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Anisamide is a small benzamide previously suggested as a tumor-targeting ligand for nanocarriers and it has been
shown to enhance tumor uptake in vitro as well as in vivowhen grafted on the nanoparticle surface. Anisamide
has been hypothesized to interact with the Sigma-1 receptor, based on the binding of larger benzamides,
which contain anisamide in their structure, to this receptor. However, the interaction between anisamide and
Sigma-1 receptor has never been thoroughly studied. We developed fluorescent PEGylated particles decorated
with anisamide, which were preferentially taken up in vitro by melanoma cells compared to macrophages. The
anisamide-decorated particles were used to study their interaction with the Sigma-1 receptor. The absence of
competition of Sigma-1 receptor ligands for the particle uptake was a first indication that the receptor might
not be involved in the uptake process. In addition, the extent of particle uptake did not correlate with the levels
of cellular expression of Sigma-1 receptor in the cell models tested. Immunostaining of the receptor on melano-
ma cells revealed intracellular localization, indirectly excluding the possibility of anisamide binding to the recep-
tor when grafted on the particles. All these data question the previously suggested Sigma-1 receptor-mediated
uptake of the anisamide-decorated particles, a finding which may have an impact on the use of anisamide as a
targeting ligand.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Despite the fact that researchers are still far from developing ideal
cancer chemotherapeutics, recent advances inmolecular cancer biology
and a better understanding of tumor heterogeneity have enabled signif-
icant progress towards targeted tumor therapy [1]. Equally important to
this process have been improvements in the design and characteriza-
tion of various classes of tumor-directed delivery systems for drugs
and imaging agents [2]. Among them, particle-based delivery systems
have played a dominant role in the scientific literature in the last de-
cades, although the clinical output has so far been limited [3,4]. As a
strategy to increase the benefits from the preferential tumor accumula-
tion of colloids following intravenous (i.v.) injection, researchers have
focused on decorating nanoparticles with affinity ligands that are able
to recognize cell-surface antigens unique for or overexpressed by cancer
cells [5,6]. This strategy aims to increase the interaction between tumor
cells and carriers once the latter have reached the tumor tissue. This in-
teraction could potentially lead to prolonged residence time of the
is work.
nd Engineering, Department of
Denmark, Odense, Denmark.
carriers in the tumor tissue and/or result in enhanced internalization
by tumor cells, consequently leading to higher anti-tumor efficacy [7].

Molecules currently evaluated in preclinical research as tumor-
targeting ligands for particulate systems can be classified into two
major categories according to their nature: biologic macromolecules
and small molecules. Large biological molecules (e.g. antibodies or
other proteins) or small biologics (antibody fragments, peptides,
aptamers) excel in binding affinity and specificity for tumor antigens.
However, small molecules, such as mono- or disaccharides, biotin or
folic acid, although generally less affine, present numerous advantages
as tumor-targeting moieties of particles, including lower risk of immu-
nogenicity, higher stability in the blood circulation, reduced cost of pro-
duction and ease of incorporation on the surface of particle carrier
systems by means of simple chemistry [6,8]. Folic acid [9] and S,S-2-
[3-[5-amino-1-carboxypentyl]-ureido]-pentanedioic acid [10] consti-
tute encouraging examples of small ligands that are now under thor-
ough investigation for their tumor-targeting potential. Another small
molecule which has been proposed as a tumor-directing moiety for
the decoration of nanocarriers is the 4-methoxybenzamide derivative
named anisamide (Fig. 1A).

The concept of using anisamide as a tumor-targeting moiety for
nanocarriers was first proposed by Huang and colleagues in 2004 [11].
Itwas inspired by a class of benzamide-based compoundswith cancer se-
lective properties. In fact, radiolabeled iodobenzamide molecules
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Fig. 1.Particledesignandcharacterization. (A)Synthesis of anisamide-PEG-carboxylate. (B)Preparationof functionalizedparticles, PEGylated(PS-PEG)orPEGylatedandanisamide-targeted(PS-AA).
(C) Monitoring of particle PEGylation by ζ-potential measurement after reacting PS-NH2 with various amounts of PEG-NHS. Results are expressed as mean± S.D. (n= 3).
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containing anisamide in their chemical structure have been shown to de-
posit in higher amounts in tumors following i.v. injection in rodents and
have thus been proposed as tumor-imaging agents [12,13]. It has been
hypothesized that the increased tumor deposition was a consequence
of thosemolecules' affinity for a receptor reported to be highly expressed
by tumor cells, the Sigma-1 receptor (σ1R) [14–16]. Following the initial
publication reporting the grafting of anisamide onto the surface of lipo-
somes and subsequent enhanced uptake by tumor cells in vitro as well
as increased deposition in the tumor in vivo [11], the ligand has been
utilized to decorate many different types of particles. For example, poly-
ester nanoparticles [17], cyclodextrin nanoparticles [18], lipid-coated
calcium phosphate nanoparticles [19] and silica nanoparticles [20]
have been employed and this strategy has been shown to enhance
uptake by various tumor cell lines in vitro as well as in tumor tissues
in vivo [18,21–26]. It should be noted that the anisamide initially
suggested by Huang and colleagues in 2004 was the [2-(4′-
methoxybenzamido)]ethylamine,whichwas attached on PEG [11]. How-
ever, in several publications, including those from other groups but also
two recent fromHuang and coworkers, the 4-methoxybenzamidemoiety
without the ethylamine part was coupled on PEG and similar enhance-
ment of cell uptake of the delivery systems was reported [17,18,20,
27–29]. The results obtained with this ligand, also named anisamide,
imply that the ethylamine part is not necessary for the enhancement of
cell uptake of the decorated particles.

In all previous reports, the presumed cell component interacting
with anisamide is the σ1R, based on the binding of the iodobenzamides
used in tumor imaging studies. However, to date no thorough character-
ization of the interaction between the receptor and the molecule has
been performed. The goal of this work was to examine whether σ1R
plays a role in the internalization of the anisamide-tethered particles.
Towards this aim, we designed PEGylated fluorescent poly(styrene)
particles and coated themwith 4-methoxybenzamide.We then investi-
gated how the ligand influences the cellular uptake of the particles and
whether σ1R is implicated in this process.
2. Materials and methods

2.1. Chemicals and reagents

Heterobifunctional amine-PEG-carboxylate (Mn = 7500 Da,
PDI = 1.02) and monofunctional methoxy-PEG-succinimidyl
carboxymethyl ester (methoxy-PEG-NHS) (Mn = 5000 Da, PDI =
1.03) were purchased from JenKem Technology (Beijing, China).
(+)-SKF-10,047 hydrochloride (purity N98%) was obtained from
TOCRIS Bioscience (Bristol, UK). B16-F10, RAW 264.7 and 4T1 cell
lines were purchased from ATCC (Manassas, VA). FluoSpheres®
amine-modified microspheres (1 μm, yellow green fluorescent),
Dulbecco's Modified Eagle Medium (DMEM) with GlutaMAX®
(high glucose), penicillin/streptomycin solution (10,000 units/mL
penicillin and 10,000 μg/mL streptomycin), fetal bovine serum
(FBS), phosphate buffered saline pH 7.4 (PBS) (composition in mM:
155 NaCl, 1.05 KH2PO4 and 2.97 Na2HPO4–7H2O), trypsin/EDTA
0.05% and 0.25%, Lipofectamine® 2000 and siRNA targeting σ1R
(Silencer® Select, siRNA ID: s71116, Ambion®) were all purchased
from Life Technologies (Carlsbad, CA). Osmium tetroxide and LR
White® were purchased from Polysciences Inc. (Eppelheim,
Germany). All other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO) and used as received.
2.2. Synthesis of anisamide-PEG-carboxylate

Amine-PEG-carboxylate (200 mg, 0.027 mmol) was dissolved in
10 mL dichloromethane. 4-methoxybenzoyl chloride (50 μL, 0.37 mmol)
and triethylamine (50 μL, 0.36 mmol) were added to the solution and
the mixture was stirred for 24 h at room temperature (RT) under inert
argon atmosphere. The solvent was removed by rotary evaporation and
the polymer was purified by Gel Permeation Chromatography using a
PD MidiTrap® G-25 column (GE Healthcare, Buckinghamshire, UK).



231A. Dasargyri et al. / Journal of Controlled Release 224 (2016) 229–238
2.3. Preparation of PEGylated anisamide-targeted (PS-AA) and PEGylated
control (PS-PEG) poly(styrene) particles

Yellow-green fluorescent poly(styrene) amine-modified particles of
1-μm diameter (PS-NH2) (2 mg) were washed twice with water by cen-
trifugation and then dispersed in 1mL of DMSO and sonicated for 10min
in a bath sonicator. Various amounts of methoxy-PEG-NHS were added
and left to react for 24 h under stirring at RT. After reaction, the mixture
was diluted in 5mL of water and centrifuged (5000 ×g, 15min, 15 °C) to
remove the DMSO. The particles were collected at the bottom and resus-
pended in water. The washing step was repeated 4 times to remove the
excess of unreacted polymer. Finally, the particles were resuspended in
1 mL of PBS pH 7.4, resulting in a final concentration of 2 mg/mL.
Anisamide-targeted particles were prepared by reaction of PS-NH2

(2 mg) with anisamide-PEG-carboxylate (1.5 mg), together with a cou-
pling reagent, HATU (1-[Bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate) (0.15 mg) and
triethylamine (0.7 mg) to activate the carboxylic groups. After stirring
of the mixture for 24 h at RT, the particles were washed for DMSO re-
moval and resuspended in PBS as described above to a final concentra-
tion of 2 mg/mL. Particle suspensions were sonicated in a Sonorex
Super RK 31 H ultrasonic bath (35 kHz, 70 W, Bandelin Electronics,
Berlin, Germany) for 15 min before use.

2.4. Particle characterization

Particle size and ζ-potential were determined by dynamic light scat-
tering (DLS) and laser Doppler anemometry respectively, using a
DelsaNano C Particle Analyzer (Beckman Coulter, Krefeld, Germany).
The CONTIN method was used to calculate the hydrodynamic diameter
of the particles. ζ-potential was measured at different pH values by di-
luting the particles in the corresponding buffer at a particle concentra-
tion of 50 μg/mL.

2.5. Cell culture

B16-F10 (murine melanoma), RAW 264.7 (murine macrophage-
like) and 4T1 (murine mammary carcinoma) cells were grown in
DMEM with GlutaMAX® (high glucose) supplemented with 10% (v/v)
FBS, 100 units/mL penicillin and 100 μg/mL streptomycin. Cells were
kept at 37 °C in a humidified atmosphere containing 5% CO2.

2.6. In vitro particle uptake

Cells were seeded in 12-well plates at a density of 150,000 cells per
well for B16-F10 and 4T1 cells and 400,000 cells per well for RAW264.7
cells. Twenty-four hours later, the particles (10 μL, 20 μg) were added to
the medium (final volume 1 mL per well) and incubated for 4 h. The
cells were then washed 4 times with PBS to remove non-internalized
particles and were prepared for flow cytometry as follows. Briefly,
B16-F10 and 4T1 cells were detached with 0.05% Trypsin/EDTA for
5 min at 37 °C, while RAW 264.7 cells were gently scraped from the
plate surface. Detached cells were collected in complete medium and
kept on ice for all subsequent steps. The samples were centrifuged
(300 ×g, 4 °C, 10 min), the supernatant was discarded and the cells
were washed twice with ice-cold PBS supplemented with 0.5% w/v bo-
vine serum albumin (BSA) and 2 mM EDTA. The cells were then resus-
pended in ice-cold PBS supplemented with 0.5% w/v BSA and 2 mM
EDTA for the flow cytometry analysis. The fluorescence measurement
was performed in a FACSCanto® Flow Cytometer (BD Biosciences, San
Jose, CA) and a minimum of 10,000 events per sample was recorded
using FACSDiva® Software (BD Biosciences). A 488-nm laser was used
for excitation and the FITC channel (530/30 nm)was used for the detec-
tion of the fluorescence emission. The percentage of fluorescence-
positive cells was analyzed using the FlowJo software (Tree Star Inc.,
Ashland, OR).
For σ1R-ligand competition studies, 30 μM haloperidol or 100 μM
(+)-SKF-10,047 were added to the cells together with the particles
and incubated for 4 h. The cell uptake was assessed by flow cytometry
as described above.
2.7. Live cell confocal microscopy

B16-F10 cells expressing TdTomato fluorescent protein [30] were
plated onto 2-well Lab-Tek® II Chamber Slides (Nunc, Rochester, NY)
at a density of 150,000 cells per well (final volume 1 mL per well) and
left to grow at 37 °C, 5% CO2 for 24 h. PS-AA particles (10 μL, 20 μg)
were added to the cells for 2, 4 and 24 h. Cells were washed
twicewith PBS and imaged in DMEMwithout Phenol Red (Life Technol-
ogies) using a Zeiss Axio Observer Z1 inverted spinning disk confocal
microscope (Carl Zeiss, Oberkochen, Germany) equipped with a
Zeiss C-Apochromat M27 63×/1.2NA water objective. Excitation lasers
488 nm and 561 nmwere used for particle and TdTomato fluorescence
respectively with emission filters 520/35 and 617/73, respectively. A
z-stack of 25 slices with slice spacing of 0.3 μm was acquired using
the ZEN 2012 Blue (Zeiss) software and processed with ZEN
2012 Blue and Image J software (National Institutes of Health, Bethesda,
MD).
2.8. Transmission electron microscopy (TEM)

B16-F10 cells were seeded in 12-well plates at a density of 150,000
cells per well (final volume 1 mL) and were treated the next day with
PS-AA (20 μL, 40 μg) for 12 h. Cells were washed with PBS 4 times and
then trypsinized, spun down to form a pellet and fixedwith 2.5% glutar-
aldehyde in PBS for 2 h. The cell pellet was washed in PBS, and
post-fixed in 1% osmium tetroxide in PBS for 30 min, then washed
twice in PBS, followed by 90 min in 1% aqueous uranyl acetate. Subse-
quently, the cells were dehydrated through a graded series of ethanol
(30 min each in 30%, 70% and 100% ethanol), before infiltration with
LR White®: 1 h in 30% LR White® in ethanol, overnight in 70% LR
White® in ethanol and twice 4 h in 100% fresh LRWhite®. The samples
were polymerized at 60 °C for 72 h. After polymerization, 60 nm sec-
tions were cut using an ultramicrotome (Leica Microsystems, Wetzlar,
Germany) and post-stained with uranyl acetate (2% aqueous solution)
and Reynold's lead citrate. Transmission electron microscopy was per-
formed at 100 kV (FEI Morgagni268, FEI Company, Hillsboro, OR).
2.9. Co-administration of particles and B16-F10 cells in vivo

In vivo experiments were performed in accordance with the animal
protocol approved by the Kantonales Veterinaeramt Zurich (protocol:
11/2012). B16-F10 cells expressing TdTomato fluorescent protein [30]
(500,000 cells) were mixed with PS-AA or PS-PEG particles (1 μL,
2 μg) in a final volume 50 μL of PBS, incubated in humidified atmosphere
at 37 °C, 5% CO2 for 15 min and subsequently injected intradermally in
the hind flank of 8-week-old female C57BL/6J albinomice (Jackson Lab-
oratories, Bar Harbor, ME). Fourteen days after inoculation, the tumors
were excised and passed through a sterile 40-μM BD Falcon® nylon
cell strainer (BD Biosciences) and re-suspended in ice-cold PBS supple-
mented with 0.5%w/v BSA and 2mMEDTA for flow cytometry analysis.
The fluorescence measurement was performed using an LSRFortessa®
Flow Cytometer (BD Biosciences) and a minimum of 30,000 events
per sample was recorded using FACSDiva® Software (BD Biosciences).
A 488-nm laser was used for excitation and the FITC channel (530/
30 nm) was used for the detection of the fluorescence emission of the
particles, while a 561-nm laser for excitation and the PE channel (586/
15 nm) for the fluorescence emission was used for TdTomato. The per-
centage of double-positive cells for particle fluorescence and TdTomato
was quantified using the FlowJo software (Tree Star Inc.).
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2.10. σ1R knock-down and particle uptake

B16-F10 cells were seeded in 12-well plates at a density of 40,000
cells per well. After 24 h, the cells were transfected with 0.25 μg
(18.5 pmol) of Ambion Silencer® Select σ1R siRNA (sequence: sense
5′-ACU UCG UCU UCU CUA GAG Att-3′ and antisense 5′-UCU CUA
GAG AAG ACG AAG Utt-3′) using Lipofectamine® 2000 Reagent (Life
Technologies). In detail, the siRNA was mixed with Lipofectamine®
in serum-free antibiotics-free medium at a ratio of siRNA to
Lipofectamine® 1: 3 (w/w) for 20 min at RT, then diluted in serum-
containing antibiotics-free medium (0.5 mL final volume) and added
to the cells. Twenty-four hours later, the medium was replaced with
fresh complete medium (with FBS and antibiotics) and the cells were
grown for 48 h before proceeding to the particle uptake experiment as
described in the “In vitro particle uptake” section or to cell lysis for sub-
sequent Western blot analysis of σ1R expression levels.

2.11. Effect of σ1R ligands on cell growth and adhesion — real-time
cell analysis

The effect of the σ1R ligands haloperidol and (+)-SKF-10,047 on
B16-F10 cells was studied using a label-free real-time impedance-
based cell analysis system, the xCELLigence RTCA DP Instrument
(ACEA Biosciences Inc., San Diego, CA), which was placed in a humidi-
fied cell incubator at 37 °C and 5% CO2. This instrument monitors the
cell number, morphology, and adhesion degree on the plate surface by
measuring the relative change in electrical microimpedance on the
well surface of the plates and expresses it as a unitless parameter, the
Cell Index (CI) value [31]. B16-F10 cells were seeded in E-Plate-VIEW
16-well plates (Roche Diagnostics,Mannheim, Germany) in cultureme-
dium at a density of 10,000 cells per well. Background impedance was
measured in 100 μL culture medium per well. Approximately 20 h
after cell seeding, the medium was replaced by fresh medium contain-
ing various concentrations of haloperidol or (+)-SKF-10,047. Stock so-
lutions of haloperidol in DMSO were prepared so that the solvent
percentage was kept at 0.1% for all tested concentrations on the cells.
(+)-SKF-10,047 stock solutions were prepared in water. The CI was
monitored and recorded every 15 min over 24 h with the RTCA DP an-
alyzer and the RTCA Software (ACEA Biosciences Inc.). The CI values
were normalized at the time-point of addition of each compound and
the normalized CI was used for graphical representation of the results.
For haloperidol-treated cells, the normalized CI values were used to
plot the dose–response curves at 4 and 24 h following addition of the
drug. EC50 values (concentration of haloperidol resulting in 50% reduc-
tion of the CI value relative to solvent control CI value) were calculated
after data fitting using GraphPad Prism version 6.01 (GraphPad Soft-
ware, La Jolla, CA).

2.12. σ1R Western blot

Seventy-two hours after σ1R siRNA transfection, B16-F10 cells were
washed with PBS and cell lysates were prepared in lysis buffer
(20 mM Tris–HCl pH 7.7, 150 mM NaCl, 5 mM EDTA, 1% v/v Triton X-
100, 25 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium
orthovanadate) supplemented with Complete® EDTA-free protease in-
hibitors' cocktail (Roche Diagnostics, Mannheim, Germany) on ice for
15 min. Cell debris were removed by centrifugation at 15,000 ×g for
15min at 4 °C and protein concentration in the supernatants was deter-
mined using the microBCA assay (ThermoFischer Scientific, Waltham,
MA). Thirty micrograms of total protein per sample were resolved by
12% SDS-PAGE and transferred to an Immun-Blot® PVDF membrane
(Bio-Rad, Hercules, CA). The membrane was blocked with Tris-
buffered saline containing 0.1% (v/v) polysorbate-20 and 5% skim milk
(blocking buffer) for 1 h at RT. The membrane was cut in two at
35 kDa, determined by molecular weight marker. The lower part con-
taining σ1R (25 kDa) was incubated overnight at 4 °C with mouse σ1R
monoclonal antibody B-5 (Santa Cruz Biotechnology, Dallas, TX) diluted
1:1000 in blocking buffer. The upper part containing β-actin (loading
control) was incubated with rabbit polyclonal anti-β-actin antibody
(Abcam, Cambridge, UK) at a dilution of 1:4000 in blockingbuffer.Mem-
braneswerewashed 3 times for 5minwith Tris-buffered saline contain-
ing 0.1% (v/v) polysorbate-20 and then incubated with the secondary
antibodies: horseradish peroxidase-conjugated polyclonal goat anti-
mouse IgG (Dako, Glostrup, Denmark) for σ1R and horseradish
peroxidase-conjugated polyclonal goat anti-rabbit IgG for β-actin
(Abcam), for 1 h in blocking buffer. Membranes were washed 3 times
for 5 min with Tris-buffered saline containing 0.1% (v/v) polysorbate-
20 and protein bands were detected with ImmunoCruz®Western blot-
ting Luminol Reagent (SantaCruz Biotechnology) and revealed on Super
RXX-Rayfilms (Fujifilm, Tokyo, Japan), using anAGFACurix 60filmpro-
cessor (AGFA, Mortsel, Belgium). Semi-quantification of the σ1R band
intensities was performed using Image J software.

2.13. σ1R immunostaining

σ1R of B16-F10 cells was immunostained and the staining was
assessed by flow cytometry and by fluorescence microscopy. For flow
cytometry analysis of σ1R staining, B16-F10 cells were seeded in 12-
well plates at a density of 200,000 cells per well. The next day the
cells were washed once with PBS, detached with Cell Dissociation Buff-
er, enzyme-free PBS (Life Technologies) for 10 min, collected in culture
medium and centrifuged (300 ×g, 4 °C, 10min) to remove the superna-
tant. Samples were kept on ice during the entire procedure. σ1R immu-
nostaining was performed on living and on fixed/permeabilized cells.
For staining on living cells, σ1R antibody (Santa Cruz Biotechnology)
or mouse IgG1κ isotype control antibody (Sigma-Aldrich) was added at
a final concentration of 1 μg/mL in ice-cold PBS supplemented with
0.5% w/v BSA and 2 mM EDTA for 1 h. Cells were washed twice by
centrifuging and then incubated with secondary Alexa Fluor® 488-
conjugated goat anti-mouse IgG antibody (Life Technologies) (1 μg/mL
in PBS 0.5% w/v BSA) for 45 min. After washing 3 times with PBS con-
taining 0.5% w/v BSA and 2 mM EDTA, the cells were resuspended in
the same buffer for the subsequent flow cytometry analysis. For σ1R
staining on fixed and permeabilized cells, 100% ice-cold methanol was
used as fixation/permeabilization reagent after cell detachment from
the plates for 10 min. The cells were washed with PBS and incubated
for 1 h with blocking buffer (PBS containing 0.05% (v/v) polysorbate-
20 and 5% (v/v) goat serum), to reduce non-specific staining. Primary
antibodies (σ1R antibody or IgG1κ isotype control) were diluted in
blocking buffer at a final concentration of 1 μg/mL and added on the
cells for 1 h. Cells were washed twice with PBS containing 0.05%
polysorbate-20 and incubated with the secondary Alexa Fluor® 488-
conjugated goat anti-mouse IgG antibody (Life Technologies) at
1 μg/mL in blocking buffer for 45 min. The cells were washed twice
with PBS containing 0.05% polysorbate-20 and then resuspended in
PBS supplementedwith 0.5%w/v BSA and 2mMEDTA. The flow cytom-
etrymeasurementwas performed using a FACSCanto® Flow Cytometer
(BD Biosciences) and a minimum of 10,000 events per sample was re-
corded using FACSDiva® Software (BD Biosciences). A 488-nm laser
was used for excitation and the FITC channel (530/30 nm) was used
for the detection of the fluorescence emission. A minimum 10,000
events per sample was recorded and the fold-change of the mean fluo-
rescence intensity (MFI) compared to the unstained samples was calcu-
lated using the FlowJo software (Tree Star Inc.).

For microscopic observation of σ1R-immunostaining, B16-F10 cells
were seeded on round glass coverslips of 18-mm diameter in 12-well
plates at a density of 60,000 cells per well. The next day, the cells
were washed once with PBS and fixed/permeabilized with 100% ice-
cold methanol for 10 min. After two washes with PBS, the cells were
kept in blocking buffer (PBS containing 0.05% (v/v) polysorbate-20
and 5% (v/v) goat serum) for 1 h to block non-specific binding of the an-
tibodies. Cells were incubated with σ1R antibody (Santa Cruz
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Biotechnology) or IgG1κ isotype control antibody (Sigma-Aldrich) at a
final concentration of 2 μg/mL in blocking buffer for 2 h at RT. Samples
were washed 3 times with PBS containing 0.05% polysorbate-20 and
then incubated with the secondary Alexa Fluor® 488-conjugated goat
anti-mouse IgG antibody (Life Technologies) at 2 μg/mL in blocking
buffer for 45min at RT. Afterwashing the cells 3 timeswith PBS contain-
ing 0.05% polysorbate-20, the cell nuclei were stained with Hoechst so-
lution 2 μg/mL in PBS for 5 min. The cells were washed twice with PBS
and twice with water and the coverslips were mounted on glass slides
with Mowiol® 4–88 mounting medium (Merck Millipore, Billerica,
MA). Image acquisition was performed using a Leica DMI 6000 B
inverted epifluorescence microscope (Leica Microsystems) equipped
with a Leica DFC365 FX digital camera (Leica Microsystems). A Leica
40×/0.75 HCX PL FLUOTAR objective with appropriate sets (Hoechst:
filter set A4: ex. BP 360/40 em. BP 470/40, σ1R: filter set L5: ex. BP
480/40 em. BP 527/30) was used. Images were processed with LAS AF
software (Leica) and Image J software.
2.14. Statistical analysis

All statistical analyses were performed using the GraphPad Prism
software. When the number of replicates was lower than five,
Gaussian distribution was assumed and the results were analyzed
using ANOVA followed by the appropriate multiple comparisons
test. For the in vivo experiment, the non-parametric Mann–Whitney
test was used. The level of statistical significance for all experiments
was fixed at p ≤ 0.05.
Fig. 2. Cellular uptake of modified and non-modified particles. (A) Flow cytometry results of in
(****) p b 0.0001 and (ns) p N 0.5 vs. indicated bar. (B) Confocal microscopy pictures showing t
TdTomato-expressing B16-F10 cells, green: particles. Scale bar: 15 μm.White arrows indicate th
bar: 1 μm. Black arrows indicate the presence of PS-AA in the cell. (D) Assessment of particle-po
by flow cytometry. Results are expressed asmean± S.D. (n=4). (E) Uptake of PS-PEG and PS-A
of female C57BL/6J albino mice. The tumors were excised 14 days after tumor inoculation and
3. Results

3.1. Particle functionalization

In this study, commercially-available poly(styrene) particles of 1-μm
diameter, labeled with a proprietary yellow-green fluorescent dye
(Ex/Em: 505/515) and bearing primary amine groups on the surface
(PS-NH2) were used as the starting material. The fluorescent dye was
essential for the detection of the particles in subsequent experiments,
while the reactive amine groups present on the surface were utilized
for the particle functionalization. The surface was modified with an
anisamide-PEG-carboxylate conjugate, synthesized as shown in Fig. 1A
and characterized by 1H NMR (Supplementary Fig. S1) and FTIR (Sup-
plementary Fig. S2) spectroscopies, and thus PEGylated and targeted
particles (PS-AA) (Fig. 1B) were obtained. PEGylated control particles
without anisamide (PS-PEG) (Fig. 1B) were prepared by reacting PS-
NH2 with methoxy-PEG-NHS in DMSO. The PEGylation reaction was
monitored by adding various amounts of methoxy-PEG-NHS and mea-
suring the ζ-potential at different pH values (Fig. 1C). PS-NH2 particles
presented a highly positive ζ-potential value (+30 mV) at pH 3,
which decreased with the increase of pH, reaching a value of +5 mV
at pH 7 and −21 mV at pH 11. After reaction with excess amounts of
PEG-NHS, the ζ-potential ranged from 0 mV at pH 3 to −1 mV at pH 11
(Fig. 1C), indicating thegood shielding effect of PEGchains over the residual
positive charges on the particle surface. Themeasurement of ζ-potential at
pH 3 was therefore chosen to monitor the efficacy of the chemical modifi-
cations over PS-NH2. Similarly, the PS-AA exhibited a ζ-potential value of
−1 mV at pH 3, which indicated adequate PEGylation.
vitro uptake by B16-F10 and RAW264.7 cells. Results are expressed asmean± S.D. n= 3,
ime-dependent uptake of PS-AA. Middle slices of the acquired z-stack are presented. Red:
e endocytosed particles. (C) TEM image of a B16-F10 cell with internalized particles. Scale
sitive cells after several divisions of cells having internalized PS-AA particles, as determined
A by B16-F10 in in vivo conditions, after co-injection of particles and cells in the hind flank
the particle-positive tumor cells were quantified by flow cytometry. n = 5, (ns) p b 0.5.



Fig. 3. Particle uptake competition with σ1R ligands. Toxicity of (A) haloperidol and
(B) (+)-SKF-10,047 respectively on the B16-F10 cells using the xCELLigence system.
The CI was normalized for t = 0 (time-point of addition of the drug). Results are
expressed as mean ± S.D. (n = 4). (C) Effect of the σ1R ligands on the uptake of PS-NH2

and PS-AA particles. Results are expressed as mean ± S.D. (n = 3). (****) p b 0.0001 vs.
indicated bar.
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3.2. In vitro particle uptake

The cellular uptake of the functionalized and non-functionalized
particles was evaluated using B16-F10 murine melanoma cells as a
model cancer cell line, which have been shown in preceding publica-
tions to take up anisamide-decorated nanoparticles [32,33]. A non-
cancerous cell line, the murine macrophage-like RAW 264.7, was used
as a control. Cells were incubated with the different types of particles
for 4 h in the presence of serum. As seen in Fig. 2A, the non-PEGylated
PS-NH2 particles were highly taken up by both cell lines. After 4 h of in-
cubation, 82% of RAW 264.7 cells and 75% B16-F10 cells had taken up
PS-NH2 particles, probably due to non-specific interactions with the
cells. Particle PEGylation drastically decreased the uptake by the mela-
noma cells (down to 5% of particle-positive cells), aswell as by themac-
rophages (3% of particle-positive cells), due to the shielding effect of
PEG. Grafting of the anisamide moiety at the distal end of the PEG
chain resulted in enhancement of uptake by the B16-F10 cells (65% of
particle-positive cells), but did not significantly affect the uptake by
the macrophages (Fig. 2A). The observed preferential uptake by the
B16-F10 cells compared to the non-cancerous RAW 264.7 cells sug-
gested a selective interaction of the targeting ligand with some tumor
cells, as previously reported [11,32,34,35]. It should be noted that the
PEG chain length between PS-PEG and PS-AA particles is different be-
cause of the availability of the commercially-found functionalized
PEGs needed for this work. It was verified that the different length of
PEG did not influence the uptake (Supplementary Fig. S3).

Internalization of PS-AA particles by B16-F10 cells after 4 h of incu-
bation was confirmed by confocal microscopy (Fig. 2B and Supplemen-
tary Fig. S4), as well as by the Trypan Blue fluorescence quenching
method incorporated in theflow cytometrymeasurement (Supplemen-
tary methods and Supplementary Fig. S5). The presence of PS-AA
particles intracellularly was also shown by TEM (Fig. 2C). After internal-
ization, the particles remained inside the cells after several cell divisions
and could be traced up to 6 days, as revealed by flow cytometry and
fluorescence microscopy (Supplementary methods, Fig. 2D and Supple-
mentary Fig. S6).

Finally, theparticle uptake experimentwasperformed in in vivo con-
ditions, by co-injecting tumor cells and PS-PEG or PS-AA particles intra-
dermally in mice for tumor inoculation. The aim was to assess the
uptake under conditions favorable for the interactions between tumor
cells and particles. Tumors were excised and the cells containing parti-
cleswere quantified. The results revealed a trend towards increased cel-
lular uptake of PS-AA particles compared to PS-PEG, although statistical
significance was not achieved (Fig. 2E).

3.3. Involvement of the σ1R

To investigate whether the tumor-targeting properties of the
anisamide-tethered particles are associated with the σ1R, we sought
to examine the interaction of anisamide with this receptor. We initially
attempted to reproduce an experiment that had been performed in
preceding studies to demonstrate the involvement of the σ1R in the in-
ternalization of the anisamide-decorated nanocarriers. In previous re-
ports, the anisamide-functionalized particles were incubated with the
cells either in the presence of a σ1R antagonist, haloperidol [24,28,32,
34], or after pre-incubation of the cells with this compound [11,18,19].
Displacement of the particles by haloperidol on the cell binding sites
would suggest a competitive binding for the σ1R. Here, the same exper-
imentwas also conducted using aσ1R agonist, (+)-SKF-10,047 [36].We
first examined the toxicity of these two σ1R ligands on the B16-F10 cells
using a real-time cell analysis system, the xCELLigence [31]. The cells
were incubated with various concentrations of the compounds and
the CI was monitored over 24 h. The CI is a parameter that depends on
the cell number, morphology and adhesion degree, with higher number
of cells and higher spreading of the cells on the plate surface leading to
higher CI values [31]. As shown in Fig. 3A, increasing concentrations of
haloperidol led to decreased values of the CI compared to untreated
cells, indicating a cytotoxic effect of the compound in the μM range, an
effect which was not observed with the presence of (+)-SKF-10,047
(Fig. 3B). A haloperidol concentration of 50 μM, which has been used
in the uptake competition experiment in most of the previous reports
[24,28,32,34], had an important effect on cell growth and adhesion
after 4 h. A concentration of 30 μM, which had a small effect on the CI
value (Fig. 3A), was therefore used here for the particle uptake compe-
tition experiment. This concentrationwas also the lowest concentration
used in previous studies [11]. As presented in Fig. 3C,while the presence
of (+)-SKF-10,047 did not affect the endocytosis of any type of particle
tested, haloperidol led to a reduction of uptake not only of PS-AA but
also of PS-NH2 particles. The next step was to evaluate the effect of hal-
operidol on three σ1R-independent endocytosis markers: dextran,
human transferrin and lactosylceramide, which are internalized by the
process of macropinocytosis [37], clathrin-dependent and clathrin-
independent endocytosis, respectively [38]. Haloperidol led to a



Fig. 4. σ1R expression and particle uptake. (A) Western blot of σ1R expression in B16-F10 and 4T1 cells. B16-F10 cells were treated with σ1R siRNA and the protein levels were assessed
72 h post-transfection.Mock transfected cells were treatedwith Lipofectamine®but no siRNA. σ1R: 25 kDa, β-actin: 42 kDa. (B) Anisamide-targeted particle uptake byσ1R siRNA-treated
and non-treated B16-F10 cells. Results are expressed as mean ± S.D. n = 3, (ns) p N 0.05. (C) Particle uptake by 4T1 cells. Results are expressed as mean ± S.D. (n= 3). (ns) p N 0.05 vs.
indicated bar.
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significant reduction of internalization of dextran and transferrin (Sup-
plementary methods and Supplementary Fig. S7), suggesting a non-
specific endocytic inhibition effect of haloperidol.

Since the competition studies with haloperidol and (+)-SKF-10,047
did not reveal any specificity of anisamide for σ1R, we investigated the
correlation between the σ1R expression levels and the extent of
targeted particle uptake, with the aim of further elucidating the interac-
tion of the anisamide-decorated particles with the cells. We used a
siRNA approach to down-regulate the expression of σ1R and then per-
formed the particle uptake experiment. Seventy-two hours after σ1R
siRNA treatment, the residual expression of the receptor on protein
level was less than 10%, as revealed byWestern blot (Fig. 4A). However,
uptake by B16-F10 cells with down-regulated σ1R was the same as the
uptake observed by cells not treated with σ1R siRNA (Fig. 4B). In
addition, another murine cell line, the 4T1 mammary carcinoma cell
line, which expresses the receptor in similar levels as the B16-F10
(Fig. 4A), did not present increased uptake of the anisamide-decorated
particles (Fig. 4C). It is worth noting that the internalization of the PS-
NH2 particles was also lower compared to the B16-F10 cells (Fig. 4C).

Finally, we performed immunostaining of the σ1R on B16-F10 cells
for flow cytometry analysis and for fluorescence microscopy in order
to investigate its localization in these cells. As shown by the flow cytom-
etry results (Fig. 5A and Supplementary Fig. S8A), immunostaining of
the receptor on intact, live cells did not show any fluorescence signal,
while a cell surface receptor (transferrin receptor, expressed by B16-
F10 cells [39]) was successfully stained in the same experimental condi-
tions (Supplementary methods and Supplementary Fig. S8B). However,
after fixation/permeabilization using methanol, the fluorescence signal
given by σ1R antibody was very pronounced compared to the IgG
Fig. 5. σ1R immunostaining on B16-F10 cells. (A) Flow cytometry results of immunostained fix
were normalized to those of unstained cells. Results are expressed as mean± S.D. (n= 3). (ns)
image of fixed/permeabilized cells stained with σ1R antibody. Blue: nucleus, green: σ1R. (C)
fluorescence microscopy image of fixed/permeabilized cells stained with an isotype control an
isotype control antibody (Fig. 5A and Supplementary Fig. S8A). More-
over, microscopic observation of fixed and permeabilized cells after
σ1R-immunostaining revealed the intracellular presence of the recep-
tor, mostly in the perinuclear space of the B16-F10 cells (Fig. 5B, C),
while an isotype control antibody did not give any fluorescence signal
(Fig. 5D). No fluorescence signal was observed on the plasma mem-
brane. In addition, after cell fixation with paraformaldehyde, which
fixes but does not permeabilize the cells, no staining of σ1R on the cell
surface was apparent (Supplementary methods and Supplementary
Fig. S9).

4. Discussion

In this work, poly(styrene) fluorescent particles of 1-μm diameter
were used as a tool to study the interaction of anisamide with melano-
ma cells. Liposomes of size 200 nmwere initially tested (Supplementary
methods and Supplementary Figs. S10 and S11), for comparison pur-
poses in order to include an anisamide-decorated system that was clos-
er in terms of size towhat had been previously reported in the literature
[11,17,18,22,23]. The anisamide-decorated liposomes presented signifi-
cantly higher uptake compared to PEGylated non-targeted ones. How-
ever, this difference in uptake was relatively small, not significant in
the presence of FBS and therefore insufficient to adequately identify
the role of σ1R in the uptake process. For this reason, the main body of
work was performed with the 1-μm poly(styrene) particles which ex-
hibited a very high uptake compared to the non-targeted particles.

Poly(styrene) PEGylated particles decorated with anisamide were
shown to be efficiently internalized in vitro by B16-F10 melanoma
cells but not by macrophages. These results are in agreement with
ed/permeabilized and live cells with σ1R antibody or isotype control antibody. MFI values
p N 0.05 and (***) p b 0.001 vs. indicated bar. (B) Representative fluorescence microscopy

Higher magnification of σ1R-stained cells of the area depicted in (B). (D) Representative
tibody. Blue: nucleus, green: IgG isotype control. Scale bars: 25 μm.
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numerous examples found in the literature and support the putative se-
lective tumor-targeting potential of the smallmolecule anisamidewhen
grafted to particles [11,18,21,23–26]. The cell uptake bymelanoma cells
was, nevertheless, diminished under in vivo conditions, which were
chosen to promote the interactions between cells and particles. More-
over, the results of this study raised questions concerning the cell target
of anisamide. Indeed, our results suggest that the hypothetical
anisamide target, the σ1R, might not be the endocytosis mediator of
our anisamide-decorated particles.

A competition uptake experiment with haloperidol co-incubation
revealed a non-specific effect of the σ1R antagonist on endocytosis
(Fig. 3C). This finding was supported by a haloperidol-induced uptake
reduction of two σ1R-independent endocytosismarkers (Supplementa-
ry Fig. S7). The cytotoxicity of the compoundmay explain this effect. In-
deed, cytotoxic effects of haloperidol have been described before, with
measured IC50 values (concentration of the drug required to reduce
cell viability to 50%) around 100 μM after 24 h or 48 h of incubation
with the compound and have been attributed to the σ2R-agonist prop-
erties of the drug [40–42]. EC50 values (concentration of haloperidol
resulting in 50% reduction of the CI value relative to solvent control CI
value) in the same concentration range were obtained with the B16-
F10 cells used in this study (Supplementary Fig. S12). This cytotoxic ef-
fect of haloperidol may be the cause of reduced endocytic activity. In
fact, the compound has been found to severely damage the components
of the cytoskeleton (which are necessary for the endocytic process) at
concentrations in the μM range [43], which in turn might explain the
observed alteration of the cellular morphology [44] and decrease in
endocytic activity [45] shown by the drug. Cholesterol biosynthesis in-
hibition, which leads to changes in the plasma membrane composition
and could hence influence the endocytic process, has also been reported
[46]. These taken into account, the lower cellular uptake of the
anisamide-functionalized particles in the presence of haloperidol in
this and in previous studies could possibly be attributed to toxicity-
related alteration of the endocytic activity of the cells rather than
specific effects on σ1R. No conclusions concerning the interaction of
anisamide with σ1R can, therefore, be drawn from competition experi-
ments with haloperidol.

The prototypical σ1R agonist (+)-SKF-10,047 [36] did not show
competition with the anisamide-decorated particles for σ1R (Fig. 3C).
In addition, our data failed to show any correlation between the expres-
sion levels of σ1R and the extent of uptake of the anisamide-targeted
particles. The anisamide-functionalized particles were taken up to the
same extent by wild-type and σ1R-deficient B16-F10 cells (Fig. 4B).
Also, 4T1 cells with high levels of σ1R expression showed low
targeted-particle uptake, similar to the uptake observed with non-
targeted particles (PS-PEG) (Fig. 4C). Those results indicate that the
targeted particle uptake is not proportional to the level of cellular σ1R
expression. Altogether, these data imply that the uptake of the
anisamide-tethered particles might not occur via the σ1R.

Finally, the most compelling indication suggesting that σ1R may not
be the main target of anisamide lies with the precise subcellular locali-
zation ofσ1R. Active tumor targeting ofmacromolecules or nanocarriers
necessitates direct contact of the targeting ligand on the cell surface for
the interaction with tumor cells [7]. Although σ1R has long been de-
scribed as a membrane-bound protein [47], the controversies in the lit-
erature concerning its subcellular distribution previously hampered the
identification of the exact cell loci. Early studies combining subcellular
fractionation of homogenized rodent brain tissues with σ1 ligand bind-
ing techniques had proposed the existence of the receptor at the intra-
cellular level, predominantly in the endoplasmic reticulum but also to
some extent on the synaptic membrane [48–51]. Twomore recent pub-
lications claim localization of the receptor on the plasmamembrane of a
breast cancer cell line [52] and on σ1R-transfected Xenopus oocytes
[53]. On the other hand, examination of the amino acid sequence fol-
lowing the receptor cloning revealed the existence of a putative endo-
plasmic reticulum retention signal [47,54]. Indeed, by means of more
advanced cell biology techniques, it has now been suggested that the
protein is intracellular [55]. Immunostaining with σ1R antibodies has
contributed in elucidating the receptor's main cell locus, found in the
endoplasmic reticulum [56–60]. The same localization findings are sup-
ported by the cell distribution of EYFP-tagged σ1R transfected in cul-
tured cells [56,60]. Our study using immunostaining techniques
clearly demonstrated similar intracellular localization of σ1R in B16-
F10 cells. If this receptor is indeed intracellular, the enhanced in vivo
tumor uptake of anisamide-decorated nanosystems observed in several
previous studies [18,21–26] cannot be attributed to binding of
anisamide to σ1R.

Some molecules belonging to the class of benzamides have been
shown to bind σ2R [61], the other known subtype of the sigma receptor
family [62], and this raises the reasonable question whether anisamide
also binds to it. One publication describing a 4-methoxybenzamide-
targeted nanosystem mentioned that the target of anisamide was σ2R
[27], although the binding to σ2R was not investigated in that or in
any other study. It has been recently demonstrated that σ2R is implicat-
ed in cancer [63], so it might constitute a good target for tumor-directed
delivery. However, contrary to σ1R, σ2R has not yet been cloned and its
sequence remains unknown. Therefore, its tissue expression pattern
and subcellular localization are still to be identified. Consequently,
while a putative anisamide binding toσ2R cannot be excluded, it cannot
be investigated at themoment, since the available tools for the study of
the receptor are limited to in vitro binding assays with more or less se-
lective σ2R ligands [63].

5. Conclusions

The data presented herein suggest that the high uptake by B16-F10
melanoma cells of the anisamide-decorated particles of our work
might not occur via σ1R. Nevertheless, the effect of the particle size on
uptake should not be overlooked. The particles studied in this work
are larger than the anisamide-functionalized nanoparticles reported in
the literature and one could argue that a size of 1-μm diameter might
be too large for internalization by receptor-mediated endocytosis (al-
thoughwe clearly observed a difference in uptake between themelano-
ma cells and the macrophages). A size-effect study would, therefore, be
necessary before we generalize our conclusions to all the anisamide-
decorated systems. However, our attempt to reproduce the cell uptake
results with liposomes of 200-nm diameter led to merely low increase
of uptake. An extensive study of anisamide-tethered nanosized particles
would be necessary to fully elucidate the mechanism of endocytosis in
future studies.

Nevertheless, our results from experiments not involving particles
also raise serious doubts regarding the interaction of anisamide with
σ1R. Firstly, information derived from the competition uptake assay
with haloperidol (the only type of experiment employed in preceding
reports on which the hypothesis of Sigma-1 receptor binding was
based) from the literature appears to be unreliable, as we have shown
that the reported observations were probably due to toxic effects of
the compound on the cells. In addition, the evidence we provide in
this work concerning the intracellular localization of σ1R, which is in
line with the recent literature, goes against the possibility of use of
σ1R as a target for tumor-directed nanocarriers.

If this previously suggested hypothesis of σ1R-mediated endocytosis
is indeed not valid, the mechanism of cellular uptake of anisamide-
decorated nanocarriers still needs to be elucidated. It will be worth in-
vestigating if the interactions of anisamide with tumor cells are really
selective, with σ2R as an example of a possible tumor-cell target, or if
the effect of high uptake is non-selective, induced for instance by alter-
ation of the physicochemical properties of the particles caused by the
presence of ligand on the surface. The complete knowledge of how
anisamide enhances the endocytosis of nanocarriers will be of great sig-
nificance for the full exploitation of its putative tumor targeting
properties.
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