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Abstract

Lyotropic liquid crystalline nanoparticles with bicontinuous cubic internal
nanostructure, known as cubosomes, have been proposed as nanocarriers in various
medical applications. However, as these nanoparticles show a certain degree of
cytotoxicity, particularly against erythrocytes, their application in systemic
administrations is limited to date. Intending to produce a more biocompatible
formulation, we prepared cubosomes for the first time stabilized with a biodegradable
polyphosphoester-analog of the commonly used Pluronic F127. The ABA-triblock
copolymer poly(methyl ethylene phosphate)-block-poly(propylene oxide)-block-
poly(methyl ethylene phosphate) (PMEP-6-PPO-b-PMEP) was prepared by
organocatalyzed ring-opening polymerization of MEP. The cytotoxic features of the
resulting formulation were investigated against two different cell lines (HEK-293 and
HUVEC) and human red blood cells. The response of the complement system was also
evaluated. Results proved the poly(phosphoester)-based formulation was significantly
less toxic than that prepared using Pluronic F127 with respect to all the tested cell lines
and, more importantly, hemolysis assay and complement system activation tests
demonstrated its very high hemocompatibility. The potentially biodegradable
poly(phosphoester)-based cubosomes represent a new and versatile platform for

preparation of functional and smart nanocarriers.
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1. Introduction

In recent years, nanotechnologies provided an extraordinary boost to the chemistry of
materials and, among the various fields in which they have been applied, nanomedicine
is certainly one of the most investigated.[1] Possibly, the main result pursued by
researchers working in this arena is the formulation of safe nanoparticles[2] able to
precisely deliver drugs and/or imaging agents to pathological tissues, thus maximizing
therapeutic effects while simultaneously reducing side effects, also in the perspective
of personalized medicine. Yet, independently by all the efforts made so far, only a few
nanomedicines have been translated from labs to market.[3,4] One of the reasons for
such a negative outcome is the low biocompatibility of certain formulations. To
overcome this limitation, formulations need to be engineered using safe building
blocks. At the same time, it is necessary to provide nanoparticles with an appropriate
surface coverage to avoid recognition from the Mononuclear Phagocyte System to
extend their lifetime in the bloodstream.[5] In such a way, the desired therapeutic effect
can be exerted at best keeping at minimum the dose of the drug, with the consequent
reduction of adverse effects.

Cubosomes are soft nanoparticles characterized by a lyotropic liquid crystalline core
prepared to exploit the natural self-assembly ability in water of several lipids (e.g.,
monoolein or phytantriol). They are often referred to as the non-lamellar analog of
liposomes. Indeed, they are constituted by a three-dimensional, curved, and non-
intersecting lipid double layer that, differently from liposomes, extends in space
superimposed over an infinite periodic minimal surface of cubic symmetry, originating
a network of two unconnected water channels.[6] Since they can host hydrophobic
drugs and imaging probes, cubosomes are sometimes proposed as theranostic tools and,

more in general, for application in the drug delivery field.[6—-10] It is here worth



mentioning that cubosomes may host larger amounts of hydrophobic drugs with respect
to liposomes, because they possess a larger hydrophobic (normalized) volume.[11]
Cubosomes are traditionally prepared by fragmenting in water a liquid crystalline
bicontinuous bulk phase by high-pressure homogenization or high-speed shearing (top-
down approach) or by dissolving the lipids in water with the aid of a hydrotrope
(bottom-up approach).[6] In both cases, a dispersant is generally added to the aqueous
solution to stabilize the nanoparticles in water against flocculation. Generally, the used
dispersant belongs to the family of non-ionic poly(ethylene oxide)—poly(propylene
oxide)—poly(ethylene oxide) tri-block copolymers known as Pluronics, being the F127
the most representative. These copolymers interact with biological molecules of
different kinds and are proposed as drug delivery carriers.[12—15] However, Pluronics
are not biodegradable in vivo and activate the complement (which is part of the immune
system) in the blood, they might cause cardiopulmonary distress in sensitive
patients.[16] Other dispersant for the stabilization of cubosomes in water were less
frequently reported in literature.[16—20] In some cases, it was found that the newly
proposed stabilizers used as substitute of PF127 make the cubosome formulation less
cytotoxic.[21,22]

Here, we present novel cubosomes with improved biocompatibility and the potential to
be fully biodegradable by the use of an amphiphilic poly(phosphoester) (PPE) analog
of Pluronic F127 (PF127). PPEs are polyesters, based on phosphoric acid derivatives
that possess the remarkable characteristic of being highly stable but also degradable on
demand.[23,24] Especially synthetic PPEs have been studied by Wurm’s group
intensely as alternatives for poly(ethylene glycol) in drug delivery applications.[25]
This article presents detailed physicochemical and cytotoxic analyses of PPE-based

cubosomes and compared them with traditional cubosomes stabilized by PF127, to



assess their possible application as biodegradable drug delivery system. With the
chemical versatility of PPEs, this strategy opens a new platform for the design of
bicontinuous cubic liquid crystalline nanoparticles with additional chemical

functionality and a controlled degradation pattern.

2. Materials and Methods

2.1 Materials

The main component of the cubosomes, glycerol monooleate (MO, 1-
monooleoylglycerol, RYLO MG 19 PHARMA, 98.1 wt%) was kindly provided by
Danisco A/S (Denmark). Sodium citrate dihydrate (99.0 %), citric acid (99.9 %),
sodium dihydrogen phosphate (99.9 %), sodium hydrogen phosphate (99.9 %), sodium
chloride (99.9 %), potassium chloride (99.9 %), and quercetin (= 95.0 %) were
purchased from Sigma-Aldrich. Fresh distilled water purified using a Milli-Q system
(Millipore) was used for preparing each sample and it was filtered with a 0.22 um pore
size hydrophilic filter prior to any use.

The Human Embrionic Kidney 293 (HEK-293) and the Human Umbilical vein/vascular
endothelium (HUVEC) cell lines were purchased from ATCC (American Type Culture
Collection, Manassas, Virginia United States). The CellTox™ Green Cytotoxicity
Assay kit and the Apo-ONE® Homogeneous Caspase-3/7 Assay kit were purchased
from Promega (Madison, WI). For fluorescence microscopy cells were stained with
MitoTracker® Red CMXRos and Weat Germ Agglutinin (WEG) Conjugates Alexa
Fluor® 350 conjugate (Invitrogen, Thermo Fischer Scientific, Waltham,

Massachusetts, USA).



'H and *'P Nuclear Magnetic Resonance Spectroscopy. For nuclear magnetic resonance
(NMR) analyses, 'H and *'P NMR spectra were recorded on a Bruker AVANCE III
500 spectrometer operating with 500 MHz and 202 MHz frequencies, respectively.

Size Exclusion Chromatography. Size exclusion chromatography (SEC) measurements
were performed in DMF containing 0.25 g L' of lithium bromide at 50 °C and a flow
rate of 1 mL min™! with an Agilent 1100 Series as an integrated instrument, including a
PSS HEMA column (106/105/104 g mol™'), a UV (275 nm) and a refractive index (RI)
detector. Calibration was carried out using poly(ethylene glycol) standards provided by

Polymer Standards Service.

2.2 Polyphosphoester synthesis

Monomer Synthesis: 2-Methoxy-2-oxo-1,3,2-dioxaphospholane (MEP). A flame-dried
1000 mL three-neck flask, equipped with a dropping funnel, was charged with 2 chloro-
2-o0x0-1,3,2-dioxaphospholane (50 g, 0.35 mol) dissolved in dry THF (300 mL). A
solution of dry methanol (11.24 g, 0.35 mol) and dry pyridine (27.72 g, 0.35 mol) in
dry THF (45 mL) was added dropwise to the stirring solution of COP at -20 °C under
argon atmosphere. During the reaction, hydrogen chloride was formed and precipitated
as pyridinium hydrochloride. The reaction was stirred at 4 °C overnight. The salt was
removed by filtration and the filtrate concentrated in vacuo. The residue was purified
by distillation at reduced pressure to give a fraction at 89-97 °C/0.001 mbar, obtaining
the clear, colorless, liquid product MEP (25.54 g, 0.19 mol, yield: 53%). 'H-NMR (500
MHz, DMSO-ds): d 4.43 (m, 4H), 3.71 (d, 3H). 13C{H} NMR (125 MHz, DMSO-dg):

5 66.57, 54.72. 31P{H} NMR (202 MHz, DMSO-ds): 5 17.89.



Polymerization of MEP. N-cyclohexyl-N'-(3,5-bis(trifluoromethyl)phenyl)thiourea
(TU) was synthesized according to the literature procedure.[26] TU (268 mg, 7.2- 107

mol) and the poly(propylene oxide)ss-macroinitiator (75 umol, 300 mg, PPO-diol of
molar mass 4,000 g mol™! was used) were placed in a Schlenk tube and freeze-dried
with benzene prior use. 5 mL of dry dichloromethane and freshly distilled MEP (1.83
g, 15-107* mol) were added to the mixture. The solution was cooled down to 0 °C, then

the polymerization was initiated by the rapid addition of 0.12 mL DBU (113 mg, 7.2

10" mol) to the stirred solution. The polymerization was terminated after 90 min by the
addition of ca. 1 mL acetic acid in dichloromethane (I mol L). The polymer was
purified by precipitation from dichloromethane into ice-cold ethyl acetate twice and
finally into ice-cold diethyl ether, followed by dialysis against deionized water
overnight (MWCO: 3500). The polymer was obtained after freeze-drying in

quantitative yield.

2.3 Pendant Drop Surface Tension measurements

The PPE surface tension was measured using a tensiometer (Sinterface Technologies,
Germany) equipped with a recording camera, from the shape of a pendant drop of 20
mm? at different concentrations of the polymer in an aqueous solution (in the range 0.01
— 180 uM). The shape was obtained using the Gauss-Laplace equation, a relationship
between the curvature of a liquid meniscus and the surface tension, y, that can be
determined by the Gauss-Laplace equation to the coordinates of a drop. The fitting was
performed using the PAT fitting software. The surface tension for each concentration

was measured after 8000 s of equilibrium time at least.



2.4 Cubosome formulation

To obtain the cubosomes formulation, at first, MO was melted at 40 °C (drug loaded
cubosomes were prepared by adding quercetin to the melted MO). A clear solution of
PPE polymer was then added to the lipid phase and the mixture was ultrasonicated
usually for 2 cycles of 5 min (Amplitude 40 %, 1 s ON and 1 s OFF) using a tip-
sonicator equipped with a controller Sonics Vibra Cells, both from Chemical
Instruments AB (Sweden). Cubosomes formulations here investigated had the
following composition in wt % (the name of the corresponding sample is in
parenthesis): MO/PF127/Water = 3.3/0.3/96.4 (Cubo-0.3F127) and MO/PPE/Water =
3.3/0.3/96.4, 3.3/0.6/96.1, 3.3/0.9/95.8, 3.3/1.2/95.5 (Cubo-0.3PPE, Cubo-0.6PPE,

Cubo-0.9PPE, and Cubo-1.2PPE, respectively).

2.5 Encapsulation efficiency

After loading with quercetin, formulations Cubo-0.3F127 and Cubo-0.6PPE were
dialyzed into a tubing cellulose membrane (14 kDa molecular weight cutoff, purchased
from Sigma Aldrich) against 2 L of water at room temperature for 2 hours (water was
changed after 1 hour). The adsorption spectra of quercetin (Aabs= 373 nm) were acquired
using a Win-Cary Varian UV-Vis double-beam spectrophotometer in EtOH. A standard
calibration curve was built up to evaluate the loading of the antioxidant adopting a
linear regression analysis (correlation coefficient, R? = 0.9999). The quercetin-loaded
formulations (before and after dialysis) were then dissolved in EtOH and placed in
quartz cuvette (1 cm of optical path). The encapsulation efficiency (%) of quercetin into

the formulation was calculated exploiting the following expression:

mass of drug after dialysis
EE(%) = f drug af ysis

mass of drug before dialysis



2.6 Dynamic Light Scattering and Electrophoretic Mobility experiments

The cubosome formulations were diluted 1:50 in water at least 24 h after preparation
and before any measurement. The mean nanoparticles size (diameters) was
characterized employing Dynamic Light Scattering (size and polydispersity index, PdI)
and Electrophoretic Mobility (C-potential), using a ZetaSizer Nano ZS by Malvern
Instruments (Malvern, UK) at (25.0 £ 0.1) °C (backscattering angle 173°, 4 mW He-
Ne laser at 663 nm). Size, Pdl, and {-potential of each sample was collected at least 5-
6 times. The stability of the formulations was also evaluated measuring these
parameters up to five months while keeping the samples at 25 °C. The formulation
Cubo-0.6PPE was studied at two different pHs (3.4 and 7.4) by diluting the dispersion
prepared in water into the desired buffer 1:50 before performing the DLS and (-

potential measurements.

2.7 Electron Microscopy at cryogenic temperature (cryo-TEM)

The cubosomes were imaged by cryo-TEM, using a JEM-2200FS transmission electron
microscope (JEOL), optimized for cryo-TEM at the National Center for High
Resolution Electron Microscopy (nCHREM) at Lund University. The instrument is
equipped with a field-emission electron source, a cryo pole piece in the objective lens
and an in-column energy filter (omega filter). Zero- loss images were recorded at an
acceleration voltage of 200 kV on a bottom-mounted TemCam-F416 camera (TVIPS)
using SerialEM under low-dose conditions. Each sample was prepared using an
automatic plunge freezer system (Leica Em GP) with the environmental chamber
operating at 25.0 °C and 90 % of relative humidity. A 4 uL droplet of the cubosomes

formulation was deposited on a lacey formvar carbon-coated grid (Ted Pella) and was



blotted with filter paper to remove excess fluid. The grid was then plunged into liquid
ethane (around —183 °C) to ensure the rapid vitrification of the sample in its native state.
The specimens were thereafter stored in liquid nitrogen (—196 °C) and before imaging
transferred into the microscope using a cryo transfer tomography holder (Fischione,

Model 2550).

2.8 Small Angle X-ray Scattering (SAXS)

SAXS experiments were performed at the SAXSLab instrument (JJ-Xray, Denmark) at
Lund University equipped with a 30 W Cu X-RAY TUBE for GeniX 3D and a 2D 300
K Pilatus detector (Dectris). The measurements were acquired with a pin-hole
collimated beam with the detector positioned asymmetrically to yield a single
measurement g-range of 0.012 —0.67 A™!. The sample-to-detector distance was 480 mm
in all experiments.

The magnitude of the scattering vector is defined by q = (4 & sin0)/A, where A equals
to 1.54 A, Cu Ko wavelength, and 0 is half of the scattering angle. The d spacing was

calculated using the following expression:

d= 7” (eq. 1)

Then, the lattice parameter, a, was obtained by eq. 2 and eq. 3 for the bicontinuous

cubic and hexagonal phases, respectively.

a=d-Vvh?+k? +[? (eq. 2)

2
a=d-\/—§\/h2+k2+hk (eq. 3)



Here, h, k and [/ are the Miller indexes that describe the crystalline planes. The values
of a were also used to calculate the water channel radius (7,) of the bicontinuous cubic

phase (eq. 4) or of the hexagonal phase (eq. 5):

Tw=a 1= @upia (g)z (eq. 5)

where y and A4y are, respectively, the Euler characteristic and the surface area of the
IPMS geometry (Pn3m, y =2, 49 = 1.919), and / is the MO hydrophobic chain length
at 25 °C (17 A). The lipid fraction, Piipia> Was calculated using the following equation

(eq. 6), where wao, dvo, Wwarer and dyarer are the weight and density of MO and water

respectively:

WMo

— dmo

Plipia = (wMO wwater) (eq.6)

_+_
dpo  dwater

The temperature in the analysis chamber was controlled using a Julabo T Controller
CF41 from Julabo Labortechnik GmbH (Germany). The T range measurements were
acquired after equilibrating the sample for 1 h at the given temperature.

The angular scale was calibrated using silver behenate, CH3-(CH2)20-COOAg, as a

standard.



To evaluate the effect of the pH on the formulation Cubo-0.6PPE, few drops of the
buffer (citrate or PBS) were added to the cubosomes dispersion until the target pH was

reached. The mixture was then let equilibrate for 30 min prior to any measurements.

2.9 Cytotoxicity and apoptosis assays

HEK cells were grown in DMEM medium (Euroclone, Milan, Italy) supplemented with
10% fetal bovine serum (Euroclone, Milan, Italy) and 1% penicillin/streptomycin
antibiotics (Euroclone, Milan, Italy) at 37°C in a humidified incubator with 5% CO2.
HUVEC cells were maintained in F-12K medium, adding appropriate components, as
recommended by the manufacturer. HEK-293 and HUVEC cells were seeded at a
density of 5 x 10* cells/well in 96-multiwell plate (Corning, New York, USA). After 24
hours, formulations Cubo-0.3F127 and Cubo-0.6PPE were added in the culture medium
at MO concentrations of 10, 25, 50, 75, 100 ug/mL. After 24, 48 and 72 h of incubation,
CellTox™ Green Cytotoxicity Assay kit (Promega Madison, WI) was used to quantify
cytotoxicity, and Apo-ONE® Homogeneous Caspase-3/7 Assay kit (Promega
Madison, WI) was used to determine caspase-3/7 activity according to the
manufacturer’s instructions. The fluorescence was determined by GloMax® Discover
Microplate Reader instrument (Promega Madison, WI). All data collected are reported

as the mean and standard deviation of three independent experiments.

2.10 Hemolysis assay

Red blood cells were freshly isolated and analyzed as previously reported.[27] The
whole blood sample was freshly obtained from the experimenter (female healthy
volunteer, SB) upon written informed consent. Briefly, the erythrocytes were separated

from the whole blood by centrifugation at 1500 rpm for 10 min, washed three times,



and diluted with saline solution (0.9% NaCl). 50 mL of the erythrocyte stock dispersion
was added to 950 mL of saline containing different concentrations of formulations
Cubo-0.3F127 and Cubo-0.6PPE (MO concentrations of 10, 25, 50, 75, 100 pg/mL).
Saline solution (0.9% NaCl) and distilled water were employed respectively as the
negative control (0 % lysis) and positive control (100 % lysis). After 1 hour of
incubation, the absorbance of the supernatant separated upon centrifugation at 10 000
rpm for 5 min was recorded at 560 nm UV-vis using GloMax® Discover Microplate

Reader instrument (Promega Madison, WI).

2.11 Complement activity assay

Human serum (0.1 mL) was incubated with or without Cubo-0.3F127 or Cubo-
0.6PPE (see section 2.4) at the final concentration of 660 ug/mL for 2 h at 37 °C; at the
end, the reaction was blocked adding EDTA at the final concentration of 20 mM. The
residual hemolytic activity of the classical pathway of the C system was then evaluated
incubating different dilution (1:50, 1:100, 1:200, 1:400) of treated human serum with
IgM-sensitized sheep red blood cells (50 mL at 1.5x107) in glucose veronal-buffered
saline for 30 minutes at 37 °C; hemoglobin released from lysed red blood cells was

evaluated reading the supernatant after centrifugation at 415 nm.[28]

2.12 Cell fluorescence imaging

HUVEC cells were seeded in slides (20x20) coated with 50 pg/mL human fibronectin
(Corning, New York, USA) at a density of 2.5x10° onto 6-well plate (Corning, New
York, USA). Cells were incubated for 24 h in medium alone (control) or in presence of
formulations Cubo-0.3F127 or Cubo-0.6PPE at the MO concentration of 100 pg/mL.

Wheat Germ Agglutinin Conjugates Alexa Fluor® 350 conjugate was used at a



concentration of 5 ug/mL at 37 °C for 20 minutes to stain cell membranes.
MitoTracker® Red CMXRos probe was used at a concentration of 200 nM at 37 °C for
20 minutes to reveal the mitochondria distribution. Cells were washed twice with D-
PBS buffer (Euroclone, Milan, Italy) and fixed with paraformaldehyde (PFA) 4%
(MERCK, Darmstadt Germania) for 30 minutes. The slides were mounted using
Vectashield mounting medium for fluorescence with DAPI (Vector Laboratories Inc.
Burlingame, CA) to stain cellular nuclei. Fluorescent images of cells were acquired by
using an inverted microscope with a CCD camera, and the objectives lens 20X

(Axioplan2, with Axiocam MRc, ZEISS Oberkochen Germany).

3. Results and discussion

3.1 Poly(phosphoester) synthesis

For the preparation of a PPE-based pluronic mimic, we used poly(propylene oxide)68
(with a molar mass of 4,000 g/mol) as a difunctional initiator for the organocatalyzed

ring-opening polymerization of MEP (Scheme 1 and Experimental for details).
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Scheme 1: Synthesis of PMEP05-b-PPOgs-b-PMEP19s triblock copolymer by

organocatalyzed ring-opening polymerization.

TU and DBU were used as the organocatalytic system and a PPE polymer with the

composition PMEP1¢s-b-PPOgs-b-PMEP10s (Mn = 33,000 g/mol — from '"H NMR) was



obtained. The degree of polymerization of MEP was determined from the 'H NMR
spectrum (Figure S1) by comparing the resonances of the PPO macroinitiator at 1.1
ppm (methyl side chain) with the doublet of the methoxy side chains of PMEP at 3.8
ppm. SEC molar masses were strongly underestimated with Mn = 3500 g/mol (vs. PEG
standards, as reported previously for similar polymers on our setup) but a monomodal
molar mass distribution with a dispersity P = 1.4 (from SEC in DMF) was determined.
The critical micelle concentration (CMC) of the PPE in water was extrapolated from a
series of measurements at increasing concentration of the polymer using a pendant-drop

tensiometer. From the Gauss-Laplace fitting a CMC value of 1.92 uM was obtained.

3.2 Cubosome characterization

The cubosome formulations here investigated were prepared by dispersing the molten
MO in an aqueous dispersion of PF127 (Cubo-0.3F127) or the newly synthesized PPE
(Cubo-0.3PPE, Cubo-0.6PPE, Cubo-0.9PPE, and Cubo-1.2PPE), as described in
Section 2.4. The PPE was used as a stabilizing agent for the nanoparticles in substitution
of the commonly used PF127. To verify the possibility of forming cubosomes using the
PPE, investigate its stabilizing properties, and observe if and how it could alter the
morphology and the topology of these nanoparticles, different samples were prepared
at increasing concentration of PPE (from 0.3 to 1.2 wt%, see Section 2.4). The
macroscopic appearance of all the samples was that of milky, highly fluid aqueous
solutions as typically observed for this kind of formulations. The presence of

cubosomes was proven by cryo-TEM and SAXS experiments.



Figure 1. Cryo-TEM images of formulations Cubo-0.6PPE (4) and Cubo-1.2PPE (B).

In Figure 1 are reported the cryo-TEM images of samples Cubo-0.6PPE and Cubo-
1.2PPE, emblematic for all the formulations stabilized by the PPE. As can be seen, they
consisted in aqueous dispersions of spherical nanoparticles exhibiting a dense inner
matrix characterized by a honeycomb structure. It is worth noticing that, although
cubosomes appeared as nanoparticles having cubic morphology in numerous scientific
articles, they were also often observed as round shaped, as in the present case. In Figure
1B it can be also noticed the presence of small objects presenting the so-called
interlamellar attachments, which are considered intermediates in the transition from
lamellar to reverse bicontinuous cubic structures.[29] Remarkably, cryo-TEM images
did not show the presence of the small unilamellar vesicles (SUVs) usually found in
coexistence with cubosome nanoparticles stabilized by PF127 (see also Figure S2).
Since MO does not form SUVs in excess of water, the existence of these aggregates
can be attributed to the presence of the stabilizing agent. In turn, the observed absence
of SUVs in the samples here under investigation may suggest a different type of

interaction among the PPE and MO with respect to PF127. The topology of the



nanoparticles’ inner core was assessed by SAXS. The diffraction patterns reported in
Figure 2 revealed that nanoparticles in formulations Cubo-0.3PPE to Cubo-1.2PPE
were constituted by a pure Pn3m bicontinuous cubic phase, while formulation Cubo-

0.3F127 was characterized by the coexistence of both the Pn3m and the Im3m phases.
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Figure 2. SAXS diffractograms at 25 °C of the investigated cubosomes formulations.

On the top of the corresponding Bragg peaks, the Miller indices are also reported along
with the indication of the phase. Formulation Cubo-0.3F127 was stabilized using
Pluronic F127, while formulations Cubo-0.3PPE to Cubo-1.2PPE were stabilized
using increasing concentrations of the newly synthesized PPE polymer (see also

Section 2.4).

Pioneering SAXS experiments on cubosomes by Nakano ef al. demonstrated that

interaction of the poly-(propylene oxide) block of P127 with the nanoparticle internal



bicontinuous cubic phase causes a Pn3m-to-Im3m inter-cubic phase transition.[30]
While the PPE shares the same hydrophobic block of PF127, no Bragg peaks belonging
to other phases different from the Pn3m can be observed in all the formulations
stabilized with the PPE here investigated. This finding strongly suggests that the
hydrophilic arms of the stabilizing polymer may have a role in the inter-cubic phase
transition process and reinforce the idea that the PPE interacts with MO aggregates
differently from PF127. From data reported in Table 1, it can be also observed that the
Pn3m phase characterizing the cubosomes has a slightly smaller lattice parameter, 91.2
A rather than 95.8 A, when PPE is used to replace PF127 as stabilizer. However, the
tiny variation of the observed lattice parameter while varying the PPE content along the
Cubo-0.3PPE, Cubo-0.6PPE, Cubo-0.9PPE, and Cubo-1.2PPE sample series is very
close to the experimental error and it seems not significant. Moreover, the presence of
the PPE into the formulation influences slightly the lattice parameters of the Pn3m

phase in comparison with cubosomes stabilized by PF127 (Table 1).

Table 1. Phase, lattice parameter (a), water channel radius (rw), average diameter of
the nanoparticles (D), polydispersity index (PdI), and (-potential of all the cubosomes

formulations investigated at 25 °C. Data are reported as mean = SD.

a rw D C-potential
Sample Phase PdI
A) A) (nm) (mV)
Pn3m 95.8+0.8 |20.4+0.5 0.11 +
Cubo-0.3F127 141 £ 1 —-25+1
Im3m 126.4+0.6 | 21.8+0.5 0.02
200+3 0.23 + —45+1
Cubo-0.3PPE Pn3m 92.6+0.5 | 19.2+0.1
0.01




160+ 1 0.09 + -47+1
Cubo-0.6PPE Pn3m 912+£0.6 | 18.6+0.1
0.01
148 + 1 0.12 + -51+2
Cubo-0.9PPE Pn3m 90.7+0.5 | 18.4+0.1
0.02
143 +2 0.11+ —48+2
Cubo-1.2PPE Pn3m 90.8+0.4 | 18.5+0.1
0.02

As reported in Table 1, DLS experiments showed that increasing amounts of the PPE
lead to smaller nanoparticles with low polydispersity index, and that all the
formulations were characterized by a high negative C-potential (around —50 mV), much
larger than that recorded for the formulation Cubo-0.3F127. The origin of the negative
C-potential sometimes observed at interfaces constituted by non-ionic molecules is still
not fully understood. However, impurities or partial hydrolysis of monoolein can be
safely ruled out in explaining the recorded negative {-potential. Indeed, also cubosomes
prepared using pure monoolein (> 99 %) [31] or phytantriol[32] (a polar lipid that does
not contain hydrolysable ester bonds) show high negative (-potential. Rather, this fact
may be justified assuming a hydroxide ions adsorption at the lipid/water interface
originating a polarized outer layer surrounding the nanoparticles (a well-known
phenomenon occurring at oil/water interfaces).[33,34] If this is correct, the substitution
of the Pluronic with the PPE may play a fundamental role in a different hydroxide ions
adsorption at the cubosome/water interface, and could be accounted for the increase of
the {-potential reported in Table 1.

Measurements of pH evidenced that formulations are slightly acidic, decreasing from
pH = 6.50 (Cubo-0.3PPE) to pH = 6.27 (Cubo-1.2PPE) while increasing the PPE

content (see Table S1). Remarkably, pH halved upon one-month aging in case of



cubosomes stabilized by the PPE, while it remained constant during this time frame
when PF127 was used. Such a result is not surprising since PPE degradation originates
phosphates that can provoke the detected drop of pH.

To understand how pH affects the physicochemical features of cubosomes stabilized
by the new polyphosphoester polymer, the formulation Cubo-0.6PPE was diluted in
two different buffers. PBS buffer at pH 7.4 (100 mM) and a citrate buffer at pH 3.4
(100 mM) were chosen to simulate the pH of a biological environment and the strong
acidic character after one month of formulation ageing. Figure 3 summarizes the effect
of pH on the cubosomes nanostructure. The initial pH of the formulation was 6.4 and
the SAXS experiment revealed that cubosome nanostructure consisted solely of the
cubic Pn3m phase. Whenever the sample is diluted in the PBS buffer (pH 7.4), no
significant differences were noticed in comparison with the SAXS pattern at pH 6.4.
Differently, when exposed to pH 3.4 the SAXS pattern evidenced the presence of both
the Im3m and the Pn3m cubic bicontinuous phases (respectively showing lattice
parameters of 120.3 £ 0.6 and 92.0 £ 0.4, and water channel radii of 19.7 £ 0.2 and 19.0
1 0.2). Due to the complex interaction of PPE with the lipid bilayer, the motivation for
the inter-cubic phase transition at low pH was not fully understood, and requires further
investigations. Contrarily, the internal phase of nanoparticles in Cubo-0.3F127 did not

change when formulation was diluted with the citrate buffer at pH 3.4.
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Figure 3. SAXS diffractograms at 25 °C of the formulation Cubo-0.6PPE at various

pH.

The mean nanoparticles size in the Cubo-0.6PPE formulation did not vary significantly
at the investigated pHs. D values of 158.2 £ 1.9 (Pdl = 0.11 £ 0.01) and 164.8 £ 1.2
(PdI = 0.10 £ 0.01) were respectively found at pH 3.4 and 7.4. On the other hand, a
drop in the {-potential values was observed (- 6.1 £ 0.6 and - 10.2 £ 0.8 at pH 3.4 and
7.4, respectively), possibly due to the shielding effect caused by the presence of ions in
the buffers.

Investigation of nanoparticle size, polydispersity index, and {-potential over the time
showed that only formulation Cubo-0.6PPE possesses good performances in terms of
colloidal stability since no phase separation was noticed after more than 5 months (see

Figure S3 a,b), while others formulations degraded after 4 weeks. Based on the stability



tests, further experiments were conducted only on formulation Cubo-0.6PPE.

Particularly, the lyotropic behavior of the internal phase of the nanoparticles in

formulation Cubo-0.6PPE was checked upon temperature change by SAXS (Figure 4).
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Figure 4. SAXS diffractograms of formulation Cubo-0.6PPE collected in the

temperature range between 25 and 50 °C. On the top of the corresponding Bragg peaks,

the Miller indices are also reported along with the indication of the phase.

Table 2. Phase, lattice parameter (a), water channel radius (rw), of formulation Cubo-

0.6PPE collected at different temperatures. Data at T = 25* were calculated after

cooling the sample down from 50 to 25 °C. Data are reported as mean + SD.

T (°C)

Phase

a (A)

rw (&)




25 Pn3m | 91.2+06 | 18.6+0.1

30 Pn3m | 89.1+03 | 17.8+0.1

35 Pn3m | 879+03 | 17.4+0.1

40 Pn3m | 839+0.2 | 15.8+0.1

Pn3m | 804+03 | 144+0.1
45
H> 57.1+£0.1 | 30.1+£0.2

50 H> 544+£32 | 294+0.2

25% Pn3m | 90.8+1.1 | 184+04

In cubic bicontinuous liquid crystalline systems, the lipid hydrophobic chains become
less ordered while increasing temperature,[30] thus provoking a more negative
curvature of the lipid/water interface. Consequently, the lattice parameter of the
cubosomes decreases as reported in Table 2. As shown in Figure 3, the Pn3m
bicontinuous phase is retained up to 40 °C, while the diffraction pattern at 45 °C
evidenced the simultaneous occurrence of a reverse hexagonal (H>) phase. The cubic-
to-hexagonal phase transition at high temperature is a well-known phenomenon for
MO-based liquid crystalline systems, but typically occurs at much higher temperature,
around 90 °C according to the MO/W binary phase diagram.[35] However, it was
established that the lyotropic behavior of dispersed cubic nanoparticles is different from
that of the parent bulk phase. Specifically, experiments performed up to 95 °C on MO-
based cubosomes dispersion stabilized with 1 wt % of PF127, demonstrated that the
cubic-to-hexagonal transition do not occur.[36] Therefore, being the hydrophobic
moiety of the PPE and PF127 polymers almost identical, the alteration of the

cubosomes lyotropic behavior upon increasing the temperature here recorded could be



taken as a further evidence that the hydrophilic arms of the PPE strongly interact with
the lipid interface. On the other hand, when the formulation was cooled down to
ambient temperature, the Pn3m phase was reestablished, indicating the absence of
hysteresis.

Since the cubosome formulation here under investigation is proposed as a drug carrier,
the encapsulation of a hydrophobic payload was also studied. Quercetin, a hydrophobic
natural antioxidant, was chosen as a drug model and its encapsulation was evaluated in
Cubo-0.6PPE and, for the sake of comparison, in Cubo-0.3F127. After an excess of
quercetin was added to the formulations, the latter were dialyzed to remove the non-
encapsulated antioxidant.

The encapsulation efficiency was studied via UV-Vis spectroscopy after disruption of
the formulation in EtOH, in which all the components of the dispersion are soluble.
Cubo-0.3F127 and Cubo-0.6PPE presented the same EE% (respectively 95.3 + 4.5 and
95.4 + 3.8) and almost the same concentration of drug ((7.0 = 0.4) x 10* M and (6.0 +
0.3) x 10 M, respectively). This fact is not surprising, since the encapsulation of a
hydrophobic drug basically depends on the amount of lipid used to prepare the

formulation (identical in Cubo-0.3F127 and Cubo-0.6PPE).

3.3 In vitro toxicity studies

A significant question of the current applications of cubosomes in medicine is the issue
of safety. Although this is not a strong concern for preclinical studies using small
animals, it is fundamental for the translation into clinical practice when the toxicity of
these bicontinuous cubic liquid crystalline nanoparticles needs to be carefully
evaluated. It was previously speculated that MO, a membrane lipid, could promote bio-

adhesion and internalization of PF127, which is used to stabilize the formulation. After



passage through the cell membrane, PF127 inevitably ends up in contact with the
intracellular space and could induce damage toward mitochondrial and nuclear
membranes, leading to cell death.[37] Therefore, the rationale behind replacing PF127
with PPE to stabilize the formulation is the reduced exposure of intracellular space to
toxic agents.

Nowadays, biological aspects of interactions between cubosomes and cells are
becoming less and less obscure, and experimental evidence showed that cytotoxicity
differed significantly in their response in vitro, depending on the cellular line
investigated.[38—40] The present study aimed to compare the cytotoxicity of PF127-
(Cubo-0.3F127) and PPE-stabilized (Cubo-0.6PPE) MO-based cubosomes after
exposure to two different cell lines. The concentrations chosen encompassed the range
at which cytogenotoxic responses were previously observed and taken into
consideration the expected medical applications in vivo. Indeed, previous in vivo studies
on this kind of nanoparticles stabilized by Pluronic F108 showed that a MO
concentration lower than 60 ug per mL of plasma is required to prevent hemolysis.[41]
Figure 5 shows the cell viability of a HEK-293 cell line after the treatment with all the
formulations here under investigation. Cytotoxicity was evaluated by an assay
measuring changes in membrane integrity that occur as a result of cell death. The
viability analysis displayed the highest cytotoxic activity in the cells treated with
formulation Cubo-0.3F127 with respect to formulation Cubo-0.6PPE. There is no loss
of cell viability up to 50 pg/mL, and this value is in line with other studies that analyzed

the toxicity of MO-based cubosomes with the Hek293 cell line.
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Figure 5. (A) Cellular viability of Human Embryonic Kidney (HEK) 293 cells incubated
with formulations Cubo-0.3F127 and Cubo-0.6PPE at different concentrations for 24,
48, and 72 h. Data are shown as mean = SD of 3 individual experiments. (B) Effects on
caspase 3/7 activity in HEK-293 cells induced by treatment with formulations Cubo-
0.3F127 and Cubo-0.6PPE. Enzymatic activities of caspase 3/7 after 24 and 48 h
treatment of HEK-293 cells with medium as control, formulations Cubo-0.3F127 and
Cubo-0.6PPE at different concentrations. The caspase activity is expressed as the
relative fluorescence unit (RFU), measured after 30 minutes by the Glomax

MultiDetection System instrument (Promega Madison, WI). *P < 0.05.

The induction of cytotoxicity after the exposure at a higher concentration was
particularly marked with formulation Cubo-0.3F127 (Figure 5A). Along with the loss

of cell viability, it was noted a significant increase in the caspase 3/7 activity in the cells



treated with formulation Cubo-0.3F127 compared to formulation Cubo-0.6PPE. These
studies revealed an intriguing feature: the HEK-293 cell line increased their caspase 3/7
activity in a transient manner (24 h) after the exposure at higher concentrations. Indeed,
it was not observed any effect on caspase 3/7 activity at longer exposure time (Figure
5B).

Besides, it was detected that the formulation Cubo-0.3F127 exposure induced
significant cytotoxicity in the HUVECs cell line at the highest concentration (100
ng/mL), whereas when formulation Cubo-0.6PPE was used the HUVECs viability
(Figure 6A) was not affected. It deserves noticing that, apparently, Cubo-0.3F127 at a
concentration of 100 ug/mL was less cytotoxic after 48 h rather than 24 h cell treatment.
It can be speculated that this finding is related to the uptake of nanoparticles, and their
persistence at cellular level. Understanding of the toxicity mechanism will require
further investigation. Of interest, formulation Cubo-0.3F127 induced a significant
increase in the caspase 3/7 activity after 24 h of exposure compared to formulation
Cubo-0.6PPE as previously described for the HEK-293 cells (Figure 6B). In parallel,
the cellular morphology of HUVECs was examined through fluorescence microscopy.
The effects of Cubo-0.3F127 on cell morphology were consistent with their reported

ability to cause cell death (Figure 6C).
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Figure 6. (A) Cellular viability of Human Umbilical Vein Embryonic Cells (HUVECs)
incubated with formulations Cubo-0.3F127 and Cubo-0.6PPE at different
concentrations for 24 and 48 h. Data are shown as mean + SD of 3 individual

experiments. (B) Effects on caspase 3/7 activity in HUVECs cells induced by treatment



with formulations Cubo-0.3F127 and Cubo-0.6PPE. Enzymatic activities of caspase
3/7 after 24- and 48-hours treatment of HUVECs cells with medium as control,
formulations Cubo-0.3F127 and Cubo-0.6PPE at different concentrations. The caspase
activity is expressed as the relative fluorescence unit (RFU), measured after 30 minutes
by the Glomax MultiDetection System instrument (Promega Madison, WI). *P < 0.05.
(C) Fluorescence microscopy images. HUVECs were incubated for 24 hours in medium
alone (control) or in presence of formulations Cubo-0.3F127 or Cubo-0.6PPE at the
MO concentration of 100 ug/mL. Cells were subsequently fixed and stained with
MitoTracker (mitochondria, red), Wheat Germ Agglutinin (WEG) derivative
(membranes, blue) and DAPI (nuclei, blue). Cubo-0.3F127 treated sample contains a
number of cells characterized by condensed nuclei. Fluorescent mitochondria images
can be correlated with nuclear phenomena made evident by DAPI staining: white
arrows indicate the nuclei, and green arrows the co-localized mitochondria. Effects of
Cubo-0.3F127 on morphology are consistent with their reported ability to cause cell

death. Bar = 50 nm.

After the general cytotoxic evaluation of our formulation Cubo-0.3F127 and Cubo-
0.6PPE, we performed a hemolysis assay that we conceived as a proof-of-concept to
preliminarily assess (in vitro) hemocompatibility of the new nanocarriers. As can be
seen in Figure 7, it is noteworthy that in samples treated with formulation Cubo-0.6PPE,
the percentage of hemolysis rate was lower than the 5% allowed according to ISO/TR
7406 (samples with a hemolytic ratio of less than 5% are considered nonhemolytic) up
to MO concentration of 50 pg/mL. Overall, we observed the presence of significant
amounts of hemoglobin in the supernatant of samples treated with formulation Cubo-

0.3F127 compared to formulation Cubo-0.6PPE. These features may contribute to



improving the drawbacks of conventional cubosomes formulations, and therefore will

require further investigations.

(A) (B)
50
45
40 &
o 35 &
2 3
2 30 8
E 25 o
T 2
o w
3 15 X
10 b=
[o]
5 S
($)
0
10 25 50 75 100
4 0 0 0 0
-8 Cubo-0.3F127 -# Cubo-0.6PPE 100 75 50 25 10
Glycerol monooleate (MO) concentration (ug/mL) Glycerol monooleate (MO) concentration (ug/mL)

Figure 7. Hemolysis assay on formulation Cubo-0.3F127 and Cubo-0.6PPE. (A)
Relative rate of hemolysis in human erythrocytes following 1 h incubation with different
concentrations of formulation Cubo-0.3F127 and Cubo-0.6PPE at 37 °C. (B)
Photograph of fresh human blood incubated with different concentrations of
formulation Cubo-0.3F127 and Cubo-0.6PPE after centrifugation at 10000 rpm for 5
min. Saline solution (0.9 % NaCl) and distilled water were employed respectively as
the negative control (0 % lysis) and positive control (100 % lysis). Error bars in (A)
are not reported since the standard deviations of triplicate data points of absorbance

reading are negligible.

The capacity to limit the activation of the complement system is another pivotal
characteristic of nanostructures;[42,43] in fact, deposition of complement components
on their surface induce particle degradation and fast elimination caused by enhanced

phagocytosis. Formulations Cubo-0.3F127 or Cubo-0.6PPE (660 pg/mL) have been



incubated with human serum for 2 hours at 37 °C. The residual activity of the
complement system was measured using a hemolytic assay rather than the
quantification of activation products by ELISA.[16] Indeed, quantification of the
complement activation products C5a and C5b-9 by ELISA is often used to evaluate
capacity of the nanoparticles to activate the complement system. However, this analysis
can be influenced by the amount of molecules adsorbed on the nanoparticles surface,
while the residual activity is not. Cubo-0.3F127 activates and partially consumes the
complement system in human serum, reducing to about 60 % of the residual activity.
On the contrary, Cubo-0.6PPE preparation seems to slightly interact with the

complement system and residual activity remains over 90 % (Figure 8).
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Figure 8. Activation of the complement system in normal human serum (NHS) by
formulation Cubo-0.3F127 and Cubo-0.6PPE. Residual activity of the complement
system in human serum incubated with formulation Cubo-0.3F127 and Cubo-0.6PPE
for 2 hat 37 °C was measured using a hemolytic test. Data (mean +/- SD) are expressed

as CH50, calculated as the amount (in nL) of treated serum required to induce 50 % of



red blood cell lysis in the test. NHS vs (NHS + Cubo-0.3F127) showed p < 0.01 while

NHS vs (NHS + Cubo-0.6PPE) showed no statistical difference.

4. Conclusions

Nanocarrier cytotoxicity represents one of the most important complications that
researchers working in the field of drug delivery have to solve. In the case of
cubosomes, such toxicity is exerted mainly towards erythrocytes, as pointed out by
several studies.[44,45] To overcome this issue, increasing the cubosomes
biocompatibility in general, and with particular reference to their hemocompatibility, a
newly synthesized poly-(phosphoester) structurally analog of the traditional PF127,
was used to stabilize these nanoparticles dispersion in water. According to the
physicochemical experiments here discussed, the PPE effectively stabilized the
dispersion against flocculation while preserving the original nanostructure expected for
the self-assembly of monoolein in excess of water. In comparison with PF127-
cubosomes, in vitro toxicity studies on two different cell lines (HEK-293 and HUVEC)
and human erythrocytes proved the higher biocompatibility of PPE-cubosomes and,
remarkably, their excellent hemocompatibility. In serum, the capacity to trigger the
complement system was particularly high in formulation Cubo-0.3F127, possibly
activating the alternative pathway of the complement system, through the binding and
the activation of the complement component C3.[46] On the contrary, formulation
Cubo-0.6PPE apparently does not interact with C3 and avoids the typical nucleophilic
attack of C3. In conclusion, the reduced capacity of activating the complement system
guarantee increased stability and biocompatibility and a lower elimination by
phagocytes. It is worth recalling that when in contact with biological fluids such as

blood plasma or serum, lyotropic liquid crystalline nanoparticles, (which includes



cubosomes and hexosomes, among others) may undergo structural alterations or, in
some cases, phase transition. Such aspect, not investigated here, was recently reviewed
in detail.[39]

Nature and living cells employ several PPEs-based structures, given the high stability
of the C-O-P bond. Nevertheless, this bond is degradable on demand through specific
enzymes,[47,48] depending on factors such as the polymer architecture and its
hydrophilicity.[49] On the other hand, PEO-based polymers (i.e. PEG and Pluronic
F127) are not a biodegradable and their accumulation inside cells can lead to a cytotoxic
effect.[50] For the desired application in nanomedicine, the choice of using PPEs
instead of Pluronics as a stabilizer for lyotropic liquid crystalline nanoparticles (such as
cubosomes) could avoid the side effects in terms of cytotoxicity, given its intrinsic
biodegradability.

Taking into account the possibility of synthesizing polyphosphoesters able to properly
stabilize cubosomes also conjugated with imaging or targeting probes, results discussed
in this paper pave the way for the development of a new generation of more
biocompatible bicontinuous cubic liquid crystalline nanoparticles useful for a wide

range of nanomedicine applications.
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