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Abstract

The design of drug delivery systems (DDS) for the encapsulation of therapeutic and the controlled
release to the target site of the disease is one of the main goals in nanomedicine. Although already
explored in an extensive number of studies over the years, lipid assemblies, and particularly
liposomes, are still considered the most promising and interesting candidates as DDS due to their
biocompatibility and structural similarity with plasma membranes. Lately, this research area has been
extended to include more complex lipid assemblies, such as cubosomes. Cubosomes are considered
to date an emerging structural platform for the delivery of molecules with pharmaceutical interest,
such as drugs, bioactive and contrast agents. Here we report on the application of a recently
synthesized  thermo-responsive  copolymer  poly(N,N-dimethylacrylamide)-b/ock-poly(N-
isopropylacrylamide) (PDMA-b-PNIPAM), as a thermoresponsive stabilizer of lipid-based
nanoparticles for drug-delivery. First, we assessed the affinity of PDMA-b-PNIPAM towards
supported and free-standing bilayers; then, we explored the colloidal and thermoresponsive properties
of cubic self-assembled DDS composed of glycerol-monooleate (GMO), where PDMA-b-PNIPAM
replaces the conventional stabilizer Pluronic F127 (PEOx-PPOy-PEOx), normally used for
cubosomes. We prepared dispersions of cubic lipid nanoparticles with two kinds of PDMA-b-
PNIPAM block copolymers, differing by the molecular weights. The colloidal properties were then

assessed and compared to those exhibited by standard lipid cubic dispersions stabilized by Pluronic



F-127, combining a series of experimental techniques (Quartz Microbalance with Dissipation
monitoring, Dynamic Light Scattering, Small-Angle X-rays Scattering, Cryo-Transmission Electron
Microscopy). Interestingly, PDMA-b-PNIPAM- stabilized cubosomes display additional benefits
with respect to those stabilized by Pluronic, thanks to the combination of a “sponge “effect for the
controlled release of encapsulated molecules and an increased affinity towards lipid bilayer

membranes, which is a promising feature to maximize fusion with the target-cellular site.
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1. Introduction

In the last few decades, much effort has been devoted to the development of drug-delivery
systems (DDSs) with the ability to encapsulate therapeutic agents of different chemical nature and to
deliver them in a temporally and spatially controlled manner to their biological target [ 1-3]. Despite
this intense research, lipid-based DDS, among the first to be developed and brought to the market,
remain probably unsurpassed. In fact, thanks to biocompatibility and synthetic versatility, most FDA-
approved nanomedicine formulations contain lipid assemblies [4,5]. For instance, several anticancer
drugs with high toxicity and low bioavailability were delivered using a liposomal platform,
overcoming their solubility and stability drawbacks [6,7]. In addition, recent FDA- and EMA-
approved mRNA lipid vector-based vaccines against COVID-19 have brought renewed interest in
lipid-based delivery of oligonucleotides/nucleic acids for therapeutic applications, as vaccines,
antitumoral drugs and so on [8,9].

Within the field of lipid-based nanostructures, lipid vesicles, or liposomes, are the simplest
and most common lipid-based systems investigated for drug delivery applications. As amphiphilic
molecules, lipids in water self-assemble in a larger variety of more complex structures, such as cubic
liquid crystalline mesophases, where a highly curved lipid bilayer arranges in a complex 3D structure
where lipid regions and aqueous channels coexist. These complex lipid mesophases, once dispersed
as nanosized particles (suitable for diverse administration routes), offer multiple advantages as DDS
when compared to liposomes [10—16]. Cubic nanostructures are characterized by high internal
organization, stability, versatility and tunable morphological characteristics [17]. In addition, the high
membrane surface area to volume ratio of lipid cubic mesophases (400 m?/g [18]), could dramatically
improve the loading capability of both hydrophilic and hydrophobic molecules [19]. Finally, recent
studies have highlighted the fusogenicity of cubic nanoparticles, potentially facilitating their cellular



uptake [20]. Given these fascinating characteristics, lipid mesophases are an emerging platform for
the in-vivo delivery of pharmaceutical and imaging agents [21-25].

The unsaturated monoglyceride, glyceryl-monooleate (GMO), which is a fully biocompatible FDA-
approved building block, exhibits, under excess of water, a Pn3m cubic liquid crystalline phase,
consisting of a 3D network separating two continuous non-intersecting hydrophilic channels [26].
Cubic nanoparticles in the size range of 100-400 nm, also known as cubosomes, are typically prepared
via a top-down approach [20,27], in which cubic nanoparticles are obtained by mechanical
fragmentation of the lipid-water phase and successive steric stabilization. Dispersions of these cubic
phases are commonly obtained with the aid of an appropriate stabilizer [28], which provides a steric
and/or electrostatic-repulsive barrier between the particles without disrupting their inner structure.
Steric stabilizers are most commonly employed since charged surfactant molecules often result in
loss of the internal phase structure [29].

The stabilizer plays a crucial role in the behaviour of the cubic dispersion as it modulates the
interactions between nanoparticles and the release of their cargo. Its function also spreads to the
cellular membranes of the target-site as it controls the biocompatibility of the cubosomes in cellular
environments [30]. Given the importance of steric stabilizers to the overall behaviour of cubosomes,
many different compounds have been proposed to stabilize cubosomes. To date, however, only a few
classes of steric stabilizers are commonly used [28]. The tri-block copolymer Pluronic F127, (PEO10o-
b-PPOss-b-PEO1¢0), is the most-applied amphiphile in the stabilization of cubosomes. Its PPO block
is located at the surface of the dispersed cubic phase or within the bilayer, while its PEO portions
protrude towards the bulk aqueous phase [31]. Alternative stabilizers have been proposed to allow
controlled release of guest molecules in response to external stimuli and to improve their interaction
with bio-interfaces. For example, new biocompatible formulations were formed by dispersing the
lipids glyceryl monooleate (GMO) and phytantriol (PHYT) with biodegradable stabilizers, reducing
their cytotoxicity towards cells [32,33]. The inclusion of a thermo- or pH-responsive part into the
steric corona of the stabilizer has also been proposed in order to obtain a stimuli-responsive behaviour
[25]-27].

In this contribution, we test a thermo-responsive block copolymer, poly(N,N-
dimethylacrylamide)-block-poly(N-isopropylacrylamide) (PDMA-H-PNIPAM) as a novel steric
stabilizer for cubosomes. This copolymer contains a thermo-responsive segment (i.e. PNIPAM),
which changes its polarity from hydrophilic to hydrophobic when temperature increases from room
temperature to physiological temperature [37]. The hydrophilic part of PDMA-b-PNIPAM presents
amide pendant groups, which might improve its ability to interact with target lipid membranes

compared to Pluronic-127, whose hydrophilic part is composed of PEO [38,39]. Using a combination



of complementary experimental techniques (Dynamic Light Scattering (DLS), Quartz Crystal
Microbalance with Dissipation monitoring (QCM-D), Small-Angle X-ray Scattering (SAXS),
Cryogenic Transmission Electron Microscopy (Cryo-EM)), we investigate: (i) the interaction of the
copolymer with a lipid interface; (ii) its ability to stabilize cubosomes; (iii) the thermoresponsivity of
cubosomes; and (iv) the ability of cubosomes to interact with a biomimetic lipid membrane. Our
results show that PDMA-h-PNIPAM is a promising stabilizer for cubosomes, endowing them with a

remarkable thermoresponsivity and enhancing their affinity towards biological membranes.
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Figure 1. Chemical structures of the lipid glycerol monooleate (GMO) (a) and of the stabilizers Pluronic
F127 (b) and poly(N,N-dimethylacrylamide)-block-poly(N-isopropylacrylamide) (PDMA-b-PNIPAM)(m =50
and n =44 for B10K and, m = 110 and n = 85 for B20K) (c).

2. Materials and methods
2.1 Materials

Glycerol monooleate (GMO) and Pluronic F127 were purchased from Croda and BASF, respectively.
The block copolymer poly(N,N-dimethylacrylamide)-block-poly(N-isopropylacrylamide) (PDMA-
b-PNIPAM) is a non-commercial copolymer synthesized via RAFT polymerization mediated by
cyanomethyl dodecyl trithiocarbonate at 80°C (see SI for more details about the synthetic procedure).
Two block copolymers were used with number average molar mass of 10 and 20 kg mol! (B10K and
B20K, respectively). The phospholipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) employed
for the formation of a supported lipid bilayer (SLB) was purchased from Avanti Polar Lipids
(Alabama).



2.2 Lyotropic liquid crystalline nanoparticles

Lyotropic liquid crystalline nanoparticles were prepared using a top-down approach [40] starting
from the preparation of the bulk crystalline phase and then its dispersion in aqueous solution up to a
lipid concentration of 60 mg/ml . Three polymer/lipid compositions were prepared (20/80; 33/66 and
50/50 w/w%) with polymers PDMA-H-PNIPAM B10K and B20K and the lipid GMO; these systems
were compared to the common Pluronic F127/GMO formulation (20/80 w/w%) (further details about

compositions are reported in Table S1).
2.3 Small-Angle x-ray Scattering (SAXS)

Lipid dispersions were studied at the SAXS beamline of synchrotron radiation Elettra, Trieste (Italy)
operated at 2 GeV and 300 mA ring current. Samples were introduced in a 1.5 mm glass capillary
and SAXS curves were recorded at a 1 = 1.5 A using a Pilatus 3 1M detector in g-range from 0.009
A"t0 0.7 A'. The thermal behaviour of colloidal dispersions was evaluated using a thermostat from
25 °C to 60 °C with temperature increment of 5 °C and an equilibration time of 5 minutes for each

temperature step.
2.4 Dynamic Light Scattering (DLS)

DLS was used to evaluate the z-averaged size and polydispersity of the colloidal dispersions, was
performed using a Brookhaven Instrument (BI 900AT correlator and BI 200 SM goniometer). The
light source was the second harmonic of a diode Nd:YAG laser, A =532 nm, Coherent DPY315M-
100, linearly polarized in the vertical direction. The normalized intensity time autocorrelation of the
scattered light was measured at 90° and analysed according to the Siegert relationship, which connects
the first order or field-normalized autocorrelation function gi(q, ) to the measured normalized

autocorrelation function gx(q, 1):

2 (q,0)=1+PBlg1 (q,0) 1)

with B being the spatial coherence factor, which depends on the geometry of the detection system.
The field autocorrelation functions were analysed through a cumulant analysis stopped at the second
order and through reverse Laplace transform performed with the Contin algorithm [41].

Measurements were performed on dilutes samples (1:60) to rule out multiple scattering.
2.5 Cryo-Transmission Electron Microscopy (Cryo-TEM)

Cryo-TEM images were collected at Florence Center for Electron Nanoscopy (FloCEN), University
of Florence, on a Glacios microscope (Thermo Fisher Scientific) at 200 kV equipped with a Falcon

IIT detector operated in counting mode. Images were acquired using the EPU software with a physical



pixel size of 2.5 A and a total electron dose of ~50e”A~2 per micrograph. A volume of 3 uL of diluted
cubosomes dispersion (1:6) was applied to glow-discharged Quantifoil Cu 300 R2/2 grids and plunge
frozen into liquid ethane using an FEI Vitrobot Mark IV (Thermo Fisher Scientific). Excess liquid
was removed by blotting for 1 s (blot force 1) using filter paper under 100% humidity and 10°C.

2.6 Quartz crystal microbalance with dissipation monitoring (QCM-D)

Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) was performed with a Q-Sense
Explorer instrument (Q-Sense, Gothenburg, Sweden), equipped with a flow liquid cell (0.5 mL
internal volume), containing a coated quartz sensor, with a 5 MHz fundamental resonance frequency,
mounted horizontally. The active surface of the sensors (= 1 cm?) is coated with a thin SiO» layer (=
100 nm thick). The fundamental resonance frequencies (f) and corresponding energy dissipation
factors (D) were measured for the odd overtones (3rd-11th). The sensor was placed in the chamber
and Milli-Q water was injected at a low flowrate (0.1 mLmin™') and a stable baseline for both f and
D for the harmonics was ensured before injection of the vesicles. After the complete sensor coverage
with the lipid bilayer, the polymer or the cubosomes’ dispersion was injected. The complete

procedure for sensors cleaning and experiments was described elsewhere [42].

3. Results and Discussion

3.1 PDMA-bH-NIPAM interaction with lipid bilayers

Figure 1c shows a representation of the chemical structure of the PDMA-b-PNIPAM block
copolymer. This copolymer is characterized by the presence of a hydrophobic n-dodecyl (Ci2H»s)
moiety as end group, which might increase affinity towards a lipid membrane. The dodecyl group is
connected to the thermoresponsive PNIPAM segment, which is then conjugated to a hydrophilic
segment of PDMA. Here we investigated two different PDMA-b-PNIPAM block copolymers of
different molar mass: B10K (My, = 10 000 g mol™') and B20K (My, = 20 000 g mol™'); consisting of
50 or 110 NIPAM monomer and 44 or 85 DMA monomers for the polymer BIOK and B20K,
respectively.

We first tested the affinity of the two block copolymers toward a lipid bilayer composed of
1,2-dioleoyl-sn-glycerol-3-phosphocholine (DOPC), self-assembled both as supported lipid bilayers
(SLBs) on a hydrophilic silicon substrate [43,44], and as free-standing bilayers in aqueous dispersions
(i.e., DOPC liposomes).

The interaction of the copolymers with DOPC SLBs was investigated through QCM-D by

monitoring the variation in frequency (Af) and dissipation (AD) shifts of the quartz crystal sensor (see



Figure 2). The SLB was formed on the sensor according to a well-established protocol [45]. Once the
bilayer had been formed (Af = - 23 Hz), the polymer was injected at a concentration of 5 mgml™.
Incubation of both copolymers with the SLB resulted in an increase in both the absolute value of
frequency shifts (Af) and dissipation (AD), suggesting significant adsorption onto the lipid membrane.
After washing with water, a decrease (in absolute value) of both frequency shift and dissipation factor
was observed, suggesting that rinsing results in the removal of some weakly adsorbed copolymer.
However, both for BI0OK and B20K, a residual copolymer layer was permanently attached to the SLB,
as shown by a frequency shift of -30 Hz for BIOK and of -40 Hz for B20K, and by low dissipation
factors, which indicates that the residual layer is firmly bound to the underlying SLB and suggests a

significant affinity of the polymer towards the lipid membrane.
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Figure 2. PDMA-b-PNIPAM copolymers interaction with lipid bilayer through QCM-D measurements of the
adsorption of the polymers B10K (a) and B20K (b) onto a DOPC supported lipid bilayer. Frequency
variation measured for the 5th and 7th harmonics (black lines and filled circles), dissipation factors

measured for the Sth and 7th harmonics (red lines and filled triangles). (1) DOPC vesicle injection flow 0.1
mLmin™ (t = 0), (2) rinse with water flow 0.1 mLmin™, (3) polymer addition flow 0.1 mLmin”, (4) rinse with
water flow 0.1 mLmin™. This is a possible schematic representation of the polymer-lipid bilayer interaction.

The interaction of B20K, which showed more efficient absorption onto the membrane, with DOPC
lipid membranes was then studied in liposome dispersions, using DLS to monitor the effects of
polymer inclusion and temperature on the hydrodynamic radius of liposomes. DLS measurements
were performed on DOPC vesicles after 48h of interaction with the copolymer B20K, in the

temperature range 25°-60°C (see SI for more details). Figure 3a displays the normalized



autocorrelation functions of the scattered intensity measured for DOPC-B20K at different
temperatures.

The addition of the copolymer leads to a significant increase in the decay time of the autocorrelation
functions (ACF) of the scattered intensity of liposomes, which corresponds to an increase in their
hydrodynamic diameters from 90 to 120 nm (Figure S2, SI). Similarly to what was observed for
SLBs, the copolymer is incorporated in the vesicles, resulting in an increase of their hydrodynamic
thickness; as the temperature is increased, the decay time decreases more than expected (Figure 3a)
from the regular dependence of diffusion coefficients on temperature, indicating a size decrease of
the scattered objects. Figure 3b displays the hydrodynamic diameters of DOPC vesicle-B20K hybrids
derived from the analysis of the ACFs, as well as the trend of average scattered intensity at a scattering
angle of 90° as a function of temperature. The decrease of the hydrodynamic diameters occurs
between 35°C and 50°C and levels off between 50°C and 55°C, with an inflection point at
approximately 42°C, which corresponds to the volume phase transition of the PNIPAM block. As
briefly sketched in Figure 3c, we can interpret this behaviour with the formation of a copolymer
corona surrounding the vesicles. When T increases, the volume transition of the PNIPAM block

determines the collapse of this corona, resulting in an overall size decrease of the scattered objects.



Interestingly, and particularly attractive for applicative purposes, this effect occurs in a relevant

biological range, close to physiological conditions.

When the temperature is brought back to room conditions, the hydrodynamic radii reverts to its

original value, indicating a reversibility of the process.
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Figure 3. (a) Normalized intensity correlation functions of the DOPC vesicles stabilized with the polymer
PDMA-b- PNIPAM B20K (1:1 w/w%) from 25°C to 60°C and the relative hydrodynamic radius and the
count rate (b) as a function of temperature; segmented black line represents DOPC'’s hydrodynamic radius.
Schematic representation of thermo-responsive DOPC/B20K nanoparticles (c); LCST represents the lower
critical solution temperature of the NIPAM block.

From these experimental observations on the interactions between PDMA-b-PNIPAM and DOPC
vesicles, it appears that the copolymer has a high affinity towards lipid membranes, where it
spontaneously anchored and, maintains a significant thermo-responsiveness in a temperature range

relevant for medical applications, unveiling reversible phenomenon.

3.2 PDMA-b-PNIPAM-stabilized cubosomes

Cubosome formulations of GMO with the two new stabilizers were prepared by adapting the
method used with Pluronic F127 [46]. The formation of cubosomes was evaluated with DLS, using
cubosomes stabilized with Pluronic F127 (lipid copolymer ratio 80/20 % w/w) as a reference. Figure

4 displays the ACF of GMO dispersions containing 20%, 33% and 50% (w/w) PDMA-b-PNIPAM



with respect to the lipid. From the ACFs it appears that colloidal dispersions of GMO were formed
in all the investigated lipid/stabilizer compositions. The highest copolymer content (50%) creates the
most stable and smallest monodispersed GMO nanoparticles, while as the copolymer content
decreases, the hydrodynamic size of the particles increases and additional populations appear
(histograms of the populations are reported in SI, Figure S4). While both B20K and B10K drive the
formation of nanometric objects, nanoparticles stabilized by B20K were larger than those stabilized

by B10K.
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Figure 4. Normalized intensity correlation function of the GMO dispersions with the polymer PDMA-b-
PNIPAM BI10K, Pluronic FI127 (a) and the polymer B20K, Pluronic FI127 (b), recorded at T = 25°C.

The temperature-dependence of hydrodynamic size of cubosomes (see SI Figure S4) reveals

a slight decrease in size in the range 25-50°C. The relative effect is smaller than that observed for

DOPC vesicles, probably due to a higher complexity/polydispersity of the cubic nanoparticle

dispersions with respect to liposomes. The size decrease of cubosomes when increasing temperature

can be rationalized to the shrinkage of the copolymer corona around cubic nanoparticles, similarly to

what discussed concerning DOPC liposomes, suggesting that the thermoresponsivity of the
copolymer corona is retained also when stabilizing cubosomes.

To monitor the internal structure of cubosomes, we performed SAXS. First, the mesophase of

the dispersions of the nanoparticles was surveyed for all the investigated lipid/polymer compositions

at room temperature. As displayed in Figure 5, the stabilizer preserves the cubic phase of lipid/water

systems only at the lower amounts of lipid/polymer ratio (80/20 in both cases and 66/33 for B20K),



since the loss of the characteristic Bragg peaks of a cubic phase occurs when the polymer content

increases.
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Figure 5. SAXS curves of GMO dispersions stabilized with the polymer PDMA-b-PNIPAM B10K, B20K and
Pluronic F127 at room temperature.
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Figure 6. SAXS curves of GMO dispersions stabilized with PDMA-b-PNIPAM B10K 20% (a)- 30% (c),
B20K 20% (d)- 30 % (f) and Pluronic F127 20% (b) in the temperature range 25°C-60°C. Plots of the lattice
parameteres (e) of the GMO cubosomes stabilized with the 20% of the polymer Pluronic F127, DMA-
NIPAM (B10K) and PDMA-b-NIPAM (B20K) in the temperature range 25°C-60°C.

Specifically, an ordered cubic phase, with a crystallographic space group of an /m3m and lattice

parameters of d = 152 A and d = 143 A for BI0K and B20K respectively, is observed when the lipid



is dispersed with a copolymer content of 20% for both polymers as displayed in Figure 5 [47]. These
values are consistent with lattice parameters of 140 A previously reported for primitive cubic phases
stabilized with a similar amount of Pluronic [31]. It is known that copolymers used for dispersion
and stabilization of cubosomes penetrate into the lipid bilayer influencing the internal organization
of the lipids, and favoring a phase transition towards a less negatively curved phase (/m3m) with an
increase of the lattice parameter [48—50]. In line with this observation, since the lattice parameter of
the system GMO/PDMA-b-PNIPAM (80/20 % w/w) is higher at room temperature than the
formulation GMO/Pluronic, we can hypothesize a stronger affinity of the copolymer in the first case.
This is also supported by the loss of the inner liquid crystalline structure of GMO when the amount
of copolymer is significantly increased. Interestingly, larger amounts of Pluronic F-127 (40 % (w/w))
are known to provoke a swelling of the phase yielding a phase transition from cubic to lamellar
[51,52].

Thereafter, the temperature effect was evaluated on the inner organization of the lipid phase for the
cubic formulations of GMO/polymer (80/20 and 66/33) (see Figure 6).

In all the GMO dispersions, a temperature increase causes the Bragg peaks of the /m3m cubic phase
to shift to higher g-values, indicating a decrease of the lattice parameters and of the water channel
radius (Figure 6 and Figure S6 in ESI). This temperature effect can be correlated with dehydration of
the lipids due to reduced water-lipid polar head affinity. Noticeably, these modifications in the
internal structure of the nanoparticles do not strongly affect the colloidal stability of the cubic
particles, as proved by DLS measurements. Furthermore, for the formulation GMO/B20K 80/20
(w/w%) the coexistence of two distinct cubic phases, Im3m and Pn3m, arises from 50 to 60 °C, with
channel's radii significantly smaller compared to cubosomes stabilized with Pluronic F127 (see Figure
6e). In summary, increasing the temperature leads to larger structural variations for the 80/20 (%ow/w)
GMO/B20K composition than for the corresponding GMO/B10K formulation (Figure S6 in ESI).
This result suggests that the GMO/PDMA-b-PNIPAM 80/20 (%w/w) is a promising DDS, due to the
remarkable reduction of the water channel size as temperature increases, which means that 25% of
the water volume within the original lipid nanoparticle is expelled as the copolymer go through its
volume phase transition temperature. As a consequence, a proportional release of a hydrophilic cargo,
originally confined in the water channels in the intact lipid nanoparticle, would be achieved thanks to
this thermal response, via a sort of “sponge wringing effect” [53].

Cryo-TEM images of the dispersions GMO-B20K (80/20%) reveal a well-organized cubic structure
possessing an organized architecture comparable to an /m3m structure [54] (Figure 7), as observed in
the SAXS profiles. Square-shaped nanoparticles with cubic internal structure are formed in the size

range from 100 to 300 nm, which is in good agreement with the hydrodynamic radius measured by



DLS. The nanoparticles are surrounded by flower-like vesicles, confirming a strong affinity of the
polymer for lipid bilayers, which may also drive the formation of multiple vesicular structures co-

existing with the cubic nanoparticles (see Figure 7a, b).

Figure 7. Cryo-TEM images of cubosomes stabilized with the polymer PDMA-b-PNIPAM B20K (80/20) (a)
and a single image of a cubosome (b).

3.3 Interaction between PDMA-H-NIPAM-stabilized cubosomes and lipid membranes

The interaction between cubic nanoparticles and cellular membranes is crucial for their cellular
uptake and therefore for therapeutic applications. So far, studies of cubosome affinity towards
biorelevant interfaces have involved model membranes, such as supported lipid bilayers (SLBs)
consisting of different phospholipids, to predict and unveil mechanisms involved in the interaction

with cells with the aim of improving the design of biocompatible cubic formulations [55,56].

We tested the interaction of the cubosomal dispersion, consisting of cubosomes stabilized with
PDMA-b-PNIPAM (20K) (80/20 w/w %), with a DOPC lipid membrane. DOPC, and phosphocholine
lipids in general, are ubiquitous components of biological plasma membranes [57], and are therefore
frequently used as highly simplified membrane models [58]. To evaluate the ability of PDMA-b-
PNIPAM (20K)-stabilized cubosomes to interact with a DOPC membrane, we performed a QCM-D
experiment in which we challenged DOPC SLBs with a dispersion of B20K-cubosomes (Figure 8a)
or, as a reference, with a dispersion of Pluronic F-127 cubosomes (Figure 8b). The QCM-D graphs
show that, for both experiments, incubation with the SL.Bs results in a significant increase (in absolute
value) of both frequency shifts and dissipation factors. Upon rinsing, the adsorbed layer of PDMA-
b-NIPAM (20K)-stabilized cubosomes was characterized by a frequency shift of -40 Hz and



dissipation of 6, while that of Pluronic F-127 cubosomes revealed a frequency shift of -30 Hz and
dissipation of 2, consistent with a significantly lower adsorbed mass. The higher dissipation factors,
indicate the formation of a more viscous layer when cubosomes adhere and fuse onto the lipid bilayer.
The larger frequency and dissipation shifts observed for the PDMA-b-PNIPAM cubosomes prove a
comparatively higher affinity of this hybrid system for biomimetic lipid membranes, suggesting a
promising ability of the system to interact and, possibly, cross biological lipid interfaces to reach
specific biological targets. The higher interaction displayed by the novel formulations can be

correlated to the different chemical nature of the polymeric corona surrounding the cubosomes.

rinse cubosomes
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Figure 8. QCM-D measurements of the absorption of the cubosomes stabilized with the polymer PDMA-b-
PNIPAM(20K) (80/20) (a) and the polymer Pluronic F127 (b) onto DOPC SLB . Frequency variation
measured for the Sth and 7th harmonics (black lines and filled circles), dissipation factors measured for the
5th and 7th harmonics (red lines and filled triangles). (1) DOPC vesicle injection flow 0.1 mLmin™ (t = 0),
(2) rinse with water flow 0.1 mLmin™, (3) cubosomes addz;tion flow 0.1 mLmin™, (4) rinse with water flow 0.1
mLmin™.

4. Conclusions

In this work we show that a recently synthesized thermoresponsive block copolymer, PDMA-b-
PNIPAM, can be used to decorate lipid-based nanoparticles (either liposomes or cubosomes) to
efficiently stabilize their dispersions in aqueous media. Its inclusion in the lipid bilayer monitored
through QCM-D is spontaneous and prompted by the high affinity of the copolymer for the bilayer,
also driven by the presence of an alkyl tag conjugated to the hydrophobic block. Not only the
copolymer retains its responsiveness, but it also imparts thermal responsivity to the lipid nanoparticles
(both liposomes and cubosomes), due to the collapse of the PNIPAM segment consequent of its

volume phase transition.



As shown by scattering experiments (DLS and SAXS), changes in temperature in a physiologically
relevant range induce both structural modification of the cubosome corona and of the cubic phase
internal structure. The reversible shrinkage of the water channels, with release of the inner water
phase, suggests a trigger mechanism for the release of hydrophilic cargoes for drug delivery
applications.

Interestingly, PDMA-b-PNIPAM-stabilized cubosomes show a high affinity for biomimetic lipid
membranes and a comparatively higher affinity with respect to GMO cubic nanoparticles stabilized
by F127 as shown by QCM-D monitoring.

These last results suggest that these novel cubosomes may be able to first interact and fuse with
plasma membranes, and then to release their cargo in the proximity to specific biological targets.
Thanks to the combination of the temperature responsiveness of the system with the strong affinity
towards lipid membranes, this new class of cubosomes stabilized with a thermo-responsive corona

represents a promising candidate for applications as a smart, stimuli-responsive DDS.
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