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Purpose: Epithelial-mesenchymal (EMT) transition plays an important role in metastasis and
is accompanied by an upregulation of N-cadherin expression. A new nanoparticulate system
(SPION/CCh/N-cad) based on superparamagnetic iron oxide nanoparticles, stabilized with
a cationic derivative of chitosan and surface-modified with anti-N-cadherin antibody, was
synthetized for the effective capture of N-cadherin expressing circulating tumor cells (CTC).
Methods: The morphology, physicochemical, and magnetic properties of the system were
evaluated using dynamic light scattering (DLS), fluorescence spectroscopy, Mdssbauer
spectroscopy, magnetometry, and fluorescence spectroscopy. Atomic force microscopy
(AFM), confocal microscopy and flow cytometry were used to study the interaction of our
nanoparticulate system with N-cadherin expressed in prostate cancer cell lines (PC-3 and DU
145). A purpose-built cuvette was used in the cancer cell capture experiments.

Results: The obtained nanoparticles were a spherical, stable colloid, and exhibited excellent
magnetic properties. Biological experiments confirmed that the novel SPION/CCh/N-cad system
interacts specifically with N-cadherin present on the cell surface. Preliminary studies on the
magnetic capture of PC-3 cells using the obtained nanoparticles were successful. Incubation times
as short as 1 minute were sufficient for the synthesized system to effectively bind to the PC-3 cells.
Conclusion: Results obtained for our system suggest a possibility of using it to capture CTC
in the flow conditions.

Keywords: superparamagnetic iron oxide nanoparticles, N-cadherin, antibody, circulating

tumor cells, cancer, magnetic cell capture

Introduction

Metastasis is the leading cause of cancer-related deaths, with at least 70% of the solid
cancers related death being attributed to its occurrence.' Early detection of the ongoing
metastatic processes is therefore vital for patient’s prognosis and optimal treatment
strategy. Finding a way to prevent or hinder the formation of secondary tumors is still
the largest challenge in cancer therapy, mainly due to the complexity of the processes
involved. The changes in the cell—cell and cell-matrix adhesion play a central role in all
stages of the metastatic cascade: invasion, intravasation, migration and extravasation.’
The detachment and migration of the cells from the primary tumor are enabled by the
change in their phenotype known as EMT. It permits the polarized, epithelial cells to go
through a series of biochemical and morphological processes, shifting them to the more
invasive, mesenchymal phenotype with enhanced migratory properties.® Such cells,
known as CTC, can enter the bloodstream and migrate, spreading cancer to distant
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locations. Targeting, capturing, and analyzing the captured
CTC allows for a more precise estimation of patient’s prog-
nosis, for monitoring cancer progression or recurrence, and
may in the future allow to prevent, limit, or at least slow
down metastasis.

Cadherins are calcium-dependent transmembrane pro-
teins involved in regulating cell—cell adhesion,* which
have a pivotal role in metastasis. A combined downregula-
tion of E-cadherin and upregulation of N-cadherin expres-
sion, known as cadherin switching, is a hallmark of tumor
aggressiveness.® It is also typical for the cells undergoing
EMT.> When human pancreatic cancer cells (BxPC-3)
were injected into the pancreas of nude mice, they upre-
gulated N-cadherin expression and produced invasive
tumors.® However, when a dedicated short hairpin RNA
was used to abolish N-cadherin expression in these cells,
they produced non-invasive tumors. The results of Hazan
et al” showed that N-cadherin expression in metastatic
breast cancer cells promotes tumor cell clustering and
enhances their association with surrounding stroma, facil-
itating their invasion. An increase in N-cadherin expres-
sion was shown to occur in various types of metastatic
cancer, including prostate,® breast,” and pancreatic'® can-
cer, as well as melanoma.'! It seems, therefore, to be
a promising target for CTC detection and capture.

Among different methodologies developed to target or/
and capture CTC, the most widely approved are those
based on either the biophysical properties of CTC or
immunoaffinity assays using specific biomarkers; the latter
being the only Food and Drug Administration approved
strategy of CTC detection to date.'? This method is based
on the use of antibodies specifically binding to the bio-
markers expressed on the surface of CTC. Most of the
technologies designed to capture CTCs derived from

epithelial tumors target the epithelial cell adhesion mole-
cule (EpCAM)."® The prognostic significance of EpCAM
+/CK+/CD45-configuration, where CD45 is a common
leukocyte antigen and CK is cytokeratin, was already
confirmed. There are, however, new data emerging that
confirm the heterogeneity of the CTC population, includ-
ing the existence of EpCAM- and/or CK-phenotypes.'* "¢
The importance of EMT and stem cell markers in CTC
capture is therefore recently gaining more attention.
Researchers have expanded the range of specific antigens
used in immunoaffinity-based capture, including stem cell
markers (eg CD133 antigen (prominin-1)) and mesenchy-
vimentin  (CSV))."”
N-cadherin, being a well-established marker of EMT, is

mal markers (eg cell-surface

another promising candidate.
Superparamagnetic iron oxide nanoparticles (SPION)

studied

They may be applied as

are widely in the context of anti-cancer

therapies.'®2°

Magnetic
Resonance Imaging (MRI) contrast agents in tumor visua-
lization, as nanocarriers for drug delivery, in magnetic
hyperthermia, or for magnetic capture of CTC. One of
the main concerns considering the biological application
of SPION is their tendency to aggregate. A possible solu-
tion is to coat their surface with a thin polymeric layer.
Zapotoczny et al*' have synthetized cationic derivative of
chitosan (CCh) where some of the amine groups were
substituted with trimethylammonium units and used it to
coat SPION. The resulting SPION/CCh nanoparticles had
a high positive charge in a wide range of pH and thus were
colloidally stable; they also showed excellent magnetic
properties.”*** These SPION were then further functiona-
lized to obtain MRI contrasts specifically targeting
endothelium in early stages of inflammation®* and a new

system for magnetic hyperthermia.”®
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In the frame of this work, we have successfully modified
the surface of SPION/CCh with anti-N-cadherin antibodies
and studied in detail their physicochemical properties, cyto-
toxicity, as well as their interaction with PC-3, DU 145, and
LNCaP human prostate cancer cell lines. PC-3 cell line is
derived from bone metastasis. It does not express prostate-
specific antigen (PSA) and is androgen-independent. It
shows highly aggressive behaviour and has the mesenchy-
mal, migratory phenotype typical for the cells that under-
went EMT. PC-3 cells also show lower E-cadherin and
higher N-cadherin expression compared to other prostate
cancer cell lines.”® The DU 145 cell line was derived from
a central nervous system metastasis of primary prostate
adenocarcinoma origin. DU 145 are not hormone-sensitive
and do not express PSA, but they do express androgen
receptor. Relative deficiency of transcription factors asso-
ciated with methylation is responsible for the lack of AR
promoter function in most of AR-negative cell lines.
Mutations in the AR gene are present in the cells that
express the AR but are androgen independent.’’ DU 145
cells show moderate metastatic potential compared to PC-3
cell line, are characterized by epithelial phenotype, and have
a much lower N-cadherin expression than PC-3. LNCaP
cells are androgen-sensitive human prostate adenocarcinoma
cells derived from the left supraclavicular lymph node
metastasis. They are adherent epithelial cells, which have
low metastatic potential. LNCaP, DU 145 and PC-3 were
chosen because they are among the most commonly used
prostate cancer cell lines, and they represent different stages
of EMT, showing increasingly metastatic character and dif-
ferent levels of N-cadherin expression. The specificity of the
antibody toward N-cadherin expressed in prostate cancer
cells was studied using AFM, while the interaction of nano-
particles with the antibody was followed by flow cytometry.
Finally, the preliminary experiments were performed to
evaluate the possibility of applying the proposed nanoparti-
culate system in the magnetic capture of CTC. The number
of cells captured after different incubation times was also
determined to verify the possibility of CTC capture in
the flow.

Materials and Methods

Materials

Chitosan (Ch, low molecular weight, catalogue
no. 448869, Sigma-Aldrich, Poznan, Poland), glycidyltri-
methylammonium chloride (GTMAC, >90%, catalogue
no. 50053, Sigma-Aldrich, Warsaw, Poland), iron (II)

chloride tetrahydrate (puriss. p.a., >98.5%, catalogue
no. 44939, Sigma-Aldrich, Poznan, Poland), iron (III)
chloride hexahydrate (puriss. p.a., >98.5%, catalogue
no. 31232-M, Sigma-Aldrich, Poznan, Poland), p-toluene-
sulfonyl chloride (tosyl chloride, TsCl, ReagentPlus®,
>99%, catalogue no. 240877, Sigma-Aldrich, Poznan,
Poland), 1,10-phenanthroline monohydrate (p.a., catalogue
no. 413000221, POCH S.A.), polyethylenimine branched
(PEIL, average Mw ~25,000 by LS, Sigma-Aldrich, Poznan,
catalogue no. 408727), t-octylphenoxypolyethoxyethanol
(Triton™ X-100, for molecular biology, catalogue no.
T8787, Sigma-Aldrich, Poznan, Poland), phosphate-
buffered saline (PBS, tablet, catalogue no. P4417, Sigma-
Aldrich, Poznan, Poland), ethylenediaminetetraacetic acid
(EDTA, ACS reagent, 99.4-100.6%, powder, catalogue
no. E9884, Sigma-Aldrich, Poznan, Poland), bovine
serum albumin (BSA, BioReagent, suitable for cell cul-
A9418, Sigma-Aldrich, Poznan,
Poland), fetal bovine serum (FBS, qualified, heat inacti-
vated, catalogue no. 10500064, Gibco, Thermo Fisher
Scientific,

ture, catalogue no.

Warsaw, Poland), (hydroxymethyl)amino-
methane (Tris; Sigma Aldrich, Poznan, catalogue no.
GE17-1321-01), sodium dodecyl sulfate (SDS; Sigma
GE17-1313-01), B-
mercaptoethanol (Sigma Aldrich, Poznan, catalogue
no. 444203), glycerol (for molecular biology, >99.0%,

Sigma Aldrich, Poznan, catalogue no. G5516), Tween™

Aldrich, Poznan catalogue no.

20 (viscous liquid, Sigma Aldrich, Poznan, catalogue no.
P1379), fluorescein isothiocyanate (FITC, BioReagent,
>90%, catalogue no. 46950, Sigma-Aldrich, Poznan,
Poland), Human/Mouse/Rat N-Cadherin Antibody (poly-
clonal sheep IgG, catalogue no. AF6426, R&D Systems),
Donkey Anti-Sheep IgG NorthernLights™ NL557-
conjugated Antibody (polyclonal donkey IgG, catalogue
no. NLO10, R&D Systems, Bio-Techne, Warsaw, Poland),
Anti-Sheep 1gG HRP-conjugated (R&D Systems, catalo-
gue no. XDP 1421031), Anti-E-cadherin (Cell Signaling
Technology, catalogue no. 3195S), B-actin (Cell Signaling
Technologies, catalogue no. 4970S), Anti-rabbit [gG HRP-
linked (Cell Signaling Technology, catalogue no. 7074),
PC-3 cell line (ATCC®, catalogue no. CRL-1435, LGC
Standards, Lomianki, Poland), DU 145 cell line (ATCC®,
catalogue no. HTB-81, LGC Standards, Lomianki,
Poland), LNCaP clone FGC cell line (ATCC®, catalogue
no. CRL-1740, LGC Standards, Lomianki, Poland), RPMI
1640 culture medium (Gibco, catalogue no. 21875034,
ThermoFisher Scientific, Warsaw, Poland), Qubit Protein

Assay Kit (Thermo Fisher Scientific, catalogue no.
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Q33211), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT, powder, BioReagent, >97.5%
(HPLC), catalogue no. M5655, Sigma-Aldrich, Poznan,
Poland), Resazurin sodium salt (Alamar Blue, powder,
BioReagent, catalogue no. R7017, Sigma-Aldrich,
Poznan, Poland), 4',6-diamidino-2-phenylindole (DAPI,
for nucleic acid staining, catalogue no. D9542, Sigma-
Aldrich, Poznan, Poland), were all used as received.

Synthesis of SPION/CCh/N-Cad

CCh was prepared according to the previously developed
protocol.?! The surface of SPION/CCh was further mod-
ified by introducing toluenesulfonyl (tosyl, Ts) groups, as
described earlier, resulting in SPION/CCh/Ts system.**
Antibody was dissolved in sterile PBS at a concentration
of 0.2 mg/mL. Two milliliters of SPION/CCh/Ts were
sonicated for 5 minutes. About 0.54 g of ammonium
sulfate in 1.2 mL of filtered borate buffer (pH = 9.5) was
added, followed by 50 pL of N-cadherin antibody solution
(0.2 mg/mL) in sterile phosphate-buffered saline (PBS).
The mixture was incubated at 37 °C for 24 hours with
steady agitation (100 rpm). The suspension was centri-
fuged three times (20 minutes, 10,000 rpm, 25 °C), each
time the supernatant was exchanged with fresh borate
buffer. The obtained SPION/CCh/N-cad nanoparticles
suspended and stored in

were in borate buffer

a refrigerator.

Characterization Methods

The average size and zeta potential of SPION/CCh/N-cad
were measured using Zetasizer Nano ZS (Malvern
Instrument Ltd., A.P. Instruments, Warsaw, Poland).
Measurements were performed in the deionized water
(pH=7,  temperature:  25°C,  viscosity:  0.8872,
Smoluchowski Model: F(ka) value: 1.50). The data were
recorded and analyzed using Malvern Zetasizer Nano soft-
ware v.3.30. Fluorescence spectra were obtained using
SLM Aminco 8100 spectrofluorometer (SLM, Rochester,
NY) in the quartz cuvette (I cm optical path) at room
temperature. The data were recorded and analyzed using
Olis SpectralWorks software. Fourier-Transform Infra-Red
(FTIR) spectrum of nanoparticles was recorded using
Nicolet iS10 FTIR spectrometer with an Attenuated Total
Reflectance (ATR) attachment (Thermo Fisher Scientific,
Warsaw, Poland). The data were recorded and analyzed
using OMNIC FTIR software. For AFM visualization of
the SPION systems, the silicon substrates were pre-
conditioned by cleaning with ethanol, and Ultra-Violet

Ozone Cleaner followed by spin-coating with a thin layer
of poly(ethyleneimine) (I mg/mL aqueous solution) to
facilitate electrostatic attachment of nanoparticles.
SPION/CCh/N-cad or SPION/CCh/Ts were then intro-
duced by deep-coating (10 minutes, sonication with 5
seconds pulses). All results were visualized using Origin
Pro 2021.

Biological Studies
Cell Culture Conditions and Cytotoxicity
Measurements
Cell culture conditions and cytotoxicity measurements
using MTT and Alamar Blue assays are described in detail
in the Supplementary Materials.

The level of N-cadherin and E-cadherin for all three
cell lines used in our study was verified experimentally,

and the results are also presented in Figure S6. The
obtained results have confirmed that the level of
N-cadherin is the highest for the PC-3 cells, lower for
DU 145 and no N-cadherin was observed for LNCaP cell

line. For E-cadherin, the tendency was reversed.

Microscopic Imaging of Cell-Nanoparticle
Interaction

PC-3 cells were seeded on glass coverslips placed in
a 6-well cell culture plate at 950,000 cells/well and incu-
bated for 24 hours until a monolayer of cells was obtained.
Co-cultures of cells: PC-3 and DU 145 (cell number ratio
1:1), PC-3 and LNCaP (cell number ratio 1:4) were
obtained by simultaneous seeding of cell mixtures on
glass coverslips and incubated until a monolayer of cells
was observed. Cells in all cultures were then fixed with
4% formaldehyde (20 minutes at room temperature), and
permeabilized with 0.2% Triton™ X-100 solution (5 min-
utes at 4 °C). The glass coverslips with fixed cells were
then incubated with SPION/CCh/N-cad in the amount
corresponding to the anti-N-cadherin antibody concentra-
tion of 10 pg/mL or with N-cadherin antibody (10 pg/mL)
for 1 hour. Next, the samples were washed with PBS and
incubated with secondary antibody labelled with
a fluorescent probe (Northern Lights NL577%) for
I hour. Cell nuclei were stained with DAPI solution.
Obtained samples were visualized using an inverted
Nikon Ti-E microscope (Precoptic, Warsaw, Poland)
equipped with the Nikon Al confocal system, 405 and
488 nm lasers, two objectives: 40x and 100x oil; and
fluorescent filter blocks: DAPI, FITC. The images were
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collected and analyzed using NIS-Elements confocal
software.

Flow Cytometry Measurements

PC-3, DU 145 and LNCaP cell lines were cultured in
supplemented RPMI 1640 medium containing 10% (v/v)
of FBS under culture conditions. Cells were detached from
a dish surface using 0.02 M EDTA solution. Cell suspen-
sions were centrifuged (6 minutes, 1500 rpm, 4°C),
washed with 2% BSA in PBS solution, counted using
a cell counter (Invitrogen, Thermo Fisher Scientific,
Warsaw, Poland), and suspended in fresh PBS (1,000,000
cells/mL). Samples of PC-3 cells, DU 145 cells and
LNCaP cells were prepared and incubated with fluores-
cently labeled SPION/CCh/N-cad (the number of added
nanoparticles corresponded to the anti-N-cadherin anti-
body concentration of 2.5 pg/mL) for 1 hour at 4 °C.

To evaluate the kinetics of SPION/CCh/N-cad attach-
ment to PC-3 cells, 10,000 cells were suspended in 0.5 mL
PBS and incubated with the same SPION/CCh/N-cad con-
centration (corresponding to the anti-N-cadherin antibody
concentration of 2.5 pg/mL) for 1 minute, 5 minutes, 10
minutes, 20 minutes, 30 minutes, and 1 hour. After the
respective time, the samples were centrifuged, washed
with 2% BSA in PBS solution and measured using BD™
LSR II flow cytometer (BD Biosciences, Warsaw, Poland).
Forward and side scatter signals were used to gate for
morphologically normal cells. The data obtained were
recorded using BDFACSDiva'™ v9.0 and analyzed using
FlowJo™ v10.8 program to determine the percentage and
mean fluorescence intensity of positive cells.

AFM Studies of the SPION Systems and of the
Antibody Specificity

AFM images of SPION systems were obtained in air using
Dimension Icon AFM (Bruker, Santa Barbara, CA, USA).
AFM was operating in the PeakForce QNM® mode (Peak
Force frequency 1 kHz). ScanAsyst-AIR probes with
a nominal spring constant of 0.4 N/m and nominal tip
radius of 2 nm were used for topography measurements.
AFM images were captured with resolution of 384x384
pixels. The SPION samples were diluted to ca. 0.1 mg/mL
and spin-coated on the surface of PEI-coated silicone
substrate.

The antibody specificity toward N-cadherin on the sur-
face of PC-3 and DU 145 cells was also investigated with
AFM. PC-3 and DU 145 cells were seeded on glass cover-
slips placed in a 6-well cell culture plate and incubated for

48 hours under culture conditions. Each coverslip was next
placed in the liquid cell and covered with a fresh cell
culture medium. Samples in which N-cadherin was
blocked (control) were prepared analogously, but directly
before the measurement the cells were incubated for 30
minutes in 0.2 mM EDTA solution in a culture medium.
Meanwhile, the MLTC B cantilever (0.02 N/m, 8.56 Hz,
Bruker) was modified by attaching an anti-N-cadherin
antibody. The cantilever was first surface-modified using
APTES from the gas phase, then surface activated with
0.5% glutaraldehyde in PBS, and incubated in the anti-
N-cadherin antibody solution (0.01 pg/mL in PBS) for
1 hour at room temperature.”® Adhesion measurements
were performed using AFM (model XE120, Park
Systems, Korea) operating in the semi-contact mode; the
force limit was set to 1 nN, the Z Highest was +9 um and
the Z Lowest was —9 um. The data were recorded using
XE Data Acquisition Program. For each cell line, the
unbinding force experiments were conducted for 5 differ-
ent retraction speeds, ie, 2, 4, 6, 8, 10 um/s. For each
speed, 3 series of measurements, each done for 10 cells,
were performed (in total 150 cells were measured for one
cell line). Each cell was mapped, ie, 25 force—distance

2

curves were recorded over a 25 um~ area. Analogous

measurements were carried out for cells in which
N-cadherin was blocked. All the obtained force—distance
curves were analyzed using FORCE v.11.0 software and

visualized using Origin Pro 2021.

Magnetic Capture of PC-3 Cells

PC-3 and DU 145 cell lines were cultured in supplemented
RPMI 1640 medium containing 10% (v/v) of FBS under
culture conditions. Cells were detached using 0.02 M EDTA
solution. Cell suspensions were centrifuged (6 minutes,
1500 rpm, 4 °C), washed with 2% BSA in PBS solution
and counted using a cell counter. Cells were then suspended
in fresh PBS (10,000 cells/mL) and incubated with SPION/
CCh/N-cad (the number of nanoparticles corresponded with
anti-N-cadherin antibody concentration of 2.5 pg/mL) for
1 hour at 37 °C. After that, samples were centrifuged and
washed with PBS. Cell pellets were re-suspended with 1 mL
of fresh PBS and placed in a specially designed cuvette.
A neodymium magnet was then placed at the side of the
cuvette. The system was left for 10 minutes; then the shutter
was closed, separating the liquid from the narrow part of the
cuvette adjacent to the magnet. The solution was collected
from the other part of the cuvette and, finally, the suspension
remaining in the narrow part, close to the magnet, was
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retrieved. The experiment was repeated three times. The
magnetically captured cell-SPION systems were then

counted using an optical microscope.

Results

Synthesis of the SPION/CCh/N-Cad

SPION stabilized by CCh were prepared according to the
protocols developed previously by Zapotoczny et al.?' The
resulting SPION/CCh nanoparticles were then surface mod-
ified in order to target them to N-cadherin present on the
surface of the cancer cells. The schematic representation of
the reaction steps and nanoparticles interaction with cancer
cells is shown in Figure 1. First, active tosyl groups were
introduced on SPION/CCh surface. To achieve that, the
hydroxyl groups of CCh on the nanoparticles’ surface were
reacted with TsCl. The reaction was performed in pyridine,
which was used as both a solvent and a catalyst.”* The
presence of Ts groups on the surface of resulting SPION/
CCh/Ts nanoparticles was confirmed using ATR-FTIR spec-
troscopy, as described in detail in Figure S1. The obtained
SPION/CCh/Ts were then decorated with anti-N-cadherin
antibodies. Due to the presence of active tosyl groups, the
conjugation reaction could be conducted in aqueous

1

Iron oxide core

FeCl; + FeCl, Pulse TsCl
(2:1) sonication , Pyridine
+

CCh solution in 0.1 M NaCl

conditions (pH = 9.5, 37 °C). The amount of the attached
antibody in the resulting SPION/CCh/N-cad sample was
estimated by immunostaining with secondary, fluorescent
antibody, while the concentration of iron in the same sample
was determined based on colorimetric assay using 1,10-
phenanthroline, after all Fe’" ions were reduced to Fe**
with ascorbic acid (Figure S2). The calculated content of
the anti-N-cadherin antibody on the surface of SPION/CCh/
N-cad was estimated as 0.024 pg/ug Fe. In the optimized
conditions around 44% of the antibody was successfully
attached to the nanoparticles.

Physicochemical Properties of SPION/
CCh/Ts and SPION/CCh/N-Cad

The average size of the nanoparticles, their polydispersity
index (PDI) and colloidal stability, evaluated based on
their zeta potential, were determined using DLS/ELS tech-
nique. Table 1 summarizes the results obtained for SPION/
CCh/Ts and SPION/CCh/N-cad systems. Comparing the
iron concentration in both suspensions indicates that the
attachment reaction was conducted without a significant
loss of the nanoparticles.

2 3

S " N
i Ts '

/ Anti - N-cad antibody

Ts \ \

Ts

'y

N\
F

Cell after EMT o
(PC-3 cancer cell) :C:?_

Figure | Schematic representation of the synthesis of the SPION/CCh/N-cad system (I-3) and the interaction of this system with cancer cells after EMT (PC-3 cells)

characterized by high N-cadherin expression (4).
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Table | Physicochemical Properties of the SPION/CCh/Ts and SPION/CCh/N-Cad Suspensions

Name of the Sample | The Average Size [nm] PDI Zeta Potential [mV] | Iron Concentration [pg/mL]
SPION/CCh/Ts 143 £ | 0.309 £ 0.022 + (41.5 £ 0.8) 194 £+ 20
SPION/CCh/N-cad 223 + 4 0.211 £0.019 - (45.5 £ 1.69) 180 + 32

To get a deeper insight into the morphology and aggre-
gation phenomena in SPION/CCh/Ts and SPION/CCh/
N-cad samples, they were visualized using AFM. The
images obtained for dry samples are presented in Figure 2.
Tosylated SPION (images A and C) had a spherical shape
and only a moderate tendency to aggregate, with an average
size in the range of 20-25 nm. The SPION/CCh/N-cad
particles were also spherical, somewhat bigger (ca 30 nm),
and had a significantly higher tendency to aggregate (images
B and D). The aggregates in the range of 150-500 nm were
observed, forming larger structures resembling chains of
beads. No individual particles of smaller size were observed.
The applied PeakForce QNM mode enabled simultaneous
capturing of adhesion maps (images E and F), which pro-
vided an insight in tip—sample interactions. The regions
showing lower adhesion were assigned to the modified
SPION while those with higher adhesion to PEI-coated
silicon substrate. In aqueous suspensions, the SPION/CCh/
Ts and SPION/CCh/N-cad particles had an average size of
143 and 223 nm, respectively. Zeta potential values con-
firmed their colloidal stability. Differences in the values
obtained by AFM and DLS measurements can be explained
considering that AFM measurements were performed for the
dry samples, where no hydrating layer is present, nor is the
polymeric coating expanded.

The excellent magnetic properties of the nanoparticles
were confirmed based on Mdossbauer spectroscopy and

magnetometry (Figures S3-S5).

Biological Studies

Cytotoxicity of SPION/CCh/N-Cad Nanoparticles
One of the most important parameters determining the
applicability of a system in biological research is its
cytotoxicity.”” In order to test whether SPION/CCh/
N-cad have a toxic effect on the prostate cancer cells, the
MTT and Alamar Blue tests were performed. The range of
concentrations of the nanoparticles studied was adjusted to
the needs of the further experiments, particularly to the
minimal antibody concentrations required for the reliable
flow cytometry measurements. The obtained results are
summarized in Figure 3.

While the observed cell viabilities according to the
Alamar Blue test are higher, the observed tendencies are
identical — the viability of PC-3 slightly decreased with
SPION/CCh/N-cad concentration, but even for the highest
concentration it remained relatively high, above 80%.

AFM Studies of the Interaction of Antibodies with
Cells

The interactions between the anti-N-cadherin antibody
used to modify our nanoparticles and two prostate cancer
cell lines, PC-3 and DU 145, differing in N-cadherin
expression, were performed with AFM, as this technique
is well suited to study interactions in biological systems®’
and provides a single-molecule accuracy. As a first para-
meter, the unbinding probability was determined. Its value
describes the abundance of N-cadherin on the cell surface
and may be roughly linked with the N-cadherin expres-
sion. The unbinding probability is defined as the ratio of
unbinding events to the total number of force curves
recorded during the experiment. In our study, 3750 curves
were recorded for each cell type. A total of 2223 unbind-
ing events were obtained for PC-3 cells and 1270 were
obtained for DU 145 cells, which constituted 59% and
34% of all recorded force curves, respectively. To confirm
the specificity of the observed interactions, the experi-
ments in which N-cadherin was blocked with the 0.2
mM EDTA were conducted (Figure 4A and B). The addi-
tion of EDTA decreased the number of unbinding events.
(1414
observed unbinding events) and 10% (847 events) for

The unbinding probability dropped by 20%

PC-3 and DU 145 cells, respectively. The retraction part
of the recorded force curves was analyzed to calculate the
unbinding force characteristic for the antibody-N-cadherin
interaction (Figure 4C and D).

The force value was calculated as a force needed to
detach the antibody-modified tip from the cell surface. The
obtained values of the unbinding force were further plotted as
a function of the loading rate (calculated by multiplying the
retraction velocity by the effective spring constant originating
from the convolution of cantilever and molecular complex).
The loading rate describes how fast the force changes in time
during the complex rupture. The relations of the unbinding
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Figure 2 AMF images of SPION/CCH/Ts (A and C) and SPION/CCh/N-cad (B and D); adhesion maps for SPION/CCH/Ts (E) and SPION/CCh/N-cad (F).

force obtained for N-cadherin-antibody interaction occurring
on PC-3 and DU 145 cells are presented in Figure 5.
Measurements of the unbinding force for N-cadherin-
antibody complexes present on a PC-3 and DU 145 cell
surface were performed within the same retraction speed

range (2—-10 pm/s). The corresponding range of the load-
ing rate was from 320 to 1840 pN/s in the case of mea-
surements conducted on a surface of PC-3 cells and from
92 to 2370 pN/s for measurements carried out on the
surface DU 145 cells. The range of the unbinding forces
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Figure 3 The results of MTT and Alamar Blue viability assays for the PC-3 cells incubated with various concentrations of SPION/CCh/N-cad.

calculated for these limits was from 26.8 + 0.9 to 41.5 +
1.0 pN for PC-3 and from 40.9 + 0.9 to 52.1 + 1.6 pN for
DU 145. The loading rate dependence of the anti-
N-cadherin/N-cadherin interaction demonstrates that the
measured interaction has a specific character.”'

Interaction of SPION/CCh/N-Cad Nanoparticles
with Cancer Cells
The studies on the interaction of SPION/CCh/N-cad with
three different cancer cell lines differing in the amount of
N-cadherin present on their surface were performed using
flow cytometry. The polymer coating of the nanoparticles
was labeled with FITC before the anti-N-cadherin anti-
body was attached. The obtained fluorescent F-SPION/
CCh/N-cad allowed us to gain an unambiguous informa-
tion about their interactions with cells while avoiding
using a fluorescently labeled secondary antibody, and
thus its non-specific interactions with cells. The obtained
results are summarized in Figure 6.

The histograms show the cell counts for the different cell
types pre-incubated with SPION/CCh/N-cad (blue-shaded)
compared to the untreated controls cells (red-shaded). The

vertical black line cuts off the autofluorescence signal from
untreated cells, while the range horizontally marked as
“fluorescence” shows the histogram section representing
the fluorescence observed from the cancer cells with
attached nanoparticles. The percentages of positive cells
and the MFI (Mean Fluorescence Intensity) values are also
given. The analysis of histograms shows a significant signal
from the nanoparticles attached to the PC-3 cells (49.4%),
confirming the effective binding of these cells. The nano-
particles have attached to some of the DU 145 cells (23.7%),
but the effect was clearly weaker than in the case of PC-3
cells. The results obtained from the cytometry are correlated
with the unbinding probability values obtained from AFM
experiments (59% and 34% of unbinding events registered
for PC-3 and DU 145 cells, respectively). The percentage of
DU 145 cells with attached nanoparticles was about two
times, and the MFI value for these cells was about three
times lower than for PC-3 cells. In the case of LNCaP cells,
the fluorescence of cells incubated with SPION/CCh/N-cad
does not extend significantly beyond the autofluorescence
area (1.64%). LNCaP cells easily aggregate, which may
affect the non-specific attachment of nanoparticles, and this
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Figure 4 Effect of N-cadherin inhibition on the probability of unbinding events for PC-3 (A) and DU 145 (B) cell lines and exemplary force curves showing a single unbinding

of PC-3 (C) and DU 145 (D) for a loading rate of 6330 and 10,700 pN/s, respectively.

would explain the small number of cells in the SPION/CCh/
N-cad fluorescence range.

The use of a confocal microscope allowed us to visualize
the antibody distribution itself and the SPION/CCh/N-cad
of PC-3
(Figure 7A and B) and in the co-cultures of different cancer

nanoparticles in the monoculture cells
cell lines (Figure 7C and D). For visualization, the
N-cadherin antibody and SPION/CCh/N-cad were immunos-
tained with fluorescent secondary antibody labelled with
NorthernLights™ NL557 chromophore (red fluorescence).
Cell nuclei were stained with DAPI to obtain better images.

Both antibodies and nanoparticles with bound antibody
bind efficiently to the surface of PC-3 cells. Figure 7C
clearly shows the places where SPION/CCh/N-cad fluor-
escence is not observed or is very weak. Instead, in the

same places, the well-visible nuclei of LNCaP cells can be

observed, confirming that our particles attach selectively to
N-cadherin on the surface of PC-3 cells. In Figure 7D,
only the nuclei of DU 145 cells are visible in the focus of
the image. This is because these cells have grown up on
cells from the PC-3 line, which were therefore out of the
focal distance, below the layer of DU 145 cells.

Magnetic Capture of PC-3 Cells

Magnetic capture of PC-3 and DU 145 cells was per-
formed under quasi-stationary conditions, and the course
of the experiment is schematically presented in Figure 8.
The cells were first incubated with SPION/CCh/N-cad
nanoparticles. The suspension was then placed in the espe-
cially designed, 3D printing made cuvette (1) and
a neodymium magnet was applied to the side of the cuv-
ette (2). After the respective time, the shutter inside the
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Figure 5 The unbinding force for N-cadherin-antibody complexes plotted as a function of the logarithm of the loading rate. Each point represents the mean value * standard
error (sem). The N-cadherin-antibody complex on the surface of PC-3 and DU 145 cells was studied.
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Figure 6 Flow cytometry histograms for PC-3, DU 145 and LNCaP cell lines incubated for | h with F-SPION/CCh/N-cad (blue-shaded) compared to untreated control cells
(red-shaded). The percentages of the cells with attached F-SPION/CCh/N-cad and the observed MFI (Mean Fluorescence Intensity) values are given in histograms.

cuvette was closed, dividing it into two compartments (3).
The suspensions of cells from both compartments were
then moved to the vials and analyzed (4).

Magnetic capture of PC-3 cells was achieved with high
efficiency; more than 80% of the cells were effectively
captured in the compartment next to the magnet. The mean
value of the number of captured cells obtained from three

independent experiments was 8126 (total number of cells:
10,000). In the DU 145 cell line only 3748 cells out of
10,000 were captured, which may be explained by the
weaker binding of nanoparticles to the cell surface due to
the lower expression of N-cadherin.

For the sake of the possible future application in a flow
system, the influence of the incubation time of PC-3 cells
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Figure 7 Images of PC-3 cells incubated with: A — N-cadherin antibody; B — SPION/CCh/N-cad, and images of the co-cultures incubated with SPION/CCh/N-cad: C - PC-3

and LNCaP cells; D - PC-3 and DU 145 cells. Scale bar size is 20 pm.

with SPION/CCh/N-cad on the capture efficiency was also
determined. The results obtained from the cytometric mea-
surements are shown in Figure 9.

The vertical line in the graph marks the boundary
between autofluorescence and the fluorescence observed
from the nanoparticles bound to the cells. The obtained
results show that SPION/CCh/N-cad attach effectively to
the cells after just 1 minute of incubation and the effect up
to 30 minutes of incubation is not improved. After 1 hour
of incubation, the number of attached cells increases
by 50%.

Discussion

While EMT was clearly shown to facilitate metastasis,
and N-cadherin expression can be undoubtedly related to
aggressive tumors, to the best of our knowledge, neither
a SPION-based system actively targeting N-cadherin in
cancer cells was reported yet nor was such a system used

for the capture of cancer cells. Therefore, we have mod-
ified the previously obtained and characterized SPION/
CCh particles®' with anti-N-cadherin antibody in order to
target actively cancer cells that underwent epithelial—
mesenchymal transition (EMT). The tosylate treatment
procedure was exploited.*” The SPION/CCh surface
was first modified with tosyl groups to obtain SPION/
CCh/Ts, and then the anti-N-cadherin antibody was
attached, resulting in SPION/CCh/N-cad system. The
physicochemical properties of the nanoparticles were
then investigated. The results presented in Table 1 show
that SPION/CCh/Ts suspensions are colloidally stable, as
the magnitude of zeta potential is significantly above 30
mV. Antibody attachment resulted in the change of the
surface charge from positive to negative and reduced its
absolute value to about 20 mV. The aggregation process
was indeed detected for more concentrated SPION/CCh/
N-cad suspensions. This tendency was also observed with
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Figure 8 Scheme of quasi-stationary cell capture: |

4

- introducing the cell suspension into the cuvette, 2 - capturing cells using a neodymium magnet, 3 - separating the

captured cells by closing the shutter, 4 - collecting the solution separated by the shutter and the suspension of the captured cells.
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Figure 9 Flow cytometry histograms for PC-3 cell line incubated with FITC-labelled SPION/CCh/N-cad for different time intervals.

AFM measurements where antibody-modified particles
formed clearly visible aggregates of several hundreds of
nanometers in size. The nanoparticles, both before and
after modification, had regular spherical shapes and sizes
in the range of 140 and 220 nm, respectively.

Superparamagnetic properties of the synthetized system

were confirmed by Mdssbauer spectroscopy and magne-
tometry (see Supplementary Materials). The prepared

SPION/CCh material was found to have excellent mag-

23.24 and the mea-

netic properties, as reported elsewhere,
surements confirmed that its modification had no negative

influence on them.
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In the next step, we have studied the interactions
between the SPION system obtained and cancer cells
expressing N-cadherin on their surface. N-cadherin is
well known to be abundantly present in PC-3 cells;
a low activity of this protein can also be observed in the
DU 145 line, the latter being a suitable model of the cancer
cells undergoing EMT. We have confirmed it on the cell
lines used in this study (Figure S6).

To ensure that the SPION/CCh/N-cad in the concentra-
tion used would not result in a significant death rate of PC-3
cells, interfering with further experiments, we have first
performed cytotoxicity measurements, applying MTT and
Alamar Blue assays. The obtained results showed the same
trend, even though the observed values somewhat differed.
Cell viability decreased slightly with increasing concentra-
tion of nanoparticles, but even for the highest concentration
used (16 pg/mL of iron), it was still very high, in the range
of 80-90%. Therefore, it was concluded that the SPION/
CCh/N-cad system has a negligible toxic effect on the
studied cells within the investigated concentration range.

Further on, the specificity of the interaction between the
selected anti-N-cadherin antibody and N-cadherin expres-
sing cells was confirmed by AFM studies, in which the
antibody was covalently attached to the AFM tip. Flow
cytometry measurements, performed using FITC-labelled
nanoparticles for three different prostate cancer cell lines
differing in N-cadherin expression, revealed that the percen-
tage of DU 145 cells with attached nanoparticles was about
two times lower than PC-3 cells. For LNCaP cells, char-
acterized by epithelial phenotype, no visible attachment of
SPION/CCh/N-cad was observed. These studies confirmed
further that the attachment of the nanoparticles to the cancer
cells was N-cadherin specific. Confocal microscopy visua-
lization showed that both antibody and SPION/CCh/N-cad
bind to the surface of PC-3 cells (see a well-visible red
fluorescence in Figure 7). SPION/CCh/N-cad, as well as
a free antibody, were evenly distributed over the entire cell
surface. The difference in the observed fluorescence inten-
sity of the images obtained for the free antibody and the
SPION/CCh/N-cad system may be explained by a presence
of the larger aggregates of nanoparticles (Figure 7B), char-
acterized by a strong fluorescence, which enforced the
decrease in the overall excitation intensity. Importantly,
large aggregates did not attach to the cell surface.

The preliminary studies on the magnetic capture con-
firmed that our nanoparticles interact with cancer cells via
specific interaction with N-cadherin protein. As DU 145
cells represent the fraction of circulating tumor cells

undergoing EMT, it may be concluded that the nanoparti-
cles are more effective in capturing the cells that already
underwent a complete phenotype change. Finally, the pre-
liminary flow cytometry studies confirmed that SPION/
CCh/N-cad effectively attach to the PC-3 cells already
after 1 minute of incubation, and the effect does not
increase up to 30 minutes of incubation. After 1 hour,
the number of cells with bound nanoparticles increases
by 50%. Therefore, it should be possible to use the
SPION/CCh/N-cad system for magnetic capture of meta-
static cancer cells expressing N-cadherin in the flow con-
ditions, although further optimization of the system is
necessary.

Conclusion

The new SPION/CCh/N-cad system was synthetized, and
its physicochemical, magnetic, and biological properties
studied. It was confirmed that anti-N-cadherin antibody
was successfully attached to the surface of previously
tosylated SPION. The attached antibody was shown to be
selective toward N-cadherin present on the surface of PC-3
and DU 145. The flow cytometry experiments allowed to
confirm their selective interaction with N-cadherin on the
surface of cancer cells which underwent EMT. Finally, the
studies of the magnetic cell capture showed that PC-3 cells
were successfully captured. The preliminary flow cytome-
try studies confirmed that SPION/CCh/N-cad effectively
attach to the PC-3 cells already after 1 minute of incuba-
tion. As N-cadherin is known to be expressed on the sur-
face of circulating tumor cells, the proposed system can
find application in the magnetic capture of such cells,
possibly also in the flow conditions.
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