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Purpose: The lack of specificity of conventional chemotherapy is one of the main difficulties to be solved in cancer therapy.
Biomimetic magnetoliposomes are successful chemotherapy controlled-release systems, hyperthermia, and active targeting agents by
functionalization of their surface with monoclonal antibodies. The membrane receptor Leucine-rich repeat-containing G-protein
coupled receptor 5 (LGRS) stands out as colorectal cancer (CRC) biomarker and appears to be related to treatment resistance and
the development of metastasis. The aim of this study was to assess the effectiveness and safety of LGRS5-targeted biomimetic
magnetoliposomes loaded with oxaliplatin (OXA) or S5-fluorouracil (5-FU) in the selective treatment of CRC and their possible
application in hyperthermia.

Methods: Synthesis, characterization and determination of heating capacity of magnetoliposomes transporting OXA or 5-FU (with
and without LGRS functionalization) were conducted. In vitro antitumoral activity was assayed in multiple colorectal cell lines at
different times of exposition. In addition to this, cell internalization was studied by Prussian Blue staining, flow cytometry and
fluorescence microscopy. In vivo acute toxicity of magnetoliposomes was performed to evaluate iron-related toxicity.

Results: OXA and 5-FU loaded magnetoliposomes functionalized with LGRS antibody showed higher cellular uptake than non-
targeted nanoformulation with a reduction of the percentage of proliferation in colon cancer cell lines up to 3.2-fold of the ICs, value
compared to that of free drug. The differences between non-targeted and targeted nanoformulations were more evident after short
exposure times (4 and 8 hours). Interestingly, assays in the MC38 transduced cells with reduced LGR5 expression (MC38-L(-)),
showed lower cell internalization of LGRS5-targeted magnetoliposomes compared to non-transduced MC38 cell line. In addition,
magnetoliposomes showed an in vitro favorable heating response under magnetic excitation and great iron-related biocompatibility
data in vivo.

Conclusion: Drug-loaded magnetoliposomes functionalized with anti-LGRS antibodies could be a promising CRC treatment strategy
for LGR5+ targeted chemotherapy, magnetic hyperthermia, and both in combination.

Keywords: colorectal neoplasms, magnetoliposome, LGRS, oxaliplatin, 5-fluorouracil, magnetic hyperthermia

Introduction

Conventional chemotherapy usually involves the administration of drugs with side effects outside the target tissue partly
because of their lack of specificity, which leads to discontinuing pharmacological treatment and limits therapeutic
success. Some of the chemotherapeutic drugs most used in the treatment of colorectal cancer (CRC), the third with
the highest incidence worldwide, are oxaliplatin (OXA) and 5-fluorouracil (5-FU) usually used in combinations such as
FOLFOX (5-FU/leucovorin + OXA), FOLFIRI (5-FU/leucovorin + irinotecan) and FOLFIRINOX (5-FU/leucovorin +
OXA + irinotecan)."* The most frequent adverse effects observed were peripheral sensory neuropathy, gastrointestinal
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Graphical Abstract

LGR5-TARGETED MAGNETOLIPOSOMES IN CRC THERAPY
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disorders and hematological suppression following the administration of OXA, and cardiotoxicity and myelosuppression
after 5-FU treatment.” > For this reason, the development of a new strategy of targeted therapy to the tumor tissue would
allow improvement in patient’s quality of life and greater adherence to treatment.

Nanomedicine could be one of these new strategies because they can overcome pharmacokinetic limitations of
antitumor drugs. An important factor is the low bioavailability of chemotherapeutics caused by the electronegative
surface of most of them that could be solved by their encapsulation in a nanoparticle.® In addition, nanomedicine-based
drug delivery systems permit to slow down the clearance of drugs, increase the half-life, protect anticancer drugs from
degradation and reduce inespecificity of cytotoxic agents in bloodstream.”®

Due to their high surface area, nanoparticles can carry noticeable amounts of drugs, but addressing the target is
also a key factor to ensure efficacy. In this context, magnetic nanoparticles have risen as plausible nanocarriers, as
they can be directed employing a magnetic field. In particular, novel biomimetic nanoparticles (BMNPs) — which are
synthesized by the intervention of the magnetosome-associated proteins MamC® -stand out from other types of
nanoparticles. This is due to their larger size (~40 nm), which results in an enhanced magnetic moment per particle,
and to the presence of MamC functional groups at the BMNP surface. This is crucial because it avoids post-
production coatings and sets the isoelectric point at BMNPs to ~4.5, allowing, at physiological pH values, an
electrostatic binding between the drug and BMNP and ensures the stability of the nanoassembly, while the drug is
released at acidic pH values.' Moreover, BMNPs are magnetic hyperthermia agents,'" thus making it possible for
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therapy combination and an enhanced drug release following upon exposure to alternating magnetic fields.'?
Because of all these properties, BMNPs have the advantages of i) being targeted to the tumor tissue by applying
an external magnetic field, ii) enhancing the antitumor effect with the combination of chemotherapy and magnetic
hyperthermia, iii) being synthesized on a large scale, and iv) be biocompatible.'®'*~!5 Specifically, OXA-conjugated
BMNPs (BMNP-OXA) have been demonstrated to release OXA at acidic pH, which was potentiated by hyperther-
mia; in addition to a 2-fold decrease of ICsy values of free OXA in CRC lines T84, HT-29, and SW480, probably
due to increased cell internalization.'® However, biocompatibility studies showed toxicity in macrophages that was
resolved for our group by enveloping OXA-BMNP with a PEGylated unilamellar phosphatidylcholine liposome,
forming a nanostructure known as magnetoliposome. Studies on OXA-BMNP-transporting PEGylated magnetolipo-
somes (BML-OXA) showed improved biocompatibility and cellular internalization without reducing the antitumor
effects already tested in CRC cell lines.'”

On the other hand, active targeting may be applied by coating magnetoliposomes with molecules — such as
monoclonal antibodies,'® antibody fragments,'® aptamers,?® etc. - that specifically recognize tumor cells.”' In this
context, the Leucine-rich repeat-containing G-protein coupled receptor 5 (LGRS5) is a biomarker of stem-like cells
in CRC, which seems to be related to resistance to radiotherapy and chemotherapy, initiation of tumor develop-
ment and disease progression.””> Despite numerous studies focusing on the prognostic value of LGRS, only a few
have attempted to evaluate its role in CRC targeted with nanoformulations therapy such as DOX liposomes
conjugated with RSPO1 — the natural ligand of LGRS — which showed specific targeting to LGR5+ CRC cells,
and a = 4.4-fold increase in the number of apoptotic cells compared to non-targeted nanoformulation in a patient-
derived xenograft tumor model of human gastric tumor.> The relevance of LGRS as an efficient target of clinic
CRC treatment has recently been supported by the use of a bispecific anti-LGRS and EGFR antibody (MCLA-
158) and autologous T cells expressing a chimeric antigen receptor (CAR) directed against LGRS in two recent
Phase I/II trials.**?°

The present study proposes a new strategy in the targeted therapy of CRC by combining the benefits of
magnetoliposomes, as magnetically driven drug-carrying agents, with the possibility of targeting them to tumor
tissue by receptor-mediated cellular internalization (Figure 1). The purpose of this study was to determine the
effectiveness and safety of magnetoliposomes of BMNPs loaded with the drugs OXA or 5-FU and functionalized
with antibodies anti-LGRS in the selective therapy of CRC and their possible application as hyperthermia-generating

agents in this tumor.
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Figure | Schematic representation of the suggested mechanism of action of drug-loaded magnetoliposomes targeted with anti-LGR5 antibody. Nanoformulations
intravenously administered would reach the tumor by passive transport due to the enhanced permeability and retention (EPR) effect based on the formation of abnormal
blood vessels and defective lymphatic drainage in solid tumors. When magnetoliposomes reach the tumor tissue anti-LGR5 antibody on magnetoliposomes surfaces
specifically interacts with LGR5 tumor cell membrane receptor, and nanoformulations would be internalized by receptor-mediated endocytosis. After intracellular trafficking,
the drug would be released to the cytosol leading to cell apoptosis.
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Materials and Methods
MamC Purification and BNMPs Synthesis

MamC was produced as a recombinant protein following the protocol in Valverde-Tercedor et al.” The protein was
expressed in cultures of Escherichia coli TOP10 growing at 37 °C (Life Technologies, Invitrogen, Grand Island,
NY, USA) and induced with isopropyl-B-d-thiogalactopyranoside (IPTG, Fisher BioReagents, Pittsburgh, PA,
USA). Guanidinium lysis buffer was used to lysate the cell pellet and, after centrifugation, the supernatant was
loaded onto a HiTrap chelating HP column (GE Healthcare, Chicago, IL, USA) and purified under denaturant
conditions. MamC was allowed to refold by successive dialyzes. All buffers were procured from Sigma Aldrich,
St. Louis, MO, USA.

BMNPs were synthetized inside an anaerobic COY chamber (Coy Laboratory Products, Grass Lake, MI) from
the following master solution 2.78 mM Fe(ClOy,),, 3.5 mM NaHCOj;, 3.5 mM Na,CO;, and 5.56 mM FeCl;, at pH
9, 10 pg/mL MamC were added. The formation of the nanoparticles occurred in free-drift experiments for 30 days at
25°C and 1 atm total pressure. The precipitates were magnetically concentrated and rinsed with oxygen-free MilliQ
water four times. BMNPs were concentrated to 25 mg/mL in HEPES for synthesis 1 and in PBS for synthesis 2
(detailed below).

OXA-BMNPs Nanoassemblies Formation

Oxaliplatin (OXA) was immobilized on the surface of BMNPs as described in Jabalera et al.'® A volume of 1 mL OXA
suspension (2 mg/mL) and 5 mg of BMNPs were mixed in HEPES buffer (10 mM HEPES pH 7, 150 mM NaCl) and
placed for 72 hours in a Mini LabRoller™ Rotator (Labnet).

UV-Vis spectroscopy (BioMate'™ 160 Spectrophotometer, Thermo Scientific) was used to indirectly measure the
quantity of adsorbed OXA. For these measurements, the OXA-BMNP nanoassemblies were concentrated with a magnet,
and the supernatant was removed and stored. They were washed again with HEPES buffer, magnetically concentrated
with a magnet and the supernatant harvested, repeating this procedure for at least three times. The OXA concentration in
all collected supernatants was determined from UV/VIS measurements (A = 240 nm), using a previously determined
calibration curve. The nanoassemblies were washed until no OXA was detected in the supernatant. The concentration of
bound OXA was calculated from the initial concentration by subtracting the released OXA measured in all supernatants
collected during the washing protocol.

Magnetoliposomes Transporting OXA and 5-FU

Preparation of Anti-LGR5 Micelles

LGRS (634J2E) sc-517,661 mouse monoclonal IgG (anti-LGRS) was purchased from Santa Cruz Biotechnology. To
remove traces of sodium azide from the stock, it was washed with phosphate-buffered saline pH 7.4 (PBS) and
concentrated using 30K Amicon Ultra-0.5 Centrifugal Filter Devices (Millipore). The final concentration of anti-LGRS
was 100 pg/mL.

To prepare the micelles, 5 mL of chloroform was used to dissolve 0.5 mg of 1.2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[methoxy(polyethylene glycol)-2000] (18:0 PEG2000 PE, Avanti Polar Lipids) and 44 pg of 1.2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] (DSPE-PEG(2000) Carboxylic Acid, Avanti Polar
Lipids). Then, vacuum rotatory evaporation was used to remove chloroform. The thin lipid film was hydrated with 0.5 mL
PBS and sonicated for 3 minutes at 55°C using an EMMI®-30HC Ultrasonic cleaner (180 W, 220-240 V, 50-60 Hz,
EMAG Germany). Then, the sample was concentrated to 50 pL using 30K Amicon Ultra-0.5 Centrifugal Filter Devices
(Millipore) and incubated for 30 min with 0.5 mL of 50 mM MES buffer pH 5.5, 0.7 M N-hydroxysuccinimide (NHS) and
0.1 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). Afterwards, the sample was concentrated again to a volume
of 50 puL, mixed with 25 pg of anti-LGRS, and incubated overnight in PBS (0.5 mL final volume). During this time,
a covalent bond was formed between the lipids’ carboxylic acids and the antibodies’ amine groups. After the incubation,
20 mg/mL glycine was added to the micelles containing anti-LGRS, which were then agitated for 30 min and concentrated
to a final volume of 100 pL.
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Preparation of the Nanoformulations

PEGylated magnetoliposomes were synthesized as described in Garcia-Pinel et al.'” All the nanoformulations synthetized
in this study are represented in Table 1. Synthesis 1 was performed to encapsulate the nanoassembly OXA-BMNPs,
while synthesis 2 encapsulated free 5-FU and free BMNPs, since the efficiency of binding of 5-FU to BMNP was
very low.

For synthesis 1, a sample of 2.5 mg of egg L-a-phosphatidylcholine (Egg PC, Avanti Polar Lipids) and 0.5 mg of
1.2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (18:0 PEG2000 PE, Avanti
Polar Lipids) were dissolved in 5 mL chloroform. For the nanoformulations containing DiO (Table 1), 62.5 pL of
a chloroform solution of DiO (10 mg/mL) were also added. Once the lipids were mixed, vacuum rotatory evaporation
was used to remove the chloroform, and the film was subsequently hydrated with 0.4 mL BMNPs (25 mg/mL; samples
BML1, BML1-DiO, BMLI-LGRS, and BML1-LGR5-DiO) or OXA-BMNPs (25 mg/mL of BMNP in the nanoassembly;
samples BML1-OXA and BML1-OXA-LGRS5) in HEPES buffer. All the samples were agitated at 37°C for 30 min
(200 rpm) and sonicated for 5 min at 45°C. A volume of 100 pL of anti-LGRS5 micelles was added to those
nanoformulations anti-LGRS5-bearing, and 100 pL of HEPES buffer were added to the rest. Finally, the samples were
sonicated at 45°C for 5 min and stored at 4°C. To ensure that no OXA was released during the encapsulation in the
liposome, the concentration of encapsulated OXA in BML1-OXA and BML1-OXA-LGRS was indirectly determined
from UV-VIS measurements of the OXA in the supernatant harvested after successive washing on these nanoformula-
tions, following the protocol described above.

For synthesis 2, the protocol was identical as above with small variations, since in this case, the system to be
encapsulated together was free BMNPs and free 5-FU. These modifications to the protocol of synthesis 1 were: 1)
firstly, 10 mg BMNPs were washed five times with chloroform and mixed with the lipids, previously to the vacuum
rotatory evaporation; 2) the films were hydrated either with PBS and the BMNP suspension detailed above (samples
BML2, BML2-DiO, BML2-LGRS5, and BML2-LGR5-DiO) or 2 mg/mL 5-FU in PBS along with the BMNP
suspension (BML2-5-FU and BML2-5-FU-LGRS5). The concentration of encapsulated 5-FU was determined by
following the same protocol as that used for OXA but using the relevant calibration curve for 5-FU previously
determined.

Characterization of BMNPs

Transmission electron microscopy (TEM, Libra 120 PLUS microscope, Carl Zeiss SMT) was used to determine the
morphology and size of BMNPs on ultrathin sections, prepared as described in Garcia-Rubia et al. The crystal size was
measured on 1000 nanoparticles per experiment using ImageJ 1.47. The solid mineralogy was determined by powder
X-ray diffraction (XRD, Xpert Pro X-ray diffractometer, PANalytical; The Netherlands; Cu Ka, 20-60° in 20, 0.01°/step,
3 s per step). Identification of the precipitates was performed by using XPowder software.?® Electrophoretic mobility

Table | Synthetized Nanoformulations

Abbreviation Composition

BMLI PEgylated magnetoliposome containing BMNPs (synthesis 1)

BMLI-DiO PEgylated magnetoliposome labeled with DiO containing BMNPs (synthesis 1)

BMLI-OXA PEgylated magnetoliposome containing BMNPs loaded with OXA (synthesis 1)

BMLI-LGR5 LGR5-targeted pegylated magnetoliposome containing BMNPs (synthesis 1)

BMLI-LGR5-DiO LGR5-targeted pegylated magnetoliposome labeled with DiO containing BMNPs (synthesis 1)

BML-OXA-LGR5 LGR5-targeted pegylated magnetoliposome containing BMNPs loaded with OXA (synthesis )

BML2 PEgylated magnetoliposome containing BMNPs (synthesis 2)

BML2-DiO PEgylated magnetoliposome labeled with DiO containing BMNPs (synthesis 2)

BML2-5-FU PEgylated magnetoliposome containing BMNPs and 5-FU (synthesis 2)

BML2-LGR5 LGR5-targeted pegylated magnetoliposome containing BMNPs (synthesis 2)

BML2-LGR5-DiO LGR5-targeted pegylated magnetoliposome labeled with DiO containing BMNPs (synthesis 2)

BML2-5-FU-LGR5 LGR5-targeted pegylated magnetoliposome containing BMNPs and 5-FU (synthesis 2)
International Journal of Nanomedicine 2024:19 https: 1847
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measurements (Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK)) were used to calculate {-potential (Zetasizer
software), and the IEP was determined from them (nine replica), as described in Garcia Rubia et al.'” Briefly, the pH of
BMNP suspension in oxygen-free NaClO4 10 mM was adjusted to different pH values ranging from 2 to 11 and
sonicated for 2 min prior to the measurements.

Characterization of the Nanoformulations

Transmission electron microscopy (TEM; LIBRA 120 PLUS Carl Zeiss SMT, Germany) was used to observe empty and
loaded magnetoliposomes. The samples were magnetically concentrated, and a few microliters were deposited on copper
grids with formvar film and stained using negative staining. The hydrodynamic size and electrophoretic mobility (and - -
potential) at pH 7.4 were measured (or calculated) as detailed above.

Nanoformulations as Magnetic Hyperthermia Agents

To determine the magnetic properties and the ability to generate hyperthermia of the nanoformulations, the specific
absorption rate (SAR) was calculated. The temperature rise was measured with D5 Series (nB nanoScale Biomagnetics)
with a fiber optic sensor. Nanoformulations with a concentration of 0.5 mg/mL Fe contained in a 1 mL aqueous solution
were subjected to an alternating magnetic field (MHT) at 385 kHz frequency and 28 kA/m magnetic field for 25 min. The
SAR value (W/g) was calculated using the following formula:*’

SAR = (C,H,O x mH,0/ mBMLs) x (dT/df) [kWgg, ']

where C,H,0 was the specific heat of water (J/g K), mH,O was the mass of water (g), mgmrs Was the mass of Fe (g)
present in BMLs and (d7/df) was the slope of temperature rise within the first 1500 s of the heating curve.

Cell Culture

The human colon cancer cell lines RKO, SW480, HT29, T84, HCT116, HCT15, and the hepatocellular cell line HepG2
were obtained from the American Type Culture Collection (Rockville, MD, USA). The murine cell line MC38 of colon
adenocarcinoma was kindly provided by Dr. J. Scholl (Public Health Service, National Institutes of Health, Bethesda,
MD, USA). Cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM), which were complemented with
penicillin-streptomycin (1%), and fetal bovine serum (FBS) (10%) (Sigma—Aldrich, Madrid, Spain). All the cell lines
were cultured at 37 °C and 5% CO,.

Cellular Transduction

LGRS shRNA (m) lentiviral particles (sc-62,560-V, Santa Cruz Biotechnology, Dallas, Texas, EEUU) were used to inhibit
LGRS gene expression in the mouse colon cancer cell line MC38 following the manufacturer’s protocol. 6-well plates were
used to seed MC38 cells at the density required to achieve 50% confluence on the day of viral infection. After 24 hours of
incubation, media was changed with a mixture of DMEM and 5 ug/mL Polybrene (sc-134,220, Santa Cruz Biotechnology,
Dallas, Texas, EEUU). Then, LGRS shRNA (m) and control shRNA lentiviral particles-A (sc-108,080, Santa Cruz
Biotechnology, Dallas, Texas, EEUU) were thawed and added to the culture to infect cells. The cells were incubated for
24 hours and afterwards, the medium was changed with supplemented DMEM. Selection of transduced cells was carried
out through exposition to puromycin dihydrochloride at 4 pg/mL (sc-108,071, Santa Cruz Biotechnology, Dallas, Texas,
EEUU) and MC38-L(-) (LGRS negative), and control shRNA cell lines were generated.

Real Time PCR

The extraction of total RNA was performed with the RNeasy Mini Kit (Qiagen, MD, USA), and the quantity of RNA
obtained was quantified with NanoDrop 2000 (Thermo Fisher, Waltham, MA, USA). The retrotranscription to cDNA was
carried out with the retro-transcriptase kit (Promega, Madison, WI, USA), in which 1.5 pg of RNA were converted into
cDNA according to manufacturer’s protocol. SYBR green supermix (Taq Universal SYBR Green Supermix) (Bio-Rad
Laboratories, Hercules, CA, USA) was used to perform Real-Time PCR (RT-PCR). The analyzed gene was LGRS from
mouse and human and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as reference gene (Table S1).
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StepOnePlus Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA) was used to perform all quanti-
tative RT-PCR by the delta-delta Ct (2 **") method to obtain gene relative expression values.

Western Blot Analysis

RIPA (Radio-Immunoprecipitation Assay) lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA) was used to
extract proteins from cells, and protein concentration was established by Bradford method (Sigma—Aldrich, Madrid,
Spain). Separation of proteins was carried out in 8% SDS-PAGE gels in which 40 pg of proteins of each sample were
loaded previously heated at 65 °C for 20 minutes. Then, proteins were electrotransferred to a nitrocellulose membrane
(45 pm pore size) (Millipore, Burlington, MA, USA) and blocked for 1 hour in 5% milk in TBS with 0.1% Tween-20
(TBS-T) (Bio-Rad, Hercules, CA, USA). After several washes in TBS-T, the incubation of the anti-LGRS5 primary
antibody (1:750) (Anti-LGRS (OTI2A2): MAS5-25,644; Invitrogen, Waltham, Massachusetts, USA) was performed
overnight at 4 °C. Then, a secondary antibody (m-IgGkBP-HRP: sc-516,102; Santa Cruz Biotechnology, Dallas,
Texas, EEUU) was added (1:2000) for 1 hour at room temperature. Chemiluminescent reagents (Amersham
Biosciences, Saint Louis, MO, USA) were used for the detection of membrane-bound antibodies. Besides, anti-f-actin
IgG (A3854, Sigma Aldrich, Madrid, Spain) (1:25,000 dilution) was used as an endogenous control. The open-source Fiji
image analysis software was used to quantify the bands obtained to calculate relative protein expression.?®

Cell Proliferation Assays

Forty-eight-well plates were used to culture cells at different densities (5 x 10° cells/well for T84, SW480, HCT15, and
RKO; 1.5 x 10* cells/well for HT29; 7 x 10° cells/well for HCT116; 2.5 x 10° cells/well for MC38; 3 x 10* cells/well for
MC38-L(-); and 5 x 10* cells/well for HepG2). After overnight incubation, cells were treated with increasing concentra-
tions of BML1-OXA, BML2-5-FU, BML1-OXA-LGRS, BML2-5-FU-LGRS, OXA, 5-FU, and blank nanoformulations
BML1 and 2 were for 4, 8 or 72 hours. The percentage of proliferation was established by the Sulforhodamine B (SRB)
assay by measuring the samples at 492 nm (Titertek multiscan Colorimeter, Flow, Irvine, CA, USA), as described
previously.?’ The analysis of proliferation in short exposure times experiments was realized by 3-(4,5-Dimethylthiazol-
2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) (Sigma—Aldrich, Madrid, Spain) protocol (Cabeza et al, 2021). Relative

proliferation (RP) was calculated as a percentage as follows:

RP = (treatment absorbance/untreated control absorbance) x 100

For the in vitro evaluation of magnetic hyperthermia 8-well chamber slides were used to seed 5 x 10> HCT116 cells/
well, and after attachment to surface were treated with BML1 and BML2 for 6 hours. After that, cells were subjected for
90 min to a magnetic field within allowed clinical ranges (262 kHz; 17 kA/m) and incubated for 4 hours at 37 °C. After
washing, new DMEM was added and incubated for an additional 72 hours. Finally, cell proliferation was analyzed with
the Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories, Kumamoto, Japan) at 450 nm of absorbance (Titertek multiscan
Colorimeter, Flow, Irvine, CA, USA), and the percentage of relative proliferation was obtained following the above
equation.

Cell Internalization of BMLs and BMLs-LGR5

Prussian Blue Iron Stain

Twelve-well plates were used to seed T84 and SW480 CRC cells at a density of 2 x 10° cells/well. After cells were
attached to plate surface, blank BMLs and BMLs-LGR5 were added (iron concentration ranging from 10 to 100 pg/mL)
for 24 hours. Then, for iron staining Prussian blue technique was used as described previously.'” Briefly, after cell
fixation with 4% formaldehyde, they were incubated with 20% hydrochloric acid and 10% potassium ferrocyanide
trihydrate (v/v) for 30 min. After that, cell nuclei were stained with Nuclear Fast Red solution (Sigma-Aldrich) for 15
min. Samples were then observed by light microscopy (Leica DM IL LED) (Leica Microsystems S.L.U., Barcelona,
Spain).
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Flow Cytometry Analysis

Flow cytometry was used to analyze the cellular uptake of DiO-loaded BMLs1 and 2 magnetoliposomes in cells seeded
in 24-well plates (1 x 10° cells/well for T84 and 8 x 10* cells/well for MC38 and MC38-L(-)). After cell attachment to
plate surface, BML1-DiO, BML1-LGR5-DiO, BML2-DiO, BML2-LGR5-DiO, and free DiO were added to the cultured
medium at a final DiO concentration of 5 uM and incubated from 0.5 to 4 hours. Then, cells were detached by
trypsinization, and after centrifugation (1500 rpm, 5 min), cell pellets were resuspended in a volume of 200 pL of
PBS. Tumor cells were analyzed with BD FACSCanto II flow cytometer (BD BioSciences, San Jose, USA). Flow
cytometry data were processed using the FlowJo Software.

Fluorescence Microscopy

Cell uptake of magnetoliposomes loaded with DiO was also analyzed by fluorescence microscopy (Leica DM IL LED
Fluo). Eight-well chamber slides were used to seed T84 (2 x 10* cells/well), MC38, and MC38-L(-) (1.5 x 10* cells/
well). After cell attachment to chamber slide surface, they were treated with free DiO and DiO-loaded BMLs1 and 2 at
a final DiO concentration of 50 uM for 4 hours. After two washes with PBS, fixation of cells with 4% formaldehyde (20
min) was performed. After 3 washes with PBS, nuclear staining was made with Hoechst 33,258 for 5 minutes (Sigma-
Aldrich) (10 pg/mL) and the mounting medium Prolong™ Gold Antifade Mountant (Invitrogen, Waltham,
Massachusetts, USA) and coverslips were added before the observation of the samples under a fluorescence microscope
(Leica DM IL LED) (Leica Microsystems S.L.U., Barcelona, Spain).

In vivo Acute Toxicity Study of BMLs

To determine the in vivo acute toxicity of BMLs, 16 female C57BL/6 mice (6-weeks) were divided arbitrarily into three
groups: control (n =4), BML1 (n = 6), and BML2 (n = 6). A single dose of 45 mg/kg Fe was injected i.v in the tail vein
of mice of the BML1 and BML2 groups. The untreated group was inoculated in the same way with saline solution.
Mouse body weight was measured every 48 h from the inoculation until day 15. At this point, blood samples were
obtained in 1.5 mL EDTA-coated collecting tubes: an aliquot was used to analyze blood populations (Mythic 22CT C2
Hematology Analyzer, Orphée SA, Switzerland), and the rest of the blood was centrifuged to obtain plasma (3000 rpm
for 15 min at 4°C) and analyzed for albumin, creatinine, glutamic-oxaloacetic transaminase (GOT), glutamate pyruvate
transaminase (GPT), gamma-glutamyl transferase (GGT), alkaline phosphatase (ALP), direct bilirubin, total bilirubin,
total proteins, and urea tests in Luminex 200 TM (Millipore, Darmstadt, Germany). Once the blood was collected, the
animals were sacrificed, and the organs were obtained and weighed. After the fixation of organs in 4% paraformaldehyde
(PFA), they were embedded in paraffin. Sections of 5 pum were obtained and stained with hematoxylin and eosin or
Prussian blue. Sections of tissues were observed in a Leica DM IL LED microscope (Leica Microsystems S.L.U.,
Barcelona, Spain).

Statistical Analysis

Student’s #-test, one-way repeated measures ANOVA, and U Mann—Whitney were used to analyze differences between
groups with a significance level of 0.05 (0=0.05) with the Statistical Package for the Social Sciences (SPSS) (v.28) (IBM
Corporation, Armonk, NY, USA). All the results were expressed as the mean + standard deviation (SD).

Results

Characterization of BMNPs

BMNPs are well-defined crystals, according to TEM images, with 2D rectangular and rhomboidal shapes (Figure 2A).
BMNP size falls within the range 10-70 nm (Figure 2B), being the average size of 41 + 12 nm. According to XRD
analyses (Figure 2C), BMNPs are magnetite (>95%) with an isoelectric point of 4.4 (Figure 2D), meaning that they are
negatively charged at physiological pH value and positively charged at pH values lower than 4.4.
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Figure 2 Characterization of BMNPs. (A) TEM image (scale bar: 200 nm). (B) Size distribution. (C) XRD analysis (M: peaks corresponding to magnetite). (D) {-potential.

Synthesis and Characterization of BMLs

The composition of the synthesized nanoformulations is summarized in Table 1. For synthesis 1, the compositions of the
nanoformulations were 10 mg/mL BMNPs, 5 mg/mL Egg PC, 1 mg/mL PEG2000 PE, 1.25 mg/mL DiO, 50 pg/mL anti-
LGRS and 2 mg/mL OXA (as determined from UV-VIS measurements). For synthesis 2, the compositions of the
nanoformulations were 10 mg/mL BMNPs, 5 mg/mL Egg PC, 1| mg/mL PEG2000 PE, 1.25 mg/mL DiO, 50 pg/mL anti-
LGRS and 2 mg/mL 5-FU.

TEM images show that magnetoliposomes are composed of lipid bilayers entrapping several BMNPs (Figure 3A).
Most of the BMLs show a hydrodynamic diameter of 100 + 40 nm (Figure 3B). There is no difference in size between
the blank or loaded BMLs. Regarding the {-potential, all samples are negatively charged at pH 7.4 (Figure 3C), which
might facilitate the colloidal stability of the suspensions employing electrostatic repulsion among them.'”

The ability to generate hyperthermia after the application of a high-frequency alternating magnetic field (Figure 4A)
and effect on cell viability was analyzed (Figure 4B). Figure 4A shows the heating curves obtained after 25 min of
application. All samples were able to increase the temperature to a total AT of 3.8, 5.1, 7.0, and 6.8 °C for BML1, BML1-
LGRS, BML2 and BML2-LGRS, resulting in SAR values of 20.9, 28.5, 39.6, and 38.5 W/g, respectively.

LGRS Expression Analysis

The study of LGRS mRNA and protein expression was performed in CRC cell lines from human (RKO, HT29, T84,
HCT116, SW480, and HCT15), mouse (MC38 and MC38-L(-)), and the hepatocarcinoma cell line HepG2 (Figure 5).
The cell line HepG2, together with HT29, exhibited the highest level of LGRS mRNA expression, whereas the SW480
cell line showed the lowest expression (Figure 5A). Protein expression results of LGRS obtained by Western blot
revealed high levels of LGRS protein in HCT15 and HepG2 cell lines compared to T84 (increment of 3.3 and 2.6-fold,
respectively) (Figure 5C). A mRNA and protein expression decrease (6- and 2-fold, respectively) was also observed in
the transduced cell line MC38-L(-) (Figure 5B and D).

In vitro Proliferation Assays
The in vitro antiproliferative effect of free drugs, drug-loaded magnetoliposomes, and blank magnetoliposomes was
determined by the SRB assay. No significant differences were observed compared to the negative control in most of
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Figure 4 Magnetic hyperthermia properties of BMLs. (A) Temperature rise after application of an alternating magnetic field (385 kHz; 28 kA/m) during 25 min for BMLI,
BMLI-LGRS5, BML2, and BML2-LGR5 at a concentration of 0.5 mg/mL Fe. The data were represented as the mean of 3 measurements + standard deviation (SD). (B) In vitro
proliferation assay of HCT116 CRC cells treated with BMLI and BML2 after 72 hours from alternating magnetic field (AMF) application for 90 min. Graphs show the
percentage of proliferation of HCT116 at 0.5 mg/mL of Fe. Results were expressed as mean * SD of triplicate cultures. *P-value< 0.05 compared to BMLI and BML2 and
determined by Student’s t-test.

the doses tested in cells treated with drug-unloaded magnetoliposomes [BML1 and 2 (LGRS5-targeted and non-
targeted)] with percentages of relative proliferation higher than 90% (Figures S1-S3). BML1-LGRS did not show
reduced biocompatibility, except in RKO and MC38-L(-) cells at the highest dose (75.0% and 80.4% relative
proliferation, respectively).

In the case of drug-loaded nanoformulations, all treatments reduced cell viability in a dose-dependent manner after 72
hours, decreasing or maintaining the ICs value of free drugs (Figures 6 and 7, Table 2). In fact, the RKO cell line treated
with BML1-OXA-LGRS (72 hours) showed the highest viability reduction in relation to BML1-OXA and OXA ICsq (1.7
and 3.2-folds, respectively (p < 0.05)), followed by HCT116 (1.5 and 2.5-folds, respectively). On the other hand, BML2-
5-FU-LGRS reduced 5-FU ICsq by more than half in the MC38 and HCT15 cell lines (3.0 and 2.5-folds, respectively)
(p < 0.05). The trend was similar in the rest of the cell lines with the exception of HT29 and HepG2 treated with BMLI1-
OXA-LGRS, which showed similar viability compared to the free drug treatment. Interestingly, assays using LGRS-
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Figure 5 LGRS expression analysis in colorectal tumor and hepatocarcinoma cell lines. Relative expression of LGR5 mRNA by Real-time PCR in (A) human and (B) mouse
cells compared to T84 and MC38 respectively. Representative Western blot images of LGR5 and B-actin proteins and graphs of bands densitometry analysis in (C) human
and (D) murine cells compared to T84 and MC38 respectively. All the results were represented as the mean * SD (n=3). *P-value< 0.05 compared to T84 and MC38 cells
and determined by Student’s t-test.

functionalized BMLs] at short exposure times (4 and 8 hours) showed higher proliferation inhibition in T84, MC38 and
HepG?2 cells than non-functionalized BMLs1 and free OXA. The reduction in cell proliferation compared to free 5-FU
was maintained in T84, MC38, MC38-L(-), and HepG2 treated with higher doses and short exposure times of
nanoformulations (Figure 8).

Cell proliferation of MC38 cells treated with LGR5-bearing and non-bearing nanoformulations showed significant
differences (5 and 10 pM) (p < 0.05). By contrast, no differences were found in MC38-L(-) transduced cell line.
Moreover, at short exposition times (4 and 8 hours), cell death was higher with both LGRS5-functionalized BMLs
compared to that non-functionalized BMLs1 and free drugs (Figure 8). Similar percentages of relative proliferation were
observed in the MC38-L(-) transduced cell line treated with drug-loaded BML-LGRS compared to untargeted drug-
loaded BMLs.

Finally, after 90 min of exposure to an alternating magnetic field (AMF) (262 kHz; 17 kA/m) on HCT116 cells
previously treated with BML1 and BML2 (0.5 mg/mL Fe; 72 hours) a high decrease in cell viability was observed
compared with cells no exposed to AMF (44.2% and 55.3%, respectively). Nevertheless, BML2 appears to be toxic at the
iron concentration of 0.5 mg/mL (53.29% relative proliferation) unlike to BML1 (57.3% and 94.9% relative proliferation,
respectively) (Figure 4B).

Cell Internalization of BMLs and BMLs-LGR5
The cell uptake of blank (drug-free) BMLs with and without LGRS functionalization was analyzed with Prussian blue
iron staining. A dose-dependent staining was observed. BML1 and BML2, with and without LGRS targeting, were
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Figure 6 In vitro cell viability assay of OXA-loaded BMLs| with and without LGR5 functionalization. Graphs show the percentage of relative proliferation of (A) T84, (B)
SW480, (C) HT29, (D) HCTI5, (E) HCT116 (F) RKO, (G) MC38, (H) MC38-L(-) and (I) HepG2 at doses ranging from 0.05—10 uM of OXA after at 72 hours of exposure.
Results were expressed as mean * SD of triplicate cultures. **P-value< 0.05 compared to OXA and BMLI-OXA respectively and determined by Student’s t-test.

internalized satisfactorily by tumor cell lines at the time tested (Figures 9 and S4). Furthermore, the T84 cell line appears
to be able to internalize slightly more BML1-LGRS compared to non-targeted BML1 while no apparent differences were
observed in BML2 with and without functionalization treatment. However, BML2-LGRS5 showed higher cellular uptake
in the SW480 cell line compared to BML2.

The cell uptake of DiO-loaded BML1 and BML2 was time dependent and increased with LGRS5-targeted
magnetoliposomes in all cell lines (Figures 10 and 11). Significant higher internalization of LGR5-BMLs was observed
even within the first half an hour of treatment (for T84) and improved after 4 hours of exposure, with increments in cell
uptake of 4.5, 1.8, and 1.5-folds for BML1-LGR5-DiO and 2.9, 2.2, and 1.6-folds for BML2-LGR5-DiO in T84,
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compared to untargeted-BMLs (Figures 10A,

MC38 and MC38-L(-) cells, respectively,
noteworthy that the transduced MC38

) cells internalized fewer LGRS5-BMLs compared to MC38 (1.9 and
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DiO respectively). Slight less internalization of BML1-DiO was also observed

-folds less for BML1 and 2-LGRS5
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Microscopy images showed similar results to those obtained in flow cytometry. Due to the lipophilic nature of

loaded BMLs were

highly internalized by tumor cells observing it in cell cytoplasm with no co-localization with cell nuclei

free DiO, it was only slightly presented in the cell membrane not inside cells, whereas DiO

1855
Dove:

https:

International Journal of Nanomedicine 2024:19


https://www.dovepress.com/get_supplementary_file.php?f=440881.docx
https://www.dovepress.com/get_supplementary_file.php?f=440881.docx
https://www.dovepress.com
https://www.dovepress.com

Cepero et al Dove

Table 2 Half Inhibitory Concentration (ICso) of LGR5-Targeted and Non-Targeted BMLs| and 2 (uM) Treatment (72 Hours) in the
Cell Lines Tested

Cell Line Free drug Non-Targeted BMLs LGR5-BMLs Times that LGR5- Times that LGR5-BMLs
BMLs Reduces IC;q of Reduces IC;5, of Non-
Free Drug Targeted BMLs
OXA 5-FU BMLI- BML2- BMLI-OXA- BML2- BMLI BML2 BMLI BML2
OXA 5-FU LGRS 5-FU-LGRS5
T84 3.45 4.24 242 2.18 2.08 2.20 1.66 1.93 1.16 0.99
SW480 1.52 10.18 1.00 5.29 1.06 4.46 1.43 2.28 0.94 1.19
HT29 1.19 9.43 0.95 4.93 1.50 5.85 0.79 1.61 0.63 0.84
HCTI5 1.62 2.69 1.35 1.16 1.31 1.08 1.24 2.49 1.03 1.07
HCTII6 1.98 13.51 1.19 7.47 0.79 6.96 2.51 1.94 1.51 1.07
RKO 1.56 2.59 0.82 1.76 0.48 2.29 3.25 1.13 1.71 0.77
MC38 1.63 0.03 1.41 0.0l 1.38 0.01 1.18 3.00 1.02 1.00
MC38-L(-) 0.55 0.42 0.42 0.24 0.42 0.22 1.31 1.91 1.00 1.09
HepG2 1.21 9.62 2.08 5.43 1.73 5.59 0.70 1.72 1.20 0.97

(Figures 10B, 10C and 11B, 11C). Cells treated with LGRS5-targeted nanoformulations showed higher green
fluorescence in their cytoplasm compared with non-targeted formulations, with a punctate pattern in the cytoplasm
of cells treated with BML1-DiO with and without LGRS5. In addition, the fluorescence intensity of MC38-L(-)
treated with BML1 and 2-LGR5-DiO was fewer compared to that of MC38, showing therefore, less nanoformula-
tion cell uptake.

In vivo Acute Toxicity Study

In vivo biocompatibility of the magnetoliposomes was evaluated in terms of iron-related toxicity. Acute intravenous
exposure to BML1 and BML2 showed no signs of toxicity as no mortality was observed, and the overall health of the
animals was not affected by any treatment. Furthermore, no relevant body (Figure 12A) or organ weight (Figure 12B)
loss over time was detected compared to untreated mice. Only BML2 group did not showed weight gain. In addition,
Prussian blue staining revealed the presence of iron in the liver with BML1 and BML2 treatment, but no signs of
toxicity in liver tissue structure were observed with hematoxylin and eosin staining (Figure 12C). No iron deposits
were found in any organ stained with Prussian blue except in splenic red pulp in all groups of mice including the
untreated control. In addition, staining of all organs with hematoxylin and eosin showed no sign of toxicity for any of
the treatments (Figures S9 and S10).

Additionally, blood biochemical analysis showed no significant differences of BML1 and BML2 compared to
untreated control in all parameters analyzed (Table 3), with the exception of alkaline phosphatase analysis in which
lower values were observed with BML2 treatment. In general no significant differences were found in blood population
analysis between the mice groups (Table 4) except for increased values of hematocrit and percentage of eosinophils for
BMLI1 and BML2 treatment, decreased white blood cells total number and percentage of monocytes/macrophages for
BMLI1 treatment, and increased hemoglobin, neutrophil/polymorphonuclear percentage and decreased lymphocyte
percentage for BML2 treatment (p < 0.05).

Discussion

It is widely known that active targeting approaches are gaining importance in cancer therapy because of the increasing
efficiency and specificity of drugs for tumor tissues, reducing side effects. The combination of liposomes and magnetic
nanoparticles in a unique nanoformulation named magnetoliposome creates a range of possibilities in the field of drug
delivery systems, including controlled release of drugs, hyperthermia, and active targeted drug delivery by surface
functionalization of liposomes.**** Besides, functionalization of the nanoformulations is an advantage preventing
diffusion of the nanoparticles into the extracellular matrix of the tumor’' and recognizing specifically tumor cells,
internalized by receptor-mediated endocy‘tosis.3l’33 4 In particular, the strategy proposed in our study is the targeting of
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Figure 8 In vitro proliferation assay of drug-loaded BMLs| and 2 with and without LGRS functionalization at short exposure times. Percentage of relative proliferation (%RP)
of (A) T84, (B) MC38, (C) MC38-L(-) and (D) HepG2 treated with doses ranging from 5-30 uM of OXA for 4 and 8 hours. (E) T84, (F) MC38, (G) MC38-L(-) and (H)
HepG2 were treated with doses ranging from 1-30 uM of 5-FU for 4 and 8 hours. Results were expressed as mean % SD of triplicate cultures. *7P-value< 0.05 between
LGR5-targeted BMLs and free drug or non-targeted BMLs respectively and determined by Student’s t-test.

magnetoliposomes loaded with OXA or 5-FU through the surface binding of an anti-LGRS antibody, a coreceptor of the
Wht/B-catenin signaling pathway.?*->3¢

As we previously described,'* OXA binds to BMNPs based on electrostatic interactions at physiological pH values,
due to the negative charge of BMNPs at this pH (Figure 2D). According to Figure 2D and in agreement with data in
Jabalera et al'* and Garcia-Pinel et al,'’ this nanoassembly is stable at physiological pH values as BMNPs remain
charged. At acidic pH values, BMNPs will become uncharged, as they approach their isoelectric point, thus releasing the
drug. Little to no OXA release was detected during the embedding, as the hydration of the lipid layer was performed in
HEPES buffer. On the contrary, 5-FU is negatively charged at the functionalization pH value (pH = 7), as it is well
known that the pKa of the 5-FU is 8.0.%” Since at this pH value BMNPs are also negatively charge (Figure 2D), the
electrostatic binding does not occur, and so, BML2 embed a suspension of BMNPs in free 5-FU.

Our results showed that magnetoliposome-based nanoformulations that bind anti-LGRS5 antibody did not show
toxicity. Previously, the biocompatibility of BML1 (non-targeted) was previously reported by Garcia-Pinel et al, in

T84, SW480, HT29, HCT15, and MC38 cell lines.'’ Interestingly, after 72 hours of exposure, BML1-OXA-LGRS5
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Figure 9 Internalization of magnetoliposomes with and without LGR5 functionalization in T84 and SW480 cell lines. Representative images of cells exposed (24 hours) to 50
pg/mL Fe of BMLI, BMLI-LGRS, BML2 and BML2-LGRS5 stained with Prussian blue. Scale bar 50 ym.

exhibited enhanced or maintained antitumor activity compared to non-targeted nanoformulation in all cell lines. In
addition, this nanoformulation induced a higher cytotoxicity than BML2-5FU-LGRS despite reduced ICsq values
of free 5-FU in all cell lines studied. Due to the evident internalization of the BMLs from short times,'’
proliferation experiments at this same time were carried out to further demonstrate the advantages of active
targeting. Our results showed a significant increase of BML-OXA-LGRS antitumor effect in MC38 cells after 4
hours of treatment compared to the MC38-L(-) transduced cell line, which was probably due to expression
silencing of LGRS in these latter cells. This improved effect suggests that the enhanced antitumor activity of
LGRS-targeted BMLs in MC38 may be related to the specific binding of the nanoformulations to the LGRS
receptor on the cell membrane.*®**° However, the cause of the increased sensitivity to chemotherapy and the
longer doubling time observed in MC38-L-(-) compared to the non-transduced cell line is unclear. LGRS is
a membrane receptor involved in the Wnt/B-catenin signalling pathway, so reduction of its expression may lead to
changes in the proliferation rate.*' In addition, magnetoliposome-based nanoformulations were able to modify cell
proliferation by magnetic hyperthermia. In fact, HCT116 CRC subjected to AMF have shown a great reduction of
cell viability for BML1 and 2 (up to 44.2% and 55.3%, respectively). Hence, these magnetoliposomes could be
a good LGRS5-targeted chemotherapy treatment option in combination with magnetic hyperthermia in CRC
management. The therapeutic benefit of combined chemotherapeutic drugs with magnetic hyperthermia mediated
magnetic nanoparticles have been extensively demonstrated'>*? such as the chemothermal combination of
doxorubicin-loaded biomimetic magnetic nanoparticles with an alternating magnetic field significantly reduced
the tumor volume in a murine model of breast cancer.'? Therefore, higher interest is growing related with the
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Figure 10 Cell uptake of LGR5-targeted and untargeted BMLI-DiO. (A) Quantitative measure of DiO cell uptake by flow cytometry in T84, MC38 and MC38-L(-) cells.
Data represent mean + SD of triplicate cultures. (*#) P-value< 0.05 compared to free DiO and BMLI-DiO respectively and determined by Mann Whitney U-test. (B and C)
Representative images of fluorescence microscopy analysis of DiO cell uptake in T84, MC38, and MC38-L(-) cells. Hoechst 33,258 which stain cell nuclei was shown as blue,
and DiO was shown as green fluorescence. Merge images are showed of DiO and Hoechst 33,258 for the different treatments. Scale bar 100 pm.

design of new multifunctional nanoformulations, as active targeted magnetoliposomes among others, which allow
combined therapy.

In this context, our results showed that the functionalization of magnetoliposomes with anti-LGRS5 antibodies
improved cellular uptake compared to untargeted nanoformulations in all the cell lines tested. This fact was
confirmed by cell uptake studies of BML nanoformulations including DiO, a green fluorescent lipophilic dye that
labels cell membranes and cannot be observed in cell cytoplasm.** All the cells treated with these nanoformulations
exhibited high green fluorescence in cytoplasm indicating the presence of magnetoliposomes inside cells. It was also
possible to quantify these cell internalization levels by flow cytometry. Our results showed that the functionalization
of magnetoliposomes with anti-LGRS antibodies improved cellular uptake compared to untargeted nanoformulations
in all the cell lines tested. Specifically, BML1-LGRS5 enhanced cellular uptake in T84 and MC38 cells (4.5 and
1.8-fold, respectively) after 4 hours of exposition in comparison to untargeted BMLs. In contrast, the transduced cell
line MC38-L(-) showed lower internalization of LGR5-targeted BMLs (synthesis 1 and 2) compared to the MC38
cell line. These differences found between the wild-type MC38 and the transduced MC38-L(-) cell line could be due
to the specific internalization of targeted-BMLs by ligand—receptor interaction.'”**** Although the data obtained in
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Figure |1 Cell uptake of LGR5-targeted and untargeted BML2-DiO. (A) Quantitative measure of DiO cell uptake by flow cytometry in T84, MC38 and MC38-L(-) cells.
Data represent mean = SD of triplicate cultures. **P-value< 0.05 compared to free DiO and BML2-DiO respectively and determined by Mann Whitney U-test. (B and C)
Representative images of fluorescence microscopy analysis of DiO cell uptake in T84, MC38, and MC38-L(-) cells. Hoechst 33,258 which stain cell nuclei was shown as blue,
and DiO was shown as green fluorescence. Merge images are showed of DiO and Hoechst 33,258 for the different treatments. Scale bar 100 um.

cell internalization experiments could suggest a receptor-mediated nanoparticle—cell interaction, other mechanisms of
action could be implicated. Different forms of cell-liposome interaction have been described. Thus, liposomes may
bind to the plasma membrane by electrostatic interactions and release the drug payload 1) intracellularly by fusion of
the liposome with the cell membrane or ii) in the extracellular fluid by degradation of the lipid bilayer upon contact
with the cell membrane (enzymes such as lipases or mechanical forces may be involved).*> Furthermore, the
analysis of LGRS expression by flow cytometry carried out by Vazquez-Iglesias et al revealed 22.5, 8.0 and
9.1% of LGR5+ cells in T84, SW480, and HT29 cell lines, respectively.*’ Therefore, it would be interesting to
develop new targeting strategies using multiple CRC biomarkers such as the bispecific antibody MCLA-158 anti-
LGRS and EGFR which inhibited the growth of KRAS-mutated CRC and suppressed the development of metastasis

in epithelial tumors.**

Finally, some studies have described in vivo toxic effects of iron oxide nanoparticles administered by distinct routes
on healthy tissues such as the liver*®*” and spleen,”® among others*’ that could be overcome or reduced with
magnetoliposome use. Our results showed no signs of toxicity in terms of mice and organs’ weight with the treatment
of unloaded magnetoliposomes except with BML2 treatment. Hepatic iron deposits were visualized by Prussian blue iron

staining without the presence of liver tissue damage, and no abnormalities in liver enzymes were observed except
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Figure 12 Acute toxicity of Fe in mice treated with BMLI and BML2. (A) Body weight variation along the experiment and (B) weight of mice organs at the endpoint of the
experiment. Data represented mean * SD (n = 16). (¥) P-value< 0.05 compared to control mice and determined by one-way repeated measures ANOVA and Student’s
t-test, respectively. (C) Stained (a) Prussian blue (b) hematoxylin & eosin liver samples from untreated and BMLI and 2 treated mice. Iron accumulations are marked with
black arrows. Scale Bar 100 um.

reduced ALP values in BML2-treated group. Although alkaline phosphatase enzyme is measured to detect liver or bone
toxicity, a relation to liver disease has only been described when values are increased and not decreased.’’>?
Furthermore, there was no alteration of other biochemical parameters and the majority of blood populations analyzed
remained stable compared to the untreated control. Only, a slight increase in hematocrit, as well as eosinophils, can be
observed with exposure to both BML1 and BML2 nanoformulations, which had already been described by Askri et al
with an increase in the number of red blood cells, hemoglobin, and eosinophils with low doses of iron oxide
nanoparticles.*® Furthermore, the analysis of blood populations showed a decrease in the percentage of macrophages,
which is only significant in mice treated with BMLI1, and an increase in the percentage of neutrophils for BML2
treatment. Moreover, no mortality was observed, and the overall health status of the mice treated with the nanoformula-

tions was not affected compared to the untreated control.
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Table 3 Biochemical Parameters of the Blood Plasma of Mice Treated with BMLI

and BML2

Plasma Biochemical Parameter Control BMLI BML2
Albumin (g/dL) 291 £0.18 3.01% 0.07 292 +0.11
Creatinine (mg/dL) 0.16 £ 0.11 0.16 + 0.06 0.22 + 0.09
GOT (U/L) 7320 £ |1.67 | 98.69 + 3443 | 50.70 + 36.04
GPT (U/L) 20.57 + 2.96 25.19 + 6.6l 2542 + 6.39
GGT (U/L) 19.72 £ 0.69 18.84 £ 0.85 2333 +£7.19
ALP (U/L) 110.76 £ 8.79 | 70.55 + 33.43 | 48.62 £ 7.26 *
Direct bilirubin (mg/dL) 0.06 + 0.03 0.04 + 0.02 0.05 + 0.00
Total bilirubin (mg/dL) 0.12 + 0.04 0.19 + 0.06 0.16 + 0.03
Total proteins (g/dL) 4.94 + 0.30 5.14 £ 0.30 5.03 = 0.31
Urea (mg/dL) 67.98 + 1557 | 60.80 + 10.38 | 48.10 + 5.30

Notes: Data represented mean * SD. (*) P-value< 0.05 compared to control mice determined by

Student’s t-test.

Abbreviations: GOT, glutamic-oxaloacetic transaminase; GPT, glutamate pyruvate transaminase; GTT,
gamma-glutamil transferase, ALP, alkaline phosphatase.

Table 4 Blood Populations in Mice Treated with BMLI and BML2

Test Control BMLI BML2

Total number of WBC (10°/uL) 4.63 + 1.31 33+0.94* 3.79 £ 0.79
Total number of RBC (10%/uL) 8.28 + 1.08 8.89 £ 0.58 859 + |.18
Hemoglobin (g/dL) 13.16 = 1.68 14.01 + 0.86 14.32 £0.70%*
Hematocrit (%) 3846 £ 5.15 40.98 + 2.85* 41.4 + 2.52*
Total number of platelets (10°/uL) 34525 + 227.39 | 361.25 + 287.25 | 447 £ 162.79
Lymphocytes (%) 94.99 + 1.21 94.42 £ 2.11 92.33 + 3.09%
Monocytes/macrophages (%) 0.34 +0.18 0.18 + 0.08* 0.19 £ 0.15
Neutrophils/polymorphonuclears (%) | 4.14 £ 1.18 4.58 + 1.80 6.13 + 2.60*
MCV 46.43 + .38 46.09 £ 0.52 46.53 + 0.96
MCH 15.9 £ 0.41 15.76 + 0.43 16.05 + 0.18
MCHC (g/dL) 34.25 + 0.58 3423 + 1.02 3451 +0.59
RBC size distribution 14.35 + 0.22 14.6 £ 0.38 1443 £ 0.33
MPV (fL) 591 £0.27 7151 5.84 +0.18
Thrombocrit (%) 02 £0.12 0.22 £ 0.16 0.27 + 0.08
Platelet size distribution 27.71 * 6.55 2791 £ 872 22.68 + 5.65
Eosinophils (%) 0.14 +0.11 047 + 0.31* 0.69 + 0.40*
Basophils (%) 0.4 +£0.26 0.37 £ 0.24 0.65 + 0.30

Note: Data represented mean * SD. (¥) P-value< 0.05 compared to control mice determined by Student’s t-test.
Abbreviations: WBC, white blood cells; RBC, red blood cells; MCV, mean corpuscular volume; MCH, mean
corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MPV, mean platelet volume.

Conclusion

Functionalization with anti-LGRS antibody of OXA and 5-FU-loaded magnetoliposomes has been successfully conducted,
resulting in BML1-OXA-LGRS and BML2-5-FU-LGRS nanoformulations. All colorectal cancer cell lines were tested and the
control hepatocarcinoma cell line HepG2 exhibited LGRS positive expression. A murine cell line transduced with shRNA
lentiviral particles with reduced LGRS expression (MC38-L(-)) was established from the murine CRC cell line MC38. OXA or
SFU-loaded BML-LGRS reduced or maintained the ICsq value of untargeted magnetoliposomes in CRC cells, accentuating these
differences at short exposure times and correlated with higher cell uptake of LGR5-functionalized BMLs in T84, MC38 and
MC38-L(-) cell lines with a location mainly cytoplasmic. The differences between the MC38 and the MC38-L(-) could

demonstrate cellular uptake mediated by ligand—receptor interaction, although other mechanisms could also be involved.
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Moreover, in vivo acute toxicity assay of iron showed good biocompatibility of magnetoliposomes with no deaths or relevant
signs of toxicity. Thus, OXA or 5-FU-loaded BMLs targeted with anti-LGRS antibody could be a new strategy for the targeted
therapy of CRC that could be combined with magnetic hyperthermia, specially addressed to LGR5+ cells that seem to be
involved in tumor recurrence and chemoresistance.
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