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The adsorption at cell surfaces and cell internalization of two drug delivery lipid based nanovectors has been
investigated by means of Field Emission Scanning Electron Microscopy (FE-SEM) operating at low beam
voltage on two different colon carcinoma cell lines, CaCo-2 and ColLo-205, that were compared with
the M14 melanoma cell line, as a reference. The cells were incubated with the investigated
multifunctional nanovectors, based on liposomes and magnetic micelles loaded with 5-fluorouracil, as
a chemotherapeutic agent, and a FE-SEM systematic investigation was performed, enabling a detailed
imaging of any morphological changes of the drug exposed cells as a function of time. The results of the
FE-SEM investigation were validated by MTS assay and immunofluorescence staining of the Ki-67 protein
performed on the investigated cell lines at different times. The two nanoformulations resulted in
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Accepted 10th July 2019 a comparable effect on CaCo-2 and M14 cell lines, while for ColLo 205 cells, the liposomes provided an
cytotoxic activity higher than that observed in the case of the micelles. The study highlighted the high

DOI: 10.1039/c9ra02381) potential of FE-SEM as a valuable complementary technique for imaging and monitoring in time the drug

Open Access Article. Published on 15 July 2019. Downloaded on 4/6/2026 2:23:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

1. Introduction

Multifunctional nanovectors represent innovative methods for
therapy administration and are fundamental to overcoming the
relevant issues associated with conventional chemotherapy,
including low tumor accumulation and significant toxicity of
drugs.® The in vivo potential efficacy of a nanosystem,
specifically designed for the treatment of a defined type of
cancer, needs to be preliminarily assessed by means of
a comprehensive in vitro investigation. In vitro high magnifica-
tion imaging study represents an essential step to achieve
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effects on the selected cells exposed to the two different nanoformulations.

a comprehensive understanding of the effect on the cell struc-
ture of the new organic and/or inorganic nanoformulations,
that are proposed as innovative drug delivery systems and of
their pharmacological activity. Imaging tools have been
constantly improved to enhance their capability in shedding
light on the nanostructure-cell interactions, thus gaining
valuable insights on the nanostructure uptake mechanisms
associated with cell adsorption and penetration, as well as their
accumulation in subcellular compartments.’**” Optical
microscopy is extensively exploited in the life sciences to
analyse the nanomaterial-biological interface, and provides an
efficient tool box to monitor nanoparticle (NP) internalization
in living or fixed cells, with minimal sample preparation.'®'®*°
Within such a class of optical techniques, fluorescence
microscopy has been demonstrated to be essential to probe and
assess the NP location and distribution within cells.>**” All-
optical microscopy techniques are able to directly visualize
nanostructures in cells only when they aggregate, forming
clusters larger than 200 nm, due to the light diffraction limited
resolution. An optical microscopy study can be combined, in
a complementary approach, with in vitro investigation per-
formed by electron microscopy techniques. Indeed, trans-
mission electron microscopy (TEM) and scanning electron

This journal is © The Royal Society of Chemistry 2019
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microscopy (SEM) allow the visualization of resolved single
nanostructures and have been extensively used not only for the
morphological characterization of nanomaterials, but also for
investigating the modification of cells'" biology during
neoplastic cell transformation, and getting insights on the
interactions between nanostructures and cells.”®*" TEM has
been demonstrated to be particularly effective to image resolved
NPs in thin cellular sections and for their visualization in
specific subcellular compartments,** although the sample
preparation is highly laborious. Indeed, the preparation of
ultrathin sections is crucial to achieve the desired sample
thickness, thus allowing the electron beam to pass through the
specimen. Conversely, SEM enables the 3D visualization of the
single nanostructure/whole cell interactions. SEM is a simple
and efficient investigation tool with high spatial resolution and
good depth of field to be profitably applied to elucidate the NP
adsorption phenomena on cell membranes and the NP ability to
cross the cell membrane and be internalized. Furthermore,
SEM enables the visualization of the interactions of single
nanostructures in the whole cell. In particular, the FE-SEM
technique equipped with an in-lens detector is able to provide
topographical images of samples at very high magnifications,
with virtually unlimited depth of field and sub-nanometer
spatial resolution, with performance higher than regular FE-
SEM, operating at low accelerating voltage and low working
distance, thus limiting detrimental charging effects, that
commonly occur when dealing with biological samples.**

Here, 5-FU loaded liposomes and superparamagnetic iron
oxide nanoparticles (SPIONs) containing micelles
prepared and their cell interactions and internalization were
investigated. FE-SEM technique was used to perform a system-
atic characterization of cell morphology as a function of incu-
bation time of the three cancer cell lines with the two different
5-Fluorouracil (5-FU) loaded nanoformulations. Namely, two
colon cancer cell lines, the human epithelial colon cancer cell
line (CaCo-2) and human metastatic colon adenocarcinoma cell
line (CoLo-205), were selected and evaluated against the meta-
static melanoma M14 cell line. The ensemble of the proposed
cell lines, each characterized by peculiar morphology and
biochemical structure of the cellular membrane, cell surface
specialization and tumor aggressiveness,***° represent an
effective model set to elucidate possible differences in the NP-
cell interactions and in the cell response upon treatment with
the two different drug delivery nanosystems. The clinical rele-
vance of the two selected colon carcinoma cell lines arises from
the recorded global incidence and prevalence in the world of the
colorectal cancer (CRC), which is the third most common
cancer type in the world, with nearly 1.5 million new cases
diagnosed per year.** Fluorouracil (5-FU) is an antimetabolite
used in the treatment of various types of cancers, including CRC
and melanoma. In the last decade translational nanomedicine
has led to an evolution of drugs therapies, especially those using
liposome and micelle based formulation.*>** Interesting effects
on inhibition of cell proliferation using this class of formula-
tions, as organic soft nanovectors for the delivery of 5-FU or also
in combination with doxorubicin, were reported.****

were
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In particular, a systematic time-dependent investigation by
FE-SEM technique allowed visualization of the interactions
between the proposed nanoformulations and the cells, and
detection of any possible morphological changes induced by
treatment with the drug containing nanovectors for the three
selected cell lines.

Finally, conventional MTS assay and cell proliferation
assessment by immunofluorescence staining of Ki-67 antigen
were carried out to validate the metabolic effects corresponding
to the structural and morphological modifications highlighted
by the FE-SEM study. The results clearly demonstrated that FE-
SEM as a valuable and effective tool for imaging the conse-
quences of the nanoformulations exposure on the relevant cell
lines, and provided preliminary indications of the potential of
the two designed drug delivery nanovectors for an efficient
treatment of CRC and melanoma.

2. Experimental
2.1 Materials

Oleic acid (90%), 1-octadecene (90%), oleyl amine (70%),
iron pentacarbonyl (98%), and dodecane-1,2-diol (90%),
phosphotungstic acid (99.995%), cholesterol, phosphati-
dylcholine, stearylamine and 5-FU were purchased from
Sigma-Aldrich. 1,2-Dipalmitoyl-sn-glycero-3-phosphoetha-
nolamine-N-[methoxy(poly(ethylene glycol))-2000] (16:0
PEG-2-PE) and 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycerol)-2000] (DSPE-PEG-
2000) was purchased from Avanti Polar Lipids. The
primary antibody Ki-67 was purchased from Santa Cruz
Biotechnology. Green-fluorescent conjugated anti mouse
secondary antibody (Alexa Fluor 488) and prolong gold
antifade reagent containing the nuclear staining 4',6-
diamidino-2-phenylindole  dichloride (DAPI)  were
purchased from Invitrogen. CellTiter 96 AQueous One
Solution Cell Proliferation Assay (MTS) was purchased form
Promega.

2.2 Preparation of phospholipid based micelles loaded with
5-FU and SPIONS

Organic capped SPIONs were synthesized according to the
experimental procedure reported in N. Depalo et al.®> PEG-
modified phospholipid micelles loaded with 5-FU and SPIONs
(SPION/5-FU/Micelles) were prepared by mixing a SPION stock
solution in chloroform (160 pL, 8 x 10~> M), 5-FU solution in
ethanol (200 pL, 1.6 x 107> M) and 16 : 0 PEG-2-PE solution in
chloroform (150 pL, 3.5 x 10~ > M). After the solvent evaporation
by using a rotary evaporator, the dried SPION/5-FU/PEG-lipid
layer was then kept under vacuum for 1 h. Subsequently, the
film was hydrated by using 2 mL of phosphate buffer (PBS,
10 mM, pH 7.4). SPION/5-FU/Micelles were repeatedly heated
up to 80 °C and then cooled down to room temperature (three
cycles). The excess of SPIONs not incorporated in the micelles
was removed by centrifugation (5000xg) for 1 minute. The
solution was filtered by using 0.2 um filters (Anotop, Whatman)
and subsequently ultracentrifugated (200000xg) for 16 hours to
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remove the excess of drug. The SPION/5-FU/Micelles recovered
as pellet were dispersed in PBS.

2.3 Preparation of liposomes loaded with 5-FU

The liposomes were prepared as described in experimental
protocols reported by Biswas.*® Briefly, liposomes were obtained
by dissolving DSPE-PEG-2000 (11 puL, 3.5 x 10~> M) in a lipid
mixture (274 pL) composed of cholesterol, phosphatidylcholine
and stearylamine (1:7 : 2 molar ratio) in a flat bottom flask
with ethanol and chloroform (1 : 1). 5-FU aqueous solution (38
mM) was further added to the organic solvent in one shot by
means of a sterile glass syringe (3 mL). The control of the
liposome at nanosize was achieved by carrying out three cycles
of sonication, for 3 minutes each, at room temperature. After,
the solution was stirred over night at 37 °C to remove the
organic phase and allow the film to dry. To reduce the size of
liposomes, the formulation was extruded 5 times with 200 nm
and 100 nm filter, by manual mini-extruder (Avanti Polar Lipids)
and the free, non-encapsulated drug was removed by ultracen-
trifugation (35000xg) for 20 minutes at 4 °C. The drug con-
taining liposomes recovered as pellet were washed with PBS (2
times). Finally, the samples were lyophilized by using a Christ
freeze dryer alpha 1-4 LSC at 200 mbar and —50 °C to concen-
trate the samples, before their reconstitution in PBS.

2.4 Encapsulation efficiency

The encapsulation efficiency (EE%) of the drug in the liposomes
and micelles, respectively, was calculated according the
following formula: (EE%) = (W,/W;) x 100, where W, is the total
amount of drug in the nanoformulations (5-FU/Liposomes and
SPION/5-FU/Micelles) and W; is the total quantity of drug added
initially during preparation. The EE% in 5-FU/Liposomes and in
SPION/5-FU/Micelles was evaluated by UV-Vis absorption spec-
troscopy (Cary Varian 5000 UV-Visible-NIR spectrophotometer).
Absorbance value at 265 nm was recorded to determine the drug
content. A calibration curve was obtaining by recording the
absorbance of solutions of 5-FU in methanol at standard
concentrations. 5-FU/Liposomes were lyophilized and treated
with methanol (1:100 dilution) to induce their breakdown,
thus allowing to measure the total amount of encapsulated
drug. Conversely, the micelle solution was first lyophilized, then
dissolved in methanol (2 mL). The SPIONs were then removed
by centrifugation (5000xg) for 10 minutes. Absorbance spectra
of the samples were recorded by using, as baseline, a blank
consisting of a methanol solution containing the same lipid
mixture used for liposome or micelle preparation, at the same
concentration of lipid components in the samples.

2.5 Invitro drug release study

5-FU/Liposomes and SPION/5-FU/Micelles, respectively, were
introduced into a dialysis tube with a cellulose ester membrane
(Spectra/Por 3.5 kDa molecular weight cutoff) and incubated
against PBS in a water bath (MEMMERT) at 37 °C, under gentle
shaking. At defined time interval, over 15 days, the solution
where the tube was immersed was removed and replaced with
fresh solution. The drug concentration was determined
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spectrophotometrically at each sampling time by measuring the
UV-Vis absorbance at 265 nm of each collected aliquot. A cali-
bration curve was obtaining by recording the absorbance of
solutions of 5-FU in aqueous PBS. Measurements were con-
ducted three times per sample.

2.6 Cell culture

The M14 melanoma cell line was from the University of Cal-
ifornia Los Angeles and derived from a metastatic amelanotic
lesion.” The CaCo-2 cell line was well-differentiated colorectal
adenocarcinoma (ATCC). The CoL0205 cell line was established
from ascites fluid obtained from a male patient with ATCC. For
M-14 and CaCo-2, the same culture protocol was used. Briefly,
Eagle's Minimum Essential Medium, (GibCo), with 10% of fetal
bovine serum, 1% of penicillin/streptomycin and 1% of gluta-
mine (all compounds from Thermo-Fisher Scientific). For CoLo-
205 cell line, ATCC-formulated RPMI-1640 Medium was
employed, added with 10% of fetal bovine serum, 1% of
penicillin/streptomycin and 1% of glutamine. All cells were
maintained at 37 °C in a humidified incubator containing 5%
CO,.

2.7 Cell proliferation assay

CoL0205, M-14 and CaCo-2 cells were seeded into 96-well plates
at a density of 2 x 10° cells per well. Subsequently, 5-FU/
Liposomes and SPION/5-FU/Micelles, at drug concentration of
3 uM, were added to each well. The plates were incubated at
37 °C for 24 and 48 hours. Untreated cells were used as control.
At the end of treatment, 20 uL of MTS reagent were added to the
cells for 3 hours at 37 °C and the absorbance at 490 nm was
measured by using a PerkinElmer Victor Plate Reader (Bel-
gium). Statistical analysis was performed by using one-way
analysis of variance (ANOVA) by SIGMA-STAT 3.1 and T-test.
In particular, when this analysis rejected the hypothesis of the
mean equality among the groups, the Holm-Sidak methods was
applied.

2.8 Immunofluorescence analysis

Cells were seeded into 24-well plates at a density of 10 x 10°
cells per well at 37 °C and treated with 5-FU/Liposomes and
SPION/5-FU/Micelles at drug concentration of 3 uM for 24
hours. Untreated cells were used as control. Subsequently, cells
were washed with PBS, fixed and permeabilized for 15 minutes
with 0.5% Triton X-100 in PBS. Then cells were blocked with 5%
normal serum in PBS for 1 hour. Next, the cells were incubated
at 4 °C with the primary antibody Ki-67 over-night, followed by
washing with PBS and incubation with a specific green-
fluorescent conjugated secondary IgG Alexa 488 for 1 hour.
After washing with PBS, cells were mounted using prolong gold
antifade reagent containing DAPI. Images were acquired by
using the fluorescence microscope Eclipse Ti2 by Nikon.

This journal is © The Royal Society of Chemistry 2019
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2.9 Dynamic light scattering analysis and {-potential
investigation

Evaluation of hydrodynamic diameter, size distribution and
colloidal stability of 5-FU/Liposomes and SPION/5-FU/Micelles
was achieved by using a Zetasizer Nano ZS, Malvern Instru-
ments Ltd., Worcestershire, UK (DTS 5.00). In particular, size
and size distribution, in terms of polydispersity index (PDI),
were determined by means of dynamic light scattering (DLS)
measurements, after sample dilution in demineralized water. A
laser Doppler velocimetry (LDV) was used to perform the ¢-
potential measurements and record the surface charges of the
samples after their dilution in KCl aqueous solution (1 mM). All
reported data are presented as mean values + standard devia-
tion (three replicates).

2.10 Transmission electron microscopy investigation

Morphological characterization of SPIONs, 5-FU/Liposomes
and SPION/5-FU/Micelles was achieved by means of TEM
investigation. A Jeol JEM-1011 microscope, working at an
accelerating voltage of 100 kV, was used and TEM images were
acquired by an Olympus Quemesa Camera (11 Mpx). The
samples were prepared by dropping on the 400 mesh amor-
phous carbon-coated Cu grid a SPION chloroform dispersion or,
alternatively, a micelle or liposome aqueous suspension, and
letting the solvent to evaporate. For the positive staining TEM
analysis, after the sample (liposome or micelle) deposition, the
grid was dipped in a 2% (w/v) phosphotungstic acid solution for
15 seconds. Ultrapure water was used to remove the excess of
staining agent. Finally, the sample on the grid was left to dry
overnight and stored in a vacuum chamber until analysis. For
the negative staining TEM investigation, after the sample
(liposome or micelle) deposition, 5 pL of a 2% (w/v) phospho-
tungstic acid solution were cast on a grid and left for 30
seconds. Subsequently, staining agent excess was removed by
blotting, at the edge of the grid, with filter paper, wetted with
ultrapure water. When the sample was completely dried, the
grid was kept in a vacuum chamber until observation.

2.11 Field emission scanning electron microscopy
investigation

M-14, CaCo-2 and CoL0205 cells were seeded on 1 cm? silicon
chips (Ted Pella Inc.) at a density of 5 x 10 cells per well in 6-
well plates and at a sub-confluent density, were exposed to
liposomes or micelles formulation with a 3 uM 5-FU concen-
tration, for 6, 9, 24 and 48 hours. For fixation procedures, the
cells were treated with 3% glutaraldehyde in PBS (1 hour at 4 °C)
and after incubated for 1 hour at room temperature in 1% OsO,.
Afterwards, the samples were washed several time with 0.005 M
of sodium cacodylate, pH 7.2 and to complete the dehydratation
process gradually passed through acetone solutions of
increasing concentration ranging from 20% to 100% for 10
minute each passage. After this process, samples were
completely dried and finally, were coated with a thin Au film
using a sputter coater (208HR High Resolution Sputter Coater,
Ted Pella Inc.). The same fixation procedure was carried out

This journal is © The Royal Society of Chemistry 2019
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after deposition on silicon chips of free 5-FU/Liposomes and
SPION/5-FU/Micelles and used as control together with the
untreated cells. The fixed cells were visualized by using a Zeiss
Sigma FE-SEM, equipped with an in-lens secondary electron
detector. The samples deposited on silicon chips were fixed to
stainless-steel sample holders by using double-sided carbon
tape. A uniform Au metal coating of few nanometers was
deposited on the samples placed on silicon chips by using
a turbomolecular pumped SC7620 Mini Sputter/Glow Discharge
System of Quorum Technologies. The overall FE-SEM
measurements on the samples were acquired at constant EHT
value of 3.00 kV and at working distance (WD) ranging from 1.8
to 3 mm. The FE-SEM micrographs presented for each experi-
ment were selected as representative of a set of pictures
collected on each sample resulting from three replicates of the
same experiment and, on the same sample in replicated
analysis.

3. Results

3.1 5-FU loaded lipid based nanoformulation

Two different lipid based nanoformulations were designed,
prepared and loaded with the 5-FU, namely PEG functionalized
liposomes and micelles (5-FU/Liposomes and SPION/5-FU/
Micelles), in order to obtain colloidal nanovectors able to act
as nanostructures suitable for their detection on cell surface by
FE-SEM technique, thus allowing visualization of their inter-
actions with cells and the time evolution of morphological
changes of cells exposed to them. Compared to the therapeutic
5-FU/Liposomes, the micelles loaded with SPIONs, along with
the drug cargo, are expected to be more effectively imaged by
FE-SEM technique, due to the inorganic chemical nature of
SPIONS, being formed of a solid, dense material entrapped in
the soft micelles. The encapsulation of the robust inorganic
SPIONs in the micelles should favour the retention of the
original shape and volume of the soft nanovectors, that are
generally characterized by a high susceptibility to shrinkage

a Micelles Loaded b
with 5-FU and SPIONs

"

Liposomes Loaded
with 5-FU

C 4 o}
SAS [ NH (‘ ‘2
> N/&O | 4
H
SPIONs 5-FU Empty Micelle Empty Liposome

Fig. 1 Schematic representation of SPION/5-FU/Micelles (a) and 5-
FU/Liposomes (b), according to the legend reported in (c).
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Fig. 2 TEM micrograph (a) and picture (c) of a vial containing
a dispersion of ‘as synthesized” SPIONSs. Size distribution obtained by
DLS of the 5-FU/Liposomes (blue line) and SPION/5-FU/Micelles (red
line) (b). ¢-Potential values obtained for 5-FU/Liposomes and SPION/
5-FU/Micelles (d).

when undergoing to the drying and fixation procedure, which is
strictly preliminary required for FE-SEM measurements.

The scheme (Fig. 1) depicts the 5-FU/Liposomes and SPION/
5-FU/Micelles, both encapsulating drug, and micelles hosting
SPIONs with average diameter of about 9 nm and super-
paramagnetic behaviour (Fig. 2a and c). After their preparation,
5-FU/Liposomes and SPION/5-FU/Micelles were extensively
characterized by means of DLS, TEM and FE-SEM in order to
investigate their size uniformity and morphology. Furthermore,
{-potential analysis was performed to evaluate the colloidal
stability in aqueous media of the prepared samples.

In Fig. 2b, DLS investigation provided an average hydrody-
namic diameter of 145 nm (PDI = 0.212 + 0.004) and of 185 nm

Fig. 3 TEM micrographs of SPION/5-FU/Micelles (a) and 5-FU/Lipo-
somes (b), obtained with positive (a and b) and negative (inset (a), inset
(b)) staining, respectively. FE-SEM micrographs of SPION/5-FU/
Micelles (c) and 5-FU/Liposomes (d).
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(PDI = 0.238 + 0.007) for SPION/5-FU/Micelles and 5-FU/
Liposomes, respectively. The (-potential values reported in
Fig. 2d indicated a high colloidal stability of both the lipid
based nanoformulations in aqueous solution. TEM micro-
graphs of SPION/5-FU/Micelles and 5-FU/Liposomes obtained
with positive (Fig. 3a and b) and negative (inset Fig. 3a and b)
staining showed, for both formulations, the presence of quite
spherical nanostructures. In the case of micelle based nano-
formulations, the TEM micrograph recorded after negative
staining (inset Fig. 3a) points out the presence of aggregates
reasonably formed of spherical, regular and uniform in shape
SPIONSs, encapsulated in each micelle, as clearly detectable
thanks to the higher contrast of the inorganic domain respect to
the organic components. In the case of liposome based nano-
formulations, the bilayer typically ascribed to a liposome
structure can be appreciated in the TEM micrograph recorded
after negative staining (inset Fig. 3b).

Furthermore, TEM micrographs obtained with positive
staining show nanostructures with diameters ranging from 50
to 130 nm for the SPION/5-FU/Micelles (Fig. 3a) and from 60 to
170 nm for 5-FU/Liposomes (Fig. 3b), respectively. The results of
the FE-SEM measurements performed on SPION/5-FU/Micelles
are also in a good agreement with the TEM analysis,
providing comparable diameter values (Fig. 3a and c).
Conversely, in the case of liposomes, FE-SEM analysis displays
spherical structures with sizes ranging from 30 to 100 nm
(Fig. 2b (blue line), 3b and d). The initial concentration of 5-FU
in micelles and liposomes was found to be about 1.6 mM, as
determined by means of UV-Vis absorption spectroscopy. The
two nanoformulations resulted characterized by comparable
drug encapsulation efficiency (EE%), being of about 43% and
45% for 5-FU/Liposomes and SPION/5-FU/Micelles, respectively
(Fig. 4a).

A burst in the drug release up to of 7 and 14%, for liposomes
and micelles, respectively, was observed over the first 4 h. In
both cases, the 5-FU was released by desorption from liposomal
or micellar surface and diffusion into the PBS solution.*® The
release profiles of both liposomes and micelles revealed
a gradual and sustained release of 5-FU from the nanovectors

a

Formulation Micelle

Based
4516

Liposome
Based

Drug EE (%) 4316

I
o

N

o

5-FU Concentration in Liposomes (mM)
4 ¢ o B
o 2
5-FU Concentration in Micelles (mM)
o
®

P

o

o
>

o

10

PR )
Time (h)

5

10 20 30
Time (h)

Fig. 4 Drug EE% values obtained for 5-FU/Liposomes and SPION/5-
FU/Micelles (a). In vitro drug release profile kinetics of 5-FU from 5-FU/
Liposomes (b) and SPION/5-FU/Micelles (c) as function of the time, at
37 °C. Data are provided as a mean value + standard deviation
calculated on three replicates.
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up to 12% and 31% at 48 hours for 5-FU/Liposomes and SPION/
5-FU/Micelles, respectively (Fig. 4b and c).

3.2 Invitro FE-SEM investigation

CaCo-2, CoLo-205 and M-14 cells were incubated with 5-FU/
Liposomes and SPION/5-FU/Micelles to investigate the effect
of the incubation time (6, 9, 24 and 48 hours) on their inter-
actions with cells. Cells at sub-confluent density were used,
since CaCo-2 and CoLo-205 cells at confluent density develop
a monolayer with numerous microvilli, whose substructures
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could interfere with the proper observation of the NP adsorp-
tion onto cell membrane surface.’**”

FE-SEM analysis performed on the untreated cells clearly high-
lights the difference in morphology of the three selected cell lines
after undergoing the same fixation, dehydration and metallization
procedure, preliminary required for the microscopy investigation. In
Fig. 5, all the cell lines appear adherent cells on the substrate,
indicating their healthy condition. However, CaCo-2 and M-14 cells
seem completely flat, while, in the centre of the flat CoLo-205 cell
body, the nucleus protrudes, assuming a clearly detectable spherical
shape. Furthermore, CaCo2 and CoLo-205 cells appear

CaCo-2

ColLo-205

M-14

Untreated cells

Fig. 5 Representative FE-SEM micrographs (EHT = 3.00 kV) and their corresponding close-up details at higher magnification of untreated

CaCo-2 (a and ay), ColLo-205 (b and by) and M-14 cells (c and ¢y).
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characterized by elongated narrow shape and by the presence on the
surface of small pseudopodia, which are replaced by microvilli upon
long term culture. Conversely, M-14 cell result large and with
roughly oval shape.

All the cell lines were treated with 5-FU/Liposomes and
SPION/5-FU/Micelles, respectively, at 3 uM 5-FU concentration,
for 6,9, 24, and 48 hours. 3 tM was tested as drug concentration
since this value falls within the range of clinically relevant
concentrations of 5-FU (0.1 to 10 uM).* Fig. 6 shows as, after 6
hours exposure to the two different nanoformulations, CaCo-2,
CoL0205 and M-14 cells present a distinct change in
morphology with respect to the controls. FE-SEM observation
enables a distinct evaluation of any alteration in morphological
features (size, shape, aspect ratio, nuclear/cytoplasmic ratio,
number of pseudopodia, cell to cell adherence and cell adher-
ence to culture substrates) induced by treatment with 5-FU
loaded nanovectors, respect to control cells (Fig. 5).

Indeed, after 6 hours of cell incubation with 5-FU/Liposomes
and SPION/5-FU/Micelles, the FE-SEM micrographs reported in
Fig. 6 clearly show that, in both cases, the cells are not as flat as the
respective controls, thus indicating that the exposure to the two the
5-FU based nanoformulations induces a rounding-up of the cells. A
different geometry of the treated cells is evident with respect to the
untreated cells (Fig. 5). In particular, the CaCo-2 and CoL0-205 cells
lose their elongated shape and assume a spindle-shaped
morphology, especially in the case of treatment with SPION/5-FU/
Micelles (Fig. 6a, b, d and e). Conversely, the M-14 cells appear
more resistant than the human colon cancer cells, since they more
effectively retain their original morphology. Moreover, a substantial
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increase in the number of pseudopodia is observed comparing the
FE-SEM micrographs of the treated cells with those obtained from
the untreated ones (Fig. 5 and 6), thus indicating that the cells,
although stressed after nanoformulation treatment, are still alive.*
Remarkably, the Fig. 6 allows to evaluate the differences in the cell
uptake visualization of SPION/5-FU/Micelles (Fig. 6a, a;, b, b; and c,
¢,) and 5-FU/Liposomes (Fig. 6d, di, e, e; and f, f;). For the CaCo-2
and Colo-205 cells the adsorption of liposomes based formulation
at the cell surface is not so clearly detectable as observed in the case
of the micelle based counterpart. In particular, individual SPION/5-
FUMicelles adherent to the membrane surface can be visibly
detected, conversely to what happens in the case of liposomes, that,
as evident in the close-up inset, appear fused, to different extent,
with cell membrane. In M-14 cells, the behaviour of both the
nanoformulations appears comparable, since SPION/5-FU/Micelles
and 5-FU/Liposomes are adherent to the cell membranes but still
preserve their individuality, without fusing with them (Fig. 6c, ¢;
and f, f,).

For all the investigated samples, the SPIONs containing micelles
seem effectively to better preserve their original size respect to
liposomes loaded only with drug, upon the drying and fixation
process required for the FE-SEM investigation, finally resulting in
a clearer visualization of the interactions cells-micelles.

Fig. 7 shows the cell response after 9 hours of incubation with
the two nanoformulations. Cell are rounded and a significant
reduction of the number of pseudopodia is clearly observed,
along with an induction of apoptosis, that indicate the beginning
of a cell cycle arrest process, after 9 hours cell incubation with
micelles and liposomes, for all the investigated cell types.*® In

ColLo-205 CaCo-2

M-14

," A
% i <

Micelles Loaded with 5-FU and SPIONs

®

After 6 hours treatment

Liposomes Loaded with 5-FU

Fig. 6 Representative FE-SEM micrographs (EHT = 3.00 kV) and their corresponding close-up details at higher magnification of CaCo-2 (a, a;
and d, d;), CoLo-205 (b, b; and e, e;) and M-14 (c, c; and f, ) cells after their treatment with and SPION/5-FU/Micelles and 5-FU/Liposomes for 6

hours.
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ColLo-205 CaCo-2

M-14

g} Micelles Loaded with 5-FU and SPIONs Liposomes Loaded with 5-FU

After 9 hours treatment

Fig. 7 Representative FE-SEM micrographs (EHT = 3.00 kV) and their corresponding close-up details at higher magnification of CaCo-2 (a, a;
and d, dy), CoLo-205 (b, by and e, e;) and M-14 (c, ¢, and f, fy) cells after their treatment with SPION/5-FU/Micelles and 5-FU/Liposomes for 9
hours.

addition, cell membrane surface is characterized by the presence a complete internalization of micelles and liposomes within the
of emerging blebbings, that are typical features occurring in cells  cell membrane can be assumed, since they are no longer
undergoing apoptotic cell death.® At 9 hours of treatment detectable.

CaCo-2

Colo-205

M-14

-

o Saaa

f} Micelles Loaded with 5-FU and SPIONs After 24 hours treatment Liposomes Loaded with 5-FU

Fig.8 Representative FE-SEM micrographs (EHT = 3.00 kV) and their corresponding close-up details of CaCo-2 (a, a; and d, dy), CoLo-205 (b, by
and e, eq) and M-14 (c, c; and f, f;) cells after 24 hours treatment with SPION/5-FU/Micelles and 5-FU/Liposomes.
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After 24 h exposure to both the nanoformulations, CaCo-2
cells appear definitely death (Fig. 8a, a; and d, d,), since the
morphology of healthy or stressed cells (Fig. 5a, a; and 6a, d,) is
completely lost and only cell fragments into apoptotic bodies
can be observed. CoLo-205 cells treated with SPION/5-FU/
Micelles seem to be still alive (Fig. 8b,), while 5-FU/Liposomes
had a toxic effect leading to death the CoLo-205 cells, that
were visible as amorphous non-living structures. Indeed, the
complete loss of pseudopodia structures, that are useful also for
cell adhesion, is evident (Fig. 8e and e;). The M-14 cells appear
still alive upon 24 hours treatment with both the nano-
formulations, since the corresponding micrographs show as the
cells remain adherent to the substrate and the morphology of
whole cells, though strongly altered, appears still detectable
(Fig. 8c, c; and f, f;).

After 48 hours incubation, CaCo-2 cells treated with SPION/
5-FU/Micelles could not be imaged, as cells were broken and
completely fragmented, while, when treated with 5-FU/
Liposomes, cells can be still imaged and appear dead (Fig. 9d
and d,). Similarly, Colo-205 cells exposed to 5-FU/Liposomes
were not imaged, as fully fragmented, while when treated with
micelles a kind of morphology can be still detected, although
a reduction in the number of pseudopodia is clearly visible
(Fig. 9b and b;). Micrographs of M-14 cells after 48 hours
incubation with both nanoformulations indicates that the cells
are dead, with portions of the cell body and the membranes still
visible (Fig. 9¢, ¢; and f, f;).

In the ESIT representative micrographs obtained by means of
FE-SEM analysis performed on the three cell lines after their
incubation with free 5-FU for 24 and 48 hours were reported, to
compare the effects on the cell morphology of the drug when
delivered by nanoformulations or free. In the FE-SEM micro-
graphs reported in Fig. S1-S3 (ESI}) for each tested line, the
cells appear characterized by a spindle-shaped morphology,
especially in the case of CaCo-2 and CoLo-2 cells, their pseu-
dopodia are well detectable and, consequently, the cells are
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alive after their treatment with free 5-FU for 24 hours.
Furthermore, after 48 hours from the treatment with 5-FU, the
cells, were observed, though altered in their morphology, still
adherent to the substrate, and hence alive.

3.3 Invitro cell viability and proliferation study

The effect of the two lipid-based nanoformulations on the
metabolic activity of the three selected cell lines was also
investigated by performing MTS cell proliferation assay. In
particular, cell viability was evaluated after treatment of CoLo-
205, CaCo-2 and M-14 cells, for 24 and 48 hours, with 5-FU/
Liposomes and SPION/5-FU/Micelles, at drug concentration of
3 uM (Fig. 10).

After 24 h treatment, both nanoformulations induced
a substantial decrease in cell viability of CaCo-2 cells, being it
strongly reduced to 28 and 0.4% (p < 0.001) for SPION/5-FU/
Micelles and 5-FU/Liposomes, respectively (Fig. 10a and b,
dark green histogram). Similarly, a significant reduction (p <
0.001) in cell viability, down to 40% was recorded for CoLo-205
cells treated with 5-FU/Liposomes, while, in the case of SPION/
5-FU/Micelles, the vitality of CoLo-205 cells was affected only to
a limited extent (decreasing down to 90%) in comparison with
that of the control (Fig. 10a and b, blue histogram). Cell viability
values higher than 50% were observed in the case of M-14 cells
upon 24 hours treatment with both the nanoformulations, since
approximately 30% and 45% reduction in cell viability (p <
0.005) was recorded for SPION/5-FU/Micelles and 5-FU/
Liposomes, respectively (Fig. 10a and b, light brown histo-
gram). After a 48 hours treatment, the MTS assay indicated, for
both nanoformulations, a drop in cell viability consistently
larger than 50% for all the three tested cell lines. In particular,
80 and 90% of CoLo-205 cells were dead after their treatment
with SPION/5-FU/Micelles and 5-FU/Liposomes, respectively
(Fig. 10a and b, light blue histogram). In the case of CaCo-2
cells, a dead cell percentage of 85% was recorded after cell
incubation with SPION/5-FU/Micelles, while the treatment with

ColLo-205

M-14

Micelles Loaded with 5-FU and SPIONs

After 48 hours treatment

¢-oJe)

4%

Liposomes Loaded with 5-FU

Fig. 9 Representative FE-SEM micrographs (EHT = 3.00 kV) and their corresponding close-up details, at higher magnification, of CoLo-205 (a
and a,) cells after 48 hours treatment with SPION/5-FU/Micelles, CaCo-2 (b and b,) cells after 48 hours treatment with 5-FU/Liposomes, and M-
14 (c, ¢y and d, d,) cells after 48 hours treatment with SPION/5-FU/Micelles and 5-FU/Liposomes, respectively.
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Fig. 10 Viability data obtained from MST assay for CoLo-205, CaCo-2, and M-14 cells, after incubation, for 24 and 48 hours, with SPION/5-FU/
Micelles (a) or 5-FU/Liposomes (b), respectively, at 5-FU concentration of 3 uM. Untreated cells (CTR) were used as control. Data presented as
mean =+ standard error calculated by performing three independent experiments in triplicate. Statistical significance analyzed using Student's t-

test (#p < 0.005; *p < 0.001 vs. control).

FU/Liposomes induced about 100% cell death (Fig. 10a and b,
light green histogram). Finally, the percentages of dead cells
were of 74 and 78% for M-14 cells treated with SPION/5-FU/
Micelles and 5-FU/Liposomes, respectively (Fig. 10a and b,
yellow histogram).

Furthermore, the effect of SPION/5-FU/Micelles and 5-FU/
Liposomes on cell viability of the three selected cell lines was
also evaluated by immunofluorescence staining of Ki-67, that is
a marker extensively used to investigate on cancer cell prolif-
eration, in order to overcome the occurrence of possible over/
underestimation of cell viability which may possibly affecting
MTS assay.’>*

Namely, Ki-67 expression in CoLo-205, CaCo-2 and M-14
cells was analyzed after cell incubation, for 24 and 48 hours,
with the two lipid based nanoformulations.

Subsequently cells were fixed and treated with primary anti-
Ki67 antibody and finally with green-fluorescent labelled
secondary antibody. The confocal microscopy analysis revealed
that untreated cells, used as control at 24 and 48 hours, resulted
Ki-67 positive, therefore indicating a proliferation state, as
pointed out by the intense highly detectable green fluorescent
signal in the nuclear and/or cytoplasmic regions, for all the
three investigated cell lines (Fig. 11, 12, 13 and 14, Panel a, ;-
1,3, b1,1_b1,3 and C1,1—C1,3)-

After 24 hours cell treatment with both the nano-
formulations, a reduction of the number of cells, indicated by
the blue stained nuclei, and of the green fluorescence spots was
observed for all the investigated cell lines, compared to the
corresponding control. In particular, the reduction of cell

This journal is © The Royal Society of Chemistry 2019

number and decrease of intensity of the green fluorescence
signals were much more evident for CoLo-205 cells upon
treatment with both the nanoformulations, while Ki67 expres-
sion decreased down to undetectable level in CaCo-205 cells,
after their incubation with SPION/5-FU/Micelles and 5-FU/
Liposomes (Fig. 11 and 12, Panel a,;-a,3 and b,;-b,;).
Conversely, confocal microscopy images of M-14 cells revealed
the presence of still considerable number of nuclei and the
occurrence of highly marked green fluorescence after cell
treatment with SPION/5-FU/Micelles and 5-FU/Liposomes for
24 h (Fig. 11 and 12, Panel ¢, ;-c, 3). After 48 hours treatment
with SPION/5-FU/Micelles and 5-FU/Liposomes, all cells resul-
ted clearly Ki-67 negative, thus indicating the cells resulted
anyhow in non-proliferating and/or in cycle-arrested states
(Fig. 13 and 14, Panel a, 1-a, 3, b, 1-b, 3 and ¢, 1—¢, 3).

4. Discussion

5-FU is a chemotherapeutic drug typically used in colon and
gastric cancer treatment, as the conversion of 5-FU into specific
nucleotides is ideal to achieve optimal antitumor effect (Fig. 1c).
5-FU rapidly enters the cell by means of the transport mecha-
nism, analogously to uracil.>* The anticancer effect is expressed
through the inhibition of the thymidylate synthase (TS) and
incorporation of its metabolites into RNA and DNA.* However,
the occurrence of several concomitant side effects represents
significant drawbacks for the cancer therapy. The development
of drug based nanoformulations represents a new frontier for
the cancer therapy, providing a fundamental benefit and
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Fig. 11 Immunofluorescence staining of Ki-67 in CoLo-205, CaCo-2, and M-14 cell lines, after incubation for 24 hours with SPION/5-FU/

Micelles. Representative confocal microscopy images of cells in the green (Panel a,,, b, > and c;,) and blue detection channel (Panel a, 3, b, 3
and c, 3) after 24 hours of incubation time with SPION/5-FU/Micelles. Overlay of green and blue fluorescence (Panel a1, b, 1 and ¢, 1). Control:
untreated ColLo-205 (Panel a; 1, a1 and a; 3), CaCo-2 (Panel by 1, by » and by 3) and M-14 (Panel ¢y 4, ¢1, and ¢ 3) cells. Scale bar 50 pm.

reduced side effects on cancer cell treatment.*® Here, the
possibility of imaging and monitoring by means of FE-SEM
systematic time course investigation, the adsorption to
cellular membrane and interactions with cells of the two lipid
based nanosystems, namely SPION/5-FU/Micelles and 5-FU/
Liposomes (Fig. 1), is reported. In particular, the morpholog-
ical changes and apoptotic effects induced by the two nano-
formulations on the three different selected cancer cell lines,
namely CaCo-2, CoLo-205 and M14 cells, were investigated.

Overlay

CaCo-2 and CoLo-205 cells are human colorectal cancer cell
lines, which have been widely used as representative models to
investigate tumor biology, pharmacological agents, and
biomarkers.*> CaCo-2 cells are able to differentiate into
a monolayer of cells like absorptive enterocytes with brush
border layer typical of small intestine, useful to better under-
stand the change of morphology when the cells was treated with
drugs or other compound.*® For this reason, CaCo-2 cell line has
been exploited for a range of applications, including also

Overlay

Colo 205

M-14

CTR

Fig. 12

S0¢ 07100

INCUBATION WITH 5-FU/LIPOSOMES FOR 24 h

Immunofluorescence staining of Ki-67 in CoLo-205, CaCo-2, and M-14 cell lines, after incubation for 24 hours with 5-FU/Liposomes.

Representative confocal microscopy images of cells in the green (Panel a; 5, b, and ¢, 5) and blue detection channel (Panel a, 3, b, 3 and ¢ 3)
after 24 hours of incubation time with 5-FU/Liposomes. Overlay of green and blue fluorescence (Panel a, 4, b,; and c; ). Control: untreated
Colo-205 (Panel ay 4, a;» and a; 3), CaCo-2 (Panel by, by » and by 3) and M-14 (Panel ¢y 4, ¢ and ¢y 3) cells. Scale bar 50 pm.
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Immunofluorescence staining of Ki-67 in CoLo-205, CaCo-2, and M-14 cell lines, after incubation for 48 h with SPION/5-FU/Micelles.

Representative confocal microscopy images of cells in the green (Panel a; 5, b, > and ¢, ») and blue detection channel (Panel a, 3, b, 3z and ¢ 3)
after 48 h of incubation time with SPION/5-FU/Micelles. Overlay of green and blue fluorescence (Panel a4, b1 and c, ). Control: untreated
ColLo-205 (Panel a; 1, a;» and ajy 3), CaCo-2 (Panel by, by > and by 3) and M-14 (Panel c; 3, c1 > and ¢y 3) cells. Scale bar 50 um.

different studies on the potential toxic effects of drug or food
metabolites, as reported in literature.?”

CoLo-205 cell line is characterized by unique morphological
features. Namely, this cell line displays cuboidal morphology
under optical microscope, but with subsequent cell passage has
been reported to turn mainly into rounded shape objects clus-
tering in suspension along with cuboidal cells in the mono-
layer.*® Conversely, M14 cell line represents an effective model,
well suited to investigate the metastatic process in human

Overlay

CaCo2

melanoma.* It has been reported that M 14 cells are large and
characterized by an oval or short spindle-shape morphology.*
On these bases, the three cancer cell lines were selected as
suitable model systems for the evaluation of drug-induced
morphological cell differentiation after their treatment with
the two nanoformulations. Here, 5-FU loaded liposomes and
superparamagnetic iron oxide nanoparticles (SPIONs) contain-
ing micelles were prepared and their cell interactions and
internalization were investigated. Micelles and liposomes are
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Fig. 14 Immunofluorescence staining of Ki-67 in CoLo-205, CaCo-2, and M-14 cell lines, after incubation for 48 hours with 5-FU/Liposomes.

Representative confocal microscopy images of cells in the green (Panel a; 5, b, and ¢, 5) and blue detection channel (Panel a, 3, b, 3 and ¢ 3)
after 48 hours of incubation time with 5-FU/Liposomes. Overlay of green and blue fluorescence (Panel a, 4, b,; and c; ). Control: untreated
Colo-205 (Panel ay 4, a;» and a; 3), CaCo-2 (Panel by, by » and by 3) and M-14 (Panel c1 4, ¢ and ¢y 3) cells. Scale bar 50 pm.
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widely exploited drug delivery nanovectors and here the two
proposed nanoformulations were selected as appropriate
candidates to be investigated and tested for the detection of any
possible differences between the cell interactions of the SPIONs
loaded vector (micelles) and the SPION free counterpart (lipo-
somes). Indeed, both the nanoformulations were found to
present very comparable EE% values and hydrodynamic diam-
eters falling in the same range (100-200 nm). In particular, TEM
and SEM investigation performed on SPION/5-FU/Micelles
essentially confirmed the findings achieved by DLS.
Conversely, in the case of the 5-FU/Liposomes, the size values
resulting from the SEM analysis are significantly smaller than
those obtained by TEM and DLS investigation. Such a discrep-
ancy can be reasonably explained taking into account the soft
nature of the liposome based nanoformulations, composed of
lipids and loaded with only 5-FU. As expected, liposomes shrank
more than the 5-FU and SPIONs loaded micelles, due to the
drying and fixation process required to perform FE-SEM char-
acterization, that ends up in an evident final size reduction.
The micelles based nanostructures, encapsulating in their
core the solid inorganic SPIONs clusters, limited their
shrinkage, better preserving their pristine volume and size, in
spite of the drying and fixation process on the silicon chip. The
overall results obtained by the time course FE-SEM investiga-
tion performed over the cell incubation period with the nano-
formulations, enabled a clear imaging of the drug induced
subcellular changes, a timely and effective understanding of the
cell response induced by cell treatment with SPION/5-FU/
Micelles and 5-FU/Liposome, respectively. Upon 6 hours incu-
bation of the three cell lines with each of the two nano-
formulations, in all cases the cells were found rounded.
Spherical nanostructures can be clearly revealed in a significant
amount onto the surface of cytoplasmic membrane of the three
different cell lines after cell exposure to SPION/5-FU/Micelles
(Fig. 6a, a4, b, b; and c, c¢;). Conversely, for the CaCo-2 and
Colo-205 cells the liposome appear fused with cell membrane
(Fig. 6d, d; and e, e,). In M-14 cells (Fig. 6¢, ¢; and f, f;), as in the
case of SPION/5-FU/Micelles, spherical 5-FU/Liposomes are still
able to retain their individuality, thus resulting clearly detect-
able on cell membranes. Anyhow, any spherical nanostructures
can be detected onto the surface of the untreated cells that were
used as control (Fig. 5). Furthermore, a drug induced cell
morphology modification was noticed for all tested cell lines, as
pseudopods resulted much more numerous and more
randomly projected with respect to the control cells, being
reasonable accounted as an attempt of the cell to survive
remaining anchored to the substrate. In particular, for the two
metastatic cell lines, CoLo-205 and M-14 cells, pseudopods were
found longer and more numerous than in the case of the
primary tumor CaCo-2 cell line, being decorated with several
nanostructures when treated with both the micelle and the
liposome based formulation. Moreover, the nanostructures
detected upon exposure to the SPION/5-FU/Micelles nano-
formulation resulted larger than those imaged upon incubation
with SPION free 5-FU/Liposomes based formulation, likely due
to the presence of the dense solid inorganic SPIONs
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encapsulated in the micellar core, preventing the structure
shrinkage upon fixation (Fig. 6).

After 9 hours incubation, a significant conformational
alteration was detected for each cell lines, as the cells assumed
a rounded shape, with appearance of blebbings and a drastic
reduction of pseudopodial attachments and anchor points
(Fig. 7). These peculiar features univocally indicate that the two
nanoformulations, while any longer detected onto cell
membranes, after 9 hours of incubation exhibited their toxic
effect, as definitely assessed by the beginning of the apoptosis
process. It is worth to point out as such peculiar morphological
modifications, which were found to finally lead to cell death,
can only be detected by means of electronic microscopy
imaging, since the morphology of the nanostructures and the
cell membrane surface modifications, are too small to be
investigated and imaged by optical microscopy.

These results are further supported by the images recorded
at 24 ad 48 hours of cell incubation with the two nano-
formulations, when an even higher amount of drug is expected
to be released, not only by burst effect but also as consequence
of the internalization of nanoformulations. It is reasonable that
the drug release occurs already starting after 9 hours, when the
nanovectors no longer detectable on the cell membranes, are
assumed to be completely internalized. Such phenomena take
place concomitantly with the appearance of the cytotoxic
effects. Already after 24 hours treatment with both the nano-
formulations, CaCo-2 cells resulted dead, with no significant
differences in the cell response to the micelles and the lipo-
somes, respectively. At 24 hours, the CoL0205 cells incubated
with liposomes already died, while the same cells seem to be
still alive after incubation with micelles. This result suggests
that the liposomes based nanoformulation seem to be more
efficacious in the case of the CoLo-205 cells treatment. In the
case of the M14 cells, the cell death was observed only after 48
hours, without any difference in the efficacy of the liposomes
and micelles as 5-FU delivery system. Interestingly, the death of
cells by FE-SEM technique can be evaluated by observing some
amorphous body fragments without function and the loss of
cell morphology, which represents a crucial feature for the cell
survival. Interestingly, the results obtained by FE-SEM investi-
gation on the cells treated with free 5-FU, that appeared still
alive after 48 hours treatment (ESI), suggest that the anticancer
effect of the 5-FU is enhanced when delivered by means the two
lipid based nanovectors. Further investigation will be per-
formed in the future to definitively validate this achievement.

The FE-SEM investigation, that visually accounts the time
dependent apoptotic effects of the two proposed lipid based
nanoformulations on the three investigated cancer cell lines,
were validated by performing two conventional assays, namely
the MTS assay and immunofluorescence staining of Ki-67
protein, that represent well-established methods to evaluate
the cell viability and cell proliferation, respectively. MTS assay
indicated that both the SPION/5-FU/Micelles and the 5-FU/
Liposomes induced the death of more 70 and 90% CaCo-2
cells, respectively, already after 24 hours treatment.
Conversely, the toxic effect of 5-FU/Liposomes on CoLo-205
cells, after 24 hours treatment, was more prominent than that

This journal is © The Royal Society of Chemistry 2019
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of SPION/5-FU/Micelles, thus mainly corroborating the SEM
results.

Remarkably, MTS assay confirmed that the treatment for
48 h with SPION/5-FU/Micelles and FU/Liposomes induced the
death of the most cells, on the all three investigated cell line,
according with the SEM investigation.

Furthermore, immunofluorescence staining of Ki-67 antigen
in cells represented a valuable tool suited for investigating cell
proliferation occurring upon cell treatments with the two lipid
based nanoformulations. Ki-67 is generally described as
a nuclear protein, that is involved in the regulation of cell
division that is involved in the regulation of cell division.”””** In
spite of numerous studies, the exact localization of the Ki-67
antigen in cell is not fully yet understood, however its cellular
distribution has been found strongly dependent on the cell-
cycle.®® Recently, membranous and cytoplasmic Ki-67 expres-
sion has been described in immunohistochemical studies
carried out on tissues affected by different tumors.®*> Based on
these premises, both the nuclear and cytoplasmic localization
of this cell proliferation marker was observed, especially in the
investigated metastatic cell lines, namely CoLo-205 and M-14
cells. Conversely, in the case of CaCo-2 cells, the localization
appeared granular, polarized and nuclear. After 24 hours
treatment of CaCo-2 cells with both the nanoformulations, the
number of nuclei was strongly reduced with respect to the
corresponding cell control, thus suggesting that several cells
were dead. On the contrary, the confocal microscopy images of
CoLo0-205 cells treated with SPION/5-FU/Micelles for 24 hours
showed the presence of considerable number of nuclei, though
a weak staining of Ki-67 antigen could be still detected. In the
case of CoLo-205 cells treated with 5-FU/Liposomes for 24
hours, the number of nuclei appeared strongly reduced in
comparison with control cells and the green fluorescence was
strongly decreased (Fig. 11 and 12, Panel a, ;-a, 3 and b, 1-b, 3).
The weak green florescence observed for CoL0205 cells can be
ascribed to cells in cycle-arrested state. Indeed, it has been re-
ported that arrested cells could also stain positively for Ki-67
cells, owing to retention and slow disappearance of the
protein in non-proliferating cells.** The immunofluorescence
staining of Ki-67 antigen performed on M-14 cells also
confirmed that the most of them reached the cycle arrested
state only after treatment with both the nanoformulations for
48 hours. The lack of any undetectable green fluorescent signal
in confocal microscopy images of CaCo-2 and CoLo-205 cells
after their treatment with SPION/5-FU/Micelles and FU/
Liposomes for 48 hours, proved that the cells were in cycle-
arrested state, thus destined to die. Therefore, the time-
dependent decrease of Ki-67 expression observed by perform-
ing the protein immunofluorescence staining was also in
accordance with the findings obtained MTS assay and,
remarkably by FE-SEM analysis.

5. Conclusions

The presented study, combining multiple integrated micro-
scopic techniques and complementary experiments, demon-
strated that FE-SEM investigation is able to imaging cell

This journal is © The Royal Society of Chemistry 2019
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modification upon the designed nanoformulations exposures,
thus representing a prompt and valuable tool for the in vitro
evaluation of cell response induced by the specific drug deliv-
ered by the two nanovectors, and, ultimately, of their chemo-
therapeutic effects. The obtained results point out that the
proposed lipid based nanoformulations hold a great promise as
efficient delivery systems, although they are worth to be more
deeply investigated for their potential use in the treatment of
colon cancer.

More importantly and interestingly, the here described study
highlighted that an extensive application of FE-SEM imaging,
still not generally exploited for investigating the pharmacolog-
ical effects of new nanoformulations, could be further devel-
oped for an ingenious integration with multiple,
complementary established techniques to better address cancer
therapy.
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