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Abstract

Background/Objectives: Lyotropic liquid crystalline nanoparticles are promising drug
delivery nanocarriers, exhibiting significant technological advantages, such as their ex-
tended internal morphology. In this study, cationic non-lamellar lyotropic–lipidic liquid
crystalline nanoparticles were formulated by phytantriol lipid. Methods: The poly(2-
(dimethylamino)ethyl methacrylate)-b-poly(lauryl methacrylate) block copolymer carrying
tri-phenyl-phosphine cations (TPP-QPDMAEMA-b-PLMA), was employed as a stabilizer
co-assisted by other polymeric guests. The exact qualitative and quantitative formulation
of the systems was investigated. Their physicochemical profile was depicted from a variety
of light scattering techniques, while their microenvironmental parameters were determined
by fluorescence spectroscopy using adequate probe molecules. The effect of environmental
conditions was monitored, confirming stimuli-responsiveness properties. Their morphol-
ogy was illustrated by cryo-TEM, revealing expanded internal assemblies. Resveratrol was
incorporated into the nanoparticles and the entrapment efficiency was calculated. Results:
Their properties were found to be dependent on the formulation characteristics, such as
the lipid used, as well as the architecture of the polymeric stabilizer, also being found to be
stealth toward proteins, exhibiting stimuli responsiveness and high entrapment efficiency.
Conclusions: The studied liquid crystalline nanoparticles, being stimuli-responsive, with
high cationic potential, high loading capacity and showing intriguing 3D structures, are
suitable for pharmaceutical applications.

Keywords: lyotropic liquid crystals; drug delivery nanosystems; cubosomes; cryo-TEM;
resveratrol; phytantriol; tri-phenyl-phosphine cation (TPP); DMAEMA; pH-responsive

1. Introduction
Lyotropic liquid crystalline nanoparticles can be utilized as drug delivery nanocarriers

exhibiting significant technological advantages, such as their extended internal morphology
of a 3D- or 2D-structured network of lipid bilayer channels embedding water that are
ordered either in cubic (forming the cubosomes) or hexagonal (forming the hexosomes)
mesophases [1–4]. The aforementioned morphological characteristics allow advanced
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properties in terms of increased high drug entrapment efficiency (more than that of micelles
or empty lipid vesicles, like liposomes), the ability of modifying drug release kinetics
and functional versatility, and greater membrane stability than liposomes because of
their compact conformation [5–12]. Further, the reduced toxicity, biodegradability and
biocompatibility of the lipids utilized, like phytantriol and glycerol monooleate, reinforces
their applicability to the nanomedicine field [13,14].

The stability of the non-lamellar internal structure is ensured by polymeric stabiliz-
ers that intercalate within the lipid bilayer. The mode of the lipid–polymer interactions
strictly affects the physicochemical and the morphological characteristics, like the inter-
nal architecture, the drug entrapment efficiency, the exposure mode to biological barriers
or cells or proteins, and thus the final pharmacokinetic and drug release profiles and
bioavailability [15,16]. Despite the efforts having been already reported in the current prior
art [17–23], there is a continuously emerging need for nanoformulations of liquid crystals
with a variety of properties, including bio-adhesiveness, tissue penetration, formulation
simplicity, flexible loading capacity and stability at various dilution environments, in order
to be administered by different routes, including transdermal, intravenous, oral, or even
topical pathways. Toward this scope, different lipid combinations should be further inves-
tigated, by also exploiting the field of polymer chemistry toward new and multi-functional
polymeric stabilizers.

Phytantriol (PHYT) is a commercially available lipid, known to be used industrially
in cosmetics, like skincare products, and identified to form non-lamellar lyotropic phases
according to its phase diagram. One of the typical advantages of phytantriol over other
fatty acid-based materials like glyceryl monooleate, is its improved chemical stability in
aqueous and model gastrointestinal conditions. This advantage results from the absence
of ester and unsaturated bonds, providing resistance to degradation phenomena [24,25].
Phytantriol has also been found to exhibit higher resistance to the gastric environment,
making it more suitable for drug oral administration [26].

Although the combination of phytantriol with quaternized copolymers is not
widespread, thus highlighting the novelty of the present study, there some studies re-
ported in the literature that employed other additives—cationic amphiphiles, such as
didodecyldimethylammonium bromide (DDAB) [27] or cetrimonium bromide [28], which
can affect the phase behavior and stability of PHYT-based cubosomes. However, in these
studies, the addition of the amphiphilic yielded various phase cubic–cubic transitions,
which gradually affected the stability of the inner structure. Therefore, a cationic stabilizer
that does not alter the inner symmetry is still needed. Conversely, there are some recent
examples of pH-sensitive formulations, referring to glyceryl monooleate lipid, like the
SN-38-loaded pH-sensitive lipid nanoparticles from glyceryl monooleate [29] or the mixed
monoolein (GMO)/2-hydroxyoleic acid [30], that were found to be possible candidates for
anticancer delivery to tumor sites, and pH-sensitive mucoadhesive cubosomal monoolein
lipid/polyelectrolyte nanocomplexes for oral administration [31]. The present study aims
to fill the literature gap regarding the development of novel pH-sensitive nanosystems,
exploiting the advantages of both the PHYT lipid and polymer chemistry.

The scope of the present study is the development of new lyotropic lipidic liquid
crystalline nanoparticles, prepared from phytantriol lipid, with stimuli-responsiveness
(pH- and thermo-), stealthiness and highly organized internal morphologies for enhanced
loading capacity. Toward this scope, we incorporated the amphiphilic block copolymer
poly(2-(dimethylamino)ethyl methacrylate)-b-poly(lauryl methacrylate) (TPP-QPDMAEMA-
b-PLMA) as polymeric stabilizer, bring partially quaternized by the delocalized cation TPP.
The stabilizing ability of TPP-QPDMAEMA-b-PLMA was evaluated in two percentages, while
TPP-QPDMAEMA-b-PLMA was also co-assisted by other stabilizers, namely Poloxamer
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P407, two poly(ethylene oxide)-block-poly(ε-caprolactone) (PEO-b-PCL) copolymers, and two
poly(2-methyl-2-oxazoline)-grad-poly(2-phenyl-2-oxazoline) (MPOx) gradient copolymers,
which all exhibit high biocompatibility, low toxicity and promising stealth properties.

In more detail, colloidal dispersions of liquid crystalline nanoparticles from phytantriol
lipid were developed, following an effective formulation process, in order to assess the
exact qualitative and quantitative characteristics of the formulation, like the copolymer
combination and the lipid-to-polymer ratio. Light scattering techniques (dynamic, static
and electrophoretic) were applied in physicochemical and morphological terms. Addition-
ally, the effects of pH, temperature, serum proteins and ionic strength were monitored.
Cryo-TEM was applied for the morphological illustration of the systems’ internal structure.
Moreover, their microenvironmental parameters, micropolarity and microfluidity, were
investigated by fluorescence spectroscopy. Finally, the entrapment of the hydrophobic drug
molecule resveratrol was attempted, and the entrapment efficiency (EE%) was assessed.

To the best of our knowledge, this is the first report on liquid crystalline nanoparticles
comprising phytantriol lipid and quaternized copolymer, intended to provide stimuli-
responsive cationic carriers and to elucidate the phytantriol–copolymer interactions, as a
contribution to the improvement in liquid crystalline drug delivery systems. This newly
proposed PHYT lipid–copolymer combination yielded to first-appeared morphological
patterns, being ideal for drug loading, along with some extra provoked morphological
characteristics that reinforce the advantages of the liquid crystalline nanoparticles described
above, such as the loading capacity. These differences can be attributed to the differentiated
lipid, i.e., the PHYT. Thus, this newly proposed PHYT lipid–copolymer combination
provides novel formulations for drug delivery with upgraded functionalities.

2. Materials and Methods
2.1. Materials

Phytantriol was purchased from DSM Nutritional products Ltd. (Heerlen, The Nether-
lands). The employed copolymers were synthesized as described below, while Pluronic®

F-127 (Poloxamer P407) (PEO98-PPO67-PEO98), with an average molecular weight of 12,600
g/mol, and resveratrol, were acquired from Sigma-Aldrich Chemical Co (St. Louis, MO,
USA). HPLC-grade water was used during preparations, while all the other materials used
were obtained from Sigma-Aldrich Chemical Co.

2.2. Methods
2.2.1. Synthesis of Copolymers

The synthesis of the copolymers is analytically described by [32–34] and their charac-
teristics are depicted in Table 1 and Figure S1. The synthesis of PEO-b-PCL copolymers is
described in [33] and that of MPOx copolymers in [34].

Table 1. Molecular characteristics of the TPP-QPDMAEMA-b-PLMA, PEO-b-PCL and MPOx copoly-
mers used in this study.

Copolymer Mw
a Mw/Mn

a %wt Hydrophobic Component b Reference with Copolymer Synthesis

TPP-QPDMAEMA-b-PLMA 8491 1.17 %wt PLMA 25 [32,35]
PEO-b-PCL H1 5900 1.04 %wt PCL 15 [33]
PEO-b-PCL H4 7100 1.18 %wt PCL 30 [33]

MPOx1 5200 1.14 %wt PhOx 28 [34]
MPOx2 3200 1.15 %wt PhOx 10 [34]

a by SEC in CHCl3 using polystyrene standards. b by 1H-NMR in CDCl3.

In the case of the TPP-PDMAEMA-b-PLMA, the reversible addition fragmentation
chain transfer polymerization (RAFT) process was applied for PDMAEMA-b-PLMA syn-
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thesis, with a two-step polymerization procedure [35]. The tertiary amine group of the
PDMAEMA was partially quaternized with 4-bromobutyl triphenyl phosphonium bromide
(more details are provided in Supplementary Materials). The quaternization degree was
20%, as measured by 1H NMR spectroscopy.

2.2.2. Preparation Process of the Liquid Crystalline Nanoparticle Dispersion

First, two different weight ratios with TPP-QPDMAEMA-b-PLMA were prepared,
lipid:polymer 9:1 and 4:1, which are 10% and 20% w/w copolymer percentage, respectively.

Subsequently, the TPP-QPDMAEMA-b-PLMA stabilizer was combined with P407,
PEO-b-PCL H1, H4, MPOx1 and MPOx2, in 20% w/w total copolymers percentage. The
lipid concentration was 20 mg/mL in all prepared systems. The formulations are summa-
rized in Table 2.

Table 2. Content description of the formulations.

Sample Lipid Polymer
Weight Ratio Stabilizer Copolymer Content Total Copolymers

Percentage

PHYT:TPP-QPDMAEMA-b-PLMA 9:1 TPP-QPDMAEMA-b-PLMA 10%
PHYT:TPP-QPDMAEMA-b-PLMA 4:1 TPP-QPDMAEMA-b-PLMA 20%

PHYT:TPP-QPDMAEMA-b-PLMA:P407 8:1:1 TPP-QPDMAEMA-b-PLMA
and Poloxamer P407 20%

PHYT:TPP-QPDMAEMA-b-PLMA:PEO-b-PCL H1 8:1:1 TPP-QPDMAEMA-b-PLMA
and PEO-b-PCL H1 20%

PHYT:TPP-QPDMAEMA-b-PLMA:PEO-b-PCL H4 8:1:1 TPP-QPDMAEMA-b-PLMA
and PEO-b-PCL H4 20%

PHYT:TPP-QPDMAEMA-b-PLMA:MPOx1 8:1:1 TPP-QPDMAEMA-b-PLMA
and MPOx1 20%

PHYT:TPP-QPDMAEMA-b-PLMA:MPOx2 8:1:1 TPP-QPDMAEMA-b-PLMA
and MPOx2 20%

The top–down method was applied for the preparation of the formulations, as de-
scribed in [32].

2.2.3. Dynamic, Static and Electrophoretic Light Scattering Techniques

The physicochemical and morphological properties considered were size (hydro-
dynamic radius Rh, nm) and size distribution (polydispersity index, PDI) obtained by
dynamic light scattering (DLS); ζ-potential (ζ-pot, mV) obtained by electrophoretic light
scattering (ELS); Rg/Rh ratio; and df by static light scattering (SLS). The Rh, PDI and ζ-pot
values were measured in triplicate, and then averaged and reported as a mean ± stan-
dard deviation. Statistical analysis was performed by using Student’s t-test and multiple
comparisons by using one-way ANOVA. p-values < 0.05 were considered statistically sig-
nificant. Measurement details are reported by previous studies [33,36–39], as well as in the
Supplemental Materials.

2.2.4. Cryogenic Transmission Electron Microscopy (Cryo-TEM)

Microscopic illustration of the internal nanostructure was carried out by cryo-TEM for
precise visualization of the structures [32,36].

2.2.5. Fluorescence Spectroscopy

Using pyrene as the hydrophobic probe, fluorescence spectroscopy disclosed the
internal nanoparticle microenvironment (micropolarity and microfluidity). The intensity
ratio of peak 1 to peak 3 of the pyrene (I1/I3) serves as a measure of the micropolarity, while
the fluorescence intensity ratio IE/IM (IE of pyrene excimer and IE of pyrene monomer
respectively) serves as an index of microfluidity. Larger values indicated increased polarity
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and fluidity, respectively. The measurements were carried out at two temperatures, 25 ◦C
and 45 ◦C [36].

2.2.6. Determination of the Drug Entrapment Efficiency (EE)%

Incorporation of 2 mg/mL resveratrol into the prepared nanosystems was attempted;
subsequently, the non-entrapped molecules were removed and the entrapped molecules
were quantified by UV−Vis spectrophotometry. More technical details may be found in
Chountoulesi et al. [32], and in the Supplementary Materials.

3. Results and Discussion
3.1. Light Scattering Results

TPP-QPDMAEMA-b-PLMA had difficulties in stabilizing the PHYT lipid to nanoparti-
cles, not only alone but also co-assisted by the other polymers, while a stepwise acidification
to pH = 5.0 was required to achieve homogenous dispersions. This observation is in con-
trast to the respective PDMAEMA-b-PLMA-stabilized nanosystems from our previous
study [37], where the GMO-based nanosystems were stabilized without acidification. The
lipophilicity of the TPP cation of the present polymer likely affects its interactions with the
different lipids. The acidification yielding to the ionization of PDMAEMA embraced the
hydrophilic character of the copolymer, eventually assisting to stabilize the nanosystem.
Afterward, the larger hydrophilic-to-hydrophobic ratio characterizes the amphiphilic sta-
bilizers, and the stringer stabilization is provoked, due to a greater entropic effect [40,41].
Regarding the stabilization process, the block copolymer TPP-QPDMAEMA-b-PLMA was
custom synthesized to exhibit a comparable effect to Poloxamer P407, due to its similar
hydrophilic–hydrophobic ratio, i.e., 25% PLMA hydrophobic content (Table 1), as the PPO
hydrophobic content in Poloxamer P407.

The polymeric guests had similar impact on the physicochemical properties of the
formulations (Table 3).

Table 3. Physicochemical behavior (size as Rh (nm), size distribution as PDI and ζ-potential as
ζ-pot (mV)) on the day of preparation (25 ◦C).

Sample Weight Ratio Rh (nm) PDI ζ-Pot (mV)

PHYT:TPP-QPDMAEMA-b-PLMA 9:1 106.9 ± 6.4 0.508 ± 0.019 59.9 ± 2.1
PHYT:TPP-QPDMAEMA-b-PLMA 4:1 87.1 ± 5.4 0.471 ± 0.016 65.8 ± 0.1

PHYT:TPP-QPDMAEMA-b-PLMA:P407 8:1:1 78.4 ± 3.4 0.426 ± 0.032 47.0 ± 1.2
PHYT:TPP-QPDMAEMA-b-PLMA:PEO-b-PCL H1 8:1:1 84.8 ± 6.9 0.476 ± 0.003 52.1 ± 1.1
PHYT:TPP-QPDMAEMA-b-PLMA:PEO-b-PCL H4 8:1:1 97.3 ± 6.0 0.347 ± 0.021 66.2 ± 2.1

PHYT:TPP-QPDMAEMA-b-PLMA:MPOx1 8:1:1 84.2 ± 6.7 0.404 ± 0.003 58.2 ± 0.5
PHYT:TPP-QPDMAEMA-b-PLMA:MPOx2 8:1:1 109.7 ± 7.1 0.451 ± 0.007 34.2 ± 1.0

However, we observed higher values of both size and size distribution in comparison
to the glyceryl monooleate (GMO)-based respective nanosystems [32], which highlight a
different mode of each lipid GMO or PHYT, having a different chemical structure with the
polymeric guest. For example, in the case of P407, its hydrophobic block PPO is known to be
less attracted from the PHYT lipidic bilayers, because the PPO methyl groups prevent the P407
incorporation within the PHYT backbone and yield only to surface polymer localization onto
the nanoparticle, in contrast to GMO cases [42,43], which generate different physicochemical
behavior. A similar impact of the PPO block has, in the current cases, the hydrophobic block
of PLMA, comprising 25% wt of the copolymer (Table 1). Less pertubation of the hydrophobic
block PLMA within the PHYT lipid bilayers and its lower affinity may be responsible for
the acidification needed for stabilization; the hydrophilic-block PDMAEMA becomes more
ionized and assists more extensively in the stabilization process.
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The strong positive ζ-potential in all the formulations (Table 3) reflect the impact of the
strong delocalized cation TPP combined with some positively ionized free amino groups of
the unquaternized portion of PDMAEMA blocks. Taking into account that the P407, PEO-b-
PCL and MPOx copolymers provide negative to neutral particle charge [36,44], we conclude
that the TPP-QPDMAEMA-b-PLMA copolymer presence prevails against them. Plus, this
strong cationic potential of the PHYT-based systems (>+34 mV, most ζ-potential values
larger than + 47 mV) is found to be stronger than the GMO-based systems. This strong
positive charge would be helpful for the internalization process by the negatively charged
cellular membranes, and could increase the muco-adhesiveness and tissue penetration in
cases of mucus delivery routes, and could also be helpful for the encapsulation of nucleic
acids, proteins or peptides [45]. Moreover, the observed white nontransparent hue is in
agreement with the literature, reflecting 3-D internal conformations [46,47], and a satisfying
colloidal stability over time was measured (Figures S2 and S3).

Regarding their ability to incorporate hydrophobic active agents, all the systems were
found to successfully incorporate resveratrol in percentages larger than 99% (Table S1),
a fact that can be correlated with their exhibiting a compact and extended inner surface
structure, due to the presence of PHYT lipid. This is described further in Section 3.2.

3.1.1. Effect of Environmental Parameters

The partial polymer TPP-quaternization synthesis [32] that was carried out left free
segments of DMAEMA, suitable for measuring pH response. Taking this into account, it
is crucial to test if the resultant nanosystems inherited this property. The tested pH media,
apart from the HPLC grade water (pH = 6.0), were the PBS buffer with pH = 7.4, simulating
physiological conditions, and citrate buffer with pH = 4.2, simulating the acidic values of
endosome lumens, or the pathological conditions, such as the tumor environment [48,49].
For example, the lysosomes and the late endosomes are known to be acidic organelles,
exhibiting a pH at 4.0–5.5, due to the presence degradating enzymes and proton pumps
(v-ATPases) that maintain this pH range; thus, the response to such conditions could facilitate
endosomal escape and protection of the premature degradation of the nanoparticle until the
successful content delivery [48,49]. Tumors, in contrast to normal tissues, often exhibit a lower
extracellular pH, with some regions reaching below 5. This phenomenon is caused by the
tumor’s altered metabolism, particularly increased glycolysis and inefficient mitochondrial
oxidative phosphorylation, leading to lactate and proton buildup. That is why pH-responsive
nanosystems responding to acidic environments are used for tumor targeting [49].

Interestingly, a pH-triggered ζ-potential variation was observed (Figure 1).
In acidic conditions (pH = 4.2), all the nanosystems maintained high positive values

of ζ-potential (larger than +30 mV), becoming notably lower in physiological pH. As the
literature describes, PDMAEMA is a cationic polyelectrolyte whose tertiary amine groups
are fully protonated at acidic pH and becoming less ionized in neutral pH conditions [50,51].

Presumably, this response can be related to the promotion of intracellular accumulation
of the nanosystems, with targeting emphasis to pathological acidic tissues and endosomal
escape. In detail, the high content of ions eventually floods and ruptures the endosomal
membrane and eventually releases the nanoparticle to cytosol, thus being free to interact
with the various negatively charged organelles of high targeting interest, like the mitochon-
dria. Moreover, the strong cationic profile of the formulations is favorable in the case of
gene or protein or peptide delivery systems [48,49,51].

Regarding the behavior in the presence of serum proteins (fetal bovine serum—FBS
medium), most of the nanosystems presented small increases in their size, apart from
two exceptions, which showed a slight decrease (Table 4). Thus, we observe that the
TPP-quaternized copolymer managed to prevent the nanoparticle disintegration from the
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albumin, which had taken place in the respective PDMAEMA-b-PLMA-stabilized nanosys-
tems [36,37,44]. Thereby, the present stabilizer, either individually or in combination with
the other copolymers, is able to provide stealth PHYT-based nanoparticles. The protein
adsorption resistance observed in the present systems likely contributes to stealth prop-
erties in vivo, by minimizing opsonization and subsequently preventing uptake by the
mononuclear phagocyte system. This can be translated into prolonged circulation time,
enhanced bioavailability and improved pharmacokinetics—all of which are critical for
effective drug delivery. The ζ-potential values of all the systems exhibited an acute decrease
after their interaction with the negatively charged proteins, while the PDI values exhibited
an increase, probably due to complexation phenomena with the protein macromolecules.

Figure 1. pH effect on the physicochemical behavior of the formulations (size as Rh (nm) (a,c) and
ζ-potential as ζ-pot (mV) (b,d).

Table 4. Serum protein effect on the physicochemical behavior of the formulations (size as Rh (nm),
size distribution as PDI and ζ-potential as ζ-pot (mV)).

Sample Weight Ratio Medium Rh (nm) PDI ζ-Pot (mV)

PHYT:TPP-QPDMAEMA-b-PLMA 9:1
Water * 106.9 ± 6.4 0.508 ± 0.019 59.9 ± 2.1

FBS 91.7 ± 3.0 1.000 ± 0.000 −6.9 ± 0.1

PHYT:TPP-QPDMAEMA-b-PLMA 4:1
Water * 87.1 ± 5.4 0.471 ± 0.016 65.8 ± 0.1

FBS 117.9 ± 1.9 1.000 ± 0.000 13.7 ± 1.0

PHYT:TPP-QPDMAEMA-b-PLMA:P407 8:1:1
Water * 78.4 ± 3.4 0.426 ± 0.032 47.0 ± 1.2

FBS 82.6 ± 2.1 1.000 ± 0.000 2.1 ± 0.1

PHYT:TPP-QPDMAEMA-b-PLMA:PEO-b-PCL
H1

8:1:1
Water * 84.8 ± 6.9 0.476 ± 0.003 52.1 ± 1.1

FBS 83.9 ± 1.8 0.929 ± 0.006 −4.2 ± 0.2

PHYT:TPP-QPDMAEMA-b-PLMA:PEO-b-PCL
H4

8:1:1
Water * 97.3 ± 6.0 0.347 ± 0.021 66.2 ± 2.1

FBS 99.1 ± 1.2 1.000 ± 0.000 3.5 ± 0.2

PHYT:TPP-QPDMAEMA-b-PLMA:MPOx1 8:1:1
Water * 84.2 ± 6.7 0.404 ± 0.003 58.2 ± 0.5

FBS 110.1 ± 19.6 0.894 ± 0.005 −4.2 ± 0.2

PHYT:TPP-QPDMAEMA-b-PLMA:MPOx2 8:1:1
Water * 109.7 ± 7.1 0.451 ± 0.007 34.2 ± 1.0

FBS 115.0 ± 5.1 1.000 ± 0.000 2.1 ± 0.3

* HPLC-grade water.

The ionic strength had an inversely proportional impact on the ζ-potential of the for-
mulations (Figure 2), probably due to cation neutralization by the increased anion content.
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Figure 2. Ionic strength effect on the physicochemical behavior of the formulations (size as Rh (nm)
(a,d), size distribution as PDI (b,e) and ζ-potential as ζ-pot (mV) (c,f)).

3.1.2. Fractal Analysis

Through SLS application, two morphological characteristics were estimated, namely
the fractal dimension and the Rg/Rh ratio, reflection shape information (Table 5).

Table 5. Rg/Rh and fractal dimension df under different pH and temperature conditions.

Sample Weight Ratio pH T (◦C) Rg/Rh df

PHYT:TPP-QPDMAEMA-b-PLMA 9:1
4.2 25 0.95 1.96
6.0 42 0.82 2.10

PHYT:TPP-QPDMAEMA-b-PLMA 4:1
4.2 25 0.79 1.59
6.0 42 0.62 1.55

PHYT:TPP-QPDMAEMA-b-PLMA:P407 8:1:1
4.2 25 0.97 1.43
6.0 42 0.84 1.15

PHYT:TPP-QPDMAEMA-b-PLMA:PEO-b-PCL H1 8:1:1
4.2 25 0.90 1.51
6.0 42 0.77 1.37

PHYT:TPP-QPDMAEMA-b-PLMA:PEO-b-PCL H4 8:1:1
4.2 25 0.70 1.30
6.0 42 0.72 1.24

PHYT:TPP-QPDMAEMA-b-PLMA:MPOx1 8:1:1
4.2 25 0.86 1.79
6.0 42 0.83 1.50

PHYT:TPP-QPDMAEMA-b-PLMA:MPOx2 8:1:1
4.2 25 0.86 1.83
6.0 42 0.85 1.60

According to the literature, in the case of macromolecular chains, an Rg/Rh of 0.775 re-
flects a hard uniform sphere, 1.0 indicates vesicles with thin walls and 1.3–1.5 signifies
loose conformations in the case of macromolecular chains.

In HPLC-grade water, the systems exhibited different values of the Rg/Rh ratio, around
0.775, implying the prevalence of mostly hard uniform spheres, similar to compact non-
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lamellar particles and less like vesicle-like morphology, which is observed in liposomal
systems [36,38,44]. In an acidic environment with higher temperature, simulating patholog-
ical conditions, there were shifts of the Rg/Rh ratio to increased values closer to 1.0 (except
for the system containing PEO-b-PCL H4 copolymer), reflecting some morphological re-
conformation and disturbance of the nanoassembly shape.

In contrast to the Rg/Rh ratio, the df increase in all formulations under the simulated
pathological conditions confirms that the stimuli-responsiveness was also inherited by
the morphological, internal conformation. The lower pH increases the number of ionized
amine groups of PDMAEMA, leading to less Gaussian-curved assemblies and thus altered
df [38]. The correlation between ion content within the liquid crystalline nanosystems and
Gaussian curvature has also been verified by other studies in the literature [25,52].

3.1.3. Temperature Effect

The effect of rising temperature and subsequent cooling was monitored for the physic-
ochemical properties of the formulations, with no significant variations in hydrodynamic
radius and PDI between the heating and cooling cycles (Figures 3 and S5).

 

Figure 3. Temperature effect on the physicochemical and morphological behavior of the formulations
(size as Rh (nm) (a,d), Rg/Rh (b,e) and fractal dimension (c,f)). Empty markers indicate measurements
taken after the cooling cycle.

Concerning the morphological parameters, the Rg/Rh ratio in most of the nanosystems
increased after reaching 37 ◦C, indicating a morphologically reversible re-arrangement to
more loose nanoassemblies, similarly to the classical case with only the P407 stabilizer [36].
Moreover, Muller et al. [53] also described a similar reversible transformation, i.e., a heated
inverse micellar solution (L2 phase) above 50 ◦C, which was cooled to Pn3m symmetry
PHYT cubosomes. Contrariwise, no significant alterations of df were observed.
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3.2. Cryo-TEM Results

The PHYT-based nanosystems exhibited a variety of morphological features. The
PHYT:TPP-QPDMAEMA-b-PLMA 9:1 nanosystem presented nanoparticles with striated,
regularly ordered, inner structure, as illustrated in Figure 4a (red arrow). The corresponding
FFT patterns (insets, Figure 4(a1)) indicate Pn3m cubic symmetry [54].

Figure 4. Cryo-TEM images from (a) PHYT:TPP-QPDMAEMA-b-PLMA 9:1, (b) PHYT:TPP-
QPDMAEMA-b-PLMA:P407 8:1:1, (c,d) PHYT:TPP-QPDMAEMA-b-PLMA 4:1 formulations. The
FFT patterns (figure a1, c1) indicate Pn3m cubic symmetry.

A cubic phase with the Pn3m crystallographic space group is typically found in PHYT
systems, based on reports in the literature [25]. According to Dong et al. [42], P407, being
surface absorbed and not incorporated within the PHYT bilayer, prevents the phenomenon
of the double-diamond type (Pn3m) to primitive type (Im3m) phase transition, as in the
case of GMO cubosomes. We assume that this phenomenon also takes place in the case of
systems containing the TPP-QPDMAEMA-b-PLMA copolymer. Apart from the compact
nanoparticles, empty vesicles and micelles were also observed.

The addition of P407 as a second stabilizer to the formulation (Figure 4) led to the
coexistence of regularly ordered liquid crystalline nanoparticles (red arrow), along with
small, spherical vesicles with no inner structure (blue arrow). We should mention that the
observed morphological behavior differs from the respective PHYT:P407 nanosystems that
we investigated in our previous study [36], where there was an absence of empty vesicles,
highlighting the effect of the TPP-QPDMAEMA-b-PLMA copolymer on the morphology of
the nanostructure.
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The increase in TPP-QPDMAEMA-b-PLMA copolymer to the 4:1 ratio resulted in the
formation of two populations of nanostructures, while there was an appearance of spherical
multilamellar vesicles (Figure 4d, green arrow), apart from the presence of regularly ordered
nanoparticles (Figure 4c, red arrow) of Pn3m symmetry. Generally, the nanoparticles
indicated by a green arrow tend more toward hexosome morphologies [54–60].

The addition of the PEO-b-PCL copolymers differentiated the layout of regularly
ordered structures. In the formulation with PEO-b-PCL H1, compact liquid crystalline
nanoparticles of highly ordered inner structure are present (Figure 5a, red arrow), likely
exhibiting a Pn3m space group symmetry [61], as was assessed by the FFT. However, the
special feature of systems that contain PEO-b-PCL is the fact that some of the illustrated
ordered nanoparticles are embedded in a plethora of large intersecting lamellas (Figure 5a,
black discontinuous arrows). Another interesting observation is some bulgy nanoparticles
related to fusion phenomena, either containing disordered nanostructures in their center or
not (Figure 5a, pink arrow).

Figure 5. Cryo-TEM images from (a) PHYT:TPP-QPDMAEMA-b-PLMA:PEO-b-PCL H1
8:1:1, (b) PHYT:TPP-QPDMAEMA-b-PLMA:PEO-b-PCL H4 8:1:1, (c) PHYT:TPP-QPDMAEMA-b-
PLMA:MPOx1 8:1:1, (d) PHYT:TPP-QPDMAEMA-b-PLMA:MPOx2 8:1:1 formulations. The FFT
patterns (figure b1–d1) indicate Pn3m cubic symmetry.

In the formulation with PEO-b-PCL H4, there were the same three aforementioned
categories of 3D morphologies (Figure 5b, red, black and pink arrows) along with some
multilamellar nanoparticles presenting different stages of disorganization. We should
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mention that these disorganized objects along with the bulgy nanoparticles, indicated
by the pink arrows, possibly correlate with the acidification that was used during the
preparation of the PHYT-based nanosystems, as was found in our previous study [32].

The insertion of MPOx1 gradient copolymer resulted in the formation of similar nanos-
tructures, as in the case of PEO-b-PCL-containing nanosystems. In detail, liquid crystalline
nanoparticles with a highly ordered inner structure and likely space group symmetry Pn3m
were observed (Figure 5c, red arrow), along with ordered nanoparticles coming out from a
plethora of large intersecting lamellas, together with some bulgy nanoparticles (Figure 5c,
pink arrow).

Finally, the insertion of the MPOx2 gradient copolymer resulted in the formation of
liquid crystalline nanoparticles with a highly ordered inner structure and with likely space
group symmetry Pn3m (Figure 5d, red arrow), but not surrounded by lamellas on their
surface. Moreover, a population of bulgy nanoparticles (Figure 5d, pink arrow) from fused
vesicular structures is also present.

Taking into account the morphological behavior in the case of the GMO lipid in our
previous study [32], the replacement with the PHYT lipid led to a reduction in the dominant
number of empty vesicles and to the formation of larger, compact structures with organized
symmetries, a fact that was also observed in the model systems containing only GMO/PHYT
and P407 [36]. This observation indicates the crucial role of lipid selection to the behavior
of the system and the entire formulation process. In the present study, the lipid played
a predominant role in the morphology of the nanoparticles that formed, while the same
categories of nanostructures were found in the majority of the polymers that were used.

As long as there are different polymeric architecture effects, the systems comprising
MPOx gradient copolymers as stabilizers reflect a possibly more packed lipid bilayer
structure, yielding to more compact nanoparticulate morphologies, compared to the ones
comprising the di-block copolymers, TPP-QPDMAEMA-b-PLMA alone or with the di-block
copolymers PEO-b-PCL/P407, while the systems comprising MPOx gradient copolymers
also exhibit darker nanoparticle motifs, show less fusion phenomena and reveal more “bare”
nanoparticles, without being embedded in intersecting lamellas and sponges (Figure 5c,d).
The observed phenomena can be attributed to contrasting copolymer architecture between
the gradient and block copolymers that yield to a different mode of interaction with the
lipids, and thus a different mode of localization within the lipid membrane. In more detail,
the biomolecular sculpture of MPOx gradient copolymer is known to have several entry and
exit points in the lipid membrane, in contrast to amphiphilic di-block copolymers, wherein
there is only one point with the hydrophobic block to become anchored/incorporated
into the lipid bilayer and the hydrophilic block stretching out from the membrane [62].
We assume that this gradient type of polymer arrangement generates the more compact
morphologies that were observed.

3.3. Fluorescence Spectroscopy Results

All of the nanosystems exhibit similar values of I1/I3 (up to 0.84) (Table 6), regardless
of the pH, temperature or type and content of stabilizer.

We should mention that the observed micropolarity values are lower than the re-
spective GMO nanosystems [32], which were found to be around 1.04, thus reflecting less
polar bilayers/domains in the case of the PHYT systems. This agrees with the results
from previous studies, where P407 was used as the stabilizer in both GMO and PHYT
nanosystems [36]. The different lipidic chemical structures (absence of double bond in
PHYT) differentiate the insertion mode of the probe and arrangement within the structures.
The literature describes different interactions that take place between the lipid and stabi-
lizer, which depends on the lipid’s chemical structure. For example, a different entrance
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rate for the PPO block occurs in P407 (surface localized in the PHYT formulations and
inner perturbation in the GMO formulations). This perturbation in the GMO formulations,
which also provokes the Pn3m to Im3m transition, enables water absorbance from the
environment and eventually more polar bilayers [63], contrary to PHYT formulations that
are characterized by more hydrophobic profiles [42,64]. These interactions are probably
also provoked by the TPP-QPDMAEMA-b-PLMA polymer.

Table 6. I1/I3 (as micropolarity) and IE/IM (as microfluidity).

Sample Weight Ratio T (◦C)
pH = 6.0 pH = 4.2

I1/I3 IE/IM I1/I3 IE/IM

PHYT:TPP-QPDMAEMA-b-PLMA 9:1
25 0.79 0.09 0.79 0.09
45 0.79 0.14 0.79 0.14

PHYT:TPP-QPDMAEMA-b-PLMA 4:1
25 0.98 0.05 0.98 0.05
45 0.81 0.09 0.81 0.09

PHYT:TPP-QPDMAEMA-b-PLMA:P407 8:1:1
25 0.81 0.06 0.81 0.06
45 0.81 0.10 0.81 0.10

PHYT:TPP-QPDMAEMA-b-PLMA:PEO-b-PCL H1 8:1:1
25 0.82 0.06 0.82 0.06
45 0.80 0.11 0.80 0.11

PHYT:TPP-QPDMAEMA-b-PLMA:PEO-b-PCL H4 8:1:1
25 0.87 0.06 0.87 0.06
45 0.84 0.11 0.84 0.11

PHYT:TPP-QPDMAEMA-b-PLMA:MPOx1 8:1:1
25 0.81 0.06 0.81 0.06
45 0.79 0.12 0.79 0.12

PHYT:TPP-QPDMAEMA-b-PLMA:MPOx2 8:1:1
25 0.81 0.07 0.81 0.07
45 0.79 0.12 0.79 0.12

By combining the results of cryo-TEM and fluorescence spectroscopy, which present
the dominant existence of Pn3m symmetry and the absence of the Im3m transition, we can
assess some conclusions regarding the stability of the inner structure of the PHYT systems.
According to the literature, in GMO-based systems, the gradual increase in the pertubating
polymeric stabilizer results from the Pn3m to Im3m transition, which is a less negatively
curved phase, to the loss of the inner organized structure, in the manner of a polymer
concentration analogue, due to the already known swelling of the phase that results in
a phase transition from cubic to lamellar [57,65]. In the present newly proposed PHYT-
copolymer systems, the persistence of Pn3m symmetry in every copolymer concentration
and combination indicates a higher stability of the inner structure of the nanoparticle
compared to the GMO-respective nanosystems of [20]. This greater stability can maintain
the specifications, like particle size, shape and a stable morphology, and prevent undesired
content leakages. Cubic phases of the Pn3m type, as in the present systems, exhibit four
aqueous channels (meeting at a tetrahedral angle), which is less than for other morphologies
like the Im3m type, thus yielding to more prolonged release profiles [66].

Another significant observation is the decrease in microfluidity (IE/IM) at 45 ◦C at both
pH values. The temperature-responsive shrinkage of the PDMAEMA polymeric corona in
temperatures higher than its LCST perhaps makes the bilayer more fragile and less viscous,
thus accessible to pyrene, increasing the microfluidity. A similar trend has also been found
in the GMO-based respective systems, which was correlated with the increased drug release
under these conditions [32]. In other systems with the thermoresponsive polymer that
includes poly(N-isopropylacrylamide) (PNIPAM), the increased temperature also yielded
to dehydration and a decrease in the water–lipid polar-head affinity, thus enhancing
the release of a hydrophilic water cargo [65]. This observed response to an increase in
temperature can prove to be very useful toward the facilitation of the temperature-induced
release of entrapped hydrophobic drugs from the membranes.
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4. Conclusions
Non-lamellar liquid crystalline nanosystems were formulated from PHYT lipid and

the stimuli-responsive polymer TPP-QPDMAEMA-b-PLMA, assisted by different types of
other copolymers, either block copolymers Poloxamer P407 and PEO-b-PCL, or gradient
copolymers MPOx. All formulations presented a strong cationic profile, along with a
pH-induced ζ-potential conversion in acidic conditions that can be further utilized for in-
tracellular targeting applications. In addition, the different polymeric combinations played
a crucial role in the morphology of the nanosystems, wherein a prevailing population
of compact structures with a high internal organization was found, probably due to the
effect of the phytantriol lipid. This newly proposed PHYT lipid–copolymer combination
yielded to a new morphologically combined nanoparticulate structure of a well-defined
liquid crystalline nanoparticle of Pn3m symmetry, being embedded in a plethora of large
intersecting lamellas. Moreover, this newly proposed PHYT lipid–copolymer combination
provoked a decrease in empty vesicle population within the dispersion, and an increase in
the organized structures. This result embraces all the advantages of the liquid crystalline
nanostructures versus the empty ones, like the enhanced loading capacity, as this was
also proven by the results. Indeed, the studied nanosystems were able to incorporate high
percentages of hydrophobic active molecules. Further, a strong cationic potential was found
(> +34 mV, most ζ-potential values larger than +47 mV), stronger than that recorded for
GMO-systems, while the proposed copolymers retain the stable double-diamond symmetry
of the PHYT cubosomes. In conclusion, the proposed liquid crystalline formulations are
promising drug delivery nanocarrier candidates, and especially for the cases in which
cationic charge is needed.
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//www.mdpi.com/article/10.3390/pharmaceutics17091199/s1, Figure S1: Chemical structures of
(a) PHYT lipid, (b) TPP-QPDMAEMA-b-PLMA block copolymer, (c) P407 (PEO98-PPO67-PEO98)
copolymer, (d) PEO-b-PCL block copolymers and (e) MPOx gradient copolymers employed in this
study.; Figure S2: Stability assessment of the hydrodynamic radius (Rh, nm) of the prepared nanosys-
tems over time.; Figure S3: Stability assessment of the polydispersity index (PDI) of the prepared
nanosystems over time.; Figure S4: Polydispersity index (PDI) of the prepared nanosystems in aque-
ous media with different pH. Figure S5: Polydispersity index (PDI) of the prepared nanosystems vs.
temperature.; Table S1: Encapsulation efficiency (EE%) of the resveratrol.
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Abbreviations

PDMAEMA-b-PLMA poly(2-(dimethylamino)ethyl methacrylate)-b-poly(lauryl methacrylate)
TPP tri-phenyl-phosphine cation
PEO-b-PCL poly(ethylene oxide)-block-poly(ε-caprolactone)
MPOx poly(2-methyl-2-oxazoline)-grad-poly(2-phenyl-2-oxazoline)
P407 Poloxamer P407/Pluronic F-127
PPO Poly(propylene oxide)
PEO Poly(ethylene oxide)
GMO Glyceryl monooleate
PHYT Phytantriol
Rh Hydrodynamic radius
Rg Radius of gyration
PDI Polydispersity index
ζ-pot ζ-potential
df Fractal dimension
Cryo-TEM Cryogenic transmission electron microscopy
DLS Dynamic light scattering
ELS Electrophoretic light scattering
SLS Static light scattering
FBS Fetal bovine serum
PBS Phosphate buffered saline
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