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Effective interaction and accumulation of nanoparticles (NPs) within tumor cells is crucial
for NP-assisted diagnostic and therapeutic biomedical applications. In this context, the
shape and size features of NPs can severely influence the strength of adhesion between
NPs and cell and the NP internalization mechanisms. This study proved the ability of the
PT45 and A549 tumor cells to uptake and retain magnetic Au-coated NigoFeog nanodisks
(NDs) prepared by means of a bottom-up self-assembling nanolithography technique
assisted by polystyrene nanospheres. The chosen geometrical parameters, i.e., diameter
(~650nm) and thickness (=30 nm), give rise to magnetic domain patterns arranged in
vortex state at the magnetic remanence. PT45 and A549 cell lines were cultured in
the presence of different concentrations of Au-coated NiggFeog nanodisks, and their
biocompatibility was evaluated by viability and proliferation tests. Electron microscopy
techniques and a combined CARS (Coherent Anti-stokes Raman Scattering) and TPL
(two-photon photoluminescence) microscopy allow localizing and distinguishing the NDs
within or attached to the tumor cells, without any labeling. A quantitative measurement of
ND amount retained within tumor cells as a function of ND concentrations was performed
by the Instrumental Neutron Activation Analysis (INAA) characterization technique.

Keywords: tumor cells, magnetic nanodisks, cell-disk interactions, Instrumental Neutron Activation Analysis

(INAA), Coherent Anti-stokes Raman Scattering/two-photon photoluminescence (CARS/TPL) multimodal
microscopy

INTRODUCTION

Nanoparticles (NPs) offer potential benefits in biomedicine due to their unique chemical and
physical properties (Tran and Webster, 2010; Thanh, 2012; Giner-Casares et al., 2016; Cardoso
et al,, 2018; He et al., 2018; Wagner et al., 2019). As a result, they are used in many biological
and biomedical applications including drug delivery (Bonini et al., 2013; Toy and Roy, 2016; El-
Boubbou, 2018; Liyanage et al., 2019; Xu et al., 2020), heat-assisted treatments, and medical imaging
(Huang et al.,, 2011; Dutz and Hergt, 2014; Blanco-Andujar et al., 2016; Noukeu et al., 2018;
Fratila et al., 2019; Paris et al., 2020). The efficiency of these applications is strongly dependent
on the interaction of NPs with cells and tissues, and it is affected by several particle properties
including their shape, size, composition, and surface functionalization (Decuzzi et al., 2010; Petros
and DeSimone, 2010; Verma and Stellacci, 2010; Bartczak et al., 2012; Barua and Mitragotri, 2014;
Jiang et al., 2016).
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Among them, size, shape, and aspect ratio play a very
important role in influencing circulation time, biodistribution,
and the processes of cellular phagocytosis and internalization
(Champion et al., 2007; Venkataraman et al., 2011; Bartczak et al.,
2012; Truong et al., 2015; Wong and Wright, 2016; Kinnear et al.,
2017). In both processes, cell behavior is strongly influenced by
the volume ratio between NP and cell (Champion and Mitragotri,
2006) as well as by the overall and local NP shape (Champion
and Mitragotri, 2006; Gratton et al., 2008). With the exception
of spherical nanoparticles, the local shape at the contact point
between the nanoparticle and the cell strongly influences their
interaction (Champion and Mitragotri, 2006). In particular, the
internalization is made more difficult when a concave or flat NP
region approaches the cell membrane, whereas it is favored if the
initial contact takes place with a convex, dome, or ring NP region.

Moreover, the NP shape and size affect also the strength of
adhesion between the nanoparticle and the cell surface (Decuzzi
and Ferrari, 2006; Napierska et al., 2013). A firm adhesion of
NP to the target cell guarantees the completion of the diagnostic
or therapeutic mission counteracting the force induced by the
flowing blood that attempts to take the nanoparticles away.
Interestingly, at fixed particle volume, the adhesive strength
becomes stronger with the increase in the particle aspect ratio;
consequently, the oblate shape is more effective than the spherical
one (Decuzzi and Ferrari, 2006).

Evidently, the adhesion process requires a close approach of
the particle to the target cell; therefore, the NP design should
take into account also its ability to drift laterally toward the vessel
periphery (margination process) near the target cell, rather than
move within the vessel core. Experimental evidence has clarified
that the discoidal shape favors the margination of particles
compared to spherical ones (Gentile et al., 2008; Lee et al., 2013).

These previous findings suggest that a nanoparticle of
discoidal shape, having two large flat sides, shows some potential
benefits in biomedicine: (i) the resistance to the phagocytosis
by the immune response is increased with a consequent rise
of the circulation time of NP inside the blood stream; (ii) the
margination process favors the particle approaching the target
cell; (iii) the strength of adhesion between particle and cell results
more efficient.

In the last decade, NPs consisting of soft ferromagnetic alloys,
such as FeNi, FePd, received much interest for their ability to
stabilize a controllable magnetic vortex domain configuration
when they are prepared in discoidal shape (Rozhkova et al,
2009; Kim et al., 2010; Leulmi et al., 2015; Tiberto et al.,
2015, 2016; Barrera et al., 2016) within a proper selected range
of diameters and aspect ratio (Tiberto et al, 2016; Peixoto
et al., 2020). This magnetic vortex configuration induces peculiar
magnetic properties to the discoidal NPs, not present in the
more conventional iron oxide-based spherical ones, such zero
remanence, high magnetic saturation and susceptibility, as well as
the presence of a hysteresis at high field (Kim et al., 2010; Tiberto
et al., 2015; Barrera et al., 2016).

Therefore, the development of growth and lithographic
procedures in order to obtain magnetic NPs with discoidal
shape allows to combine these unique magnetic properties with
the abovementioned benefits in biomedicine (i-iii), making this

kind of magnetic NPs suitable candidates to develop advanced
magnetic-based treatments for cancer therapies such as drug
delivery assisted by magnetic gradient field, magnetomechanical
cell destruction, and magnetic hyperthermia (Rozhkova et al.,
2009; Kim et al,, 2010; Leulmi et al., 2015; Ferrero et al., 2019;
Peixoto et al., 2020).

Obviously, the effectiveness of these biomedical treatments
is strongly dependent on the degree of NP accumulation in
cancerous tissues.

Liu et al. (2013) reported different publications showing that
size of NPs influences their accumulation in tumors. Small
dimensions (around 20 nm) can easily penetrate the tissues but
are usually released after 24 h. Larger NPs (more than 100 nm),
instead, are not able to easily reach the tissues because they
remain embedded in the extracellular matrix (ECM) surrounding
the cells.

This work aims to give a comprehensive and systematic
evaluation of the Au-coated magnetic NiggFeyg nanodisk uptake
and retention of two different types of tumor cells using state-
of-the-art imaging techniques (SEM, CARS, and TLP) and an
innovative and accurate method based on Instrumental Neutron
Activation Analysis (INAA). Additionally, the unconventional
nanofabrication method based on a bottom-up self-assembling
nanolithography process assisted by polystyrene nanospheres is
also presented to obtain the Au-coated NiggFey free-standing
nanodisks characterized by a magnetic vortex magnetic domain
configuration. Furthermore, a long-term incubation with studied
cells was used to test any cytotoxic effect of the NDs, performing
viability and proliferation tests.

The results reported in this work concerning the qualitative
and quantitative analysis of the interaction between Au-
coated NiggFe;o NDs and tumor cells performed using some
unconventional techniques provide some preliminary and
important aspects interesting for the understanding of the NP
internalization mechanisms.

MATERIALS AND METHODS

NDs Nanofabrication

Au-coated NiggFeyp nanodisks have been prepared by a
combination of sputter deposition and self-assembling of
polystyrene nanosphere lithography, following the procedure
detailed elsewhere (Tiberto et al., 2015; Campanini et al,
2018). The high versatility of this procedure allows finely
tuning the nanodisk thickness and diameter, which can be
sized from the nano- to the submicron scale (Tiberto et al,
2015, 2016; Campanini et al.,, 2018). In this work, we set the
diameter at 650 nm and the thickness at 30 nm to guarantee,
in combination with the soft magnetic properties of NiFe alloy,
the formation of a stable magnetic vortex domain configuration.
Summarizing the nanofabrication method, a monolayer of
polystyrene nanospheres (PNS) is deposited on top of the
stack composed of Au (5nm), NiggFeyo (30nm), Au (5nm),
previously sputtered on top of a Si-oxide substrate covered by
an optical resist (Figure 1A). The PNS are submitted to a plasma
etching to reduce their diameter from the initial 800-nm value
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detachment from the substrate.

FIGURE 1 | Sketch of nanofabrication process: (A) sputter deposition of Au/NigoFeso/Au tri-layer; (B) sputter etching to remove tri-layer among spheres; (C) disk

to 650nm choosing a suitable treatment time. Then, sputter-
etching removes the metal stack not protected by the nanospheres
(Figure 1B), and sonication in deionized water detaches the PNS,
therefore, leaving a nanodisk array on top of the resist. At the end
of the nanofabrication process, a washing procedure, repeated
five times first in acetone, then in ethanol, and finally in deionized
water, is performed to detach the nanodisks from the resist
(Figure 1C) and disperse them in water.

The Au layers deposited on the top and bottom faces of the
nanodisks have the purpose of coating the magnetic core with a
biocompatible surface reducing the toxic effect of the Ni element
contained in the NiggFeyy magnetic alloy (Bar-Ilan et al., 2009).
In addition, Au coating improves not only the biocompatibility
of the magnetic nanodisks but also provides a useful surface
to potentially bind chemical and biological entities maintaining
unaltered the magnetic behavior of the particles (Li et al., 2011;
Barrera et al., 2016).

The fraction of surface area occupied by nanodisks array with
respect to the whole substrate area (packing density, 1 = 0.62)
and the area number density (p = 1.2 x 10% nanodisks cm™?)
were evaluated taking several scanning electron microscopy
(SEM) images in different regions of the samples (Barrera et al.,
2016) in order to prepare a magnetic ND solution with a known
nominal concentration, resulting in 58 jLg ml~!, which was then
diluted in order to prepare ND solution for the biological assays
at 11.60, 1.16, and 0.12 pg ml L.

NDs Magnetic Characterization

Magnetic hysteresis loops on NDs have been measured with a
LakeShore 7410 vibrating sample magnetometer (VSM) at room
temperature, on a liquid sample of 70 wl consisting of water-
dispersed NDs at nominal concentration of 58 jLg ml~*.

Cell Cultures and Treatment With NDs

Two cell lines from human cancerous tissues, A549 and PT45,
were cultured. A549 are adenocarcinomic human alveolar basal
epithelial cells, while PT45 are pancreatic ductal adenocarcinoma
and GFP-positive cells. The two cell lines were cultured separately
in adherent monolayers in Petri dishes using a cell growth
medium prepared with Dulbecco’s modified minimum essential
medium (DMEM) supplemented with 10% v/v of fetal bovine
serum (FBS), 2mM L-glutamine, 100 IU/ml of penicillin, and

100 mg/ml of streptomycin (all the reagents were purchased from
Lonza, Wokingham, UK). Petri dishes were incubated at 37°C
in 5% CO; and 95% humidity. Exhausted medium was replaced
with fresh medium every 2 days until cells reached about 80%
confluence. Cells were then washed once with 1x phosphate
buffer saline (PBS), detached with 0.25% Trypsin—0.53 mM
EDTA solution, counted using a hemocytometer (i.e., Neubauer
chamber) and resuspended in fresh medium. The cells were
finally seeded in a 24-well plate at a concentration of 2 x 10*
ml~! for a total of 10,000 cells per well in 0.5 ml of cell growth
medium. The cells were allowed to adhere to the bottom of the
wells for 24 h in an incubator at 37°C and 5% CO,.

To treat living cells with NDs, the latter were sterilized in
ethanol 70% v/v as follows.

The NDs, obtained in water at a nominal concentration of 58
pg ml~1, were collected at the bottom of a tube by centrifugation
at 10,000 rpm for 10 min and subsequent magnetic attraction by
means of a magnet. The water was eliminated and replaced by
1 ml of ethanol 70% to sterilize the NDs.

After 24h in ethanol, the NDs were again collected at the
bottom of the tube by centrifugation at 10,000 rpm for 10 min and
subsequent magnetic attraction. The ethanol was eliminated and
replaced with fresh medium. Finally, the NDs were sonicated for
10 min at a maximum power of an ultrasonic bath to avoid any
aggregation. This operation was repeated before each deposition
of NDs with cells.

Three concentrations of NDs, obtained by diluting the 58-
pg ml~! solution, were tested on both cell types: 11.60 g ml~!
(dilution 1:5), 1.16 pg ml~! (1:50 dilution), and 0.12 ng ml™!
(dilution 1:500).

The NDs were incubated with the cells for 2h in the first
experimental set up and for 2 days in the second: the cell growth
medium in the 24-well plate where cells were seeded was replaced
with medium containing NDs. Cells not in contact with NDs
were the negative control. An incubation time of 2h was used
for imaging NDs, while a longer incubation time of 2 days was
used to test any cytotoxic effect of the NDs.

Imaging Characterization

For scanning electron microscope analysis, A549 and PT45
cells were seeded and allowed to adhere overnight on Cu TEM
(transmission electron microscopy) grids covered by a holey
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carbon film. Then the cells were incubated with NDs for 2h,
washed several times with PBS, and fixed with ethanol 70%
in water (v/v) before imaging. The images have been acquired
with an FEI Inspect-F scanning electron microscope (SEM)
equipped with three different detectors: secondary electrons (SE),
backscattered electrons (BSE) and transmitted electrons (STEM).
All images were acquired under an accelerating voltage of 30 kV.
STEM images are in bright field.

For multimodal microscope analysis, A549 cells were seeded
on a glass coverslip, let to adhere overnight, and incubated
with NDs for 2h. The experimental setup of the home-built
multimodal microscope used to collect CARS images is based,
as the master source, on a passively mode-locked Nd:YVO4
laser emitting 10-ps pulses centered at 1,064nm (Picotrain,
HighQLaser) (Mortati et al, 2012). The frequency-doubled
output at 532nm (5 ps, 4 W) synchronously pumps the optical
parametric oscillator (OPO; Levante Emerald, APE Berlin). In
this experiment, the OPO acts as the tunable “pump” source,
and it is based on a non-linear lithium-triborate (LBO) crystal
inserted in a resonant optical cavity. The tuning range is
700-1,020 nm for the Signal and 1,110-2,200 nm for the Idler
pulses. In this experiment, CARS signal for the CH, stretching
mode (2,848 cm™!) of the lipid structure of cellular membrane
is generated using a portion of the 1,064-nm pulse acting
as the Stokes field overlapped in space and time with the
Signal pulse from the OPO, centered at 820 nm, and acting
as the pump field. Once the pulses have been overlapped,
both Signal and 1,064 beam enter into the microscope part
of our instrumental setup. The microscope is constituted by a
scanning unit (FluoView FV300, Olympus) combined with an
upright microscope (BX51WI, Olympus) that allows a point-by-
point detection of CARS signals all over the sample with high
resolution and high excitation efficiency. The average power of
Stokes plus Pump pulses was adjusted using an achromatic half
wave plate in combination with a calcite polarizer and was set
to about 40 mW. The Z depth scanning is achieved by moving
the focusing objective with a stepper motor. A water immersion
objective (LUMPLFLN 40XW NA = 0.8, W.D. = 3.3mm,
Olympus), fully compensated for both spherical and chromatic
aberrations from the UV to the near-infrared region, was used
to focus the excitation beams on living cell samples. The water
immersion objective was cleaned and sterilized with a solution
70% ethanol in water (v/v) before each imaging experiment to
prevent cell culture damages. The forward CARS signals are
collected through an objective (UPLSAPO 10x objective NA
= 0.4, Olympus) and focused on a PMT (R3896, Hamamatsu)
with a plano-convex lens having a focal length of 25 mm. On
the other hand, the multi-photon excitation fluorescence signal
was acquired in back-scattering geometry (epi-geometry), using
the PMT detector placed inside the microscope scanning head.
The optical microscope was coupled to an incubator system
(Okolab), allowing a time lapse imaging of living cell cultures
under temperature and CO; controlled conditions.

It is very well-known that CARS microscopy is extremely
selective from a chemical point of view, and we have used this
characteristic to reconstruct the cellular profile (Mortati et al,,
2012; Camp Jr. and Cicerone, 2015; Polli et al., 2018). Indeed, the

image acquisition strategy employed in this work was based on
the use of CARS microscopy to build a three-dimensional profile
of the cells in order to understand the localization of NDs with
good accuracy. In particular, the CH, symmetrical stretching at
2,848 cm™!, characteristic of the lipidic structures present in the
cell and particularly rich in the cellular membrane, was selected;
this is achieved by tuning the frequency difference between the
pump (at about 816.9 nm) and Stokes (at 1,064 nm) pulses in
resonance with CHj stretching. Following this scheme, the three-
dimensional profile of the cells was reconstructed acquiring a
series of images (slices) as a function of the height of the focusing
objective with respect to the glass substrate (coverslip) for cell
adhesion with the Z depth scanning (Z depth scanning method).
Two-photon luminescence (TPL) from NDs has been
determined using the epi-detection method and filtering the
optical backscattered signal in a range between 410 and 625 nm.

Viability and Proliferation Test

The CellTiter-Blue® cell viability assay (Promega Corporation,
Madison, WI, USA) is a resazurin-based method (Divieto and
Sassi, 2015). Cells were incubated with resazurin 44 WM for
1h at 37°C and 5% CO,. Resazurin molecule in the basic
form is slightly fluorescent and has a dark blue color. The
solution is blue because, in the basic form (zwitterionic form),
it absorbs light at 600 nm. Resaruzin penetrates the cells by
passing the cell membrane and into the cytoplasm and is reduced
by cytosolic, microsomal, and mitochondrial redox enzymes to
resorufin. This reaction is made only in living (viable) cells,
which have metabolic activity. Resazurin is dark blue and slightly
fluorescent until it is reduced to resorufin, which is pink and
highly fluorescent. When it is reduced to resorufin, its absorption
shifts to 570 nm, it becomes fluorescent, and its fluorescence
maximum is peaked at 585 nm (pink). The resorufin has a color
going from violet to dark pink color, depending on the number of
cells that are metabolizing the resazurin into resorufin. The same
color indicates a similar cell number.

The proliferation test was carried out by optical microscopy.
Proliferation was evaluated by visual qualitative assessment of the
cell confluence (ratio between the growth area occupied by cells
and the total growth area). Viability test was performed at day 2,
while proliferation test was performed at day 8.

Instrumental Neutron Activation Analysis
(INAA)

In order to prepare the sample for INAA characterization, the cell
medium was eliminated from culture, and the cells were washed
twice with PBS and detached from the 24-well plate using trypsin.
The collected cells were finally fixed in ethanol in Eppendorf vials.

The ethanol in the vials was replaced with ultra-pure (MilliQ)
water. Afterward, the water with the suspended cells was spilled
in polyethylene (PE) vials for the neutron irradiation. Samples
(about 0.4ml) of the cell medium, ethanol, PBS, and trypsin
were also pipetted in different PE vials. After drying with an
IR lamp, the PE vials were heat sealed, placed in an aluminum
container together with three Au standard samples prepared with
a traceable Au solution, and sent to the irradiation facility.
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FIGURE 2 | (A) Scanning electron microscopy (SEM) image of free-standing NDs; (B) room-temperature hysteresis loop of nanodisks (NDs) dispersed in liquid

The neutron irradiation lasted 6 h and was carried out at the
central channel of the 250-kW TRIGA Mark II reactor at the
Laboratory of Applied Nuclear Energy (LENA) of the University
of Pavia. The y-spectrometry measurements were performed
with a high-purity Ge detector, Canberra (35% relative efficiency)
inside a low-background graded lead shield and connected
to an Ortec DSPEC-Pro digital spectrometer. The Au mass
in the samples was calculated by applying the relative INAA
standardization method; the samples and the Au standards were
located at about 6-cm distance from the end-cap of the detector.
The collected y-spectra were processed using the Ortec Gamma
Vision software to determine the net area of the 411.8-keV
full-energy y-peak.

RESULTS AND DISCUSSION

The morphology of the as-fabricated NDs, investigated by
SEM microscopy, is shown in Figure 2A where a disk shape
with a well-defined contour and diameter of about 650 nm is
clearly observed.

The room-temperature hysteresis loop, reported in Figure 2B,
demonstrates that the NDs present a typical vortex-state
configuration at the magnetic remanence (Guimaries, 2009;
Peixoto et al, 2020), with expulsion and nucleation fields
when saturation or remanence are approached, respectively. The
measured loop is the average of the contribution to magnetic
moment of individual NDs, whose orientation with respect to the
applied field is random, as they are dispersed in water (Tiberto
et al., 2015). The presence of a vortex state at remanence is of
utmost importance to reduce the magneto-static interactions,
therefore acting against the inclination that other nanostructure
shapes have to agglomerate because of long-ranged dipolar
magnetic fields (Ferrero et al., 2019) making the disk shape very
promising for different biomedical applications.

Two different experimental setups were performed to test
cellular uptake, localization, biocompatibility, and retention of
NDs in cells.

The first setup was performed as described: two cell lines
from human cancerous tissues containing adenocarcinomic
human alveolar basal epithelial cells (A549) and pancreatic
ductal adenocarcinoma, GFP-positive cells (PT45) were
treated with cell growth medium containing the sterilized
NDs at a concentration of 11.6 ug ml~! for 2h at 37°C
and 5% CO,. After this incubation, cell growth medium
containing NDs were discarded, and cells were imaged
with SEM and a combined CARS (Coherent Anti-stokes
Raman Scattering) and TPL (two-photon photoluminescence)
microscopy to check the cellular uptake and localization of NDs
(Scheme 1, action 1).

The second setup was performed as follows: the same cell
lines (A549 and PT45) were treated with cell growth medium
containing the sterilized NDs at different concentrations: 11.60,
1.16, and 0.12 jug ml~'. The cell growth medium containing
the NDs was added to the same number of cells (10% cells for
each cell culture well as described in the Materials and Methods
section) at day 0 and incubated for 2 days (Scheme 1, action
2). A long-term incubation of 2 days at 37°C and 5% CO,
was used to test any cytotoxic effect of the NDs, performing
viability and proliferation tests. After this incubation time,
cell culture medium containing the NDs was discarded and
replaced with fresh growth medium; at day 2, a viability test
was done. The exhausted cell growth medium was replaced
with the fresh one every 2 days for a total duration of 8
days when a proliferation test was conducted followed by the
INAA analysis.

NP Uptake and Localization in Cells:
Imaging

To assess the ND uptake and localization in cells, the first setup
was used, having an incubation time of 2 h.

Figure 3 shows electron microscopy images acquired with
the three different detectors (SE, BSE, and STEM)of A549 and
PT45 cells treated with the ND solution at a concentration
of 11.6 wg ml~!. The washing procedure, described in the
Imaging Characterization section, was performed in order to
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SCHEME 1 | Time chart of actions, characterizations, and tests performed on the tumor cell cultures.

Proliferation test,
INAA

-

S um

FIGURE 3 | Electron microscopy images of pancreatic ductal adenocarcinoma [PT45; (a-c)] and adenocarcinomic human alveolar basal epithelial cells [A549; (d-f)]
cell lines. (a,d) Secondary electrons images; (b,e) backscattered electrons images; (c,f) transmitted electrons images.

remove the NDs not in contact and/or weakly attached to

the cells.

The combination of the three different detectors allows, by
comparing the images, to clearly distinguish the presence of
several NDs in the cells or on their membrane. Secondary

electron images (Figures3a,d) are particularly sensitive to
the sample morphology; indeed, details of the cell shape
and contours of their different portions are clearly visible,
together with smaller nano-object clusters near the sides of

the cells.
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FIGURE 4 | (A) Top: Coherent Anti-stokes Raman Scattering (CARS) images of A549 cells containing NDs: from top left to bottom right, the frames show the same
image at different Z planes. Arrows show the ND localization indicated by microbubbles, which are formed due to overheating of those regions when the laser
irradiates a cluster of NDs. (B) Bottom: four frames of the same sample area acquired in bright-field mode before (i) and after (iii,iv) irradiation of NDs and with CARS
microscopy (i) during irradiation. The third and fourth frames, acquired a few seconds one after the other. They evidence the quite rapid volume reduction of the
bubble. Cells with no NDs did not shown any microbubbles. The sample glass has a grid feature that could help to localize the bubble and to have a rough idea of its
size starting from the CARS image (ii).

These nano-objects appear particularly bright in backscattered ~ areas with very different thickness or density, when belonging
electrons images (Figures 3b,e) because they are sensitive to  to the same image, may appear to have similar brightness.
the atomic number of the substance probed by the electrons. = The comparison with secondary electron images reveals that
However, the images taken from this detector alone are not the internal compartment of the cell has a significant three-
fully discriminant regarding the position of NDs because  dimensional structure (A549 and PT45 cells have a typical
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thickness of about 2-10 pum, depending on their adhesion phase),
whereas the bright nano-objects clusters, that are visible in the
thinner outer portion of the cell, are much smaller in size along
the three geometrical directions, as they appear to have a darker
shade. They can, therefore, be identified as clusters of NDs.
Indeed, their metallic nature is evidenced by the transmitted
electrons images (Figures 3c,f), where the NDs, although small
and thin, appear dark, indicating that very few electrons can
pass through the metal of which they are constituted and
reach the underneath detector. Conversely, the dark color of
the cell interior is attributed to their significant thickness,
which attenuates the transmitted electron beam in spite of the
relatively low density and atomic mass with respect to the
metallic NDs. The effectiveness of the washing procedure is
demonstrated by the fact that no NDs can be observed either
on the holey carbon structure or on the copper grid. The
remaining NDs have, therefore, been incorporated becoming
part of the cells, having adhered to their membrane or having
being internalized; they mostly appear in small clusters with
no specific space arrangement. Only some cells interact with
large ND ensemble (>5-7 wum) as shown in Figure S1 in the
Supplementary Material.

To assess the latter hypothesis and to better localize the NDs
within the cells, a multimodal non-linear optical microscopy,
allowing 3D visualization of cells, has been employed on living
A549 cells adherent to a glass coverslip and incubated at 37°C
and 5% CO, for 2h in cell culture medium containing NDs
at a concentration of 11.6 ml~!, as described in the Materials
and methods section. Non-linear microscopy exploits non-linear
interaction processes between laser pulses and the material under
examination to collect images with high spatial resolution, real
time acquisition rate, and label-free chemical selectivity (Yue
etal., 2011; Mortati et al., 2012; Pavillon et al., 2014; Ni and Zhuo,
2015; Polli et al., 2018).

In Figure 4A, some images have been reported, representing
different cellular planes as a function of Z position. The images
have been obtained by moving along the cellular height with the
Z depth scanning method. Looking at Figure 4A, the cellular
elements like the membrane as well as the internal compartments
become visible, while the white arrows indicate the presence
of black circles/holes inside the cells where the CARS signal is
absent. The presence of those black holes in the CARS images
constitute, together with the luminescence generated by the NDs
after laser irradiation and reported in Figure 5, the evidence
of the internalization of the NDs by the cells. The black holes
observed in Figure4A are the result of a remarkable local
overheating caused by sample illumination by the laser pulses
and characterized by the generation of gas microbubbles. The
overheating effect has been observed in specific and limited areas
within the cells as well as in the culture medium. The process
of local overheating and generation of microbubbles have been
recorded, and the images that document the key phases are
reported in Figure 4B.

The image on the lower left panel (b. i) has been recorded in
bright field with an Olympus XM10 camera and represents the
cell containing a large aggregate of NDs (very similar to SEM
image in Figure S1 in the Supplementary Material) before being

irradiated. The cell was then irradiated for the time required (a
few hundreds of ms) to record a single CARS image of the cell,
itself, at a fixed Z position, and the image is reported in the
lower middle panel (b. ii). The image is characterized by a bright
background signal coming from the non-resonant background
interaction and, in the cell area, by a well-defined zone where
the CARS signal is totally absent. Because the gas microbubble
causes a sudden jump in the refractive index between the culture
medium and the cell wall, it modifies both the spatial overlap
between the pump and Stokes pulses and the transmission of
the optical signal through the sample, effectively preventing the
acquisition of the CARS signal. The result of laser irradiation was
finally documented by recording further bright-field images (b.
iii and b. iv). The images show the presence of a huge bubble
surrounding the cell, and the bubble was documented to reduce
gradually its dimensions with time (further images have been
acquired showing the reduction process, but is not reported
here). Finally, the confirmation that the overheating effect is due
to laser absorption by NDs was obtained by irradiating in the
same experimental conditions cells not treated with NDs and
observing the complete absence of microbubbles.

The second and perhaps even more significant confirmation
of the ND internalization and the indication of the position
of the NDs was given by recording the ND emission by two-
photon photoluminescence (TPL) (Alqudami and Annapoorni,
2007; Chi et al., 2015). Considering the shape and size of the NDs,
it is indeed reasonable to expect that they have a non-negligible
extinction coefficient in the region of the spectrum between 400
and 800 nm (Guo et al., 2001; Kelly et al., 2003; Sun et al., 2006;
Amendola et al., 2011; Muiletén Arboleda et al., 2015; Elango
et al,, 2016). Therefore, irradiating the sample with laser pulses
possessing an average power of the order of tens of mW and 5- to
6-ps pulse-width, can lead to a two-photon absorption, capable of
inducing either photoemission and local overheating (described
before). Hence, by synchronously acquiring the cell profile with
CARS and the two-photon photoluminescence of NDs, it was
possible to obtain a series of two-color combined images that
allow reconstructing the position of the NDs within the cell. The
result of this combined investigation is shown in Figure 4: the
upper line of images shows the two channels (CARS and TPL)
combined together to facilitate the localization of the two signals
with respect to each other, while the other two lines represent the
CARS (middle line) and the TPL (lower line) signals separately.
The combined images (upper line) show that only some cells
have internalized the NDs and that, where the concentration is
high enough, the dark circles appear in the CARS images, while
bright spots were observed in the TPL images. Furthermore, the
TPL signal appears only in some cells confirming that there is no
generalized and diffuse two-photon auto-fluorescence of the cells
and that the recorded TPL comes from the intracellular NDs.

Finally, since both the CARS and TPL images have been
acquired with intrinsic “confocal” techniques, each image
belongs to a different focal plane (different height Z position),
we can affirm that in the various cells investigated, the NDs were
found predominantly within the cell, near the cell membrane.

Although there are studies that confirm the weak
photoluminescence of metal nanoparticles like those of iron
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FIGURE 5 | Time frames of the same sample area of a cell culture dish with A549 cells and NDs. Images were acquired by two modalities, CARS and two-photon
photoluminescence (TPL). Top: images of cells with overlapped CARS (red) and TPL (green) signal. TPL signal comes only from selected area inside the cells, and only
some of the imaged cells show the TPL signal. Middle: CARS images of the same sample area; arrows indicate the black spots, which are supposed to be NDs.

Bottom: only TPL images of the same sample area: the most intense bright spots are located precisely where the black spots in CARS images are located.

and nickel (Alqudami and Annapoorni, 2007; Chi et al., 2015),
a recent work performed on semiconducting nanoparticles
showed that an enhanced two-photon signal can be observed
when the pump frequency is tuned close to a two-photon
resonance of the material (Moger et al., 2008), and it cannot
be completely excluded that the observed phenomenon is
related to the emission of thermal radiation by nanoparticles.
In fact, other works highlight the emission of thermal radiation
in the spectral region between 400 and 600nm by metallic
nanoparticles subjected to irradiation with pulsed lasers having
comparable powers (Estelrich et al., 2018; Long et al., 2019).
However, despite the origin of the recorded emission (i.e.,
thermal radiation), the proposed method allows to localize the
position of NDs as the thermal radiation comes exclusively
from NDs.

ND Biocompatibility: Viability and
Proliferation Tests

CellTiter-Blue® cell viability assay was performed at day 2
on 2D cell cultures of A549 and PT45 cells for selected ND
concentrations, following the second setup. Cells only, without

NDs, are used as negative control. Resaruzin test as qualitative
method allows the evaluation of differences in cell quantities by
different shades of color clearly visible, from blue to violet and
to pink.

Figures 6A,C show wells containing the PT45 and A549 cells
in fresh medium (immediately after the 2 days of incubation with
NDs) where the resazurin has just been added. A dark blue color
is clearly visible.

The same wells after 1h of incubation at 37°C and 5% CO,
are shown in Figures 6B,D: the color changes from blue to pink
indicating that the resazurin has been metabolized by viable and
metabolically active cells. In all wells containing different ND
concentrations, the color change results in the same shade of
pink color of the negative control well; this effect indicates that
the NDs did not interfere with cell viability in the studied range
concentration from 0.12 to 11.6 jLg ml~?.

The effect of magnetic NDs on cell A549 proliferation
was evaluated by phase-contrast optical microscopy
measuring the cell confluency (ratio between the growth
area occupied by cells and the total growth area) at day 8.
A comparison between a negative control sample without
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FIGURE 6 | Wells containing the PT45 and A549 cells incubated with selected concentration of NDs at day 2: (A,C) cells in fresh medium just incubated with
resazurin; (B,D) the same cells after 1 h of incubation.

NDs and the sample in the presence of ND at 11.6-ug
ml~! concentration is shown in Figure?7. Both samples
display the same cell proliferation rate; the confluency
increases from days 0 to 8 reaching 100% confluency, which
indicates that the presence of NDs did not interfere with
cell proliferation.

NP Retention in Cells: INAA-Based ND

Number Quantification

The evidences of ND internalization in cells obtained from
SEM and CARS/TPL characterizations were further examined by
means of the Instrumental Neutron Activation Analysis in order
to obtain also a quantification of NDs retained as a function of
ND solution concentrations.

In order to prepare the samples for Instrumental Neutron
Activation Analysis (INAA) characterization, the wells
containing A459 or PT45 cells were incubated with 0.4 ml of cell
growth medium containing NDs at the selected concentrations
of 11.60, 1.16, and 0.12 jLg ml~!; as a consequence, the nominal
number of NDs in each well at day 0 is estimated to be 4 x 107,
4 x 10% and 4 x 10°, respectively, calculated from the single
ND weight.

At day 8, cells in culture were detached and prepared for
neutron irradiation following the protocol described in the
Materials and Methods section. The procedure includes washing

passages in order to remove NDs not internalized in the cells.
This ensures that the NDs measured by INAA are within the cells.

The samples were exposed to neutron flux, and the analysis
of the 411.8-keV full-energy y-peak in the collected y-spectra
is quantitatively related to the amount of Au mass of all NDs
retained in the cells.

The number of internalized NDs was obtained as the ratio of
the measured total Aumass in each well to the Au mass of a single
ND estimated from the volume occupied by Au in an ND (3.32
x 10° nm? in the case of 650 nm diameter and 10 nm Au total
thickness) and the Au density (19.3 g cm™).

The ND amount measured by INAA in the A549 and
PT45 cell lines (at day 8) as a function of the total nominal
number of NDs incubated with the cells (at day 0) is
shown in Figure8 and summarized in Table1 where the
percentage of NDs retained in A549 and PT45 cell lines
were reported. The error bars show the expanded uncertainty
(k = 2) calculated for INAA measurement. The uncertainty
on the number of nominal NDs at day 0 (not calculated)
is affected by the pipetting error and the formation of
ND aggregates.

In the PT45 cell lines, the number of NDs within the cell
after 8 days increases with the increase in the ND concentration
in contact with cells at day 0 following an almost linear trend
without an evident saturation approach.
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FIGURE 7 | Phase-contrast optical images of A549 cells. Control sample without NDs at O (A) and 8 (B) days of culture. Cells submitted to the ND concentration of

with NDs
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TABLE 1 | ND number per well vs. the % of NDs retained in A549 and PT45 cell
lines at day 8.

ND solution NDs per well NDs retained in  NDs retained in
concentration at day 0 A549 PT45 cells at
(ng mL™Y) (number) cells at day 8 (%) day 8 (%)

0.12 4 % 10° 8.4 (1.8 5.9(1.2)

1.16 4 % 10° 14.1 (3.0) 8.4 (1.8)

11.6 4 x 107 0.7 (0.1) 6.2 (1.9)

The expanded uncertainty (k = 2) in parentheses applies to the last respective digits.

On the other hand, in the A549 cells treated at day 0 with
lower concentrations of ND solution (0.12 and 1.16 pug ml™1),
the number of retained NDs in the wells is higher than the ones
incubated with PT45 cells; however, a decrease in the number of
retained NDs in the wells treated with the highest concentration
is clearly visible.

This difference in cellular uptake/retention could be due to
two reasons:

(1) Different pathways for cellular uptake of each cell type,
as described by (Capco and Chen, 2014). The most likely
used mechanism of cellular uptake for large particles (more
than 100nm) is the endocytic pathway based on formation
of vesicles able to internalize the particles. The endocytic
pathway includes different mechanisms, which depend on
the protein involved, the size of the vesicles, and the cell
type (Kou et al., 2013). On the other hand, also nanoparticle

physicochemical properties (i.e., size, charge, and shape) can
affect the transport pathway. In the specific case, the discoidal
shape and the large size of NDs compared with the different
size and shape of the two cell types (PT45 and A549) can
strongly affect the ND retention.

Since the PT45 appear rounded and quite thick, while the
A549 do not appear rounded and are fairly flat and thin (see
Figure 3), it is reasonable to expect that the retention efficiency
will be greater with this type of NDs for the PT45 than
the A549.

(2) A549 and PT45 have a similar size when they are not attached
to any substrate, but in liquid suspension (around 10 pm
diameter), however, when attached on solid substrates, A549
cell confluency (area occupied by cells attached at the bottom
of the cell culture well) is bigger than PT45 cell confluency.
This could be explained considering that A549 are flatter than
PT45 (see Figure 3) and, therefore, offer less internal space for
NDs and at high ND concentration are able to retain less NDs
than PT45.

Retention of NDs in both cells was higher at 1.16 pg ml~!
than at lower or higher concentration. For PT45 cells, retention
percentage was between 4.7 and 10.2%, while for A549, it was
between 0.6 and 17.1%.

These low values are probably due to the time (8
days) passed in culture. During this time in culture,
cells naturally die and can lose a significant number
of NDs.
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FIGURE 8 | ND amount incubated with cells at day O plotted vs. ND amount
measured by INAA in the A549 and PT45 cell lines at day 8.

CONCLUSION

The bottom-up self-assembling nanolithography process based
on polystyrene nanospheres comes out as a low-cost and
fast method to prepare Au-coated NiggFe;p nanodisks with a
well-defined shape and contour. ND geometrical parameters
(diameter ~650 nm and thickness ~30 nm) induce the formation
of a magnetic vortex-state configuration at the remanence state
useful to reduce the magneto-static interactions.

A549 and PT49 cell lines from human cancerous tissues
maintain their cell viability, metabolic activity, and proliferation
rate after 2 days of incubation with NDs at different
concentrations up to 11.60 jLg m1~!, until 8 days in culture even
without any biocompatible functionalization layer.

The presence of the NDs within or in contact with the cells
was proven by different imaging techniques: with SEM, it was
possible to clearly localize and distinguish the presence of several
NDs retained by the cells and distributed in small clusters with
no specific space arrangement. Note that the formation of small
ND ensemble does not affect the peculiar magnetic properties
induced by geometrical parameters of a single ND (Barrera et al.,
2016).

CARS microscopy and TPL microscopy are very useful tools
for the investigation of the arrangement of metal NDs within the
cellular framework. Indeed, combining the TPL signal from NDs
with the reconstruction of cellular profile by CARS microscopy
allows us to locate the ND within the cell. Furthermore, the
observation of microbubbles within the culture medium in
correspondence of the position of NDs (due to a fast overheating
of the NDs) and the concomitant disappearance of the CARS
signal is the final feature that led to the identification of

the position of metal NDs. These imaging techniques showed
that a 2-h incubation time was sufficient to ensure an ND
cellular uptake.

The INAA technique is a useful tool to evaluate the amount of
NDs retained in the tumor cells. It is proven that the percentage
of NDs retained in cell culture depends on both the kinds of cells
and the concentration of ND solution. At the concentrations of
0.12and 1.16 ug ml~1, the A549 cells internalize a higher number
of NDs than the PT45 cell, whereas at 11.60 jLg ml ™!, a decrease
in the retained NDs in A549 cells is observed.

In 2013, Lui et al. (2013) showed that in mice treated with
an injection of Au nanoparticles (16 nm size) after 24h, the
retention of nanoparticles in the animal tissues is around 80%
and decreases to 30% at 72 h. Larger particles (more than 100 nm)
are, instead, expected to be embedded in the extracellular matrix
(ECM) surrounding the cells. Surprisingly, in this work, NDs,
650 x 30nm, have been found able to enter and to be retained
within cells up to 8 days in culture. This ND property could be
used for long-term drug release after ND functionalization as
drug carrier. In addition, the magnetic properties of these NDs
make them potentially very useful as a therapeutic agent, such
as in hyperthermia applications, but also as a bioimaging agent,
such as in MRIL.
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