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ABSTRACT: The latest trends in cancer research and nano-
medicine focus on using nanocarriers to target cancer stem cells
(CSCs). Specifically, lipid liquid nanocapsules are usually .. .comnrc

developed as nanocarriers for lipophilic drug delivery. Here, we
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Specific uptake by CD44
positive pancreatic CSCs

developed olive oil liquid NCs (O’LNCs) functionalized by . ‘;;’i}. (
covalent coupling of an anti-CD44-fluorescein isothiocyanate 2%

antibody (aCD44). First, O’LNCs are formed by a core of olive
oil surrounded by a shell containing phospholipids, a nonionic
surfactant, and deoxycholic acid molecules. Then, O*LNCs were
coated with an aCD44 antibody (aCD44-O*LNC). The
optimization of an aCD44 coating procedure, a complete physicochemical characterization, as well as clear evidence of their
efficacy in vitro and in vivo were demonstrated. Our results indicate the high targeted uptake of these ?CD44-O’LNCs, and the
increased antitumor efficacy (up to four times) of paclitaxel-loaded-aCD44-O’LNC compared to free paclitaxel in pancreatic CSCs

In vivo biodistribution and
CSCs pancreatic targeting

(PCSCs). Also, ®CD44-O*LNCs were able to selectively target PCSCs in an orthotopic xenotransplant in vivo model.

B INTRODUCTION

The development of targeted therapies, especially for cancer, is
one of the main goals of nanomedicine today.' ™ Conventional
chemotherapy usually prompts a modest tumor response and
provokes undesirable side effects because of the nonspecific
action of drugs on proliferating tissues.” To avoid these and
other disadvantages, drug nanocarriers should be formulated to
deliver the antitumor drug directly to the cancerous cells. This
is a complex interdisciplinary task with too many variables to
be properly controlled. These variables include the use of
biocompatible materials, with simple but robust processes for
biomaterial assembly, usually requiring different cor;jugation
chemistries followed by some purification processes.” There-
fore, current formulations based on complex nanostructures
such as polymer conjugates, polymeric micelles, liposomes,
carbon nanotubes, or nanoparticles’™” must be superficially
modified to provide carriers with vectorization properties. In
recent years, lipid liquid NCs (LLNCs) have been developed
as potential nanocarriers. The inner hydrophobic domain,
encased in a hydrophilic outer shell, has been used to
encapsulate hydrophobic drugs that are protected during their
transport to the target cells.'"” Additionally, the external shell
can be physicochemically modified by ligands such as
antibodies to deliver the given drug specifically inside the
cells that overexpress the corresponding antigen receptor.
These tailor-made vehicles could improve the effectiveness of
the drug, while minimizing undesirable side effects in healthy
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cells." ' With regard to the nature of the ligands, monoclonal

antibodies have been extensively employed to develop targeted
nanocarriers, referred to as immuno-nanocarriers.”>~'* Some
advantages of immuno-nanocarriers include the improvement
of drug selectivity, high drug-loading efficiency, minor dru
leakage, and protection of drugs from enzymatic degradation.'
The design of immuno-NCs requires not only the creation of
well-defined structures but also the optimization of appropriate
antibody-conjugation chemistry.

Cancer-associated aggressiveness and mortality are primarily
caused by cancer recurrence and metastasis. Recent advances
in cancer research indicate that this is mainly because of a
small subpopulation of cells known as cancer stem cells (CSCs
or tumor initiating cells), which possess stem-like functional
properties such as a self-renewal ability and multipotency and
have the ability to differentiate into bulk tumor cells. Although
current treatments can reduce the size or eliminate the tumor,
however, in several cases, these effects are transient and
generally do not improve patient survival outcomes. In fact,
during chemotherapy, most of the cells of the primary tumor
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can be destroyed, but if CSCs are not totally eradicated, they
can lead to the reappearance of the tumor in the same organ or
in metastatic sites.”” Therapies that specifically target CSCs
hold great promise for improving survival rates and quality of
life for cancer patients.

On the other hand, CD44 has attracted considerable
attention because of its important functions in mediating
cell—cell and cell-matrix interactions and association with
malignant processes, particularly in cancer dissemination.”"*”
A recent work has revealed that CD44 is the most common
CSC surface marker and plays a pivotal role in CSCs in
communicating with the microenvironment and regulating
CSC stemness properties.”> Increasing evidence suggests that
CD44 is a promising prognostic biomarker and therapeutic
target for many cancers. In fact, it has been demonstrated that
populations enriched in CSCs of prostate cancer, uterine
adenocarcinoma, and pancreatic cancer (PC) among others
have a high expression of CD44.>* In 2018, there were 460,000
new cases of PC diagnosed around the world.”* Although there
are different types of treatment available for patients with PC,
most patients have no recognizable symptoms, making early
diagnosis difficult and chemotherapies or radiation therapies
often show poor results.”® The biochemical and physiological
characteristics of PC appear to limit the effectiveness of these
standard forms of therapy, mainly due to the highly enriched
CSC subpopulations present in this tumor that explains the
resistance to treatments.””**

In the present study, we have formulated and optimized a
new immuno-nanosystem by covalent linking of a specific
immuno-y-globulin (IgG) to the surface of olive oil lipid NC
(O’LNC) via carboxylic acid functional groups. Thus, our
group has developed a novel system in which the NC’s shell
was enriched with deoxycholic acid (DCA).”**” Chemically
conjugated with oligosaccharides has shown great potential to
form both drug and gene carriers,”” and it increases the efficacy
of oral bioavailability of different nanoparticles that encapsulate
drugs.’’ In this way, using DCA-NC (O’LNC), we achieved
the optimal experimental conditions to covalently link the anti-
CD44-fluorescein isothiocyanate (FITC) onto their carboxylic
acid-rich surfaces, by means of a reproducible and simple
method based on a carbodiimide catalyst.**** The antibody is
a recombinant humanized IgG1 that specifically recognizes the
CD44 antigen overexpressed on the surface of pancreatic CSCs
(PCSCs). Subsequently, the obtained olive oil immuno-NCs
(aCD44-O’LNC) were physicochemically characterized.

Moreover, both bare O’LNC and aCD44-O*LNC labeled
with a fluorescent molecule (nile red or IR-780 iodide) were
evaluated in vitro, in differentiated PC cells (PCCs) growing in
monolayer (low expression of CD44) and PCSCs (high
expression of CD44); and in vivo analyzing the biodistribution
and targeting properties of aCD44-O°LNC in a PCSC
orthotopic xenotransplant in vivo model.

B EXPERIMENTAL SECTION

Reagents. Poloxamer 188 (Pluronic F-68), DCA, Nile red (RN),
IR-780 iodide (i780), N-(3-dimethylaminopropyl)-N'-ethylcarbodii-
mide hydrochloride (ECDI), #-mercapto-ethanol, Brilliant blue R250,
paclitaxel (PTX) with a purity >97.0% and olive oil were purchased
from Sigma-Aldrich (Spain). All of them, except the olive oil, were
used as received. Olive oil was previously purified in our laboratories
with activated magnesium silicate (Florisil, Fluka) to eliminate free
fatty acids. Epikuron 145 V, which is a phosphatidylcholine-enriched
fraction of soybean lecithin, was supplied by Cargill (Barcelona,
Spain). Human anti-CD44-FITC (aCD44) (clone REA690), Human
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anti-CD44 (clone REA690), anti-CD44-APC (clone REA690), anti-
CXCR4-APC, and anti-CXCR4-PE (clone REA649) monoclonal
antibodies were obtained from Miltenyi Biotech (Spain). Their
isoelectric point (IEP) was 6.8 + 0.5. 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenol tetrazolium bromide (MTT) cell-proliferation kit was
obtained from Promega (U.S.A.), Cell Counting Kit-8 (CCKS8) cell-
proliferation assay was purchased from Dojindo (Europe). Water was
purified in a Milli-Q Academic Millipore system. NMR solvents
(D,0, CDCl;, and CD;OD) were purchased from Eurisotop
(France). Other solvents and chemicals used were of the highest
grade commercially available.

Cell Lines and Culture Conditions. 293T human kidney cancer
cell line (CRL11268) and BxPC-3 human PC cell line were obtained
from American Type Culture Collection (ATCC), and cultured
following ATCC recommendations. The 293T cell line was cultured
in DMEM (Biowest) and the BxPC-3 PC (PC) cell line was cultured
in RPMI-1640 medium (RPMI) (Gibco, Grand Island, NY, USA)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS) (Gibco) 1% L-glutamine, 2.7% sodium bicarbonate, 1% Hepes
buffer, and 1% penicillin/streptomycin solution (GPS, Sigma). Both
cell lines were grown at 37 °C in an atmosphere containing 5% CO.”

Cancer stem-like cells from the BxPC3 PC (adenocarcinoma) cell
line were isolated using the methodology previously described by us.**
Briefly, the BxPC-3 cell line was cultured into ultra-low attachment 6-
well plates (Corning) with DMEM-F12 (Sigma-Aldrich), 1%
streptomycin-penicillin (Sigma-Aldrich), 1 mg/mL of hydrocortisone
(Sigma-Aldrich), 4 ng/mL of heparin (Sigma-Aldrich), 1x ITS
(Gibeo); 1x B27 (Gibco), 10 ng/mL of EGF (Sigma-Aldrich), 10
ng/mL of FGF (Sigma-Aldrich), 10 ng/mL of IL-6 (Sigma-Aldrich),
and 10 ng/mL of HGF (Sigma-Aldrich). To obtain the second
generation of PCSCs used in the experiments, spheres were collected
by centrifugation at 1500 rpm for S min, incubated 5 min at 37 °C
with trypsin—ethylenediaminetetraacetic acid (EDTA) (Sigma-
Aldrich), disaggregated with a 30G needle and washed with 1x
phosphate buffer saline (PBS). The cells were seeded again in the
same type plates and with the same medium mentioned above. After
three days, the spheres were collected and used in the different
trials.”* All cell cultures tested were negative for mycoplasma
infection.

Preparation of O’LNCs. O’LNC were prepared by using a
modified solvent-displacement technique of Calvo et al.*>* Briefly, an
organic phase composed of 125 uL of olive oil, 10 mg of DCA, 40 mg
of Epikuron 145 V dissolved in 1 mL of ethanol, and 9 mL of acetone
was strongly added to 20 mL of aqueous phase containing 50 mg of
Pluronic F68 under magnetic stirring. The mixture turned milky
immediately because of the formation of a nanoemulsion. Organic
solvents (acetone and ethanol) plus a portion of the volume of water
were evaporated in a rotary evaporator at 35 °C, giving a final volume
of 16 mL. In some cases, we dissolved PTX or/and NR or i780 iodide
dye in the olive oil phase in order to synthesize O’LNC loaded with
these compounds inside.>> These different O’LNCs were used
depending on the experiment carried out.

NMR Chemical and Structural Characterization of the NCs.
NMR spectra were recorded on a Bruker AVANCE III spectrometer
(500 MHz for 'H) equipped with a 1.7 mm MicroCryoprobe, using
external acetone referencing for the analysis of intact NCs in H,O-
D,0 or the signal of the residual solvent as the internal reference (5y
7.26 for CDCl,, 8y 3.31 for CD;0D) for the analysis of disintegrated
NCs reconstituted in these deuterated organic solvents. For NC
disintegration, a clean aliquot (80 yL) of the sample was dissolved in
2-propanol (2 mL), mixed, sonicated for 20 min, and split into two
further aliquots, which were concentrated to dryness before
reconstitution in the organic deuterated solvent (ca. SO uL of
CDCl; or CD;OD) for NMR analyses. The diffusion NMR
experiments were undertaken after the size of the NCs had been
already determined by dynamic light scattering [photon correlation
spectroscopy (PCS)].

Preparation of Antibody-Coated NCs. Antibodies were
immobilized on the O’LNC surface by an optimized carbodiimide
method previously described,” which permits an efficient covalent
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binding of protein molecules to the carboxylic groups supplied by
deoxycholic molecules. The antibody-coupling protocol was con-
ducted at the pH value, depending on the IEP of the IgG, in such a
way that the O’LNCs were first centrifuged in a Vivaspin 20
centrifugal concentrator MWCO 1000 kDa (Sartorius) at 2500g for
1S min, this nanofiltration step removed any “smaller molecular
component” from the sample and eliminate the nonreactive products
coming from the synthesis protocol. We replaced the medium with a
phosphate buffer (PB pH 7.4) for aCD44-FITC. Once the
centrifugation was finished, 1 mg of a solution in PB (pH 7.4) of
ECDI at 15 mg/mL was added to the O2LNC solution having a total
particle surface equal to 0.29 m” for the covalent binding of aCD44-
FITC (aCD44). Subsequently, the antibody coverage was performed
by adding aCD44 concentration of 0.18 mg/m’, and then, the
solution was incubated at room temperature for 2 h. Finally, the
aCD44-O’LNCs were centrifugated in the Vivaspin tubes with its
corresponding buffer to remove any IgG molecules that were not
coupled to the O’LNC and collecting the first elution volume for
protein quantification by ultraviolet spectrophotometry and bicincho-
ninic acid assay methods. The final ®CD44-O>LNC stock was stored
at 4 °C for further use.

Protein Separation by SDS-PAGE. In order to verify that the
covalence of the antibody was effective, a gel chromatography test was
performed. The immune-NC complexes were separated and
denatured by boiling 20 uL of each sample for S min in the following
buffer: 62.5 mM Tris—HCI (pH 6.8 at 25 °C), 2% (w/v) sodium
dodecyl sulfate (SDS), 10% glycerol, 0.01% (w/v) bromophenol blue,
and 40 mM dithiothreitol. Samples were then separated by size in
porous 12% polyacrylamide gel [ID SDS polyacrylamide gel
electrophoresis (PAGE)], under the effect of an electric field. The
electrophoresis was run under constant voltage (130 V, 45 min), and
the gels were stained using a Coomassie blue solution (0.1%
Coomassie Brilliant blue R-250, 50% methanol, and 10% glacial acetic
acid) and faded with the same solution lacking the dye. Densitometry
was performed using Image] analysis software (NIH). This technique
allows a quantitative digital analysis of image data from electro-
phoresis gels,”” calculating in this way the final antibody coverage
degree of every immuno-NC.

Physicochemical Characterization. The hydrodynamic mean
diameter of the NC was determined by PCS, using a 4700C light-
scattering device (Malvern Instruments, U.K.) and working with a
He—Ne laser (10 mW). The light scattered by the samples was
detected at 173°, and the temperature was set at 25 °C. The diffusion
coefficient measured by dynamic light scattering can be used to
calculate the size of the O’LNC by means of the Stokes—Einstein
equation. The homogeneity of the size distribution is expressed as a
polydispersity index (PDI), which was calculated from the analysis of
the intensity autocorrelation function.> Electrophoretic mobility (u.)
as a function of pH was measured after diluting a small volume of the
O’LNC stock (with a total surface equal to 0.05 m*) in 1 mL of the
desired buffered solution. It should be noted that all the buffers used
in the y, studies had identical ionic strengths, being equal to 0.002 M
except for measurements with PBS (pH 7.4 and 150 mM) and with
RPMI cultured medium supplemented with 10% FBS (pH 7.4 and
150 mM). The y, measurements were made in triplicate using a
nanozeta dynamic light-scattering analyzer (Zeta-Sizer Nano Z,
Malvern Instruments, U.K.).

In Vitro Cellular Uptake. Cells (1.5 X 10°) from both BxPC-3
cells growing in monolayer and BxPC-3 PCSCs were seeded into
Corning cell culture flasks (VWR, Spain) and into Ultra-Low
Attachment 6-well plates (Corning, Spain), respectively. In this
study, O’LNCs were formulated by adding NR into olive oil at a
concentration of 0.025% (w/w). Regarding Nile red, we assumed that
because it is a lipophilic dye, it would be fully incorporated into the
olive oil core of the O’LNCs and would be very unlikely to be
excluded. In any case, we performed an assay to evaluate the possible
exclusion of Nile red from the O’LNCs. Briefly, several aliquots of
NR-O’LNC were incubated at 37° for 4, 8, and 24 h in PB, PBS, and
phenol red-free culture medium with FBS. These samples were
centrifuged in Vivaspin tubes (1000 kDa pore size), and supernatants
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were collected and analyzed using a spectrofluorometer. Then, the
same protocol described above was used to coat the O*LNC surface
by our antibody. The membrane binding and cell internalization of
both labeled naked NR-O’LNC and NR-aCD44-O’LNC were
examined by laser-scanning confocal microscopy. Briefly, the two
types of cell populations (3 X 10°/well) were seeded in Slide 8-Well
chambers (ibiTreat, IBIDI) with RPMI medium and F12 spheres
medium supplemented as described above, for the differentiated
PCCs and the PCSCs, respectively. After 24 h, 4.4 X 10" of NR-
O’LNC and NR-aCD44-O’LNC were added to the cells. The images
were taken after 3 h of incubation. Imaging experiments were
conducted with a Zeiss LSM 710 laser-scanning microscope using a
tissue culture chamber (5% CO,, 37 °C) with a plan-apochromat
63%/1.40 Oil DIC m27. Images were processed with Zen Lite 2012
software.

Additionally, to quantitatively analyze the uptake of the O’LNC in
the two PC cell populations, a flow cytometry assay was performed.
Once the different cell populations were obtained, PCSCs were
disaggregated in order to obtain individualized cells, then the two cell
populations were washed and centrifuged at 1500 rpm for S min in
tubes and resuspended in a 1% BSA (bovine serum albumin) solution
to block the possible nonspecific binding of antibodies. Next, 1 X 10°
cells per sample were incubated with 4.4 X 10"' NR-O’LNC and NR-
aCD44-O’LNC. The incubation times of the cells with the O’LNC
were 15, 30, and 60 min. Then, the cells were washed with 1x PBS
and centrifuged at 1500g for S min twice to remove the
noninternalized NCs. Finally, the cells were resuspended in 300 L
of 1X PBS and analyzed for red and green fluorescence by flow
cytometry (FACS CANTO II (BD Biosciences)) using FACS DIVA
software. Moreover, we performed a characterization of BxPC-3 PCCs
and BxPC-3 PCSCs in order to corroborate their stemness properties.
Briefly, cell surface marker levels of BxPC-3 PCSC were determined
with human antibodies anti CD44-FITC and anti CXCR4-APC; and
ALDEFLUOR assay (Stem Cell Technologies) to detect enzyme
ALDHI activity was performed to complete the characterization.
Samples were measured and analyzed by flow cytometry on a FACS
CANTO II (BD Biosciences). All experiments were performed in
triplicate and replicated at least twice. Sterility evaluations of all
nanosystems were performed prior to develop O’LNC uptake studies
in order to exclude possible biological contamination. Cells treated
with naked O’LNC were used as controls.

Finally, in order to corroborate that the NR-aCD44-O>LNC enter
into the BxPC3 PCSCs (high CD44 expression) through a receptor-
mediated mechanism (CD44 antigen), an antigen block assay by flow
cytometry was performed. Once the cell subpopulation (BxPC3
PCSCs) was obtained, these were washed and centrifuged at 1500
rpm for S min in tubes and resuspended in a 1% BSA solution to
block the possible nonspecific binding of antibodies; next, 1 X 10°
cells per sample were incubated with 4.4 X 10"' NR-O’LNC and NR-
aCD44-O”LNC. The incubation times of the cells with the O’LNC
were 30 min. Additionally, 1 X 10° cells per sample were incubated
with 6 uL of anti-CD44 at 4 °C for 15 min. Afterward, the samples
were incubated with 4.4 X 10" NR-O’LNC and NR-aCD44-O’LNC.
The incubation time of the cells with the O*LNC was 30 min. Then,
the cells were washed with 1X PBS and centrifuged at 1500g for S min
twice to remove the noninternalized NCs. Finally, the cells were
resuspended in 300 uL of 1X PBS and analyzed for red and green
fluorescence by flow cytometry (FACS CANTO II, BD Biosciences)
using FACS DIVA software. All the experiments for PCCs were
carried out in the presence of FBS except for PCSCs, which must be
cultured without FBS.

Encapsulation Efficiency, Drug Loading, and Retention
Time of O’LNC-PTX. In order to know if our O’LNCs are a good
drug vehicle nanosystem, two parameters were calculated, such as
drug loading (DL) (1) and encapsulation efficiency (EE) (2). Then, a
defined amount of PTX was dissolved in the olive oil and the
synthesis of the O’LNC was performed. Briefly, PTX was dissolved in
olive oil at different concentrations and EE, as well as the permanence
over time within the oil core of the O’LNC, was calculated. After the
synthesis and the covalence protocol, O’LNC, O*LNC-PTX, and
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Figure 1. Synthesis and physicochemical characterization of O’LNC and aCD44-O’LNC. (A) Scheme of synthesis and functionalization of
O’LNC and aCD44-O’*LNC. (B) SDS-PAGE of aCD44 (lane 1), aCD44-O’LNC (lane 2), and bare O’LNC (lane 3). (C) Electrophoretic
mobility and Z potential of O’LNC and aCD44-O’LNC in a pH range from 4 to 9. (D) Electrophoretic mobility and Z potential of O’LNC and
aCD44-O’LNC incubated in PB at pH 7.4 (PB), PBS, and RPMI culture medium supplemented with 10% FBS.

aCD44-O’LNC-PTX were stored at 4 °C and aliquots were collected
at different times (0, 1, 2, 3, and 4 weeks). These aliquots were
centrifuged in Vivaspin 20 tubes with a pore size of 300 kDa at 2500g
for 15 min. Then, each aliquot was dissolved in 2-propanol, mixed by
the vortex, sonicated for 30 min, and centrifuged at 14000 rpm for 20
min. The supernatant was collected and analyzed by MS with a
mobile phase of acetonitrile—water.

drug encapsulated (g)

% DL = X 100

total nanocapsule weight (g) (1)
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drug encapsulated (g)

% EE =
theoretical drug (g)

X 100

2)

In Vitro Antitumor Performance. The effect of PTX-loaded
O’LNC on cell viability was assessed using the MTT or CCK8 kit
assay, depending on the cell population. In the case of differentiated
BxPC-3 PCCs, cells were seeded into culture flasks with 15 mL of
RPMI supplemented 10% of FBS. When confluence was optimal
(80%), cells were detached with trypsin—EDTA and seeded into 96-
well plates at a concentration of 3000 cells per well. The cells were
then treated with O’LNC-PTX, aCD44-O’LNC-PTX, and free PTX
for three days. Free PTX was dissolved in DMSO, and PTX-loaded
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O’LNCs were diluted in RPMI medium. The cytotoxicity evaluation
was performed by the MTT assay according to the protocol. Briefly,
the MTT solution was prepared at S mg/mL in 1X PBS and then
diluted to 0.5 mg/mL in MEM without phenol red. The sample
solution in the wells was removed and 100 L of MTT dye was added
to each well. Plates were shaken and incubated for 3 h at 37 °C. The
supernatant was removed and 100 L of pure DMSO was added. The
plates were gently shaken to solubilize the formazan that was formed.
The absorbance was measured using a plate reader at a wavelength of
570 nm. In the case of BxPC-3 PCSCs, cells were seeded into Ultra-
Low Attachment 96-well plates at a concentration of 5000 cells per
well. After 3 days, cells were treated with free PTX, O%’LNC-PTX, and
aCD44-O’LNC-PTX, and the culture medium used was FI2
supplemented as described above. The toxicity evaluation was
performed by the CCK8 assay according to the protocol. Briefly, 15
uL of the CCK 8 kit was added to each well. Plates were shaken and
incubated for 3 h at 37 °C. The absorbance was measured using a
plate reader at a wavelength of 492 nm. The inhibitory concentration
50 (ICy) values were calculated from dose—response curves by linear
interpolation. All of the experiments, plated in triplicate wells, were
carried out at least three times, and for PCCs, cultures were done in
the presence of FBS and PCSCs without FBS.

Dual GFP-NanoLuc LV Production. The SELWP is a self-
inactivated (SIN) lentiviral vector (LV) expressing GFP-2A-NanoLuc
under the control of an internal spleen focus-forming virus (SFFV)
promoter. SELWP was generated previously (Tristan-Manzano et al,
unpublished) based on the SEWP LV.”” LV particles were generated
by transient co-transfection of 293T cells using enhanced green
fluorescence protein (eGFP)-NanoLuc vector plasmid together with
the packaging plasmid pCMVDR8.91 (http://www.addgene.org/
Didier Trono) and the p-MD-G plasmid encoding the vesicular
stomatitis virus (VSV-G) envelope gene (http://www.addgene.org/
Didier Trono). Vector production was performed as previously
described.® Briefly, 293T cells were planted on Petri-dishes (Sarsted,
Newton, NC), in order to unsure 80% of confluence for transfection.
The vectors, the packaging, and envelope plasmid (in proportion 3—
2—1) were resuspended in 45 uL of LipoD293 (SignaGen,
Gainthersburg, MD, USA). The plasmid-LipoD293 mixture was
added to prewashed cells and incubated for 6—8 h. After 48 h, viral
supernatants were collected, filtered through 0.4S ym filter (Nalgen,
Rochester, NY), aliquoted, and storage at —80 °C. Viral titers were
determined by transducing 293T cells with different volumes of the
supernatant. The percentage of eGFP" cells was determined by flow
cytometry 72 h later and transducing units per mL (TU/mL) were
estimated according to the formula: [(10° plated cells X % GFP*
cells) X 1000]/uL of LVs.

BxPC-3 Cell Transduction. BxPC-3 PCCs (100,000) were
seeded in a 24-well plate and incubated with the SELWP LV
supernatant at a multiplicity of infection (MOI) of 3 during S h at 37
°C and 5% CO,. The eGFP expression was determined by flow
cytometry (FACS Canto II, Becton Dickinson, New Jersey, US) at 72
h after transduction. Additionally, cells were stained with anti-CD44-
APC and CXCR4-PE for 20 min at room temperature.

In Vivo Assay for Targeted PCSCs. All in vivo experiments were
performed in male NOD scid gamma mice (NSG, NOD. Cg-
Prkdcscid I12rgtm1Wijl/SzJ). Animal welfare and experimental
procedures were carried out in accordance with institutional
(Research Ethics Committee of the University of Granada, Spain)
and international standards (European Communities Council
directive 86/609). All animals (n = S per group) were maintained
in a microventilated cage system with a 12 h light—dark cycle, and
they were manipulated in a laminar air-flow cabinet to keep to the
specific pathogen-free conditions. To establish orthotopic xenograft
tumors, 6- to 8-week old male mice were used. Mice were
anesthetized by the intraperitoneal administration of ketamine (4
mg/kg) and midazolam (80 mg/kg), we performed a medial
laparotomy from the xiphoid appendix to the lower left third of the
abdomen. The retrogastric space was accessed and the tumors were
generated into the tail of the pancreas by injections of 2 X 10° BxPC-
3-SELWP PCSCs/mouse mixed with Corning Matrigel Matrix and
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using 26-gauge needles. Then, the mice were sewn with 5/0 thread
and administered analgesics and antibiotics. Once the generated
tumor had a size of around 0.5 cm?, intravenous administration in the
vein tail of the mice of 100 uL of PBS and 100 uL of O*LNC-i780
and aCD44-O*LNC-i780 at a concentration of 1.1 X 10" O*LNC/
mL was performed in a single dose, and then, the mice were evaluated
by IVIS (PerkinElmer). The mice were left for a week in order to
eliminate the O’LNCs that were not specifically bound to the tumor
tissue. During that week, the bioluminescence with a previous
intraperitoneal administration of the NanoGlo substrate (Promega) in
PBS and the fluorescence of the mice was analyzed in the IVIS on
three alternate days. Finally, mice were euthanized by cervical
dislocation and tumors and organs were excised, photographed, and
analyzed by IVIS.

Statistical Analysis. The data are presented as the mean =+ the
standard deviation in the error bars. The sample size (n) indicates the
experimental repeats of a single representative experiment, with 3
being unless otherwise specified. The results of the experiments were
validated by independent repetitions. Graphs and statistical difference
data were made with GraphPad Prism 6.0 (Graphpad software Inc.).
Statistical significance was determined using Student’s t-test in paired
groups of samples with known median A p-value of <0.01 was
considered significant.

B RESULTS AND DISCUSSION

Preparation and Physicochemical Characterization of
NCs and Immuno-NCs. Preparation of NCs. These
(O’LNC) were prepared by using a modified protocol based
on the solvent-displacement technique reported by Calvo et
al.*® Briefly, it consists of the formation of a nanoemulsion by
incorporating, with a high mechanical force, an organic phase
into aqueous phase under stirring. This produces a nano-
emulsion of a certain size because of the addition of a defined
amount of olive oil to the organic phase (Figure 1A).

Particle Size and Stability Over Time. The synthesis
method produced a homogeneous population of O’LNC with
a concentration of 1.1 X 10" O’LNC/mL and with an average
diameter of around 111 + 18 nm and a PDI of around 0.10 +
0.02. This size is lower than those previously reported using a
similar technique and similar shell components.”” The size
reduction is related to the increase of the mechanical energy
applied when organic and aqueous phases are mixed. The use
of high-speed homogenization to produce small particle sizes
has already been reported.” Additionally, it is important to
remark that the size reduction does not affect the colloidal
stability of the sample and the O*LNC size remained at a
constant value under storage conditions, that is, pure water or
PB and 4 °C for at least 4 months. Each week for at least 4
months, the size and PDI of the same O’LNC samples were
analyzed, obtaining a similar size to those taken after synthesis
(data not shown). For in vivo applications, the specialized
literature advises a mean diameter around 200 nm being a
nanosystem with sizes between 20 and 100 nm that show the
higher potential.*” Therefore, the O’LNC diameter is optimal
for in vivo applications, where the size and size distribution are
a decisive variable in ensuring adequate biodistribution by
crossing biological barriers and minimizing the macrophage
uptake.”'

Chemical Characterization of O°LNC by Nuclear Mag-
netic Resonance Spectroscopy. Various nuclear magnetic
resonance (NMR) spectroscopy experiments were performed
in order to verify that all the components used in the synthesis
of the O’LNC were integrated in the NC entities comprising
the colloidal nanoemulsion solution. Before analysis, O’LNC
was further cleaned by centrifugation in Vivaspin 20 tubes with
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a pore size membrane of 300 KDa to ensure an essentially
complete elimination of the organic solvents (ethanol and
acetone) employed in their synthesis. The '"H NMR spectrum
of intact O’LNC (Figures SI and S2), diluted to a final 13%
content of D,0, is clearly dominated by the signals of the olive
oil core of the O’LNC, as can clearly be seen by direct
comparison with the NMR spectrum of olive oil in CDCl,
(Figure S3). The observation of olive oil NMR signals in
aqueous sample provides, by itself, direct evidence of the
emulsion nature of the sample because olive oil is completely
immiscible with water. On the other hand, the linewidth of the
observed olive oil signals in the O’LNC sample is much
broader than the linewidth of olive oil signals in CDCl;. This
feature is partially the consequence of the higher viscosity of
the nanoemulsion but, more importantly, is the result of a
reduced transverse relaxation time (T,) product of a much
slower tumbling rate of the triglyceride molecules of olive oil,
when confined in the nanoparticle core, compared to the
tumbling of the same molecules when freely dissolved in
CDCl;. Additionally, and as final evidence, qualitative diffusion
NMR experiments proved that the olive oil signals do not
diffuse at the expected rate for free triglyceride molecules in
solution but rather at a very slow rate, a feature compatible
with the size of the NCs* (Figure $4). Once again this is a
consequence of the confinement of olive oil in the core of the
O’LNC. Regarding the other chemical constituents of the
O’LNC, only the signals from the surfactant Pluronic F-68
could be observed in the "H NMR spectrum of intact O’LNC
(Figure S4), while no signals related to Epikuron or DCA are
detected in the spectrum. These three components (surfactant,
phospholipid, and DCA) comprise the shell of the O*’LNC and
as such conform to a rather rigid supramolecular structure
expected to display a very short T, broadening the
corresponding NMR signals beyond detection. The fact that
the signals of the oligomeric surfactant Pluronic F-68 can still
be observed is a consequence of the inherent flexibility of the
part of these molecules not rigidly embedded in the O’LNC
shell but rather exposed to the bulk water.

To further demonstrate the chemical nature of the
components integrated in the O’LNC, these were disinte-
grated by dilution with isopropanol and sonication. After the
disintegration of the O’LNC, the sample was split into two
aliquots which were concentrated to dryness and resuspended,
one in CDCI; and the other in CD;0D for "H NMR analyses.
A comparison with the corresponding reference spectra of olive
oil, Pluronic F-68, Epikuron, and DCA acquired in these two
solvents unambiguously demonstrated the presence of these
components in the original O’LNC sample (Figures S5—S15).

Synthesis of the Olive Oil Immuno-NCs. In order to
produce the immuno-NCs, a defined amount of anti-CD44-
FITC (aCD44) antibody equal to 0.18 mg/m* was initially
incubated with the O’LNC. This amount of the antibody,
corresponding to a low coverage degree, was used because of
the limited protein concentration commercially available and
because the density of the molecules on the surface of the NPs
affect their affinity for the substrate. Thermodynamically, the
binding of a ligand to its substrate facilitates the subsequent
binding of its neighboring ligands.43 Biologically, the multiple
interactions of the NP with the cell membrane forces the
clustering and local concentration of receptors. This triggers
the membrane envelope and leads to internalization.** This
allows the use of multiple ligands of relatively low affinity to
bind their target efficiently and with great appetite."> However,
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this increase in affinity is not always linear. In some cases, the
cooperative effect of the ligand can saturate and further
increase the density of the ligand causing harmful effects on
cell binding.***” This effect can be explained by an incorrect
orientation of the ligand, steric impediments caused by
neighboring molecules or competitive behaviors with other
molecules for binding with the receptor. The covalent coupling
was developed to identify the optimal experimental conditions
for a ECDI procedure adapted to the properties of CD44
antibody, as is described in detail in the Experimental Section.
No aggregation of the nanosystem was observed during the
experimental period, in spite of the well-established idea about
the immobilization of antibody molecules on the surface of
nanoparticles that strongly alters their surface properties, with
a possible modification of the colloidal stability of the
nanosystem influenced by the coverage degree and the
suspension medium. Although the surface antibody layers
drive a change in the physicochemical properties of O’LCN’s
original surface, the low coverage degree, which preserves the
electrostatic repulsion between free ionized carboxilic surface
groups (see the electrokinetic characterization), and the
optimization of the medium conditions, pH, and ionic strength
throughout the coupling process prevent O’LCN aggrega-
tion.””*® Figure 1A shows a schematic representation of the
coupling process to produce the immuno-O2LNC after
incubation time, the aCD44-O*LNC complex was separated
from the unbound protein by a dialysis procedure, which is
normally used when working with nanoemulsions and soft-
particle systems,*” and has previously shown their efficacy
working with the same type of NCs.”’ The size of the
formulation (aCD44-O*LNC) with the initial theoretical
antibody coverage (low) at pH 7.4 and low-ionic strength
medium remained similar to those of the original O’LNC
systems. A protein quantification analysis by means of
spectrophotometric assays of the first dialysis elution
volumetric fraction did not detect any presence of antibody
molecules, which could mean a total surface immobilization of
the initial antibody amount. The presence of IgG on the
aCD44-O’LNC surface was estimated by SDS gel chromatog-
raphy under reducing conditions that confirmed the immobi-
lization of the antibody on the O’LNC surface (Figure 1B).
Gel electrophoresis shows a migration response typical for IgG
antibodies, with two heavy and two light chains corresponding
to an upper band at ~50 kDa (for the Fc fragment) as well as a
lower band at ~25 kDa (for the Fab moieties).”’ As shown in
Figure 1B, the intensity of the band corresponding to aCD44-
O’LNC (lane 2) was similar to that of a free CD44 antibody
(lane 1). Additionally, a quantification of the surface amount of
the antibody was carried out by means of a densitometric
procedure, and the coupling efficiency reached a value of
93.4% for the initial theoretical coverage of 0.18 mg/m’. In
previous studies carried out in our research group with a
similar type of NCs, the coupling efficiency reached values of
around 50—70% for an initial antibody theoretical coverage of
2.5 mg/ m2* Moreover, Goldstein et al. showed a low
coupling efficiency when working with monoclonal antibodies
and Fab’ fragment on functionalized NCs as a consequence of
the presence of polyethylene glycol chains on the surface.”” It
is amply documented how the presence of PEO layers is
frequently employed to reduce protein binding,”"** and the
effect on the protein adsorption processes is clearly reflected by
a reduction in the amount of adsorbed proteins mediated by
the presence of surface poloxamer molecules.”® Nonetheless,
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Table 1. Size and PDI of O’LNC and aCD44-O’LNC Incubated with Different Mediums

O’LNC-PB aCD44-O*LNC-PB O’LNC-PBS
Size (nm) 110 + 20 110 + 20 110 + 20
PDI 0.10 + 0.02 0.09 + 0.01 0.15 + 0.01

aCD44-O*LNC-PBS O’LNC-FBS aCD44-O*LNC-FBS
110 + 20 120 + 10 110 + 20
0.16 + 0.01 0.19 + 0.04 0.25 + 0.01

we have optimized the methodology and have achieved a
coupling near 100% of the antibody molecules to the surface of
the O’LNC using a very low protein coverage (0.18 mg/m)
rendering a stable nanoemulsion.

It was previously contrasted, working with four different
specific antibodies, how this covalent coupling method using
ECDI and carboxylic surface groups allows a directed covalent
bound of antibody molecules to the surface, preserving an
adequate immunological activity over the corresponding
antigen molecules. However, the same coupling procedure in
the absence of ECDI, in which antibodies result in being
physical adsorbed on the LNC surface, reduce drastically the
later specific immunological.”” Furthermore, the presence of
surface poloxamer molecules, the low initial coverage degree,
and the low affinity of aCD44 antibody molecules for the
negatively charged surface in the experimental conditions>*
suggest that antibody adsorption is very residual in our
immune nanosystem.

Electrokinetic Characterization and Colloidal Stabil-
ity. Usually, when protein molecules coat the surface of
colloidal particles, their electrokinetic behavior change
markedly compared to the same bare surfaces.”*™® The
most representative electrokinetic parameter, the zeta
potential, was determined in low-ionic strength media at
different pH values from 4.0 to 9.0, through the measurement
of the electrophoretic mobility, y, (Figure 1C). In terms of the
electrokinetic behavior of bare O’LNC, the y, results were in
agreement with the nature of the shell of these NCs in which
carboxylic groups predominate on the surface, showing the
typical behavior of colloids with weak acid groups, that is,
constant y, values at basic and neutral pH values that begin to
fall to acidic pH around the pK, (4.8)."® Nevertheless, the
most important aspects of the p, results are related to the
presence of IgG molecules immobilized onto the aCD44-
O’LNC surface, which significantly alter the mobility data and
indicate a clear correspondence with the adhered antibody and
its IEP** (Figure 1C). Additionally, it is well known that when
a protein covers colloidal particles, the IEP of such complexes
also depends on the degree of protein coverage, so that it
gradually tends to the pure protein IEP when the protein load
on the nanoparticles increases.””>®> The Z potential of the
O’LNC and aCD44-O’LNC measured at pH 7.4 was around
—50 and —35 mV, respectively (Figure 1C). This fact
demonstrates that the covalent binding of the «CD44 antibody
was carried out satisfactorily and positive antibody molecules
at acid pH partially screen the negative surface charge of the
O’LNC, reducing the absolute Z potential values under the
IEP of the protein.

On the other hand, the colloidal stability of delivery
nanosystems in physiological media is crucial to successfully
achieve their biological applications. As can be observed in
Figure 1C, O’LNC and aCD44-O’LNC have electrokinetic
behavior in mediums with low ionic strength, from neutral to
basic pH, without variations in the negative surface charge,
which can be correlated to stable nanosystems because of an
electrostatic repulsion mechanism.*® Thus, the size for both
O’LNC and aCD44-O’LNC nanosystems remained constant
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throughout this pH range. Additionally, the colloidal stability
was checked in mediums for physiological conditions.
Therefore, electrokinetic parameters, hydrodynamic size, and
PDI were measured for O’LNC and aCD44-O’LNC by
incubating them in physiological medium (PBS) and in cell
culture medium (FBS) (RPMI supplemented with 10% FBS).
When both nanosystems were in contact with PBS and FBS,
the Z potential decreased their negative absolute values (Figure
ID) as a consequence of the salinity of the medium (150
mM), which could mean the aggregation of the NCs. However,
as can be seen in Table 1 and Figure S16, neither NCs did
change their sizes and both remained stable in these media.
Furthermore, both NC systems also keep a narrow size
distribution (PDI < 0.2). A stabilization mechanism mediated
by hydration forces could be responsible for these results. This
stabilization phenomenon is typical for hydrophilic colloidal
systems at high salt concentrations.”” In our nanosystems, PEO
chains from poloxamers and antibody molecules supply the
hydrophilic character to the surface shell and this behavior has
been previously revealed by NCs with a similar shell
composition®®” in complex mediums with different electro-
Iytes.

Drug Loading and Encapsulation Efficiency. DL and
EE were calculated to know whether O’LNCs are good drug
delivery vehicle nanosystems. In order to quantify these
parameters, a defined amount of PTX was dissolved in the
olive oil and the synthesis of the O’LNC-PTX and aCD44-
O’LNC-PTX was performed. Then, the real amount of PTX
inside the NCs measured by MS showed that our NCs had
2.2% of DL and 81.1% of EE. In addition, a 4-week test was
conducted to observe the amount of PTX remaining within
our O’LNCs before and after they undergo the covalence
process with the aCD44 antibody (see details in the
Experimental Section). In this way, at time 0, the real amount
of PTX within the O’LNC oily core was around 80%, and after
the covalence process, this amount was reduced to around 40%
(Figure S18A). This decrease is because of the loss of PTX
during the stirring of the covalence protocol and in the number
of O’LNCs during the dialysis process by centrifugation in
Vivaspin 20 tubes. It should be noted that as the weeks
progress, the amount of PTX in both types of O’LNC remains
practically constant, with a difference of 10% between week 0
and week 4 (Figure S18A).

In Vitro Cellular Uptake of Immuno-NCs. The cellular
uptakes of both O’LNC and aCD44-O’LNC were investigated
on BxPC-3 PCC growing in monolayer (low expression of
CD44) and on BxPC-3 PCSC secondary spheres (high
expression of CD44) by both confocal microscopy and flow
cytometry. It is well known that the levels of the CD44
expression in BxPC3 PCSCs are much higher than in their
tumor counterpart.”’"®* For this purpose, O’LNCs were
labeled with Nile red (NR) to investigate the cellular entry of
our nanosystems. No fluorescence was detected in any of the
samples measured by spectrofluorometry (data not shown). In
addition, our research group published an article where they
evaluated the internalization of NR and its fluorescence
intensity in different types of nanoparticles, including the ones
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Figure 2. Characterization and in vitro uptake of O’LNC and aCD44-O’LNC in both BxPC-3 PCCs and PCSCs. (A) Representative images of
BxPC-3 PCCs (monolayer) and BxPC-3 PCSCs (secondary spheres). (B) ALDHI activity, CD44, and CXCR4 surface expression in the
monolayer and secondary spheres cell cultures. Data are graphed as mean =+ SD and the significant values are calculated using the t-test (*p < 0.01;
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Figure 2. continued

#%p < 0.001). (C) Representative DOT PLOTS of BxPC-3 PCCs and PCSCs analyzed by flow cytometry. (D) Confocal microscopy of BxPC-3
PCCs (monolayer) and BxPC-3 PCSCs (secondary spheres) respectively (scale bar = 10 ym) incubated 3 h with NR-O’LNC and NR-aCD44-
O’LNC, respectively. Bare O’LNC were used as control. (E) Uptake of NR-O’LNC and NR-aCD44-O’LNC in BxPC-3 PCCs and BxPC-3
PCSCs analyzed by flow cytometry. Data are mean values = SD. ***p < 0.001 shows the significant values calculated using t-test. (F)
Representative DOT PLOTS of NR-O’LNC and NR-aCD44-O*LNC uptake in BxPC-3 PCCs and BxPC-3 PCSCs at 30 min analyzed by flow
cytometry. (G) Blocking assay by uptake of NR-O’LNC and NR-aCD44-O*LNC in BxPC-3 PCSCs analyzed by flow cytometry. Data are mean
values & SD. **¥¥p < 0.001 shows the significant values calculated using t-test.

shown here.>® First, we performed a characterization of the
expression levels of CD44 and CXCR4 markers in our tumor
cell line (monolayer and PCSCs) (Figure 2A) as well as the
determination of the ALDH1 enzymatic activity. The over-
expression of these markers, as well as the increase in ALDH1
enzymatic activity, is an indication that tumor cells have stem
properties.34 The expression percentages obtained were 6.6,
16.7, and 68.7% in the monolayer and 50.3, 97.8, and 86.4% in
secondary spheres for ALDHI1, CD44, and CXCR4,
respectively (Figure 2B,C). Control DOTS PLOTS are
shown in Figure S17. These percentages were satisfactory
and can thus conclude that a population of BxPC-3 PCSCs
obtained was valid for the study. Confocal microscopy images
show how NR-O’LNC enters into both types of cell
populations after 3 h of accumulating NR in the cytoplasm
(Figure 2D). In the case of NR-aCD44-O’LNC, where CD44
was labeled with FITC, we observed the specific recognition of
the CD44 membrane receptors by these NCs and the release
into the cells of NR after 3 h of incubation (Figure 2D). We
incubated the cells with our O*’LNC-based nanosystems for 3 h
because it was the optimal time to visualize the fluorescence by
confocal microscopy. This optimal time was established based
on our previous experiments where NR-O’LNC penetrated
into monolayer cells and secondary spheres instantaneously,
obtaining optimal fluorescence images (data nor shown). On
the contrary, NR-aCD44-O’LNC penetrated into monolayer
cells after 3 h of incubation in order to obtain optimal
fluorescence images. These NR-aCD44-O’LNC penetrated
the secondary spheres after 1S min of incubation, which
suggest a specific recognition of the CD44 receptors for NR-
aCD44-O’LNC. These results may suggest that our nano-
system enters into the cells by a clathrin-mediated endocytosis
mechanism, which has been reported as the main mechanism
occurring with nanoparticles smaller than 200 nm.”> The flow
cytometry assay confirmed the uptake and the specific
recognition of our O’LNC-based nanosystems in the two
BxPC-3 PC cell populations. The analysis showed the
differential uptake efficiency and specificity for NR-O’LNC
in monolayer BxPC-3 PCC and BxPC-3 PCSC subpopulation
depending on whether they were functionalized or not with the
aCD44 antibody. Moreover, because there were differences in
the expression levels of the CD44 membrane receptor for both
PC cell populations, we also found a different behavior for each
type of the nanosystem. Thus, only around 17% of PCCs
growing in the monolayer were positive for CD44, and almost
all the PCSCs (about 98%) overexpressed this specific surface
antigen (Figure 2C). However, most bare NR-O*LNCs
entered into both monolayer PCCs and PCSCs regardless of
their CD44 expression level (Figure 2E,F). In contrast, for NR-
aCD44-O’LNCs, the entry was dependent on the CD44
expression in the membrane of the PC cells, with uptake values
in PCSCs around 80, 86, and 85% at 15, 30, and 60 min,
respectively, and only around 5% in PCCs growing in the
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monolayer (Figure 2E,F). This suggests that our NR-aCD44-
O’LNC actively recognizes the CD44 receptor overexpressed
on PCSCs, producing the cell internalization of the nano-
system, contrary to what happens with PCCs (low CD44
expression), where these LNC displayed very low internal-
ization. These results are in concordance with previous studies
showing the targeted killing of PCSCs overexpressing the
CD44 surface marker by NCs functionalized with hyaluronic
acid (HA), the most common and immediate ligand for
CD44.°%% Finally, and in order to ensure that NR-aCD44-
O’LNC have selective targeting against PCSCs (high
expression of CD44), the blocking assay showed a 50%
reduction in the percentage of cells positive for NR-aCD44-
O’LNC (Figure 2G). Therefore, we can confirm that our
aCD44-O’LNCs were able to selectively bind to CD44
receptors releasing their content inside the PCSCs.”° It is
worth highlighting the selective uptake efficiency of NR-
aCD44-O’LNC in the BxPC3 PCSCs as opposed to the more
differentiated tumor and attached cell population. Recently,
Trabulo et al. published a study where they covalently attached
an anti-CD47 antibody to the surface of iron oxide
nanoparticles for the recognition of this membrane receptor
overexpressed in PCSCs, obtaining very similar results to those
described in this study.®” Moreover, because the interaction of
HA and CD44 promotes EGFR-mediated pathways, con-
sequently leading to tumor cell growth, tumor cell migration,
and chemotherapy resistance in solid cancers,” the ability of
our O’LNC functionalized with the aCD44 antibody could
bind and neutralize the receptor by competitive inhibition of
its HA ligand and consequently prevent the receptor-signaling
cascade activation. All this makes our nanosystem, a good
candidate for targeted therapy against PCSCs.

In Vitro Antitumor Cytotoxicity of PTX-Loaded O?LNC
and aCD44-0°LNC. A cell viability assay was assessed to
check the improvement of the antitumor activity of PTX by
our functionalized O’LNC against differentiated PCCs and
PCSCs. This test was performed comparing the effects of free
PTX, O’LNC-PTX, or aCD44-O’LNC-PTX. The results
showed that free PTX displayed significant differential
antitumor potency depending on the PC cell population
(Figure S18B). Thus, in BxPC-3 adherent PCC, the ICs, of
free PTX was 1.7 nM; however, in BxPC-3 PCSCs, the ICq,
value was 133.4 nM (Figure S18B). This difference is due to
the fact that PTX has a very high efficacy on differentiated and
replicative tumor cells,’” but this efficiency drastically
decreases in CSCs. Moreover, we observed that in monolayer
BxPC-3 PCCs, neither O’LNC-PTX nor aCD44-O*LNC-PTX
improved their antitumor effect but instead increased their
IC, slightly (Figure S18B). In contrast, although the O*LNC-
PTX in the population of PCSCs very slightly reduced the ICs,
value to 113.8 nM; however, ®aCD44-O’LNC-PTXs were able
to reduce the IC;, down to 34.2 nM (Figure S18B). The
increased potency of up to 4 times of aCD44-O*LNC-PTX on
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Figure 3. BxPC-3 cells efficiently transduced with SELWP constitute a valid model for monitoring tumor growth in vitro and in vivo. (A)
Representation of the SELWP LV encoding eGFP and NanoLuc under a SFFV promoter in a SIN LV backbone. (B) Scheme showing the
procedure to generate BxPC-3-eGFP*/NanoLuc" cells (BxPC-3-SELWP). (C) Scheme indicating the injection site of BxPC-3-WT and BxPC-3-
SELWP to monitor tumor growth. Cells (300,000) in PBS were mixed with Matrigel (proportion 1:1) and inoculated in the left (BxPC-3-WT) and
right (BxPC-3-SELWP) flank of 16-week old NSG mice. (D) Representative images of IVIS bioluminescence acquired at days 7 and 3$
postinoculation after the administration of the NanoGlo substrate intraperitoneally. (E) Total photon flux analysis along time. (F) Representative
plots showing eGFP expression in BxPC-3-WT (left plots) and BxPC-3-SELWP cells (right plots), before (top plots) and after (bottom plots)
transplantation into mice for tumor generation. (G) Graph showing percentage (top) and relative expression levels (bottom) of eGFP* before (in
vitro) and after (post-tumor) transplantation into mice. Relative expression was calculated as the median of FITC intensity of transduced eGFP*
cells/median of FITC intensity of nontransduced population. No significant p value, paired T-test, and two tails. (H) Representative plots (right)
and graph showing the percentage of CD44+ CXCR4+ BxPC-3 cells isolated from WT and SELWP tumors (N = 3). CD44 and CXCR4 expression
was determined by flow cytometry 7 days after sacrifice. No significant p value, paired T-test, two tails.

PCSCs in comparison to free PTX, and up to 3.3 times with to generate a stable cell model that would allow monitoring
respect to O’LNC-PTYX, indicate the targeted activity against pancreatic tumor growth in vivo and the characterization of
PCSCs overexpressing CD44, which facilitates the internaliz- potential phenotypic changes on the tumor cells. In addition,
ing, favoring the bioavailability and cytotoxic effect of PTX. we decided to test the behavior of a novel small luciferase,
The significant reduction in cell viability provoked by aCD44- small and highly penetrant NanoLuc,”””* in combination with
O’LNC-PTX compared to naked O’LNC-PTX is in agreement the expression of eGFP in a dual vector. We produced LV
with other studies conducted with nanoparticles of a different particles using the SELWPLV (Tristain-Manzano et al,
nature, which are modified to be specifically targeted against unpublished) that allow both in vitro and in vivo monitoring

PC cells.””~"" Additionally, as shown in Figure S18C, we can of transduced cells by flow cytometry (eGFP) and bio-
see the cytotoxic effect of free PTX, O’LNC-PTX, and luminescence imaging (NanoLuc), respectively (Figure 3A).
aCD44-O*LNC-PTX in the monolayer BxPC-3 PCCs and in BxPC-3 PCCs were transduced with SELWP LVs at a MOI of

the secondary sphere BxPC-3 PCSCs. 3 to generate BxPC-3-SELWP cell lines expressing both eGFP
Luminescence Stable Modification of BxPC-3 Cancer and NanoLuc. Inoculation of BxPC-3-SELWP in the left flank
Cells for in Vivo Monitoring of aCD44-0’LNC-Targeted of immune-deficient NSG mice allowed the in vivo monitoring
Efficacy. There is a need to create clinically relevant models of tumor growth (Figure 3B—D). We observed increased
for studying treatments directed against PC in established bioluminescence along time that correlates with the tumor size
human PC orthotopic xenografts by the visualization of tumor by tumor palpation (data not shown). The analysis of BxPC3-
growth in early stages and tracking tumor behavior and SELWP cells after disaggregation of the tumors generated in
progression. Previous results indicate that the model is the transplanted mice showing a stable eGFP expression
advantageous and several PCCs, including BxPC-3 PCCs, (Figure 3E,F), allowing the study of potential changes in the
have been modified to express luciferase.”” Thus, our aim was BxPC-3-SELWP phenotype after tumor generation. Interest-
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Figure 4. In vivo assay of O’LNC-i780 and aCD44-O’LNC-i780 targeting tumor. (A) Representative images of the orthotopic xenograft pancreatic
tumor generation inoculating the cells (left image) and once the tumor was generated (right image); and excised tumor ex vivo (bottom image).
(B) Representatives images of mice (top image) and tumors (bottom image) with Nano-Luc measured by bioluminescence. (C) Representatives
images of mice and tumors treated with PBS, O’LNC-i780, and aCD44-O*LNC-i780 measured by fluorescence. (D) Representative images of the
mice organs after treatment with PBS, O’LNC-i780, and aCD44-O’LNC-i780 measured by both bioluminescence and by fluorescence.
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ingly, the expression of eGFP and NanoLuc in BxPC-3-
SELWP cells did not significantly alter the expression pattern
of both CD44 and CXCR4 PCSC markers (Figure 3G). In
conclusion, we generated and validated a suitable pancreatic
tumor model based on BxPC-3 PCC that stably expressed both
eGFP and NanoLuc, which can be useful for in vitro
phenotypic analysis and in vivo tracking.

In Vivo Biodistribution and Targeting Assay. In order
to verify that our functionalized aCD44-O’LNCs were
specifically directed to the tumor area, an in vivo assay was
performed. In this experiment, an orthotopic xenotransplant
was performed in the pancreas of the mice, and the tumor was
generated as described”> but with a modification in the
protocol by implanting PCSCs instead of patient tumor
samples. BxPC-3 PCSCs transduced with the SELWPLVs were
used to generate the tumor and the aCD44-O’LNC were
loaded with IR 780-iodide dye dissolved in the oily core. We
choose this dye because it emits in the near infrared and can be
easily detected by the in vivo imaging systems (IVIS), also
avoiding back§round noise caused by the mouse’s own auto-
fluorescence.”” When tumors reached a size of 0.5 cm®, 100 uL
of O’LNC-i780, and aCD44-O*LNC-i780 were administered
in the tail vein of the mice in a single dose. After one week, the
mice were analyzed, euthanized, and the tumors were removed
as well as all the organs. As shown in Figure 44, 2 X 10° BxPC-
3-SELWP PCSCs were able to engraft in the pancreases of
mice only two weeks after inoculation and the growth was
easily monitored by bioluminescence (Figure 4B). In addition,
we were able to detect micrometastatic sites in organs close to
the pancreas, such as stomach, kidneys, or spleen among others
(Figure 4D, top panel). An additional advantage of our dual
vector is that the targeting properties of O’LNC-i780 and
aCD44-O*LNC-i780 were also visualized by fluorescence in
the same mice. As can be observed in Figure 4C, O*LNC-i780s
were distributed evenly throughout the mice one-week post-
inoculation. On the contrary, although the aCD44-O*LNC-
i780s also showed a diffuse distribution in the mice , they
strongly accumulated in the tumor area (Figure 4C). This fact
was confirmed in the excised PCSC tumors in concordance
with the signal intensity emitted by eGFP in the tumors
(Figure 4B,C, down panel) as well as in the organs excised
from the mice (Figure 4D). In agreement with other studies
using targeted tumor nanoparticles,éé’77 our olive oil-based
nanosystem specifically targets PC tumors which could serve as
a noninvasive imaging modality for molecular and cellular
tracing and specific carrier of hydrophobic drugs against
PCSCs. More specifically, Han et al. demonstrated the
targeting ability of anti-CD326-grafted gadolinium ion-doped
up conversion nanoparticle-based micelles on BxPC-3 PCCs
overexpressing this transmembrane glycoprotein.”” In addition
to these studies, here, we show an enhanced targeting ability of
our olive oil-based nanosystem on a PCSC orthotopic
xenotransplant in vivo model.

B CONCLUSIONS

In summary, we reported an optimizing procedure to develop
O’LNC functionalized with an anti-CD44 antibody and with
specific recognition properties directed against PCSCs for the
first time. The main advantages of this nanosystem are as
follows: (i) the use of olive oil as a biocompatible and
biodegradable essential component; (ii) a core—shell compo-
sition able to encapsulate hydrophobic drugs inside, and (ii)
the ability to be efficiently coated with antibody molecules by
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means of a covalent binding. We demonstrated the successful
anti-CD44 antibody surface functionalization through the
modification and optimization of a simple and reproducible
ECDI covalence method. The complete physicochemical
characterization of the immuno-NCs showed the accurate
binding of the antibody molecules to the carboxyl surface
groups of bare O’LNCs. Additionally, the final surface
hydrophilicity of the aCD44-O’LNC favors the appearance
of hydration repulsive forces allowing the nanosystem to
remain colloidally stable in saline solutions and in typical cell-
culture media. Furthermore, the specific immunological
recognition of the CD44 cell membrane receptors has been
revealed in vitro, showing the adequate surface disposition of
the CD44 antibody molecules immobilized on the O’LNC.
Our in vitro results also supported the enhanced targeting
activity and receptor-mediated binding mechanism of aCD44-
O’LNC with CD44 overexpressing PCSCs and the increased
cytotoxicity of up to 4 times of PTX-loaded aCD44-O’LNC
on PCSCs in comparison to free PTX. This fact indicates the
ability of our targeted nanosystem to increase the antitumor
potency of PTX in cancer cells with stemness properties.
Finally, both the efficient targeted delivery to PCSCs and the
noninvasive imaging cell tracking of ®CD44-O*LNC has been
demonstrated in vivo, which suggest their promising potential
in targeted tumor synergistic theranostics. In summary, this
nanosystem based on anti-CD44-functionalized O’LNC might
be a potent candidate for the treatment of CD44 over-
expressing CSCs.

Finally, it is important to note that several modifications can
be made to this novel nanosystem that might broaden the
range of applications, such as carrying different drugs, the
alternative use of other tracker molecules, depending on the
detection technique, or the conjugation of other specific
molecules, such as peptides or antibodies, for different tumors
and even for different pathological areas. In the near future,
further in vivo studies will be carried out to evaluate the
versatility of this nanosystem in the antitumor effect of
aCD44-O’LNC loaded with several drugs.
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