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ABSTRACT: We report the preparation and characterization
of monoolein cubosomes that can be easily surface modified
through adsorption of a single layer of cationic poly-g-lysine.
Poly-g-lysine coated cubosomes show remarkable stability in
serum solution, are nontoxic and, are readily internalized by
HeLa cells. The poly-¢-lysine coating provides chemical
handles for further bioconjugation of the cubosome surface.
We also demonstrate that the initial release rate of a
hydrophilic drug, Naproxen sodium, from the cubosomes is
retarded with just a single layer of polymer. Interestingly,
cubosomes loaded with Naproxen sodium, recently shown to
have anticancer properties, cause more apoptosis in HeLa cells
when compared to free unencapsulated drug.
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B INTRODUCTION

Nanoparticulate drug delivery vehicles (DDVs) are platforms
that can be used to overcome limitations imposed by drug
solubility and stability, enhance drug circulation time and
improve the ability to target particular cell types. Therefore,
significant research efforts are currently focused on improved
design of nanoparticulate DDVs to minimize their toxicity and
to design the capability to deliver drugs in a sustained and
targeted manner.' In particular, research has focused on
multifunctional DDVs that can, for example, combine the
delivery of drugs to improve patient compliance” or that
combine multiple functionalities such as drug delivery and
bioimaging.>* Thus, novel DDVs that can simultaneously
deliver combinations of hydrophobic and hydrophilic mole-
cules, that can modulate the rate at which a drug is released and
can be targeted to specific cells are anticipated to find
numerous applications.

Nanostructures based on self-assembly of surfactant or lipid
molecules represent attractive candidates for the delivery of
drugs. As surfactants are amphiphilic, DDVs comprised of such
molecules are able to readily solubilize hydrophobic drugs that
represent a third of all new drugs.’ Therefore, it is not
surprising that liposomal DDVs have already made their way
into clinics. Currently, nanoparticles of lyotropic liquid
crystalline structures are being extensively investigated as
DDVs because of their ability to carry hydrophobic, hydro-
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philic, as well as amé)hiphilic drugs, conventionally a major
challenge for DDVs.>®” Here, we focus on an emerging class of
internally nanostructured lipid particles, called cubosomes, that
offer advantages relative to liposomes.”® Cubosomes are self-
assembled nanoparticles that are prepared from a bulk cubic
phase and retain the bicontinuous microstructure of the bulk
phase. Cubosomes have been reported for use as topical or
subcutaneous delivery systems.””'' Recent reports that
enhance the capabilities of cubosome based DDVs have
resulted in renewed excitement about the possibilities offered
by cubosomes. Driever et al.'* have provided an important lead
to address a long-standing problem with cubosomes. They have
demonstrated that layer-by-layer (LbL) coating of cubosome
nanoparticles by polyelectrolytes allows a moderate level of
control over the initial burst release of encapsulated drug.
However, the LbL protocol required the synthesis of an
anchoring moiety for the polyelectrolyte chains and tedious
purification procedures. Another report from the group of
Murgia et al."® has demonstrated the preparation of drug
loaded fluorescent cubosomes as theranostic probes. However,
this work required the synthesis of customized fluorescent
molecules. Very recently, the same group has extended this
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Scheme 1. Schematic for Synthesis and Functionalization of Cubosomes
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work to demonstrate theranostic cubosomes with the potential
to target cancerous cells.'"* Therefore, while these reports
highlight the potential of cubosomes as multifunctional DDV,
facile routes to such materials, using commercially available
starting materials remain a challenge. Further, detailed studies
on the interaction of cells with such multifunctional cubosome
DDVs, that are essential for consideration of such materials for
pharmaceutical applications, are currently unavailable.

Here, we report that coating a cubosome with a single
molecular layer of poly-e-lysine provides a route to a versatile
multifunctional DDV. We describe the preparation, character-
ization of cubosomes that can be polymer coated and
functionalized (Scheme 1). We have exploited the fact that
cubosomes have a bicontinuous ordered lipid microstructure to
simultaneously load both hydrophobic and hydrophilic
molecules in them. We demonstrate that cubosomes have
significant structural stability in biological milieu (when
compared with liposomes or micelles). Coating the cubosomal
surface with poly-g-lysine not only provides chemical handles
for conjugation of targeting ligands but, remarkably, allows us
to decrease the burst release rate of encapsulated molecules. We
present here simultaneous loading and delivery of cubosomes
with hydrophilic drug naproxen sodium (NAP) and a
hydrophobic dye, Nile Red (NR), which can be used for
intracellular imaging. Naproxen sodium, a nonsteroidal anti-
inflammatory drug (NSAID), has been recently reported to
induce apoptosis of ovarian and colon cancer cells."*"°
However, their encapsulation in a nanoparticle delivery vehicle
and its efficacy has not been reported yet. We image the
internalization of NAP loaded, poly-¢-lysine coated cubosomes
by cells and demonstrate that these vehicles result in higher cell

death.

B MATERIALS AND METHODS

2.1. Materials. Rylo MG 20 Pharma (henceforth called Rylo), a
commercial grade monoolein-based emulsifier, was received as a
generous gift from Danisco Corporation (India) and was used as
received. Information from the supplier indicates that Rylo comprises
predominantly glycerol monooleate (total monoglyceride> 95% with
the remainder comprising di- and triglycerides and with free glycerol
content <1%). We have also characterized Rylo using '"H NMR
spectroscopy (Figure S1).

Pluronic F127 was used as obtained from BASF. Nile red was
obtained from Aldrich chemicals. Naproxen sodium salt was provided
by Lupin Chemicals, Pune. Poly-¢-lysine (Mw = 20 000) is obtained
from CMS Chemicals Ltd. (UK). HeLa cells were obtained from
National Centre for Cell Sciences, Pune, India. MTT (3-(4,5-
dimethylthiazol-2-yl)-2, S-diphenyltetrazolium bromide), fetal bovine
serum (FBS), Dulbecco’s phosphate buffered saline (DPBS),

Dulbecco’s modified eagle’s medium (DMEM), 4’,6-diamidino-2-
phenylindole (DAPI), calcein AM, and trypsin were obtained from
Invitrogen. Dimethyl sulfoxide (DMSO) was obtained from Merck. N-
Hydroxysuccinimide (NHS) and S-carboxy-fluorescein diacetate N-
succinimidyl ester were obtained from Sigma chemicals. 1-Ethyl-3-(3-
(dimethylamino)propyl) carbodiimide (EDC) was obtained from
Spectrochem. Dialysis tubing (12000 MWCO) was obtained from
Sigma.

2.2. Cubosome Preparation. Cubosomes were prepared using a
slight modification of a reported protocol.'”*® Briefly, F127 Pluronic
was mixed well with the Rylo melt at 80 °C to prepare a Rylo/F127
blend. The Rylo:F127 ratio was kept constant at 100:5 so as to
minimize the formation of vesicles during the preparation of the
cubosomes. This ratio was chosen such that the final composition is in
the cubic phase region. The Rylo/F127 blend was added to deionized
water and homogenized using Ultraturrax T25 from IKA at 12 000
rpm for 15 min. The milky turbid dispersion thus formed was found to
be stable for more than one month. This milky dispersion was
characterized using SAXS and Cryo-TEM and was observed to
comprise primarily of cubosomes (that we denote RF, for Rylo/F127).
We tried high pressure homogenization using an Avestin B15
homogenizer, but even relatively mild conditions (air pressure of 60
psi) resulted in the formation of a significant number density of
vesicles. Therefore, we did not use high pressure homogenization for
particle size reduction in this work. Cubosomes loaded with a model
hydrophobic compound (Nile Red) were prepared using the same
protocol but starting with a mixture of the Rylo/F127 blend with a
calculated amount of Nile Red. For loading Naproxen sodium, a
hydrophilic nonsteroidal anti-inflammatory drug, into the cubosomes,
the following method was used. Naproxen sodium aqueous solution
was prepared in deionized water and added to molten Rylo in 40:60
ratio in order to form a Pn3m cubic phase. To this Pn3m cubic phase
was added an F127 solution in deionized water, such that the Rylo/
F127 ratio was 100:5. This mixture was homogenized using the IKA
Ultraturrax T2S5 to obtain cubosome dispersion. For simultaneous
loading of Naproxen sodium and Nile Red, a blend of Rylo and Nile
Red was prepared. Naproxen solution in deionized water was added to
the molten blend of Rylo/Nile Red in the ratio of 40:60 to get a Pn3m
cubic phase. The Pn3m phase was then homogenized in F127 solution
in deionized water, such that the Rylo/F127 ratio is 100:S.

For preparing cubosomes coated with a biocompatible polymer,
poly-e-lysine (PeL), the following simple procedure was followed. The
average size of the cubosomes is obtained using dynamic light
scattering (DLS). We estimate the number density of cubosomes in
solution from the DLS average size and the amount of Rylo added to
water. This gives us the surface area of the cubosomes in solution.
Then, we add a calculated amount of PeL solution, dropwise, to the
cubosome dispersion under continuous vortexing. Particular care has
been taken to add the PeL solution slowly such that the cubosomes are
not phase separated. The so obtained solution has a polymer coating
density of 0.5 mg/m* (designated RFp,; ). The solution is kept for 2
days for aging and the coating of the cubosomes are confirmed by {
potential measurement.
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The nomenclature we use henceforth to represent the synthesized
cubosomes is Cubosome]é‘(’f;‘ffl’,‘g. For detailed nomenclature and the
samples used for different experiments refer to Table S1.

2.3. Dynamic Light Scattering (DLS). Size and zeta ({) potential
of the cubosomes were measured using BIC 90 Plus Particle size
analyzer from Brookhaven Instruments Corporation, USA. A He—Ne
laser of 632.8 nm was used and a detector at a fixed angle of 90° was
employed. Data was analyzed using software supplied with the
instrument to obtain the particle size distribution. The { potential was
measured using the { potential analyzer attachment. Diluted and
ultrasonicated (for about 20 min) samples were used to avoid multiple
scattering. All measurements were done in triplicate and the standard
deviations were plotted as error bars.

2.4. Small Angle X-ray Scattering (SAXS). The SAXS
experiments were done on a Bruker Nanostar equipped with a
rotating anode and three pinhole collimation. The instrument uses
Cu—Ka radiation of wavelength 1.54 A and a sample to detector
length of about 105 cm. The anode was operated at 45 kV and 100 mA
current. The samples were taken in a 2 mm quartz capillary (from
Charles-Supper, USA) with 10 ym wall thickness. Scattering from
glassy carbon film was used as the reference. A Peltier unit was used
for controlling the temperature of the sample holder. The data was
collected on a HISTAR gas filled multiwire detector and the 2D data
was circularly averaged to reduce the data to 1D. Samples were
scanned sufficiently long to get at least two million counts and were
normalized with the transmission coefficient of the sample and the
acquisition time. The detector was calibrated using the scattering from
silver behenate.

2.5. Cryo-TEM. Samples were prepared for Cryo-TEM by the
frozen hydrated vitrified technique'® using a Vitrobot Mark IV
semiautomated sample preparation system. About 3 pL of liquid
sample was taken on a lacey fomvar carbon coated 200 mesh copper
grid kept in an environmental chamber at a temperature 22 °C and
humidity 85%. The sample was made into a thin film by blotting once
for one second with a blot force setting of one, and then plunged into
liquid ethane at its freezing point. The resultant vitrified grid was
transferred under liquid nitrogen to a Gatan model 655 cryo holder
with a cryo-transfer system, and then cryo-transferred into the TEM
goniometer while maintaining the cold chain throughout. Imaging was
done in a JEOL 2100 HRTEM operating at 200 keV while maintaining
the sample holder at about —172.6 °C as measured by a Gatan
Smartset model 900 cold stage controller.

2.6. Serum Stability Test. Dispersion of the cubosomes in serum
could lead to adsorption of proteins and to changes in the cubosome
structure, and the cubosome could eventually disintegrate. To check
the stability of the cubosome in biologically relevant media, we
monitored changes in the size of RF and RFp,; with time using DLS.
Both coated and uncoated cubosomes were incubated at a fixed
concentration with 10% FBS and their particle size was measured at
different time intervals. DLS was performed at a fixed angle of 90° and
the scattering counts were analyzed. All experiments were done in
triplicate and the standard deviations among the experiments were
plotted as error bars.

2.7. Cytotoxicity Assay. Cytotoxicity of cubosomes was evaluated
using MTT assay. Cells were cultured in DMEM (high glucose)
supplemented with 10% FBS under 5% CO, at 37 °C. They were
seeded in a 96 well plate in 200 uL media at a seeding density of
10000 cells/well. Cubosomes were UV sterilized for 1 h. After
overnight incubation of the seeded cells, media was replaced with 200
uL cubosomes (dispersed in DMEM) of various concentrations. The
cubosomes were added in triplicate and incubated for 24 h. After 24 h
of culture, media was removed and cells were washed with DPBS.
MTT (0.5 mg/mL) in DMEM was added to the wells and incubated
for another hour (until the formation of purple formazan crystals in
control wells). The media was removed and the formazan crystals were
solubilized in 200 uL. DMSO. Absorbance was recorded at 550 nm
using iMarkMicroplate Absorbance Reader (BIORAD). The data was
plotted with standard deviation (from three sets of independent
experiments) as error bars. Same protocol was followed for evaluating

cytotoxicity of naproxen loaded cubosomes. A student’s t-test was
performed for analyzing statistical significance.

2.8. Cellular Uptake. The cellular uptake of the cubosomes was
first analyzed by fluorescence microscopy. Circular coverslips (12 mm
in diameter) were kept overnight in absolute ethanol for sterilization.
They were then placed in a 24 well plate and washed three times with
DPBS to remove traces of ethanol. Cells were seeded in 1 mL cell
culture media at density of 3 X 10* cells/well and incubated overnight.
Media was replaced with Nile Red loaded cubosomes (0.08 mg/mL)
in media and then incubated for another 4 h. After incubation, the
medium was removed and cells were washed three times with DPBS.
Cells were then washed once with 0.05% Tween20 followed by three
washes with DPBS. Cells were fixed with 300 uL 4% (w/v)
paraformaldehyde for 15 min, followed by three washes with DPBS.
For counterstaining nuclei, 300 nM DAPI was added to the cells for 30
s, washed three times with DPBS and observed under Carl Ziess
fluorescence microscope using DAPI and rhodamine filters.

Uptake was also quantified by flow cytometry. Cells were seeded in
a 6 well plate in 4 mL media at a density of 3 X 10° cells/well and
incubated overnight. Media was replaced with culture media
containing 0.06 mg/mL of Nile Red loaded cubosomes and incubated
for another 4 h. Cells were washed with 0.05% Tween20 followed by
the treatment with trypsin for 3 min. The cell suspension was
centrifuged at 2000 rpm for 5 min, resuspended in sterile DPBS
containing 10% FBS and passed through a BD Falcon 40 pm cell
strainer. Uptake was monitored using PE filter using a BD Canto
FACS machine.

2.9. Conjugation of Fluorescein on Coated Cubosomes.
Poly-¢-lysine coated cubosomes were diluted to 25 mg/mL in DPBS,
and 10 uL of fluorescein—NHS (2 mg/mL) was added to it. The
reaction was carried at room temperature for 2 h. The reaction mixture
was dialyzed using 3.5 kDa dialysis tubing overnight to remove
unreacted fluorescein. A similar protocol was used for poly-g-lysine
coated cubosomes loaded with Nile Red. Conjugation was confirmed
by recording absorbance spectra of the samples using a Cary50 UV—
vis spectrophotometer.

2.10. Release of Naproxen Sodium from Cubosomes. Release
of Naproxen sodium was studied using equilibrium dialysis. Naproxen-
loaded-coated cubosomes (RFh+), Naproxen-loaded-uncoated cubo-
somes (REN?), and free Naproxen sodium solution were dialyzed
using 12 kDa dialysis membrane. At each time point () a SO uL
sample was aliquoted and added to 650 uL DMSO, in order to
dissolve the cubosomes. The absorbance of naproxen sodium left was
monitored at 330 nm using CaryS0 UV-—vis spectrophotometer.
Percent release was calculated using following formula:

absorbance at time “t”

% release = 100 — ( X 100)

absorbance at time zero

2.11. Cubosomes as Theranostic Probes. HelLa cells were
plated in a 24 well plate at seeding density of 3 X 10* cells/well and
incubated overnight. After the overnight incubation, UV sterilized
RFN and REN®/MR cybosomes (diluted to 0.1 mg/mL in media) were
added over the cells. The RFN* cubosomes were used as control. After
24 h of incubation, cells were stained with calcein AM for 15 min and
imaged under FLoid Cell Imaging Station using red and green filters.

B RESULTS AND DISSCUSSION

3.1. Characterization and Surface Coating of Cubo-
somes. Rylo/F127 mixtures form liquid crystalline mesophases
that were characterized using small-angle X-ray scattering
(SAXS, Figure 1a). For the Rylo/F127 bulk phase (BP, Figure
la), we observed SAXS peaks characteristic of a double
diamond cubic phase characterized by space group Pn3m, with
a lattice parameter of 103.2 A1 Op homogenizing BP, we
obtain a turbid, milky dispersion that we term RF. RF was
characterized using Cryo-TEM and SAXS. Cubic mesophases
of glycerol monooleate scatter X-rays poorly, necessitating long
acquisition times Therefore, for low concentration RF
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Figure 1. (a) SAXS pattern for the cubosomes and the bulk phase
(BP) before and after loading with hydrophobic (nile red) and
hydrophilic (naproxen) molecules: (BP™®) BP loaded with Nile Red,
(BPN*) BP loaded with Naproxen sodium, (BPN**/NR) BP loaded with
Nile Red and Naproxen sodium. Cryo-TEM for (b) cubosomes (RF),
(c) Naproxen and Nile Red loaded cubosomes (RFN®/NR) and (d)
Naproxen and Nile Red loaded, coated cubosomes (RENF/NR),

dispersions, the SAXS data is noisy. However, the locations of
the first two peaks (around 0.08 and 0.11 A™', Figure la) are
similar to those for BP and suggest that the Pn3m cubic phase
structure is retained in RF. The RF also shows the presence of
other peaks (for example, around 0.06 A™"), indicating that a
small fraction of other mesophases might also be present. We
estimate an apparent cubic phase lattice parameter (107 A)
for the RF dispersion, higher than for BP. We term the lattice
parameter as “apparent” due to uncertainties in determining the
peak positions due to poor scattering from RF dispersions,
combined with the presence of other phases. Confirmation for
the cubic phase internal organization in the RF particles comes
from Cryo-TEM (Figure 1b). The RF dispersion comprises
polydisperse particles that are smaller than about 200 nm
(Figure S2a). In the Cryo-TEM images, RF particles exhibit a
faceted shape, characteristic of cubosomes and, show evidence
for internal organized microstructure. We also observed the
coexistence of vesicles. These are known to form® when high
speed homogenization is used for cubosome synthesis. In
protocols typically reported in the literature, the homoge-
nization step is followed by prolonged heat treatment to
eliminate vesicular structures.** However, since several drugs
are temperature- sensitive, our synthesis protocol does not
employ heating. Even without the heat treatment, we observe
that the RF sample contains predominantly cubosomes, with
only a small fraction of vesicles.

The Pn3m cubic phase is retained even on loading the Rylo/
F127 bulk phase with a hydrophilic drug (Naproxen Na, up to a
loading of 1% by weight (Figure la and Figure S2b) or,
hydrophobic molecule, Nile Red, up to a loading of 0.05% by
weight (Figure la and Figure S2c) or with a combination of
hydrophilic drug (Naproxen Na) and hydrophobic dye (Nile
Red). Incorporation of the hydrophobic dye decreases the
lattice parameter to 101.4 A, while loading of hydrophilic
Naproxen Na results in an increase to 105.5 A (relative to 103.2

A, observed for BP). Remarkably, there is very little change in
the lattice parameter relative to BP on simultaneous loading of
Nile Red and Naproxen Na (103.6 A for BPN*/™R Figure 1a).

Incorporation of hydrophobic or hydrophilic moieties can
change the critical packing parameter (CPP) associated with
the lipid”> resulting in dramatic changes in mesophase
organization.zz’_25 For example, a recent report13 indicates
the formation of “rose” like particles on incorporation of a
hydrophobic molecule in a Rylo/water phase. However, for
loadings of up to 1% of Naproxen Na, or 0.05% of Nile Red, we
observe that the Pn3m phase is retained in the Rylo/water
system. Cryo-TEM confirms that homogenization of BPN*/NR
(to form REN®/NR dispersions) results in the formation of
faceted internal cubic phase dispersed particles, similar to those
observed for RF dispersions (Figure 1c). As in the case of RF,
we observe a few vesicle structures and note the formation of
lamellar phases at the outer surface of the REN/NR that we
attribute to F127 surface layers, in accord with the literature.

The change in the lattice parameter in the cubic phase can be
rationalized by considering how the incorporated moieties are
localized in the mesophase.”” Hydrophilic molecules are
localized in the water channels and increase the effective
hydrophilic headgroup area of the lipids.>>***® We observe that
this is associated with an increased lattice parameter.
Conversely, when hydrophobic molecules are loaded in the
cubosomes, these molecules are likely to be localized near the
lipid tails. This is associated with a decrease in lattice parameter.
For the simultaneous loading of hydrophilic and hydrophobic
molecules, the lattice parameter remains essentially unchanged.
We note that BPN*®/NR js 3 four-component system and is likely
to manifest complex phase behavior. Therefore, the fact that
BPN**/NR exhibits a cubic phase with a similar lattice parameter
to BP is fortuitous.

Decoration of the cubosome surface with oligo-ethylene
oxide segments from the F127 is considered to confer the
advantage of increased circulation times in the body, similar to
that for “stealth” liposomes.”’” However, F127 is chemically
inert and is not amenable to chemical conjugation, precluding
surface functionalization of cubosomes. Therefore, we electro-
statically coupled RF cubosomes with a cationic natural
homopolymer, poly-¢-lysine (PeL). RF cubosomes are
negatively charged, and exhibit a zeta potential of —24 + 7
mV (Figure S2a). The origin of the negative zeta potential for
cubosomes has been attributed to the adsorption of hydroxyl
ions at the cubosome surface.”® Commercially available Rylo
that was used to prepare cubosomes in our work also contains
some free oleic acid, that too might also contribute to the
observed zeta potential. PeL coated cubosomes, termed, RFp,,
exhibit a size (by DLS) of 200 + 39 nm, slightly larger than RF
(DLS size of 165 + 25 nm, (Figure S2a)). The zeta potential
after coating changes from about —24 + 7 to +2 + 1 mV,
providing evidence for the complexation of PeL with the
cubosome surface (Figure S2a). Cryo-TEM of RENF/NR
confirms that the PeL coating does not alter the cubic phase
internal structure of the cubosomes (Figure 1d).

Recently, layer-by-layer (LbL) coating of cubosomes using
electrostatic complexation of alternating layers of polymetha-
crylic acid and poly-L-lysine has been reported by the group of
Caruso and Drummond."? In their work, the first layer on the
cubosome surface was hydrophobically anchored through a
specially synthesized anionic copolymer containing a hydro-
phobic “anchoring” moiety. They reported that this strategy of
using a strongly anchored polyanion on the cubosome surface
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was essential for multilayer formation. They claim that
complexation of polycations with hydroxyl ions adsorbed on
the cubosome surface could not sustain multilayer formation.
Further, LbL on the cubosome surface necessitated separation
of free polyanion-polycation complexes using centrifugation.
They reported that release of a model hydrophilic compound,
fluorescein, was modulated for cubosomes coated with seven
polymer layers, with a moderate decrease in the initial burst
release, relative to uncoated F127 stabilized cubosomes.

In our work, we deposit only a single layer of PeL on the
cubosome surface. A calculated amount of PeL is added to the
cubosome layer (as detailed in the Materials and Methods
section), such that a surface coating of about 0.5 mg/m2 is
obtained (comparable to literature estimates of the surface
coverage obtained by electrostatic polyelectrolyte complex-
ation). We observe that the PeL coated cubosomes thus
obtained are stable in solution and do not aggregate over
several days. While the zeta potential for PeL-coated
cubosomes (Figure S2a) is only marginally positive, this
compares well with that obtained by Driever et al'> for
cubosomes coated with a single layer of polycation. Our
strategy has the significant advantage that it involves no
separation steps. Remarkably, our data indicates that even this
single layer of PeL is able to influence the initial burst release of
hydrophilic Naproxen Na from loaded cubosomes. We now
present data that compares the release of Naproxen Na from
RFN* and RFL

3.2. Naproxen Release from Cubosomes. We inves-
tigated the release of NAP via dialysis. While Boyd™® has raised
concerns about the use of dialysis to determine the release rate
from cubosomes, Driever et al.' suggest that these concerns
can be overcome by the use of dialysis tubing with a molecular
weight cutoff that is significantly larger than the size of the
released molecule. Following Driever et al.'” we adopt the
dialysis method and use dialysis tubing with a cutoft that is over
60 fold larger than the molecular weight of NAP. Before the
release experiment, dialysis tubes were boiled for 30 min and
then washed thoroughly to remove impurities. The control,
unencapsulated NAP, is released rapidly with 70 + 9% release
within the first 30 min, 85 + 6% within an hour and almost
100% released within the first 3 h (Figure 2a). The rate of
release of NAP is similar to that of fluorescein (Figure S3) and
is slower than that reported in similar experiments.'” These
might arise due to subtle differences in the experimental setup.
Here, we compare release of the NAP relative to the
unencapsulated NAP control. Thus, changes in release rates
can be attributed to the additional diffusion resistance
introduced by encapsulating NAP in the cubosomes. In
comparison to the control, the initial burst release of NAP
from the RF cubosomes was lower (~55 + 4% in the first 30
min, ~70 + 2% in an hour and complete release over about 6
h). For the PeL coated cubosomes (RESF), the burst release is
retarded even more significantly with just over 53 + 2% of the
loaded NAP released in the first hour, ~64 + 1% release over 2
h and complete release over 6—8 h (Figure 2a). Similar release
profiles were observed for the release of NAP from the RFN*
and RFp¥ cubosomes in 10% serum (Figure S4).

Thus, it appears that coating the cubosomes even with a
single layer of PeL is effective in retarding the initial burst
release of NAP. Since NAP is negatively charged it can
electrostatically interact with PeL and we believe that this
results in a slower release. The data clearly indicates the ability
to tune the release profile of NAP by the PeL coating.

a)
100} «— Fluorescein
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Figure 2. (a) Release profile of Naproxen when unencapsulated (gray)

and loaded in RFN® (red) and RENF (blue) cubosomes. (b)

Absorbance spectra for RFp,; (blue) and NR-loaded-coated

cubosomes, RFpyy (red) after conjugation with fluorescein (FL). (c)

Size changes over time of RF (red) and RFp,; (blue) after incubating
in 10% FBS monitored by DLS.

Interestingly, simultaneous loading of cubosomes with NAP
and Nile Red (REN*/NR) further retards the release of NAP
relative to RF"* (Figure SS). We observed that after 2 h, while
80 + 5% NAP was released from RE™*, only 68 + 6% NAP
was released from REN*®/NR, We believe that the retardation of
NAP release from NAP/NR loaded cubosomes could be due to
the aromatic group interaction of the drug and the dye.

3.3. Surface Conjugation. To investigate if the primary
amines on PeL can be utilized for further bioconjugation with a
targeting moiety, we conjugated fluorescein to the surface of
RFpy via carbodiimide coupling. Conjugation of fluorescein
was confirmed by UV—vis absorption spectra of the cubosomes
(Figure 2b). Murgia et al."® have commented on the difficulty
in dispersing fluorescein in monoolein cubosomes. The
conjugation strategy that we describe demonstrates a facile
route to incorporation of fluorescein at the cubosome surface.
We note that our strategy is not limited to incorporation of
fluorescein but can be readily extended to a wide variety of
functional moieties and, can be extended for developing drug
delivery vehicles that exhibit targeting moieties on their
surfaces. Fluorescein conjugation does not perturb the
encapsulated hydrophobic compound: the absorption spectrum
of surface conjugated NR-loaded cubosomes (RFpy ) exhibits
peaks at A, = 565 and 515 nm (corresponding to Nile Red
and fluorescein respectively, Figure 2b) indicating the
simultaneous presence of both dyes. Conjugation also does
not result in aggregation or degradation of the cubosomes as no
significant change was observed in the size of the cubosomes
(Figure S6a).The surface modification of cubosomes with
fluorescein was also confirmed by fluorescence microscopy. An
outer green ring was observed when fluorescein-conjugated-
NR-loaded cubosomes were imaged (Figure S6b).

3.4. Drug Delivery and Theranostic Applications of
Cubosomes. After characterizing the size and the internal
microstructure of the cubosomes, we explored the possibility of
using uncoated (RF) and coated cubosomes (RFp,;) for drug
delivery applications. We first tested their aggregation and
structural stability in a biologically relevant solution. Interaction
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with serum albumin is known to destabilize the nanoparticle
structure and lead to premature drug release and aggrega-
tion.>”>! We monitored the changes in the cubosome size over
time when incubated in 10% fetal bovine serum solution. For
both RF and RFyp,;, we observe no significant change in size
with time, suggesting that the cubosomes are stable against
aggregation due to serum for 12 h (Figure 2c). PeL coating
does not affect the stability of cubosomes in serum.

We next studied the cellular interaction of the coated and
uncoated cubosomes by evaluating their cytotoxicity and
cellular uptake. The cytotoxicity of RF and RFp, on Hela
cells was determined by tetrazolium (MTT) assay, a
colorimetric assay for cellular viability. We observed that both
coated and uncoated cubosomes were nontoxic and well
tolerated by HeLa cells and almost 100% cell viability was
maintained up to 0.1 mg/mL (Figure 3a). Thus, these results
confirm the biocompatibility of both PeL coated and uncoated
cubosomes.
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Figure 3. (a) Viability of HeLa cells after incubation with uncoated
(RF) and coated (RFp,;) cubosomes (assayed by MTT). The error
bar is standard error from three independent experiments done in
triplicate. (b) Cellular uptake of Nile Red (NR) loaded cubosomes
indicated by the shift in NR fluorescence intensity for the cell count
due to the uptake of RF"® (red) and RFpy (blue) compared to the
control (gray). (c) Cellular uptake of NR loaded cubosomes observed
by fluorescence microscopy. DAPI was used for counterstaining
nucleus. Imaging was done at 63X magnification: (blue) DAPI, (red)
cubosomes. Scale bar = 20 ym.

We investigated the cellular uptake of the NR loaded,
uncoated and PeL coated cubosomes, by incubating them with
HeLa cells for 4 h, followed by analysis using flow cytometery
(Figure 3b) and fluorescence microscopy (Figure 3c). The
presence of Nile Red in the cubosomes enables their easy
intracellular detection. To quantify the efliciency of cellular
uptake we first analyzed the cells by flow cytometry. Both,
uncoated and PeL coated cubosomes were efficiently
internalized by cells, since almost the entire population of
cells had red fluorescence. This is clearly indicated by the
histograms for cell population vs Nile Red fluorescence in
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Figure 3b. There is a large shift in Nile Red fluorescence
intensity for the RF™" (red histogram) and RFpy (blue
histogram) in comparison to the controls (gray histogram,
which represent cells that were not incubated with cubosomes).
Interestingly, no significant difference was observed in the
internalization of RE™® and RFpy cubosomes, even though the
surface charges are different. We also confirmed the cellular
internalization of cubosomes by fluorescence and confocal
microscopy. As can be seen in Figure 3c cells incubated with
NR loaded cubosomes (coated and uncoated) showed strong
red fluorescence due to intracellular localization, suggesting
good cellular uptake. Analysis by confocal microscopy
confirmed that the cubosomes were internalized and not
present on the cell surface (Figure S7) as most of the
cubosomes were observed between 15 and 30 pm in z axis
scans.

After confirming the cellular biocompatibility and uptake of
NR-loaded, coated and uncoated cubosomes, we investigated
the use of NR/NAP loaded cubosomes as dual function
theranostic probes. We first checked the efficacy of uncoated
and PeL coated NAP-loaded cubosomes in HeLa cells by
assessing cell viability. After 24 h of incubation with HeLa cells,
concentration dependent cell death was observed (Figure 4a
and Figure S8). We used various concentrations of unloaded
cubosomes and free NAP as controls and observed almost
100% cell viability at all concentrations. The uncoated-NAP-
loaded (RFN*) cubosomes showed about 60% cell viability
compared to the PeL-coated-NAP-loaded (RFpF) cubosomes,
which showed 50% cell viability at the highest NAP
concentration (1 ug/mL). Since the internalization of
cubosomes appears to be largely unaffected by PeL-coating
(Figure 3c), we attribute the higher cell death observed for
PeL-coated cubosomes to their ability to retain and deliver
NAP more efficiently to the cells. Our NAP release data,
indicating a retardation of the burst release on coating with PeL
is consistent with this explanation. An intriguing result was the
improved efficacy of NAP when encapsulated in cubosomes,
when compared with the un- encapsulated (free) drug. Such
enhancement in drug efficiency on encapsulation has been
observed in other lipid based drug delivery vehicles and has
been attributed to better cellular internalization and protection
from degradation of the drug>*~** due to the encapsulation.
The detailed mechanism of action of this improved efficacy is
beyond the scope of this paper and is currently being
investigated in our laboratory.

To confirm that the cell death was due to internalization of
cubosomes loaded with NAP, we imaged the cells after
incubating with the dual loaded (NR and NAP) cubosomes.
The live cells were stained with calcien AM, a dye that
fluoresces green after intracellular cleavage by esterases. The
dead cells, indicated by the rounded cellular morphology,
fluoresced red (due to NR) clearly indicating the internalization
of REN*/NR cybosomes (Figure 4b and Figure S9). As evident
from the bright field and the fluorescence images, cubosomes
loaded with NAP induced cell death very efficiently when
compared with cubosomes without NAP. Interestingly, for
RENP/NR some live cells also fluoresced red suggesting that the
cubosomes are internalized but apoptosis has not occurred.
This is in accordance with the 60% cell viability observed by the
MTT assay. These results indicate the versatility of the
cubosome vehicles, and their potential for use as theranostic
platforms that allow simultaneous delivery of therapeutics and
imaging.
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Figure 4. (a) Viability of HeLa cells after incubating with Naproxen-loaded uncoated (REN*) and coated (RFpf) cubosomes for 24 h. The error bar
is standard error of three independent experiments performed in triplicate. Statistical significance is indicated by *** (P < 0.001). (b) Images of
HeLa cells after incubation with Nile Red (NR) and Naproxen (Nap) loaded cubosomes. The live cells were stained with calcein AM. Red represents
fluorescence due to NR. Imaging was done at 20X magnification: (green) calcein AM, (red) cubosomes. Scale bar = 100 ym.

B CONCULSIONS

We demonstrate that cubosomes with internal Pn3m structure,
prepared with monoolein, can be transformed into multifunc-
tional nanoparticles by coating them with a single layer of
biocompatible polymer, poly-¢-lysine (PeL). PeL-coated
cubosomes are nontoxic and are readily internalized by cells.
Even the single layer of PeL is able to retard the burst release of
hydrophilic drugs, such as Naproxen Na (NAP), encapsulated
in cubosomes. Coated cubosomes afford facile chemical
conjugation of their surfaces, while retaining their internal
microstructure. We demonstrate that theranostic devices can be
prepared by simultaneous loading of cubosomes with a
hydrophobic dye, Nile Red (NR), and a drug, NAP. PeL-
coated NAP/NR loaded cubosomes were observed to lead to
efficient cell death, even when compared with free NAP. The
NAP/NR loaded theranostic devices allowed spatial monitoring
of drug internalization by cells and their correlation with cell
death.
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Figures S1—S9 as mentioned in the text. Proton NMR of Rylo,
nomenclature of cubosomes, characterization by DLS and zeta,
characterization of naproxen and Nile Red loading, release
profiles, surface conjugation by imaging, confocal images for
cubosome uptake, cell viability for RFN* and RFhF, cell
morphology after incubation with REN*/NR. This material is
available free of charge via the Internet at http://pubs.acs.org.
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