
sponsive properties. Tertiary amine groups of PDMAEMA blocks are
fully protonated at acidic pH, promoting the cellular uptake of the
nanocarrier across the negatively charged membranes of pathological
tissues with lower values of environmental pH, as well as endosomal
escape due to proton sponge effect [15–20]. Moreover, nanosystems
based on polycationic PDMAEMA are considered to be ideal for gene
delivery, thanks to their increased proton buffering capacity
[16,21,22]. Additionally, PDMAEMA presents a lower critical solution
temperature (LCST) in water in the range of 40–50 °C at pH 7, inducing
its temperature response [18,23,24]. On the other hand, the hydro-
phobic PLMA block exhibits high deformability, due to its low glass
transition temperature (Tg ∼ 53 °C), along with biocompatibility
[18,25].

The aim of the present study is the evaluation of an alternative
polymeric stabilizer (PDMAEMA-b-PLMA) for the preparation of GMO-

and PHYT-based lyotropic lipidic liquid crystalline nanoparticles.
Specifically, the physicochemical and morphological properties, as well
as the thermotropic behavior of liquid crystalline dispersions stabilized
by PDMAEMA-b-PLMA were investigated in comparison to the same
dispersions stabilized by the commonly used P407. The systems were
analysed using a gamut of techniques, as light scattering (dynamic,
static and electrophoretic) for the physicochemical characterisation,
cryo-TEM for the morphological evaluation, as well as micro-
calorimetry, high resolution ultrasonic spectroscopy and rheology for
the investigation of the thermal behaviour.

To the best of our knowledge this is the first report, where lyotropic
liquid crystalline nanoparticles are characterized in thermotropic terms
by the aforementioned techniques, operating synergistically also with
physicochemical and morphological studies. Moreover, for the first
time, the fractal dimension df is calculated by static light scattering and
proposed as a useful tool for the morphological characterisation of non-
lamellar lyotropic liquid crystalline nanoparticles.

2. Materials and methods

2.1. Materials

The lipids used for the preparation of the formulations were phy-
tantriol (PHYT, 3,7,11,15-tetramethyl-1,2,3-hexadecanetriol), which
was purchased from DSM Nutritional products Ltd. (Heerlen, The
Netherlands), and glyceryl monooleate Monomuls® 90-O18 [GMO, 1-
(cis-9-octadecenoyl)-rac-glycerol], which was purchased from BASF
(Ludwigshafen, Germany). Both lipids were used without a further
purification. Differential scanning calorimetry (DSC) thermograms and
ESI mass spectra of both lipids as bulk materials were also recorded, as
reference (Figs. S1 and S2). The poly(2-(dimethylamino)ethylmetha-
crylate)-b-poly(laurylmethacrylate) (PDMAEMA-b-PLMA) amphiphilic
diblock copolymer was synthesized by reversible addition-fragmenta-
tion chain transfer (RAFT) polymerization methodology, using a
PDMAEMA:PLMA weight composition (%) of 69.7:30.3 [18]. The molar
mass (Mw) of the diblock copolymer, as determined by size exclusion
chromatography (SEC), was 9,600 g/mol and its polydispersity
(PDI=Mw/Mn), as determined also by SEC, was 1.17. Pluronic® F-127
(Poloxamer P407) (PEO98-PPO67-PEO98), with an average molar mass
of 12,600 g/mol, was purchased from Sigma-Aldrich Chemical Co (St.
Louis, MO, USA). All formulations were prepared in HPLC-grade water.
Chloroform was of analytical grade and purchased from Sigma–Aldrich
Chemical Co (St. Louis, MO, USA).

2.2. Methods

2.2.1. Preparation of liquid crystalline nanoparticle dispersions
Two different weight ratios (9:1 and 4:1) between lipid (GMO or

PHYT) and P407 as stabilizer were used, corresponding to 10 % and 20
% w/w concentration of stabilizer. All liquid crystalline dispersions
were prepared by using the method reported in Akhlaghi et al. [26].
Specifically, 200mg of each lipid (PHYT or GMO) were accurately
weighed into glass vials and heated at 45 °C until free flowing, fol-
lowing by the addition of 10mL HPLC-grade water solution (pH=6.0)
containing the two different amounts of P407. The mixtures were
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sonicated using a bath sonicator for 15min at 45 °C, until a milky dis-
persion was formed, followed by two 5-min sonication cycles (ampli-
tude 70, cycle 0.7), and interrupted by a 5-min resting period, using a
probe sonicator (UP 200 S, DrHielsher GmbH, Berlin, Germany).

In the case of PDMAEMA-b-PLMA, two different ratios
(Lipid:PDMAEMA-b-PLMA 9:1 and Lipid:PDMAEMA-b-PLMA:P407
8:1:1) were used, corresponding to 10 % and 20 % w/w concentration
of total stabilizer relative to the lipid mass. In particular, 200mg of
each lipid were fully dissolved in chloroform, while PDMAEMA-b-
PLMA block copolymer was fully dissolved in chloroform:methanol 9:1
(5mg/mL w/v). Dissolved lipid and block copolymer were mixed in
appropriate amounts and the solvent was slowly removed at 45 °C
under vacuum (Rotavapor R-114, Buchi, Switzerland) until a thin li-
pidic film formed. The prepared film was hydrated with 10mL of HPLC-
grade water (pH=6.0), containing also dissolved the P407 in the cases
of 8:1:1 systems. In the case of PDMAEMA-b-PLMA, a supplementary
drop-wise acidification with hydrochloric acid 1 N to pH=3.0 was
required in order to efficiently stabilize the GMO:PDMAEMA-b-PLMA
9:1 system. Subsequently, the mixtures were sonicated using a bath
sonicator for 30min, at 45 °C until a milky dispersion was formed,
followed by three 5-min sonication cycles (amplitude 70, cycle 0.7),
and interrupted by 5-min resting periods, using an ultrasonicator (UP
200 S, DrHielsher GmbH, Berlin, Germany).

The eight resultant dispersions were allowed to anneal for 30min
and then transferred into vials and stored at room temperature. The
lipid concentration was 20mg/mL in all prepared dispersions. The
temperature used for the preparation process (45 °C) was chosen to
obtain dispersions, according to the phase diagrams of each lipid in
water. Temperatures higher than 50 °C were avoided, in order not to
overtake the LCST of the PDMAEMA.

2.2.2. Physicochemical and Morphological Characterization of the liquid
crystalline nanoparticles
2.2.2.1. Dynamic (DLS) and Static (SLS) light scattering
measurements. Dynamic and static light scattering measurements were
performed using an AVL/CGS-3 Compact Goniometer System (ALV
GmbH, Germany), equipped with a cylindrical JDS Uniphase 22mV
He–Ne laser, operating at 632.8 nm, and an Avalanche photodiode
detector. The system was interfaced with an ALV/LSE-5003 electronics
unit, for stepper motor drive and limit switch control and an ALV-5000/
EPP multi-tau digital correlator. For light scattering measurements,
100 μL of aliquots were diluted 30-fold in HPLC-grade water (pH=6.0)
and then analyzed. The hydrodynamic radius (Rh) and the size
polydispersity index (PDI) of the prepared nanosystems were obtained
from DLS technique. Autocorrelation functions were analyzed by the
cumulants method and the CONTIN software. Apparent hydrodynamic
radius, Rh, at finite concentrations was calculated by the
Stokes–Einstein equation:

=R k T
n D6h
B

0 (1)

Where, kB is the Boltzmann constant, n0 is the viscosity of water at
temperature T, and D is the diffusion coefficient at a fixed
concentration. The polydispersity of the particle sizes was given as
the μ2/Γ2 (PDI) from the cumulants method, where Γ is the average
relaxation rate, and μ2 is its second moment.

SLS has been used to determine the fractal dimensions of ag-
gregates. A beam of light is directed into a sample and the scattered
intensity is measured as a function of the magnitude of the scattering
vector q, with:

=q n4 sin
2

0

0 (2)

Where, n0 is the refractive index of the dispersion medium, θ is the
scattering angle and λ0 is the wavelength of the incident light.
Measurements were made at the angular range of 30-150° (i.e. the range

of the wave vector was 0.01< q<0.03 cm−1).
The general relation for the angular dependence of the scattered

intensity, I(q) is:

I q q( ) df (3)

Where, df is the fractal dimension of the nanoparticles or aggregates
with 1≤df≤3 (df=3 corresponds to the limit of a completely compact
Euclidean sphere where less compact structures are characterized by
lower df values). The above equation was used to determine the mass
fractal dimension from the negative slope of the linear region of a log-
log plot of I vs q. For evaluating the temperature dependency of the df,
each SLS measurement was carried out at two temperatures (25 °C and
55 °C), using a temperature controlled circulating bath (model 9102
from Polyscience, USA) connected to the measuring cell of the light
scattering instrument. An additional measurement was then carried out
at 25 oC again after cooling. Equilibration times of 15min were utilized
between measurements at different temperatures [27–30]. The effect of
the acid pH of the medium in the df of the PDMAEMA-b-PLMA systems
was investigated by diluting 100 μL of aliquots 30-fold in Citrate Buffer
with pH=4.2. The samples were incubated at room temperature for
20min and the SLS measurements were repeated as described.

2.2.2.2. Electrophoretic light scattering (ELS). The ζ-potential (ζ-pot,
mV) of the prepared nanosystems was measured through
electrophoretic light scattering (ELS). 100 μL of aliquots were diluted
30-fold in HPLC-grade water (pH=6.0). The protocol of ELS
measurement is described in detail in our previous reports [27–30].

2.2.2.3. Cryogenic Transmission Electron Microscopy (Cryo-
TEM). Cryogenic transmission electron microscopy (Cryo-TEM)
micrographs were obtained using a Tecnai F20 X TWIN microscope
(FEI Company, USA) equipped with a field emission gun, operating at
an accelerating voltage of 200 kV. Images were recorded on the Eagle 4
k HS camera (FEI Company, USA) and processed with TIA software (FEI
Company, USA). Specimen preparation was done by vitrification of the
aqueous (HPLC-grade water) solutions on grids with holey carbon film
(Quantifoil R 2/2; Quantifoil Micro Tools GmbH, Germany). Prior to
use, the grids were activated for 15 s in oxygen plasma using a Femto
plasma cleaner (Diener Electronic, Germany). Cryo-samples were
prepared by applying a droplet (3 μL) of the solution to the grid,
blotting with filter paper and immediate freezing in liquid ethane using
a fully automated blotting device Vitrobot Mark IV (FEI Company,
USA). After preparation, the vitrified specimens were kept under liquid
nitrogen until they were inserted into a cryo-TEM-holder Gatan 626
(Gatan Inc., USA) and analyzed in the TEM at −178 °C. Pictures were
processed using ImageJ software.

2.2.3. Characterization of thermal behavior of dispersions
2.2.3.1. Microcalorimetry (mDSC). 0.750 g of the sample and an equal
amount of water as reference were filled in Hallostey calorimetric cells
and equilibrated at 5 °C for 20min. Then, a heating and a cooling ramp
in the temperature range from 5 °C to 80 °C, at 1 °C /min rate, were
performed. Calorimetric analyses were carried out using a microDSC III
(Setaram, France). The temperature (Tm, °C) and enthalpy (ΔH, J/g of
solution) were calculated from the peak and the area of the transition
using the software of the instrument (Setsoft 2000, Setaram) according
to the tangent method. All measurements were performed in triplicates.

2.2.3.2. High-resolution ultrasound spectroscopy. Differential relative
ultrasonic velocity and attenuation for samples were recorded as a
function of temperature using a HR-US 102 high-resolution
spectrometer (Ultrasonic Scientific, Ireland) at the frequency of
5.4MHz, preliminarily determined by a broad amplitude frequency
scan. Around 2mL of samples and reference (water) were filled in the
ultrasonic cells and left at 5 °C for at least 20min for temperature
equilibration and, then, subject to the same thermal programme used
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for mDSC analyses (from 5 °C to 80 °C at 1 °C/min). Temperature was
controlled using a HAAKE C25 P thermostat (Thermo Electron
Corporation, Germany). Ultrasonic attenuation and sound speed are
reported as differential values, obtained by subtracting the contribution
of the reference from the value recorded in the sample cell. Sample
transitions were calculated from the first-derivate of the signal in the
case of sound speed. All measurements were performed in triplicate.

2.2.3.3. Rheological analysis. Rheological analyses were performed
using a rotational rheometer (Kinexus Lab+, Malvern, UK), equipped
with a cone-plate (C 40/4) geometry.

A Viscometry test at a constant stress of 0.1 Pa was performed in the
range of temperature 5 °C–50 °C. Viscosity (Pa*s) of the systems were
recorded with a step of 1 °C after 2min of equilibration at each tem-
perature. The transition temperature was calculated using a nonlinear
regression model (Prism version 5.0, GraphPad Inc., USA) as follows:

= +
+

Y BOTTOM Top Bottom
1 10(Log T x) Hill Slope (4)

Where, Top and Bottom are plateaux in the units of the Y axis and T is
the transition temperature.

3. Results and discussion

3.1. The physicochemical and morphological characteristics of the liquid
crystalline nanosystems as revealed by DLS, ELS and cryo-TEM

The different lipid (GMO and PHYT), and the polymeric stabilizer
(P407 and PDMAEMA-b-PLMA) (Fig. 1) affected the size, as well as the
morphology of the resultant nanosystems. Regarding the used lipid, the
four PHYT-based nanosystems presented larger average size (Rh) values
than the GMO respective ones (Table 1). Apart from the larger Rh, the
systems with PHYT lipid were less homogeneous, exhibiting larger
values of PDI, as well as broader size distribution traces (Fig. 2). Fur-
thermore, it can be seen that the increase of the total amount of the
polymeric stabilizer (from 9:1 to 4:1 w/w) led to a decrease of the
particle size, probably due to a larger degree of reduction of the in-
terfacial tension between the lipid and the water phases. We should
mention that the polymeric concentration plays a key role regarding the
physicochemical and morphological characteristics of nanosystems.
The increase of the polymeric concentration can not only reduce the
nanoparticle size, but also increase the amount of vesicular structures
[8,11]. In particular, a formulation of lipid:polymer 4:1 w/w contains a

very high amount of polymers, which may form micelles or promote
lipid vesicle formation due to the excess polymers in the system. More
analytically, as literature describes, at high stabilizer concentrations,
the lipid can be solubilized into the formed mixed lipid-polymer mi-
celles, or even can form vesicular structures, such as liposomes, redu-
cing the percentage of the presenting cubic structures [11,26]. These
literature results related to the effect of the polymeric concentration
into the morphology, are also in accordance with our cryo-TEM results,
being described below.

The polymeric stabilizer was also proved to be a crucial parameter
for the ζ-potential of the nanosystems (Table 1). The systems containing
P407 as exclusive stabilizer presented high negative values of ζ-po-
tential, probably due to the PEO block of P407 covering the external
surface of the nanoparticles and absorbing hydroxyl anions from the
aqueous medium [31]. In contrast, the replacement of P407 with
PDMAEMA-b-PLMA caused a conversion of ζ-potential values from
negative to high positive values, owing to the charged tertiary amino
groups of PDMAEMA block, which are protonated in the pH of the
medium (pH=6.0, or lower due to the acidification required in the
GMO:PDMAEMA-b-PLMA 9:1). The combination of the two stabilizers
(8:1:1 systems) produces medium positive values of ζ-potential, espe-
cially in the case of GMO-based system. Maybe the longer PEO block of
P407 can partially shield the charged groups of PDMAEMA.

Although at the preparation day the four PHYT systems presented
similar physicochemical characteristics, throughout their first week
after their preparation the two PHYT systems with PDMAEMA-b-PLMA
showed some permanent aggregates, which were not redispersed by
hand shaking, reflecting a partial phase separation. Among the PHYT
systems, the P407 copolymer was proved to be much more efficient
stabilizer than the PDMAEMA-b-PLMA copolymer, since the two
PHYT:P407 colloidal dispersions were stable over 40 days after their
preparation (Fig. S3). We should note that due to their rapid collapse,
we chose not to go on with further characterizations of the two PHYT
systems prepared with PDMAEMA.

Differently to PHYT:PDMAEMA-b-PLMA systems, the four GMO
dispersions were proved to be stable over time, exhibiting no significant
difference in Rh and PDI values for at least a period of 90 days (Fig. S4).
However, we should note that the PDMAEMA-b-PLMA required a sup-
plementary drop-wise acidification with hydrochloric acid, apart from
the sonication process, in order to efficiently stabilize the
GMO:PDMAEMA-b-PLMA 9:1, while the P407 stabilized the remaining
three GMO systems without acidification, as well as requiring less time
of bath and probe sonication.

Fig. 1. Chemical structures of GMO (a) and PHYT (b) lipids, and polymeric stabilizers Poloxamer P407 (PEO98-PPO67-PEO98) (c) and PDMAEMA-b-PLMA (d),
employed in this study for the formulation of lyotropic liquid crystalline nanoparticles.
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The different interactions between the different lipids and poly-
meric stabilizers can explain the above physicochemical observations.
Literature confirms that the methyl groups of PPO block of the P407
exhibit an unfavourable steric interaction with the branching structure
on the hydrocarbon chain of the PHYT lipid, decreasing P407 affinity
for the PHYT. Consequently, a lesser extent of P407 adsorption on
PHYT-based particle surface occurs when compared to GMO [9,31],
which can explain the size and size distribution differences between
GMO and PHYT-based systems. Moreover, it can be hypothesized that
similar phenomena of reduced affinity may be produced also by the
methyl groups of the PLMA block, leading eventually to the observed
rapid phase separation of the two PHYT-based systems containing
PDMAEMA-b-PLMA.

According to cryo-TEM results, the GMO-based systems showed also
a different kind of morphology, compared to PHYT-based ones. Starting
from those containing P407 as exclusive stabilizer, we observed a
morphological variety existing in the GMO based dispersions for both
9:1 and 4:1 ratios (Fig. 3a, b), as it has been also pointed out by Bar-
auskas et al. [32]. More specifically, we observed different sized

structures including simple vesicles, exhibiting no internal structure
(Fig. 3a, b, red arrows) along with more intricate, liquid crystalline
confined nanoparticles, exhibiting regularly (Fig. 3a, b, blue arrows) or
less periodical, irregularly ordered structure (Fig. 3a, b, yellow arrows).
The yellow arrows maybe show some “sponge”-like surface structures
(L3), while the blue arrows present square-shaped motifs resembling to
cubic phases. The corresponding Fast Fourier Transform (FFT) pattern
of the red box area (inset in Fig. S5) of the GMO:P407 9:1 system is
likely corresponding to cubic structure of Im3m symmetry [32], being
in agreement with the literature, denoting that the P407 causes a
double-diamond type (Pn3m) to primitive type (Im3m) phase transition
in GMO-prepared cubosomes [8,9]. In Fig. 3b, the black arrow points
out a fusion process between vesicles which probably illustrates a
premature step towards the dynamic formation of liquid crystalline
nanoparticles. Moreover, we observed an intermediate structure of in-
tersecting lamellas that cannot be classified at none of the above ca-
tegories, pointed by green arrow in Fig. 3a. This structure simulates the
“spider’s web” and maybe reflects another pre-stage of organization
degree, after the vesicles and before the liquid crystalline nanoparticles.

From the morphological point of view, the two PHYT:P407 systems
presented nanoparticles, with striated, regularly ordered inner structure
as illustrated by cryo-TEM images (Figs. 3c, d, S6, S7). The corre-
sponding Fast Fourier Transform (FFT) patterns of red box areas (insets
in Figs. 3c, d and S6) are likely with cubic structure of Pn3m symmetry
[33]. According to Dong et al. [9], the P407, being simply absorbed in
the surface and not inserted into the PHYT bilayer, does not cause a
double-diamond type (Pn3m) to primitive type (Im3m) phase transition,
as in the case of GMO cubosomes. Apart from individual nanoparticles
(Fig. 3c), some of them create also aggregates (Fig. 3d) up to 2 μm. A
noteworthy difference, in comparison to the GMO:P407 systems, is the
absence of other intermediate or vesicular structures, neither dispersed,
nor attached to the surface of the liquid crystalline particles.

The replacement of P407 with PDMAEMA-b-PLMA resulted in the
predominance of fusion phenomena in GMO-based systems (Fig. 4a, b).
There are different combinational structures, such as liquid crystalline
nanoparticles either being between two vesicles (Fig. 4a, b blue and
purple arrows) or attached to one vesicle (Fig. 4a, green arrow). There
are also sponge-like structures attached to vesicles (Fig. 4a, yellow
arrow). Vesicular structures exist either alone or fusing with other ve-
sicles (Fig. 4a, b red arrows). In contrast, the combination of the two
polymers at the same weight ratio (GMO:PDMAEMA-b-PLMA:P407
8:1:1) yields an increase of the lipid organization towards to confined,
regularly ordered liquid crystalline nanoparticles (Figs. 4d, S8, blue
arrow). A large surface of aggregated nanoparticles, dispersed with a
multitudinous and multi-shaped population of empty vesicles was also
observed (Fig. 4c). The internal structure of the red box area of this
organized phase (Fig. 4c), assessed by the Fast Fourier Transform (FFT),
is likely with cubic structure of Pn3m symmetry [33].

The vesicular structures co-dispersed with nanoparticles, being ob-
served at the four GMO systems (independently from the stabilizer), are
supposed to act as a further stabilization factor of the cubic phases. The
vesicles that are attached to the nanoparticles surface create a

Table 1
Physicochemical properties (hydrodynamic radius, Rh; polydispersity index, PDI and zeta potential, ζ-pot) of the nanosystems prepared in HPLC grade water
measured during the preparation day (t= 0 days). Data are reported as mean values ± standard deviations of triplicate measurements.

Sample Weight ratio Rh (nm) PDI ζ-pot (mV)

PHYT:P407 9:1 148.7 ± 2.1 0.361 ± 0.098 −21.3 ± 2.1
PHYT:P407 4:1 109.6 ± 2.6 0.364 ± 0.056 −20.7 ± 1.5
GMO:P407 9:1 74.3 ± 1.2 0.286 ± 0.013 −30.2 ± 3.2
GMO:P407 4:1 72.3 ± 1.8 0.250 ± 0.010 −30.5 ± 1.2
PHYT:PDMAEMA-b-PLMA 9:1 120.1 ± 2.3 0.326 ± 0.016 21.4 ± 0.5
PHYT:PDMAEMA-b-PLMA:P407 8:1:1 112.3 ± 1.5 0.588 ± 0.021 21.3 ± 2.0
GMO:PDMAEMA-b-PLMA 9:1 88.9 ± 2.4 0.331 ± 0.014 52.5 ± 1.8
GMO:PDMAEMA-b-PLMA:P407 8:1:1 76.7 ± 1.5 0.270 ± 0.013 19.3 ± 1.5

Fig. 2. Particle Size distributions (Rh) from dynamic light scattering (DLS) of
GMO- (a) and PHYT- (b) based nanosystems.
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protective coating layer that can prevent nanoparticle aggregation and
keep the nanoparticles in dispersion [8,32]. By comparing Figs. 3a and
b with 4 a and b, we should mention that all the organized nano-
particles, being observed in GMO:PDMAEMA-b-PLMA 9:1 system, are
agglutinated to one or more vesicles, presenting the motif of combi-
national structure, in contrast to the two GMO:P407 systems, which
contained some individual nanoparticles of larger sizes (Fig. 3a and b,
blue arrows). Comparing 4:1 and 9:1 ratios of GMO:P407 systems, a
greater number of vesicles was numerated at 4:1 ratio due to the in-
crease of stabilizer amount [8,11]. Thus, the different polymeric sta-
bilizer, as well as its concentration, can play a crucial role on the or-
ganization and the diversity of the morphological characteristics of the
liquid crystalline nanostructures.

Finally, by taking into account our experimental observations
during the preparation process, as well as the physical stability of the
systems, we can also compare the stabilizing ability of the two polymers
utilized. Literature describes that higher hydrophilic-to-hydrophobic
ratio of the copolymer can promote a more efficient stabilization, be-
cause the longer hydrophilic polymeric block creates a greater entropic
effect [34,35]. Probably due to the longer PEO block, PHYT:P407 sys-
tems were stabilized for a longer time, compared to the case of the
shorter one PDMAEMA block. Regarding the GMO systems, P407 was
proved also more efficient stabilizer, while PDMAEMA-b-PLMA stabi-
lized the systems either as a co-stabilizer with P407 (GMO:PDMAEMA-
b-PLMA:P407 8:1:1) or individually with acidification (GMO:PD-
MAEMA-b-PLMA 9:1). The acidification probably increased the

hydrophilicity of the PDMAEMA block, due to a higher protonation
degree of its amino groups.

3.2. Fractal analysis of the liquid crystalline nanosystems

In addition to cryo-TEM, static light scattering (SLS) can provide
through fractal analysis useful in situ information about the structure of
colloidal nanoparticles in real conditions and in dispersion state
[36,37]. The fractal dimension (df) represents a parameter of the
quantification of the morphology and has already been estimated for
other colloidal nanostructures, such as liposomes, dendrimers and
polymeric nanoparticles [27–29,36,38–41]. Through the calculation of
the fractal dimension, some interesting aggregation phenomena can be
predicted, in order to better understand the physicochemical and
morphological behaviour of nanoparticles, such as the self-assembled
fractal growth of poly(amidoamine) (PAMAM) dendrimers in aqueous
medium [40] or the polymeric growth process and kinetics of gold
nanoparticle aggregation [41]. Moreover, Pippa et al. [27–29,38,39]
also correlated the df with the self-assembly and the morphology of
liposomes composed of lipids, as well as mixed polymeric-lipidic lipo-
somal nanocarriers and elucidated their structural response, depending
on the concentration and temperature, in different aqueous media. In
the present work, the fractal dimension of the liquid crystalline nano-
systems, is used to monitor their structural response to temperature and
environmental pH changes. We should also mention that this is the first
report in the literature, where fractal dimension parameter has been

Fig. 3. Cryo-TEM images from GMO:P407 9:1 (a), GMO:P407 4:1 (b), PHYT:P407 9:1 (c) and PHYT:P407 4:1 (d) nanosystems. The corresponding Fast Fourier
Transform (FFT) patterns of red box areas (insets in images c and d) are likely with cubic structure of Pn3m symmetry. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article).
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calculated, by exploiting SLS technique, in non lamellar liquid crys-
talline nanoparticles.

According to our results, the lipid and the polymer concentration
affected the values of df of all the systems. In the cases of P407 stabi-
lized nanoparticles (Table 2), the PHYT prepared nanosystems pre-
sented higher values of df, compared to the GMO ones. Regarding the
systems containing the PDMAEMA-b-PLMA (Table 2), there were
varying values of df, between GMO and PHYT-based systems.

The differentiation of the fractal dimension observed at the different
lipid or polymer concentration can also be correlated with the observed
morphological differences among the systems as revealed by cryo-TEM.
Indeed, the higher values of df of PHYT systems, compared to GMO
ones, can be correlated with the more compact, regularly ordered inner
structure, as observed in PHYT systems (Fig. 3c, d).

Particularly, for the nanosystems stabilized with PDMAEMA-b-
PLMA the calculated df values were lower than 2. The only exception
was for the GMO:PDMAEMA-b-PLMA 9:1 system. In this case, the re-
quired acidification for this system yielded protonation of the poly-
meric amino side groups and increased hydrophilicity, maybe affecting
its morphological conformation in a different manner, as reflected by
the increased values of df being larger than 2.

Moreover, another significant observation was a decrease of df va-
lues upon temperature in the case of P407 stabilized nanosystems
(Table 2), revealing a temperature induced structural re-conformation.
Literature confirms that GMO and PHYT-based liquid crystalline na-
nosystems exhibit temperature-induced mesophases transitions at the

studied temperature range of 25−55 °C [42,43]. Similarly, the decrease
of df upon heating has been also observed for liposomes, a phenomenon
that has been correlated with a heterogeneous microdomain structure
on the lipid bilayer surface [27,28,44]. In more detail, as reported by
the lipids phase diagram, while temperature increases, the self-as-
sembled nanostructure changes showing increasing Gaussian curvature,
i.e. the membrane becomes more curved [45,46]. Fong et al. [45,46]
highlighted that this is attributed to the fact that the hydrophobic tail of
the amphiphiles becomes more mobile and occupies a larger volume,
changing the packing of the molecules, thus leading to the preference of
surfaces with a higher Gaussian curvature. For example in the case of
P407-stabilized PHYT particles, a formation of inverse micellar solution
and disappearance of cubic phase were observed above 50 °C [47]. In
the case of GMO-prepared nanoparticles containing different fatty
acids, as temperature increased, all nanoparticles gradually trans-
formed from a micellar cubic phase (Fd3m phase) to an inverse mi-
croemulsion phase (L2 phase) [46]. Our results show that as tempera-
ture increases, the df value decreases in the P407-stabilised systems of
both GMO and PHYT lipids. This decrease of the df can be correlated
with the temperature-induced transition to less compact structures or
equally to more lamellar conformations, in line with the described in-
creasing Gaussian curvature phenomena. Instead, not a clear relation-
ship was observed between df values at the two investigated tempera-
tures for the systems stabilized with PDMAEMA-b-PLMA (Table 2).
Maybe, the temperature-responsive properties of the PDMAEMA block
interfere in the temperature-induced structural re-conformation in a

Fig. 4. Cryo-TEM images of GMO:PDMAEMA-b-PLMA 9:1 (a-b), GMO:PDMAEMA-b-PLMA:P407 8:1:1 (c-d) nanosystems. The corresponding Fast Fourier Transform
(FFT) pattern of red box area (inset in image c) is likely with cubic structure of Pn3m symmetry. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).
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different way compared to the P407 stabilized nanosystems.
The df values for the PDMAEMA-b-PLMA stabilized nanosystems

exhibit also a dependence on pH, probably due to the presence of the
tertiary amine groups. We observed a df increase for all the systems
stabilized with PDMAEMA-b-PLMA from pH 6 to pH 4.2 suggesting that
the pH-responsiveness of PDMAEMA block has been transmitted also to
the final nanosystems. A potential response of the nanoparticles to
acidic conditions would be useful towards endosomal escape and tar-
geted drug release, because endosome lumen exhibits pH values of
4.5–5.5 [15]. Taking into account the pH-responsiveness of the
PDMAEMA block of PDMAEMA-b-PLMA copolymer, while the pH is
decreasing, the amine group is becoming more protonated, causing a
decrease in Gaussian curvature. As reported above for the different
temperature conditions, this pH-induced change of the surface

curvature can also be correlated with structural re-arrangement.
Namely, Fong et al. [46] described that in the case of monoolein na-
noparticles containing fatty acids, the carboxylic acid headgroups de-
protonate in increased pH values and acquire a negative charge. Thus,
the repulsion of the headgroups, due to the charge, results in the de-
creased surface curvature and consequently to a phase transition from
micellar cubic (Fd3m) phase to hexagonal (H2) phase. According to our
results, an increase in df value was reported in the case of decreasing
pH, where the PDMAEMA-b-PLMA amine groups of the surface were
charged, reflecting a possible pH-induced transition to morphologies
with lower surface curvature. Therefore, we can highlight a consistent
trend between the df and the changes of the Gaussian curvature. This
indicates that the fractal analysis can be very useful, towards the
monitoring of the alterations of Gaussian curvature and therefore of the
morphology, in response to the environmental conditions, such as
temperature and pH.

We should note that in this study, the first fractal analysis of non-
lamellar liquid crystalline mesophases is presented. In particular, the
use of fractal analysis by employing the SLS technique provides an in
situ characterization of the nanoparticle morphology and understanding
of the structure of nanoparticles being in dispersion state. The SLS is
considered to be an inexpensive technique, which is able to offer,
through fractal analysis, a rapid screening and also a quantification of
the changes of nanoassemblies morphology under different environ-
mental conditions, as well as for different formulation parameters.

3.3. Thermal behaviour of GMO and PHYT dispersions

The thermal behaviour of GMO- and PHYT- based dispersions in the
presence of the two different polymeric stabilizers (P407 and
PDMAEMA-b-PLMA) was evaluated by the combination of three tech-
niques as microcalorimetry (Fig. 5), high-resolution ultrasonic spec-
troscopy (Fig. 6) and rheology (Fig. 7). Specifically, the interest was
focused on the possible effect of the stabilizer on the sol-gel transition of
lipids forming the planar bilayer of the prepared liquid crystalline
dispersions. Microcalorimetry is a well-established technique to study
thermal transitions of materials of different nature (e.g. polymers,
proteins, peptides), including lipids [48,49]. This technique has been
widely exploited for the characterization of phospholipid sol-gel tran-
sition in a large variety of liposomal dispersions [50], but not fully
exploited for the investigation of the thermal phase transition of GMO
and PHYT-based aqueous dispersions. White [51] has reported tem-
perature-dependent structural changes in planar bilayer formed by
GMO and dispersed in various alkane solvents using capacitance mea-
surements. These transitions were found in the range 15−18 °C and,
later, confirmed by photon correlation and light scattering studies
[52,53], but never reported using other techniques.

More recently, Efrat et al. [54] have reported thermograms for
GMO-ethanol-water loaded with carbamazepine, coenzyme Q10,

Table 2
The fractal dimension df of the GMO- and PHYT-based nanosystems stabilized
by P407 or PDMAEMA-b-PLMA at two different temperatures (25 °C, 55 °C) and
as a function of pH (4.2 and 6.0).

Sample Weight ratio T (oC) pH df

PHYT:P407 9:1 25 6.0 2.84
55 2.42
25 (after cooling) 2.41

PHYT:P407 4:1 25 6.0 1.95
55 1.77
25 (after cooling) *

GMO:P407 9:1 25 6.0 1.53
55 1.42
25 (after cooling) 1.45

GMO:P407 4:1 25 6.0 1.41
55 1.25
25 (after cooling) *

PHYT:PDMAEMA-b-PLMA 9:1 25 4.2 1.33
6.0 1.13

55 1.34
25 (after cooling) 1.78

PHYT:PDMAEMA-b-PLMA:P407 8:1:1 25 4.2 1.88
6.0 1.38

55 1.36
25 (after cooling) 1.55

GMO:PDMAEMA-b-PLMA 9:1 25 4.2 *
6.0 2.36

55 1.96
25 (after cooling) 2.12

GMO:PDMAEMA-b-PLMA:P407 8:1:1 25 4.2 1.93
6.0 1.02

55 1.05
25 (after cooling) 0.98

All the data were obtained at the preparation day (t= 0 days) of the nano-
systems.

* not determined.

Fig. 5. mDSC traces for GMO-based formulations (A) and for PHYT-based formulations (B).
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cholesterol, or phytosterols, highlighting two thermal transitions,
identified as the main transition of lipid bilayer from the lamellar Lβ to
the lamellar Lα mesophases. Moreover, at slightly higher temperature
(approximately 12−13 °C above the main transition), the transition to
the so-defined discontinuous cubic mesophases (QL) was observed (Lα to
QL). In another work, the lamellar to cubic phase transition of GMO-
based aqueous systems loaded with model drugs was found in the range
30−40 °C [55].

In our study, the obtained thermograms for GMO-based systems
show a sharp endothermic transition centred in the range 14−16 °C,
which can be attributed to the gel-to-sol main transition of the lipid
(also referred as Lβ to Lα) (Fig. 5). No appreciable differences in the
main transition temperature have been observed between samples
prepared using P407 or PDMAEMA-b-PLMA as stabilizer (Table 3). This
result suggests a comparable interaction of the different stabilizers with
lipid bilayer, which can be postulated by considering that the two
amphiphilic copolymers (P407 and PDMAEMA-b-PLMA) have a com-
parable average molecular weight (12,600 g/mol vs 9,600 g/mol and
weight % of the hydrophobic portion 25.5 % vs 30.3 %). The possible
interaction between P407 and GMO is not clearly understood, but as for
phospholipid bilayers, the penetration of P407 into the bilayer, espe-
cially at a liquid crystalline state, can occur without markedly affecting
the sol-gel transition [56,57].

Differently from GMO, no calorimetric data are available in the
literature regarding the gel-to-sol main transition of PHYT and the only
information about the phase behaviour is from X-rays diffraction or
scattering studies [9,58]. We observed for PHYT dispersions a broader
transition than GMO centered at around 26 °C, which it can be hy-
pothesized to be the sol-gel transition of PHYT lipid bilayer. The for-
mation of a cubic phase (Lα to QL transition) at a temperature higher
than the lipid main transition is not unambiguously determined from
the mDSC traces, due to the low concentration of the lipid in the

dispersion.
From mDSC traces, also the enthalpy associated to the lipid main

transition has been calculated (Table 3). No remarkable differences in
enthalpy (J/g of solution) was observed among GMO-based nanosys-
tems, independently from the amount and type of the stabilizer (P407,
PDMAEMA-b-PLMA or both). On the other side, lower values were
calculated for PHYT-based nanosystems, confirming that the energy
associated to the main transition of studied nanosystems are dependent
on the nature of the lipid used.

The transition temperatures can be also calculated from the other
two techniques as high resolution-ultrasound (HR-US) and rheology.
HR-US is a powerful technique to study the thermal transition of ma-
terials by following the variation over temperature of the two ultra-
sound parameters, sound speed and attenuation [59]. This technique
has been successfully employed for the characterization of lipid nano-
vectors as liposomes and chimeric vesicles [49,60], but never applied
for the characterization of cubosomal dispersions. Fig. 6 shows the
variation of the sound speed for GMO-based and PHYT-based disper-
sions. Specifically, sound speed has a linear trend over temperature, but
it shows a deviation as a stepwise decrease at the temperature around
which the transition occurs. In all traces, the main transition of lipid is
clearly detectable and main transition temperature values derived from
HR-US were found comparable to those calculated by mDSC (Table 3).

Rheology is a technique already employed for the characterization
of phase behaviour of liquid crystals. Generally, oscillatory measure-
ments were performed on systems at a water content lower than 50 %
to follow how elastic (G’) and viscous (G’’) moduli change over tem-
perature [61,62]. In this work, due to the lower consistency of the
samples (liquid at room temperature), a viscometry test over tem-
perature was performed. The main transition can be observed as a
marked drop in the viscosity for both lipid-based dispersions (Fig. 7).
Particularly, for GMO-based dispersions, viscosity decreases from

Fig. 6. Sound speed vs temperature plots for GMO-based formulations (A) and for PHYT-based formulations (B).

Fig. 7. Viscosity vs temperature plots (viscometry test) for the GMO-based formulations (A) and for the PHYT-based formulations (B).
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around 20–100 Pa*s to 10−3 Pa*s, as a consequence of the Lβ to Lα
transition. While for PHYT-based dispersions, the viscosity measured at
temperatures below the transition was slightly higher (approximately
400 Pa*s). The drop in viscosity is sharper, occurring in a range of
2−3 °C for GMO-based dispersions, while for PHYT-nanosystems it
occurs in a large range of temperatures between 20 °C and 40 °C, re-
flecting the different broadness of the observed transition by calori-
metry. For PHYT-based systems, a first decrease in viscosity (from
around 400 Pa*s to 100 Pa*s) occurs before 30 °C but the large extent of
dropping down to 10-3 Pa*s occurs between 30 °C and 40 °C. The cal-
culated transition temperature values (Table 3) were comparable or
slightly lower than those obtained from the other two techniques for
GMO-based nanosystems. On the other side, two different temperatures
were calculated for PHYT-based nanosystems from the two drops in
viscosity. In this case, transition temperatures values from mDSC and
HR-US were intermediate to those calculated from rheology, confirming
the reasonable agreement of the results obtained from the three tech-
niques.

4. Conclusions

Non-lamellar lipid liquid crystalline nanosystems from GMO and
PHYT lipids were prepared and the stabilization efficiency of the al-
ternative stimuli-responsive amphiphilic block copolymer PDMAEMA-
b-PLMA was compared with this of the commonly used polymeric sta-
bilizer P407. Firstly, PDMAEMA-b-PLMA block copolymer was effective
as well as P407 in stabilizing the nanosystems prepared with GMO,
without markedly affecting particle size distribution at least up to 40
days. PDMAEMA-b-PLMA was not effective, instead, for the stabiliza-
tion of nanosystems prepared with PHYT, for which larger aggregates
appeared after 3–5 days from preparation. Among the analyzed physi-
cochemical properties, the presence of PDMAEMA-b-PLMA as stabilizer
mainly affected ζ-potential and the fractal dimension (df parameter) of
the liquid crystalline dispersion. Specifically, nanosystems prepared
with PDMAEMA-b-PLMA yielded higher positive values of ζ-potential,
probably due to the presence of charged amino groups in the copo-
lymer, differently from nanosystems stabilized by P407 for which ζ-
potential was negative. This aspect could be exploited for the devel-
opment of cationic therapeutic nanosystems that will be able to get
easily in complex with biological membranes and or macromolecules
(e.g. nucleic acids) [15]. Fractal dimension parameter (df), being a
useful tool for the morphological characterization of other categories of
colloidal nanostructures [27–29,36,38–41], was calculated for the first
time in the present report, for non-lamellar liquid crystalline nano-
particles from SLS data. Some differences have been highlighted as a
function of the composition (including the different stabilizer used
PDMAEMA-b-PLMA or P407). Moreover, this parameter was affected
by temperature changes as well as by the alteration of the environ-
mental pH, possibly reflecting a pH-responsive ability of nanosystem,
due to the presence of the polycationic PDMAEMA-b-PLMA stabilizer.

Regarding the morphological characteristics, cryo-TEM revealed the
presence of vesicles as well as nanoparticles with an internal structure,
resembling cubic phases for GMO-based nanosystems, independently
from the stabilizer used (PDMAEMA-b-PLMA or P407). In contrast,
PHYT-based dispersions stabilized with P407 exhibited exclusively
confined cubic liquid crystalline structures with absence of vesicles.
Thermal behavior of GMO and PHYT liquid crystalline nanoparticles
was studied for the first time, by the combination of microcalorimetry
(mDSC), high-resolution ultrasound spectroscopy and rheology, while
these methods have provided significant information in other categories
of lipidic nanocarriers [49,50,60]. A different main transition tem-
perature was observed between systems prepared with the two lipids,
without any differences related to the stabilizers, probably due to their
comparable interaction with the GMO lipid bilayer. In conclusion, in
our report, for the first time, we performed a detailed characterization
of the physicochemical, morphological and thermal behavior of non-
lamellar lipidic liquid crystalline nanoparticles. The present study,
continuing also our recently published work [63], proposes extra useful
techniques, being applied for the first time at the liquid crystalline
nanosystems, in order to upgrade the current methodologies for the
characterization of this promising category of colloid nanostructures
and deeply understand the interfacial phenomena taking place into
their structure. Overall, taking into account that the non-lamellar li-
pidic liquid crystalline nanoparticles are nowadays gaining the mo-
mentum in the pharmaceutical nanotechnology field, all the informa-
tion gathered in this study from the application of different techniques
in terms of physicochemical, morphological and thermal characteriza-
tion, is useful for the development of new and effective therapeutic
nanosystems, belonging to this category of nanoparticles. Finally, their
thorough evaluation is essential towards the achievement of safety and
increased therapeutic efficiency.
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Table 3
Thermodynamic parameters (transition temperature, °C and associated enthalpy, J/g of solution) for GMO- and PHYT-based formulations as calculated from mi-
crocalorimetry (mDSC), high-resolution ultrasound spectroscopy (HR-US) and rheology (viscometry test).

Sample weight ratio mDSC HR-US (sound speed) Rheology

Transition temperature (°C) Enthalpy (J/g of solution) Transition temperature (°C) Transition temperature (°C)

GMO:P407 9:1 15.49 ± 0.15 0.132 ± 0.021 14.81 ± 0.12 14.46 ± 0.56
GMO:P407 4:1 15.46 ± 0.11 0.126 ± 0.022 14.67 ± 0.01 14.62 ± 0.41
GMO:PDMAEMA-b-PLMA 9:1 14.33 ± 0.15 0.130 ± 0.030 14.61 ± 0.14 12.09 ± 0.63
GMO:PDMAEMA-b-PLMA:P407 8:1:1 15.11 ± 0.13 0.161 ± 0.001 14.46 ± 0.25 11.02 ± 0.48
PHYT:P407 9:1 27.42 ± 0.22 0.073 ± 0.010 23.32 ± 0.21 23.52 ± 0.52*

32.68 ± 0.63
PHYT:P407 4:1 26.44 ± 0.12 0.088 ± 0.004 23.78 ± 0.24 24.58 ± 0.46*

33.24 ± 0.38

* The values were calculated by the two drops in viscosity for PHYT- based systems.
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