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ABSTRACT: Delivery of chemotherapy drugs specifically to cancer cells raises local drug doses in tumors and therefore kills more
cancer cells while reducing side effects in other tissues, thereby improving oncological and quality of life outcomes. Cubosomes,
liquid crystalline lipid nanoparticles, are potential vehicles for delivery of chemotherapy drugs, presenting the advantages of
biocompatibility, stable encapsulation, and high drug loading of hydrophobic or hydrophilic drugs. However, active targeting of
drug-loaded cubosomes to cancer cells, as opposed to passive accumulation, remains relatively underexplored. We formulated and
characterized cubosomes loaded with potential cancer drug copper acetylacetonate and functionalized their surfaces using click
chemistry coupling with hyaluronic acid (HA), the ligand for the cell surface receptor CD44. CD44 is overexpressed in many cancer
types including breast and colorectal. HA-tagged, copper-acetylacetonate-loaded cubosomes have an average hydrodynamic diameter
of 152 nm, with an internal nanostructure based on the space group Im3m. These cubosomes were efficiently taken up by two
CD44-expressing cancer cell lines (MDA-MB-231 and HT29, representing breast and colon cancer) but not by two CD44-negative
cell lines (MCF-7 breast cancer and HEK-293 kidney cells). HA-tagged cubosomes caused significantly more cell death than
untargeted cubosomes in the CD44-positive cells, demonstrating the value of the targeting. CD44-negative cells were equally
relatively resistant to both, demonstrating the specificity of the targeting. Cell death was characterized as apoptotic. Specific targeting
and cell death were evident in both 2D culture and 3D spheroids. We conclude that HA-tagged, copper-acetylacetonate-loaded
cubosomes show great potential as an effective therapeutic for selective targeting of CD44-expressing tumors.

KEYWORDS: cubosomes, CD44 receptor, hyaluronic acid, liquid crystalline lipid nanoparticle, tumor spheroids

B INTRODUCTION increasing local doses to kill more cancer cells while reducing
off-target side effects. An increasing number of chemotherapy
nanomedicines have now been approved for use in therapy;
these typically encapsulate chemotherapy agents in nanosized
particles to aid delivery to cancer cells through passive
accumulation within tumors, which results from the enhanced

In 2020, almost 10 million cancer-related deaths were recorded
globally, of which colorectal and breast cancer accounted for
~0.9 and ~0.6 million, respectively.1 Management for the
majority of breast and colorectal cancer cases includes systemic
cytotoxic chemotherapy at some point in the treatment
pathway, but unfortunately, chemotherapy resistance of cancer
cells is a common problem as reflected in cancer recurrences or
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Figure 1. Characterization of cubosomes. (A) Schematic representation of Cbs-Cu-HA design. (B) DLS data showing the hydrodynamic diameter
of Cbs, Cbs-Cu, and Cbs-Cu-HA. (C) EDAX spectrum of Cbs-Cu-HA with a black arrow indicating the peak representing copper. (D) SAXS
patterns of Cbs, Cbs-Cu, and Cbs-Cu-HA at 37 °C. (E) TEM image of Cbs-Cu-HA.

permeability and retention effect, and through increased
bioavailability.

Lipid lyotropic liquid crystalline nanoparticles with an
internal cubic phase nanostructure, referred to as cubosomes,
have gained recent attention as potential chemotherapy
delivery agents.”> Cubosomes present numerous advantages
over liposomes, the most-commonly approved nanocarrier,
including improved stability, high drug encapsulation effi-
ciency, and an ability to encapsulate both hydrophobic and
hydrophilic drugs.” A further development of nanocarriers is
that they can be actively targeted to cancers by functionalizing
their surface to promote specific binding to cancer cells. We
have previously successfully used antibodies against cancer cell
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antigens for targeting nanoparticles to cancers,” and we have
also recently demonstrated active targeting of cubosomes to
cancer cells.® In that work, we used drug-loaded cubosomes
targeted with affimers against the cancer cell antigen CEA to
direct cancer therapy in preclinical models of colorectal
cancer.® The choice of the cancer cell antigen against which
to direct these therapies is a key factor, as this defines the range
of cancers that could potentially be treated. Others have
targeted cubosomes to cancer cells using biotin,” folic acid,'’
and antibodies for the epidermal growth factor receptor.'’ The
CD44 receptor is a further potential target for nanoparticle
delivery, by attaching its natural ligand hyaluronic acid (HA)
to the surface of particles. There are several reports of use of
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HA as a targeting agent to deliver therapeutics'”'’ or

miRNAs'* to CD44-expressing tumors. CD44 itself is often
overexpressed in various cancer types including both breast"
and colorectal.'® Of particular interest is that this over-
expression is most prominent in the cancer stem-like cells
within individual tumors;'” these cells are strongly associated
with drug resistance and metastases and therefore represent
the most important tumor cell population to target therapeuti-
cally. Therefore, CD44 is not only frequently overexpressed in
a range of common cancers, but it is most highly expressed
within the subpopulation of cancer cells within each tumor that
is it most critical to target.

In this study, we have developed and characterized a novel
formulation of monoolein-based cubosomes functionalized
with HA and loaded with the model anticancer drug copper
acetylacetonate (see flow-scheme in Figure 1A). We have
evaluated the specificity of this formulation for CD44-
expressing cancers and have demonstrated effective CD44-
dependent cytotoxicity in both breast and colorectal cancer
cells. We conclude that HA-functionalized cubosomes show
great potential as cancer therapeutics.

B MATERIALS AND METHODS

Small-Angle X-ray Scattering Clickable Cubosome
Preparation and Drug Encapsulation. Cithrol GMO HP
(MO) was gifted from Croda (Croda Personal Care, Goole,
UK). It is a commercial version of monoolein containing a
minimum of 92% monoester and a maximum of 8% diester.
DSPE-PEG-2000 azide (DPZ) and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2—1,3-benzoxadiazol-4-yl)
(ammonium salt) (NBD-PE) were purchased from Avanti
Polar Lipids (AL, USA), and Pluronic F-127 was purchased
from Sigma-Aldrich (Gillingham, UXK.). Cubosomes were
prepared by codissolving MO and DPZ in chloroform (Merck,
New Jersey, USA) and mixing at an appropriate ratio (9—9.5
MO weight ratio to DPZ) in a glass vial and then evaporating
the chloroform under nitrogen gas in a fume hood. To ensure
complete drying and evaporation of the chloroform, the glass
vials were put in a desiccator overnight at room temperature to
obtain dry lipid films. Post drying, the lipid film was hydrated
with phosphate-buffered saline (PBS; Sigma-Aldrich Gilling-
ham, UXK) containing Pluronic F-127 between 2—7 wt % to
the MO. Homogenous cubosome nanoparticle dispersions
were prepared by tip sonicating the sample in 1 mL of buffer
using a Q125 sonicator (Qsonica, USA) for 30 min in pulse
mode (1 s pulse on, 1 s off) at 80% amplitude in an ice bath.
The cubosomes were then passed through a mini extruder
(Avanti Polar Lipids, USA) containing a polycarbonate
membrane (Whatman, USA) of 100 nm pore size for size
uniformity. For encapsulating drug in the cubosomes (Cbs-
Cu), copper acetylacetonate (CuAc; Merck, USA) was
dissolved in chloroform and added in various weight
percentages (1—5% w/w) to the codissolved lipid mixtures
before the nitrogen gas drying process, and the same process as
detailed above was followed for the synthesis of Cbs-Cu. For
removal of unencapsulated CuAc from Cbs-Cu, the sample was
placed in Slide-A-Lyzer cassettes (2K MWCO, Thermo
Scientific, UK) in PBS at 25 °C over a magnetic stirrer to
perform dialysis. For the in vitro localization study, 0.5% w/w
of the fluorescent lipid 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-(7-nitro-2—1,3-benzoxadiazol-4-yl) (ammonium
salt) (18:1-NBD PE; Avanti Polar Lipids, USA) was
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codissolved with the MO & DPZ lipid mixtures in chloroform
before the drying step.

Inductively coupled plasma optical emission spectrometry
(iCAP 7600 ICP-OES Analyzer, Thermo Scientific, UK)
equipped with a 240-position Cetac autosampler was used to
estimate CuAc encapsulation in the cubosomes. Known
concentrations of copper solutions were used as a standard
curve for reference. The encapsulation efficiency (%) was
calculated using eq 1

EE(%) = (M1/M2) X 100 (1)

where MI represents the weight of drug encapsulated in mg
(obtained from ICP-OES) and M2 represents total drug added
(mg) to the cubosomes.

Conjugation of Hyaluronic Acid with a Clickable
Cubosome. Hyaluronic acid (HA; Sigma Alrich, USA;
molecular weight 8—15 kDa) was attached to the cubosomes
by click chemistry coupling using DBCO-PEG4-amine
(Kerafast, Inc. Boston, USA). Briefly, 2 mL of (5 mg/mL)
HA in RNase free water was treated with 1 mL of (0.5 mg/
mL) of 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide
(EDC; Sigma-Aldrich, USA) in RNase free water and 500
uL of (0.2 mg/mL) N-hydroxysuccinimide (NHS) in a 15 mL
Falcon tube and rotated on a shaker for 12 h at room
temperature. Post activation of the carboxylic group in HA, 1
mL of (2 mg/mL) DBCO-PEG4-amine in DMSO was added
to the reaction mixture and incubated for 24 h at room
temperature. The final product was dialyzed in 1X PBS using
Slide-A-Lyzer Dialysis Cassettes, 2K MWCO (Thermo
Scientific, Waltham, USA) to remove any unconjugated
DBCO-PEG4-amine. The final DBCO-HA was freeze-dried.

For conjugation of HA on Cbs-Cu (Cbs-Cu-HA), 1 mg of
DBCO-HA was added to S mL of a (10 mg/mL)
homogeneous solution of Cbs-Cu in PBS, and the sample
was left under magnetic stirring at 250 rpm for 4 h at room
temperature. The conjugated Cbs-Cu-HA was then dialyzed
using Slide-A-Lyzer Dialysis Cassettes, 7K MWCO (Thermo
Scientific, Waltham, USA) to remove unconjugated DBCO-
HA. FTIR spectroscopy (Platinum ATR, Model —Alpha,
Bruker, UK) was used to confirm the covalent conjugation
between the azide group of cubosomes and the DBCO group
attached to the HA (Figure S1).

Small-angle X-ray scattering (SAXS) was used to study the
internal nanostructures of the Cbs, Cbs-Cu, and Cbs-Cu-HA at
37 °C (S min equilibration and accuracy of +0.1 °C).
Synchrotron SAXS measurements were carried out on
beamline 122 at the Diamond Light source. The synchrotron
beam was tuned to a wavelength of 0.69 A with a sample to
detector distance of 3.7 m, and the 2D SAXS patterns were
recorded on a Pilatus 2 M detector. SAXS experiments were
also conducted on a lab-based Xeuss 3.0 (Xenocs, France)
beamline equipped with a liquid gallium MetalJet X-ray source
(Excillum, Sweden), which has an energy of 9.2 keV,
corresponding to a wavelength of 1.34 A. 2D SAXS patterns
were recorded on an Eiger2 R 1 M detector (Dectris,
Switzerland), and the sample to detector distance was set to
0.8 m, giving a q range of 0.01—0.4 A™". Silver behenate (a =
58.38 A) was used to calibrate the SAXS data. SAXS images
were analyzed using the IDL-based AXcess software package or
the DAWN software.'®"”

Particle Size and Zeta Potential Measurements by
Dynamic Light Scattering (DLS). The hydrodynamic
particle sizes of the three samples (Cbs, Cbs-Cu, and Cbs-
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Cu-HA) were measured using a Zetasizer Nano ZS90
(Malvern Panalytical, Malvern, UK) at a fixed backscattering
angle of 173° at 25 °C. The refractive index of the cubosomes
was set to 1.46 (pure MO) with an absorbance of 0.10. The
refractive index of the dispersant (PBS) was set to 1.332 with a
viscosity of 0.9053 cP. Aliquots of 100 uL of Cbs, Cbs-Cu, and
Cbs-Cu-HA samples were added into 900 uL of PBS, and
measurements were recorded. The instrument equilibration
time was set for 120 s at 25 °C, and samples were run for 10
cycles with 10 measurements in each cycle. For zeta potential
measurements, 100 yL of Cbs-Cu-HA was added to 900 uL of
Millipore water (with a resistivity of 18.2 MQ-cm at 25 °C) in
a disposable zeta cuvette and was equilibrated for 120 s at 25
°C. The instrument was set to run 20 cycles with 10
measurements in each cycle.

Transmission Electron Microscopy (TEM). A trans-
mission electron microscope (FEI Tecnai TF20) fitted with a
field emission gun TEM/STEM along with an HAADF
detector was used to study the size and morphology of Cbs-
Cu-HA. A 10 L aliquot of Cbs-Cu-HA (10 mg/mL) in PBS
was added on a nickel grid coated with 200 mesh carbon film
(EM Resolutions, UK), and any excess droplets were soaked
up using an absorbent filter paper. The grid was left in a
desiccator to dry for 24 h. The sample was imaged at 13 000X
magnification at an accelerating voltage of 300 kV. The image
was captured using a Gatan Orius SC600A CCD camera.
Images were analyzed using Fiji Image] software (NIH, USA).
Cbs and Cbs-Cu-HA samples were analyzed by an energy-
dispersive X-ray equipped in the FEI Tecnai TF20 (Oxford
Instruments INCA 350 EDX system/80 mm X-Max SDD
detector) to confirm the encapsulation of CuAc in the
cubosome (elemental copper as an indicator). The advantage
of using a nickel grid over a standard copper grid in this study
was to eliminate any background noise of copper during this
EDX study.

Cell Culture. MDA-MB-231, HT-29, MCF-7, and HEK-
293 cells were originally obtained from the ATCC and were
subjected to mycoplasma testing and STR typing (Source
Bioscience, UK) before use. Cells were grown in DMEM
(Thermo Scientific, Waltham, USA) growth medium supple-
mented with 10% (v/v) fetal calf serum (FCS; Thermo
Scientific, Waltham, USA) and penicillin/streptomycin (Ther-
mo Scientific, Waltham, MA, USA) at 100 units/mL. All cells
were cultured in a humidified incubator with 5% CO, at 37 °C.
Cells were maintained and experiments were conducted at cell
densities that allowed exponential growth.

Immunofluorescence and Cubosome Localization.
Cells were grown on coverslips with complete growth medium
for 48 h and then washed in PBS and fixed with 4% (w/v)
paraformaldehyde (Merck, New Jersey, USA) in PBS at room
temperature for 10 min. The fixed cells were further washed
with PBS and permeablized with 0.2% (v/v) Triton X-100
(Merck, New Jersey, USA) in PBS in an ice bath for 10 min.
Cells were then washed with PBS several times and blocked
with 5% (v/v) FCS in PBS for 1 h in an ice bath. Cells were
then incubated with mouse IgGl antihuman CD44 mono-
clonal antibodies (catalogue 5640, Cell Signaling Technology,
USA) at a 1:1600 dilution overnight at 4 °C. The following
day, several washes were performed with wash buffer,
comprising 0.5% (v/v) FCS and 0.05% (v/v) Tween-20 in
PBS. Cells were then incubated with AlexaFluor 594 labeled
antimouse IgGl antibodies (catalogue A-11032, Thermo
Scientific, USA) at 1.5 ug/mL for 1 h at room temperature
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in the dark. Cells were then washed with wash buffer several
times and mounted with Fluoromount-G mounting media with
DAPI (Thermo Scientific, USA) before analysis using confocal
microscopy (Nikon AIR; DAPI: 405 nm laser, 407 nm
excitation filter, 450 nm emission filter; AlexaFluor 594: 590
nm laser, excitation filter 590 nm, emission filter 617 nm).
Images were captured using a 100X objective with a numerical
aperture of 1.4. The images were analyzed using the NIS-
element viewer software (v5.20.01). For cubosome localization
studies, MDA-MB-231 and MCF-7 cells were seeded in glass-
coated chamber slides (Thermo Scientific, USA) overnight for
18 h. Cells were then treated with 20 yg/mL of Cbs-NBD with
and without HA tagging for 24 h. Cells were gently washed
with PBS and incubated with 5 pg/mL of Hoechst 33342 for
15 min before the cells were imaged using confocal microscopy
(100X objective; numerical aperture 1.4). Hoechst 33342 was
imaged using a 405 nm laser, with excitation and emission
wavelengths of 407 and 450 nm; NBD was imaged using a 488
nm laser, with excitation and emission wavelengths of 488 and
525 nm, respectively. Images were captured using Galvano
scanning mode and analyzed using the NIS-element software
(v5.20.01).

Cell Survival and Apoptosis Assays in 2D Culture.
MDA-MB-231, MCF-7, HT-29, and HEK-293 cells were
seeded in 24 well culture plates in growth media at densities of
2.5 X 10* cells/well and incubated overnight for 18 h. Cells
were then treated with concentrations ranging from 0 to 125
pug/mL of Cbs, Cbs-Cu, and Cbs-Cu-HA for up to 24 h. Post
treatment, MTT assays were performed as detailed in our
previous work.® Apoptosis was assessed using annexin V/
propidium iodide assays and flow cytometry. Briefly, MDA-
MB-231 and MCEF-7 cells were treated with 75 pg/mL of Cbs-
Cu-HA for time points up to 48 h. Post treatment, cells were
washed with annexin binding buffer, and annexin V-FITC
(Thermo Fisher Scientific, Waltham, MA, USA) was added to
the cells at a final concentration of 2 ytg/mL and incubated for
1S min under dark conditions. Immediately prior to flow
cytometry, 1 pug/mL of propidium iodide (Thermo Fisher
Scientific, Waltham, MA, USA) was added, and cells were
analyzed using a CytoFLEXS flow cytometer (Beckman
Coulter, UK). Data were analyzed on FlowJo software v10.6.1.

Cell Survival and Apoptosis Assays in 3D Tumor
Spheroids. To create spheroids, low adherent round-bottom
96 well plates were used. MCF-7 and MDA-MB-231 cells
(1000/well) were added with 250 uL of DMEM containing
10% (v/v) ECS along with 2.5% Matrigel (Corning, New York,
USA). The 96 well plates were then centrifuged for 10 min at
360g and then incubated for 48 h for the formation of
spheroids. The spheroids were then treated with 75 pg/mL of
Cbs-Cu-HA for up to 24 h. Next, cellular viability within
spheroids was quantified: spheroids were treated with Hoechst
33342 (S pg/mL) for 30 min and propidium iodide (1.5 ug/
mL) for 10 min. Red fluorescence (positive staining with
propidium, signifying nonviable cells) and blue fluorescence
(positive staining for Hoechst 33342, which permeates both
viable and nonviable cells) were quantified using Image]
software (NIH, USA), and blue:red ratios were used to
calculate spheroid survival. Apoptosis was assessed by
quantifying caspase 3 cleavage by Western blots. Spheroids
were lysed using a mild mechanical vortex at regular intervals
in the lysis buffer containing 1% Triton X-100, 50 mM Tris
(pH 7.5), 10 mM EDTA, 0.02% NaN;, and a protease
inhibitor mixture (Roche Diagnostics, Germany). Total
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protein concentration was measured using the Bradford
method, equal amount of protein was loaded in 4—12%
precast polyacrylamide gel (Bio Rad, California, USA), and
electrophoresis was performed for 90 min at 120 V. The
proteins were then transferred to a PVDF membrane and
blocked with 5% (w/v) nonfat skimmed milk in TBST (Tris-
buffered saline with 0.1% Tween-20) for 1 h. The membrane
postblocking was labeled with caspase 3 primary antibody
(Cell Signaling Technology, USA) as an apoptosis protein
marker, and f-actin antibody as a loading control (Cell
Signaling Technology, USA) was used. Next, HRP-tagged
secondary antibodies (Cell Signaling Technology, USA) were
added, and Pierce ECL reagents were used to visualize the
target proteins bands using a ChemiDoc instrument (Biorad,
USA). Densitometry was performed by quantifying the band
intensities using Image] software. The caspase 3 intensity
recorded was plotted relative to intensity of f-actin.

In Vivo Experiments. Female BALB/c nude mice, aged 6
weeks, each weighing approximately 20 g, were used for the in
vivo study. All experiments were performed following local
ethical approval and in accordance with the UK Animals
(Scientific Procedures) Act 1986. Mice were housed in
individually ventilated cages with a 12 h day/night cycle with
provisions for ad libitum food and water. At the end of each
experiment, mice were euthanized following standard
procedures. A total of 12 mice were randomly divided into 2
groups (6 mice in each group). One group received
intravenous (IV) injections of 100 uL of Cbs-Cu in PBS
from a stock concentration of 18 mg/mL. The other group
received 100 uL of saline and served as the control group. The
IV administration was repeated thrice with 2 day intervals. The
weight of the mice was monitored in both the groups during
the experiment. After a further S days, mice were sacrificed,
and organs (liver, kidney, heart, lung, brain, spleen) were
studied for any necrosis or abnormalities. Tissue histology was
conducted using hematoxylin and eosin staining and studied
under the bright field microscope (Nikon Eclipse E1000).

B RESULTS AND DISCUSSION

Characterization of Cubosomes. Monoolein (MO)-
based cubosomes were formulated and stabilized using
DSPE-PEG2000-azide (DPZ) and Pluronic F127 as pre-
viously.® DSPE-PEG2000-azide here serves an added advant-
age of enabling cubosomes to be functionalized with external-
facing ligands using copper free click chemistry with the azide
group. One of the challenges while formulating nanoparticles is
controlling particle size, aiming for 100—200 nm diame-
ters,”"~** which can penetrate the tumor vasculature to deliver
drugs to diseases sites while avoiding rapid elimination.”*
Various different ratios of MO, DPZ, and F127 were studied as
detailed in our previous work;" here we used MO:DPZ:F127 =
88.79:4.67:6.54 (w/w), which yielded a Z-average size of 106
nm for cubosomes without an external ligand or cytotoxic drug
payload (“Cbs” Figure 1B; Figure S2); the polydispersity index
(PDI) for these was 0.155 (Figure S2), indicating stable,
mainly monodispersed particles.

Metal-based complexes of ruthenium, titanium, and
platinum have successfully entered clinical trials as cancer
therapeutics, and this has led to other new metallic complexes
being studied as therapeutics.”® In this work, we have further
extended our previous successful use of the copper complex
copper acetylacetonate (CuAc) as a model drug.® Use of
copper compounds in cancer therapy is an area of intensive
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and expanding research, and copper has been shown to target a
wide range of cancer-relevant molecular pathways.’® Fur-
thermore, simple copper compounds such as CuAc are
affordable in low resource settings; therefore, we expect our
work could be more relevant in global terms, since the current
first line cancer drugs used in the many developed countries
are often unaffordable elsewhere.”’

CuAc was encapsulated into cubosomes at 5% (with respect
to MO), and this was confirmed by inductively coupled plasma
optical emission spectrometry (ICPOES). For this study,
elemental copper (Cu) was used as the marker for detection of
CuAc. CuAc encapsulation of 82% was noted,” which was in a
similar range to a previous regort for encapsulation of a
photosensitizer into cubosomes.”® Inclusion of CuAc caused
an increase in cubosome size to 125 nm (“Cbs-Cu” Figure 1B,
Figure S2). Finally, the HA ligand was covalently attached to
the external surface of the cubosomes, creating Cbs-Cu-HA
nanoparticles, with a Z-average size of 152 nm (Figure 1B,
Figure S2). FTIR spectroscopy was used to demonstrate loss of
essentially all detectable azide groups on the cubosomes,
showing that all potential HA-conjugation sites had been used
(Figure S1). Polydispersity indexes for these particles remained
good, with values of 0.159 and 0.131 respectively (Figure S2).
Encapsulation of CuAc was further confirmed by energy-
dispersive X-ray spectroscopy (EDAX), where characteristic
La and L peaks for copper (920—950 eV) can be observed in
Cbs-Cu-HA particles (Figure 1C) as compared to bare
cubosomes, Cbs (Figure S3).

The internal nanostructures of cubosomes at each step, i.e.,
bare (Cbs), drug encapsulated (Cbs-Cu), and HA-tagged
(Cbs-Cu-HA), were studied using small-angle X-ray scattering
(SAXS) at 37 °C (Figure 1D). All the samples at these two
temperatures showed the presence of Bragg peaks in the ratio
of \/2:\/4:\/6 (corresponding Miller indices (hkl) 110, 200,
211), which index as a primitive bicontinuous cubic space
belonging to space group Im3m. The lattice parameters of Cbs,
Cbs-Cu, and Cbs-Cu-HA at 37 °C were 133.3, 135.1, and 137
A, respectively. The addition of $% CuAc and HA did not alter
the phase transition but slightly increased the lattice
parameters, as the bulky metal organic complex reduced the
degree of monolayer spontaneous inverse curvature.

In context of nanoparticles, it has been observed that zeta
values above +40 mV correspond to high electrostatic
stability;”” in our case, the zeta potential of Cbs-Cu-HA was
—40.8 mV (Figure S4), which correlates well with our
observation of extended particle stability (>21 days). Trans-
mission electron microscopy (TEM) images of HA-tagged
drug encapsulated cubosomes (Cbs-Cu-HA; Figure 1E) and of
cubosomes without drug or HA (Cbs; Figure SS) show cubical
structures, and the sizes were found in a similar range as the
hydrodynamic diameters examined by the DLS.

Hyaluronic Acid Effectively Targets Cubosomes to
CD44-Expressing Cancer Cells. CD44 is a cell surface
adhesion receptor that binds the extracellular ligand hyaluronic
acid (HA). CD44 is overexpressed in a range of cancers
including colon, lung, ovarian, and triple-negative breast

1939 Additionally, CD44 has been identified as a marker
for breast cancer stem-like cells, a subpopulation of cancer cells
that are strongly linked to metastases, drug resistance, relapses
following therapy, and poor clinical outcomes.'”> We selected
four cell lines, in which we assessed CD44 expression and its
potential for HA-targeted delivery; one was a noncancerous
line (HEK-293),”" one was a breast cancer line that reportedly

cancer.
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Figure 2. CD44 expression in cells allows targeting of cubosomes to cells with HA. (A) CD44 expression was studied in four different cell lines, as
indicated, using immunofluorescence; red fluorescence indicates CD44 expression, while blue represents a nuclear counterstain (DAPI). (B)
CD44-positive MDA-MB-231 cells or CD44-negative MCF-7 cells were treated with 20 ug/mL of fluorescently labeled (NBD) cubosomes either
with (Cbs-NBD-HA) or without (Cbs-NBD) the HA ligand for 24 h under standard culture conditions. Uptake and localization were assessed
using confocal microscopy with consistent settings to allow comparisons; green fluorescence indicates the presence of NBD dye, while blue

represents a nuclear counterstain (DAPI).

does not express CD44 (MCF—7),32’33 and two were cancer
lines that reportedly express CD44 (MDA-MB-231 and HT29,
derived from triple-negative breast cancer and colon cancer,
respectively).””~>> Using immunofluorescence, we confirmed
that MDA-MB-231 and HT29 cells express dramatically more
CD44 than the other lines, with MDA-MB-231 showing
prominent expression on every cell, whereas HT29 showed
more variable expression mainly in areas of cell-to-cell contact
(Figure 2A).

HA has been used in preclinical therapeutic applications for
targeting cancer cells through its function as a CD44 ligand,
including in TNBC* and colon cancer.”’” In order to evaluate
the binding specificity of HA-tagged cubosomes, the HA-
tagged cubosomes (Cbs-NBD-HA) were labeled with 0.5% w/
w of the fluorescent lipid 1,2-dioleoyl-sn-glycero-3-phosphoe-
thanolamine-N-(7-nitro-2—1,3-benzoxadiazol-4-yl) (ammo-
nium salt) (NBD-PE), and its localization was studied in
two of the cell lines, including one that was CD44-negative
(MCF-7) and one that was CD44-positive (MDA-MB-231).
The CD44-positive line (MDA-MB-231), but not the negative
line (MCF7), 24 h post treatment, showed specific uptake of
fluorescent cubosomes as observed by confocal microscopy
(Figure 2B), demonstrating dependence on cellular expression
of CD44. We also demonstrated that uptake was dependent on
the HA ligand, as fluorescent cubosomes lacking this targeting
agent were not taken up by either MDA-MB-231 or MCEF-7
cells (Figure 2B). Prange et al. have previously demonstrated
that cubosome uptake by cells occurs by endocytosis;*® we
infer that HA and CD44 combine here to induce the same
uptake in MDA-MB-231 cells as punctate spots of green
fluorescence are found inside the cells, although we have not
formally proved involvement of the endocytic pathway. These
data suggest that HA-tagged cubosomes could selectively
deliver a drug payload to CD44-expressing cancer cells.
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CuAc-Loaded, HA-Tagged Cubosomes Kill CD44-
Positive Cancer Cells. Next, we assessed targeted delivery
and efficacy of the potential cancer drug CuAc in HA-tagged
cubosomes using in vitro cytotoxicity MTT assays. All four cell
lines, including those that are CD44-positive and negative,
were treated with a range of concentrations (0—125 pg/mL) of
drug-loaded untargeted cubosomes (Cbs-Cu), or drug-loaded
HA-tagged cubosomes (Cbs-Cu-HA), and cell survival was
assessed (Figure 3). There are several reports demonstrating
relatively low toxicity of MO-based cubosomes;”’ however, as
our formulation is developed from a novel ratio of
MO:DPZ:F127, we also evaluated the toxicity of untargeted
cubosomes without drug (Cbs). It was observed that bare
cubosome (Cbs) did not show any significant cytotoxicity at
any dose in any of the cell lines (Figure 3). Untargeted drug-
loaded cubosomes (Cbs-Cu) showed some cytotoxicity at the
highest concentrations (up to 25% cytotoxicity at 125 ug/mL),
reflecting nonspecific uptake of the cubosomes and the payload
drug, although at all lower concentrations, this cytotoxicity was
not significantly different from the cubosomes lacking drug.
Most notably, Cbs-Cu-HA showed a substantial and significant
reduction in cell viability in the CD44-expressing cell lines
while causing lesser degrees of cytotoxicity in the CD44-
negative lines that were similar to toxicity caused by untargeted
particles (Cbs-Cu). For example, at 75 and 100 pg/mL doses,
the targeted cubosomes reduced viability by 41 and 63% in the
CD44-positive cells MDA-MB-231, as compared to 11 and
22% for the untargeted cubosomes (p = 0.001).

Similarly, in HT-29 cells, which also overexpress CD44, the
targeted formulation reduced viability 35% at 75 pug/mL and
43% at 100 pg/mL, compared to 12 and 18% viability
reduction with the untargeted cubosomes (p = 0.001). These
finding correlates with the in vitro localization data (Figure
2B), as CD44-expressing cells selectively uptake the targeted
cubosomes, thereby receiving high levels of cytotoxic drug
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Figure 3. CuAc-loaded, HA-tagged cubosomes specifically kill CD44-positive cancer cell lines. Cell lines as indicated were treated with the doses
shown of bare cubosomes (Cbs), drug-loaded cubosomes (Cbs-Cu), or HA-tagged, drug-loaded cubosomes (Cbs-Cu-HA) for 24 h. Survival of
viable cells was assessed using MTT assays. Data represents means and standard errors of three independent experiments. Statistical analyses: two

way ANOVA. ns: not significant.

causing toxicity. Importantly, we also assessed the relative
sensitivities of these cell lines to native, unencapsulated CuAc
(Figure S6); this demonstrated no intrinsic significant
differences in sensitivity to the drug between the cell lines,
with MDA-MB-231 demonstrating the numerically highest
ICS0 indicative of greatest resistance. This confirmed that
differential sensitivity to Cbs-Cu-HA related to targeting to the
expression of CD44, rather than relating to intrinsic CuAc
sensitivities.

CuAc-Loaded, HA-Tagged Cubosomes Induce Apop-
totic Death in 3D Spheroid Models. After confirming
active targeting in both CD44-expressing cells in our panel of
four lines, we further studied only the lines of breast cancer
origin; CD44-positive MDA-MB-231 and CD44-negative
MCF-7. Next, we assessed the mode of cell death, ie,
apoptosis or necrosis, using annexin V assays. Cells were
treated with 75 pg/mL Cbs-Cu-HA; this dose was selected
from data in Figure 3 as showing strong, targeted (HA-
dependent) cytotoxicity in CD44-positive cells. Cells showing
apoptosis were quantified before treatment (0 h) and at time
points up to 48 h after treatment. MCF-7 cells showed
negligible apoptosis, with only a small increase in the
percentage of apoptotic cells from 3.2% before treatment to
5.6% after 48 h of treatment (Figure 4A). On the contrary,
CD44-positive MDA-MB-231 cells showed time-dependent
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induction of apoptosis with up to 51% apoptosis at 48 h
(Figure 4A). Thus, it was confirmed that targeted delivery of
CuAc via Cbs-HA resulted in selective apoptosis of CD44-
expressing cells.

Monolayer cultures do not mimic the structure and drug
resistance conferred by elements of tumor microenviron-
ment,** whereas spheroids more closely resemble some aspects
of the three-dimensional environment of cancer cells and thus
offer better opportunities to study cancer drug behavior."' We
further evaluated our targeted particles (Cbs-Cu-HA) for
efficacy in 3D spheroids of MDA-MB-231 and MCEF-7.
Spheroids were treated with 75 pg/mL of Cbs-Cu-HA for
various time points up to 48 h. Using propidium iodide to
assay cellular viability (viable cells exclude this dye) along with
Hoechst 33342 (which permeates both viable and nonviable
cells),”” we noted viability was reduced to 60% after 24 h and
further to 10% (p = 0.0001) after 48 h of treatment in the case
of the MDA-MB-231 spheroid, while only minor and
nonsignificant reductions in viability were seen with the
MCEF-7 spheroids (Figure 4B,C). Interestingly, there was little
evidence of the center of spheroids being relatively resistant,
which can occur due to poor penetration of the cytotoxic,
suggesting that Cbs-Cu-HA had access to the spheroid interior.
Thus, we concluded that HA-tagged cubosomes could
efficiently and selectively eliminate CD44-expressing cancer
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Figure 4. CuAc-loaded, HA-tagged cubosomes induce apoptosis in CD44-positive cells in 2D and 3D cultures. (A) MCF-7 or MDA-MB-231 cells
in 2D culture were treated with 75 pg/mL Cbs-Cu-HA for up to 48 h; apoptosis was quantified using Annexin V/PI staining at the time points
shown. (B,C) MCF-7 or MDA-MB-231 spheroids were established, which were then treated with 75 pg/mL Cbs-Cu-HA for up to 48 h; cell death
was visualized (B; scale bar 200 ym) and quantified (C) using staining with PI and Hoechst 33342 and fluorescence microscopy and counting of
the proportion of PI-positive cells. (D,E) MCF-7 or MDA-MB-231 spheroids were established and treated as for panels B and C; spheroids were
lysed at the times indicated, and apoptosis was assessed by Western blotting for caspase 3 relative to the loading control beta-actin. A representative
blot is shown (D) along with densitometry of cleaved caspase 3 (E). Quantitative data represents means and standard errors of three independent
experiments, and statistical analyses were performed using two way ANOVA tests.

cells even in 3D culture conditions, without causing toxicity to
cells lacking CD44. Apoptosis was observed to be the mode of
cell death in the 2D cell culture study, so we further aimed to
confirm the same in the 3D model. The presence of cleaved
caspase 3, a common marker for apoptosis in spheroids,” was
used to assess apoptosis in protein extracts from spheroids
before treatment or those treated with Cbs-Cu-HA at 24 or 48
h. As noted in Figure 4D, MDA-MB-231 spheroids showed
caspase 3 cleavage at 24 h, which further increased at 48 h.
MCE-7 showed no sign of caspase 3 cleavage even at 48 h.
Thus, it was confirmed that the targeted delivery could
successfully induce selective apoptosis and potentially elimi-
nate CD44-expressing cancer cells.

In Vivo Biocompatibility. As a preliminary evaluation of
toxicity of the formulated Cbs-Cu-HA and its future in vivo
applicability, we studied the toxicity of Cbs-Cu in mice. A total
of 12 nude mice were randomly divided into 2 groups, 1 of
which served as control (injected with saline) and the other
was administered with 100 L of Cbs-Cu in PBS (18 mg/mL).
These treatments were repeated 2 days later and again after a
further 2 days. Tissue histology is commonly used to analyze in
vivo toxicity for drug trials.””" Five days after the third
treatment, tissue sections of organs including lung, brain,
spleen, kidney, liver, and heart were studied using hematoxylin
and eosin (H&E) staining. As observed in Figure 5, Cbs-Cu
treatment was associated with no obvious toxicity as indicated
by the absence of any necrotic tissue or abnormalities in any of
these organs when compared with control group tissues.
Change in total body during treatment indicates the health of
mice and therefore can be used to monitor toxicity.** In our
case, we did not observe any significant change in the treated
group with respect to control, which further indicates absence
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of any toxicity from Cbs-Cu treatment (Figure S7). Thus, we
could conclude that Cbs-Cu poses little risk of toxicity in
normal tissues for in vivo applications and therefore that use of
these particles appears to be a viable strategy for targeting
cancers. Similarly, others have demonstrated low toxicity in
normal tissues in vivo to be associated with use of HA-targeted
nanoformulations, thereby supporting the viability of our Cbs-
Cu-HA particles as a cancer therapy."*°

Bl CONCLUSION

We report a formulation of clickable cubosome nanoparticles
based on monoolein with an internal nanostructure belonging
to space group Im3m. The advantage of the clickable chemistry
is its ease of functionalization with any ligand, particularly for
cancer targeting applications. This is the first report of
cubosomes tagged with hyaluronic acid using copper free
click chemistry in order to target CD44-expressing cancer cells.
We demonstrate this targeting and its specificity in monolayer
cell culture and in 3D tumor spheroid models. The model drug
used in this study, copper acetylacetonate, effectively killed
cancer cells, at least in part by inducing apoptosis, when
delivered via this targeted nanocarrier. Other groups have
successfully encapsulated different cancer drugs into related
cubosome formulations; examples include cisplatin and
paclitaxel,47 SN38,** or methotrexate.”” Therefore, we expect
our targeting methodology to have broad applicability. Our
preliminary in vivo study confirmed that the nanoformulation is
nontoxic to normal tissues. There are currently very few
published targeted drug delivery studies using cubosomes in
the cancer field, and this work represents a major advance with
potential clinical utility.
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Figure S. CuAc-loaded cubosomes do not cause tissue damage in critical organs. SCID mice were treated intravenously with repeated doses of Cbs-
Cu over 6 days or with saline (control). Six days later, tissues were harvested, and sections were stained using hematoxylin and eosin to assess

whether tissue damage was evident.
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