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ABSTRACT

Herein was conducted a compelling structural analysis of magnetite nanoparticles
(NPs) coated with dodecyl amine (DDA), compared with uncoated magnetite,
both previously synthesized by an accelerated one-pot synthesis, starting from
a single iron precursor. XRD/TEM results for the obtained nanomaterial Fe;O,@
DDA showed the predominance of Fe®* cations on the most stable atomic plane
of magnetite (111). Using Molecular Dynamics calculations, with the observed
atomic dispositions as inputs, it was established that NPs’ surface and DDA might
interact by short-distance coordination, with DDA as a ligand of Fe>* cations, or
by long-distance adsorption via H-bonding. The simulations align with TEM
images, revealing an amorphous contour corresponding to the organic coating
arranged as a bilayer. The TGA analysis corroborated a dual mass loss profile
relating to the DDA bilayer at 116 °C and 350 °C. The Fe;O,@DDA NPs’ magnetic
properties (saturation magnetization (M,) and coercivity field (H,)) were pre-
served. Fe;O,@DDA exhibited a reduction of 3 emu/g in M, and an increment of
12 Oe in H,, compared with Fe;O, NPs, attributable to the coating inhomogeneity
and the consequent anisotropy rise. Fe;O,@DDA triggered concentration-depend-
ent cytotoxic effects on the human hepatocarcinoma cell line HepG2. At 50 pg/
mL after incubation of 48 h, cell viability was 63% <, whereas at 72 h only 30%
of cells were viable. At 300 pg/mL, less than 10% of HepG2 cells remained viable
after 24 h of incubation. In the case of Fe;O, NPs assessed in the same cell line,
cell viability remained as high as 80% at 300 pg/mL during 72 h of incubation.
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Trypan blue assay suggests membrane integrity damage as the primary mecha-
nism of HepG2 cell death. Even though the in vitro results herein presented are
preliminary, they represent the first report of the cytotoxic effect of magnetite

coated with a nitrogenous surfactant.
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Introduction

The significant advances in synthetic approaches have
brought new horizons in the design and engineering
of tailored materials at the nanometer scale through
precise control over size, shape, composition, and
surface properties [1]. Particularly, magnetic nano-
particles (NPs) have positioned at the forefront of
scientific and technological research in different areas
such as environmental remediation for water treat-
ment and pollutants removal [2, 3], energy and data
storage [4], catalysis [5], magnetic sensing [6, 7] and
biomedical applications [8]. Among magnetic materi-
als, magnetite (Fe;O,) NPs have gathered continuous
scientific interest due to their accessibility and modifi-
ability. Furthermore, its suitable behavior of biocom-
patibility converts the magnetite also to a biologically
attractive material [9]. The surface modification of
magnetite with different coatings such as polymers,
surfactants, or biomolecules, alone or in combination,
under the conception of surface engineering [10], has
played a crucial role in protecting the magnetic core
from oxidation and improving its colloidal stability as
it may reduce in different extents the aggregation by
electrostatic or steric repulsion, but more importantly,
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has allowed inducing controlled responses, either
biological or magnetic, among others. In the field of
nanomedicine, diverse iron oxide organic coated NPs
have been designed as stimuli-response materials
for controlled drug release [11, 12]. Other therapeu-
tic approaches like magnetic resonance imaging and
hyperthermia have also shown progress due to the
possibility of obtaining multifunctional NPs by the
coating of magnetite [13].

Regarding the magnetic response, recent reports
have shown that depending on the functional groups
and thickness, the organic coatings may offer a versa-
tile and effective means of tuning the saturation mag-
netization, the magnetic anisotropy, and coercivity of
magnetic NPs [14] by their ability to reduce the surface
spin disorder, completing some external coordination
sphere sites of the metallic ions [15].

Given the importance of magnetite in different
fields, and the relevance of incorporating organic coat-
ings in the context of surface engineering, we reported
previously a facile one-pot synthesis of Fe;O, NPs,
either uncoated and coated with the surfactant dode-
cyl amine (DDA), starting from FeCl, as a single iron
precursor, and under a non-conventional longitudi-
nal stirring regime [16]. The characterization results
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evidenced the obtaining of magnetite-coated NPs with
nearly spherical shape. The magnetic measurements
showed that the coated NPs (Fe;O,@DDA) exhibited
a higher saturation magnetization (M,) and smaller
coercivity (H,) than the uncoated ones, presumably as
an effect of the reduction in the surface disorder, and
the concomitant decrease in the particle anisotropy, as
observed in other reports [17]. Nevertheless, contrary
results where a decrease in the saturation magnetiza-
tion is observed after surface modification have also
been informed [18]. Therefore, it is of interest to inves-
tigate the correlation between the surface structure
obtained in the synthesis, not only with the magnetic
behavior related to stimulus-response features but
also with the biological profile of these nanoobjects,
which is a very active field of research [19]. In this
regard, uncoated iron oxide NPs have been exten-
sively investigated. Current studies have allowed the
identification of different cellular signaling pathways
affected by their presence [20], and also the possible
cellular death triggered by them has been determined
[21], along with the identification of lysosomes as the
organelles responsible for regulating the nanoparti-
cles’ cellular responses [22]. However, when coatings
are present, cytotoxic cell response may depend on
various factors such as surface chemistry, size, prepa-
ration method, and dose [23, 24]. Consequently, it is
crucial to perform in vitro assays to establish a cor-
relation between the nature of the coatings and their
potential toxicity when considering the application of
coated iron oxide NPs in different therapies.

The present study focuses on the comprehensive
structural characterization of uncoated magnetite NPs
by conducting a detailed analysis of X-ray diffraction
(XRD) and transmission electron microscopy (TEM)
results. We aim to provide relevant information about
the exposed atoms on the magnetite’s most stable and
commonly observed atomic plane (111) to be used as
a tailored magnetic NPs design strategy.

By delving deeper into the structural properties of
uncoated magnetite nanoparticles, we provide signifi-
cant information that can aid in the development of
tailored nanomaterials with enhanced functionalities,
in this case, DDA as a coating to obtain Fe;O,@DDA
NPs.

Therefore, the identified atomic positions of oxy-
gen and Fe®"/Fe?" cations in the unit cell of the NPs
were used as a solid foundation for constructing a
robust theoretical model which provided an overall
understanding of the intricate interactions between the

NPs and the surfactant DDA, unraveling key insights
into the distribution of DDA on the surface of the NP
and the orientation of its polar heads. By employing
advanced molecular dynamics simulations and incor-
porating water molecules into the system, we went
beyond the scope of earlier studies, inquiring into the
dynamic behavior between DDA and the NP [25, 26].
Theoretical findings, supported by structural analysis,
unveiled the interactions between DDA coating and
the surface of the NP that, in turn, were correlated
with the magnetic properties of the magnetite NPs.

In addition, we aimed to explore the biological
behavior of Fe;O,@DDA NPs through the evaluation
of their cytotoxic profile on HepG2 cells as an in vitro
model for hepatocellular carcinoma (HCC). HCC is
recognized as the sixth most prevalent malignancy
and the fourth leading cause of cancer-related deaths
globally [27]. Cell viability assays were evaluated by
the calcein AM/propidium iodide double staining
assay to differentiate between live and dead cells. We
also evaluated the cell viability of Fe;O, NPs as a refer-
ence. In order to approach the cell death mechanism,
we performed the Trypan blue dye exclusion assay.
As far as we know, this is the first examination of
Fe;0,@DDA NPs cytotoxicity in HepG2 cells and it is
also the first time that the cell viability of Fe;O, NPs is
determined through the calcein AM/propidium iodide
double staining assay.

Materials and methods
Synthesis

As described in our previous report [16], Fe;O, NPs
uncoated and coated with dodecyl amine (DDA) may
be obtained by one-pot synthesis, starting from a sin-
gle iron precursor (FeCl,-4H,0) in alkaline aqueous
solution, and open atmosphere conditions. Briefly,
the synthesis is based on adding KOH to an aque-
ous solution of FeCl,-4H,O on a rotary evaporator for
5 min at 90 °C to obtain Fe;O, NPs until reaching a
final pH value of 11. To obtain Fe;O,@DDA, an emul-
sion of DDA and KOH in ultrapure water was formed
and mixed with an aqueous solution of FeCl,-4H,0,
under the same conditions mentioned above. Fe;O, or
Fe;0,@DDA NPs were obtained as a black precipitate,
decanted with a neodymium magnet, washed several
times with water/acetone, and then freeze-dried.

@ Springer
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Structural characterization of Fe;O,
and Fe;O,@DDA NPs

X-ray Powder diffraction

The crystal structure and the spinel phase of Fe;O,
and Fe;0,@DDA were determined through XRD
in a Bruker D8 Advance X-ray diffractometer using
Cu-Ka radiation (A =1.541874 A) operating at 30 kV
and 30 mA with a scanning speed of 0.5° 20/min in
the range of 20°-80°.

Transmission electron microscopy (TEM)

Scanning transmission electron microscopy
(TEM-STEM) was performed in a JEOL ARM-200F
microscope at the LUME@IIM and operated at
200 keV. For image acquisition, the high-angle annular
dark-field (HAADF) detector was set with a collection
semi-angle of 68-280 mrad, while the bright-field (BF)
detector was set to ~ 18 mrad. The convergence semi-
angle was set to 24 mrad. Samples were mounted on
standard 300-mesh carbon-coated Cu grids, placing a
small drop of the colloidal solution on them and let-
ting them dry completely before characterization.

Thermogravimetric analysis TGA

Thermogravimetric analysis was performed to inves-
tigate the relative content of DDA in the magnetite
NPs. To that aim, experiments were carried out in a TA
instrument Q600 V8. For their analysis, approximately
10 mg of each sample was placed in a platinum tray
and heated at 10° C/min under N, atmosphere.

Magnetic properties

Room temperature magnetic properties of Fe;0,@
DDA and Fe;O, were measured by vibrating sam-
ple magnetometer by a Quantum Design Magnetic
Physical Measurement System (MPMS3) at maxi-
mum applied field of 2 T. Saturation magnetization
and coercivity field were determined from hysteresis
loops of each NPs sample.
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Computational simulations

Molecular dynamics was conducted for a magnet-
ite crystal (Fe;O,) using a unit cell with param-
eters a=b=c=8.4 in a rhombic box of dimension
4.736 x 4.10152 x 7.0 nm. Simulations were carried out
for the (111) face with tetrahedral Fe exposed on the
surface as shown in reference [25].

All atoms in the magnetite were treated as Len-
nard Jones (L]) sites for the potential interaction, with
parameters obtained from reference [26] and using
partial charges 2" and 3" for iron atoms (Fe), and 2" for
oxygen (O). These set of L] parameters reported in the
literature showed good agreement with experimental
data for adsorption and structure of water at mag-
netite surfaces [26]. For the DDA molecules, a united
atom model was simulated, where all CH,, groups
in the tail were joint in one single site, whereas the
headgroup was explicitly modeled. The Force field for
the DDA was taken from the literature [28], while the
water molecules were modeled by the SPC/E model
[29]. Initial configurations were constructed with DDA
molecules close to the magnetite NPs with the head-
groups facing the surface. On the top of the DDA, 2197
water molecules were placed and simulations were
conducted for different number of DDA molecules.

All simulations were performed with GROMACS-21
software [30], using periodic boundary conditions in
all directions. Simulations were carried out in the NVT
ensemble at constant temperature using the V-scale
thermostat with a relaxation time constant of 0.1 ps.
The electrostatic interactions were handled with the
particle mesh Ewald method, and the short-range
interactions were cutoff at 10 A. Bond lengths were
constrained using the Lincs algorithm. The simula-
tions were performed for 80 ns after 10 ns of equili-
bration with a timestep of dt=0.002 ps.

Biological assays
Cell culture

Human hepatocarcinoma cells HepG2 (HB-8065, ATCC)
were grown in Eagle’s Minimum Essential Medium
(MEM) supplemented with 10% Fetal Bovine Serum
(FSB), 1 mM sodium pyruvate and 10 U/mL penicil-
lin and 10 pg/mL streptomycin (Gibco, Thermo Fisher
Scientific). Cells were maintained at 37 °C in a 5% CO,
atmosphere in a humidified incubator and passed up
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to 1:4 dilution with 0.25% trypsin before experimental
seeding.

Cell viability assay

To determine the susceptibility of HepG2 cells to Fe;O,@
DDA, 1.5 x 10* cells were seeded on collagen-deposited
20 mm round coverslips in a 12-well plate under growth
conditions. After 24 h, the medium was removed, and
fresh medium containing 10, 50, or 300 pg/mL Fe;O,@
DDA, sonicated by 5 min, was added to the cells and
incubated for 24, 48, or 72 h at growth conditions. After,
live/dead cells were assessed through calcein AM/
propidium iodide double staining. To that end, 1 pM
of calcein AM and 5 uM of propidium iodide (PI) in
the serum-free fresh medium were added to the cells
and incubated for at least 15 min in the CO, incubator.
Thereafter, cells were washed once with fresh serum-
free MEM to avoid significant fluorescent background.
For image acquisition, an epifluorescence microscope
Nikon Eclipse Ci-L obtained calcein AM and PI emis-
sions using a 10X/0.3 Plan Fluor DIC objective. Live,
dead, and the total number of cells were counted (5
micrographs for calcein AM and IP signals) using FIJI
software. Finally, the percentage of viability was com-
puted through Eq. 1 [31]. To assess the effect of the DDA
coating on the viability of HepG2 cells, we also evalu-
ated the effect of Fe;O, np under the same experimen-
tal conditions. We used deionized water as a vehicle
(control).

#calcein cells(viable)

Cell viability% =

#IP cells(non viable) + #calcein cells(viable)

Terminal deoxynucleotidyl transferase (TdT) dUTP
Nick-End Labeling (TUNEL) assay

For TUNEL detection, HepG2 cells were fixed with 4%
PFA and post-fixed in a pre-chilled 2:1 ethanol:acetic
acid solution for 5 min at — 20 °C. After fixation, sam-
ples were processed according to the manufacturer’s
instructions described in the ApopTag fluorescein in situ
apoptosis detection kit manual (Millipore). TUNEL sig-
nal was contrasted with DAPI (1:1000) in DPBS 1X and
samples were mounted with Mowiol for preservation
before imaging. Each sample was captured in an epif-
luorescence microscope (Thunder, Leica, Wetzlar, Ger-
many) using a 10X or 40X objective lens. All the images
were analyzed with Fiji free software.

Cell membrane integrity

Trypan blue dye exclusion assay was performed to
evaluate plasmatic membrane integrity in response to
the iron oxide nanomaterials. To that end, 5 x 10* HepG2
cells/well were incubated in growth medium at 37 °C
and 5% CO,. After 24 h of culture, cells were treated
with Fe;O,@DDA or Fe;O, diluted in MEM medium at
the concentration of 300 ug/mL. We also investigated
the effect of pristine DDA, evaluated at 72 pug/mL, as an
estimate of DDA concentration found in 300 pug/mL of
Fe;O,@DDA. After 1, 3, or 5 h of incubation, cells were
washed once with 1 mL of DPBS 1X and immersed in
0.2% trypan blue solution to visualize cells immediately

* 100% (1)

Statistical analysis

Cell viability experiments were performed inde-
pendently in a threefold manner. The results were
expressed as mean + standard deviation of three inde-
pendent experiments. Data were evaluated by analysis
of variance (ANOVA), followed by Tukey’s Multiple
Comparison Test, using GraphPad Prism version 6.0c
software. The results were considered statistically sig-
nificant when p <0.05.

to identify those cells with altered membrane integrity.
Stained cells were observed in bright-field using an
inverted microscope Nikon Eclipse Ti-S and a 10X/0.3
Plan Fluor DLL objective. Permeabilized cells, used
as control of non-membrane integrity, were achieved
with 1% Triton X-100 in a CO, incubator for 10 min and
stained as treated cells. Cell membrane integrity was
also confirmed by calcein AM and PI double staining
as described above.

@ Springer
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Results and discussion
XRD

Magnetite NPs, as well as dodecyl amine (DDA)
coated magnetite NPs (Fe;O,@DDA) were synthesized
using the experimental procedure previously reported
in the literature [16]. The powder X-ray diffraction
(XRD) analyses were carried out to confirm the pres-
ence of Fe;O, and Fe;O,@DDA NPs. Figure 1 shows

@11 Sample without DDA

Magnetite (PDF: 19-0629)

(440)

(400) (511)

Sample with DDA coating
Magnetite (PDF: 19-0629)

Intensity (rel.)

20 30 40 50 60 70 80
20 (degrees)

Figure 1 Powder XRD patterns for magnetite NPs without DDA
coating (black) as well as coated with DDA (blue); numbers in
parenthesis indicate Miller indices.

Figure 2 TEM images of a low-magnification BF-STEM image
of the produced Fe;O, NPs, b high-magnification HAADF-
STEM image of a single particle, ¢ FFT of the selected white
squared shown in b, d zoomed area of the particle in HAADF
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the XRD results obtained before (black) and after
(blue) the DDA coating. As can be seen, the diffrac-
tion pattern with five broad peaks at 30.3°, 35.6°, 43.3°,
57.2° and 62.8° correspond to (220), (311), (400), (511)
and (440) Miller indices of Fe;O, powder diffraction
file (PDEF: 19-0629) as already reported in the literature
[32, 33]. Also, in Fig. 1 there is no observable change
in the XRD patterns before and after the DDA coating
suggesting that the magnetite NPs did not oxidize or
reduce during the coating process. Another interest-
ing observation of Fig. 1 is the relative intensities of
the five peaks, they match the relative intensities of
the simulated reference file PDF:19-0629 which sug-
gest that the Fe;O, NPs have spherical morphology
[34]. This spherical morphology was also corroborated
with TEM images, Figs. 2a, f and 3. Likewise, the cal-
culated crystal domain size (23.1 +8.1 nm) using the
Scherer’s equation is slightly different than the size
histogram of TEM (18.5 + 8.7 nm), implying that there
are at least two different crystalline sizes of the NPs.
This result is also reflected on the standard deviation
values of + 8.1 nm and + 8.7 nm which represent 35%
and 47% of the average NPs size. Lastly, TEM analyses
were also used to identify the presence of magnetite in
the samples as well as to identify the facets of the NPs.

TEM

STEM imaging was performed on the synthesized
samples to visualize their size and morphology and

Amorphous
Layer

mode, e zoomed area of the particle in BF mode, f low-magni-
fication image of the DDA-functionalized Fe;O, NPs, g and h
zoomed area of the DDA-functionalized Fe;O, NPs in BF mode.
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Figure 3 Reconstruction of magnetite cubic inverse spinel struc-
ture of the (111) plane using Diamond Crystal and Molecular
Structure Visualization software.

corroborate their crystal structure. Figure 2 corre-
sponds to a low-magnification BF-STEM image of the
produced Fe;O, NPs. The image shows that the par-
ticles were faceted, with an average size of 18.5+8.7
nm. The size histogram is presented as an inset. A
high-magnification HAADF-STEM image of a single
particle is presented in Fig. 2b the crystal structure
was determined through fast-Fourier transform (FFT)
analysis. Lattice parameters were obtained by direct
measurements of spatial frequencies, Fig. 2c, which
reflected the crystal symmetry of the particle. The pro-
jected pattern matched the expected Fe;O,-magnetite
structure oriented along the [110] zone axis. A zoomed
area of the particle, in both HAADF (Fig. 2d) and BF
(Fig. 2e) mode, is also shown. The atomic-resolution
image enables the direct visualization of atomic col-
umn positions and, therefore, the determination of
the crystal structure. Figure 2d shows the regular
arrangement of the projected positions of iron cati-
ons, in which ten columns with lower relative inten-
sity surround high-intensity columns. For compari-
son, an atomistic model of the regular inverse spinel
of magnetite was superposed on both HAADF and
BF images. Along the [110] zone axis parallel to the
electron beam, atomic columns are composed exclu-
sively of iron or oxygen atoms. Hence, the tetrahedral
(green) and octahedral (blue) sites for iron cations are
easily determined in HAADF, while oxygen positions
(red open circles) can be imaged in BF mode (Fig. 2e).

After functionalization, the DDA-coated Fe;O, NPs
were reanalyzed through TEM. A low-magnification
image of the DDA-functionalized Fe;O, nanoparti-
cles is shown in Fig. 2f. No notorious change in par-
ticle shape was observed after the functionalization
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process, while the average size was estimated to be
23.7 +14.5 nm. High-magnification BF-STEM images
were acquired, focusing on the surface of the parti-
cles, attempting to visualize the DDA covering, taking
advantage of the enhanced contrast of light elements
in BF imaging compared to conventional TEM, Fig. 2g,
h. Coverage can be visualized when enough molecules
attach to the particle surface, viewed as a carbon-based
layer surrounding the particle’s surface. A small amor-
phous layer is observed surrounding the particle’s sur-
face, which could be associated with the presence of
the organic coating; this conclusion is also supported
with thermogravimetric analysis (TGA).

Furthermore, it is known that the (111) plane of
Fe;0, is the most thermodynamically stable plane [35,
36]. Hence it is the most observed plane in TEM images
(see supplementary material Fig. S1 and S2). Consider-
ing this last statement, a reconstruction of magnetite
cubic inverse spinel structure was performed to show
the surface atoms of magnetite exposed on the [111]
facets. Figure 3 shows that Fe®" cations in the tetrahe-
dral sites of the unit cell are predominantly exposed
on the surface of magnetite [111] facets, as has been
reported elsewhere in the literature [32, 37].

The relevance of categorizing the atomic positions
of Fe*/Fe?" cations lies in the opportunity to rationally
propose potential interactions with different coatings,
such as DDA. The position and predominance of Fe**
cations on the surface of magnetite NPs, along with
the atomic positions of oxygen in the unit cell of the
NPs, were used in this study to construct a theoreti-
cal model able to provide details about the interface
interactions between magnetite NPs and the DDA
surfactant. As will be discussed, Molecular Dynamics
simulations suggest that DDA forms a bilayer struc-
ture where the amine groups shape both the inner
and outer surface in this ordering. This theoretical
result strengthens the description of the TEM images
associated to the organic coating of DDA (Fig. 2g,
h). Moreover, the ordering that is postulated for the
organic coating provides solid arguments to explain
the observed cytotoxic activity of the NPs against
HepG2 cells, as will be presented below.

TGA

The thermal decomposition of Fe;O, and Fe;O,@
DDA NPs was carried out by heating the samples to
600 °C at a rate of 10 °C/min under N, atmosphere to
obtain the thermogram (TG) profiles that are shown
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in Fig. 4. In the case of Fe;O,, a mass loss of less than
2% was observed with a maximum at 37 °C which is
associated with the loss of moisture. Furthermore,
two mass losses of 5.2% occurring at a maximum of
134 °C and 2.7% occurring at a maximum of 295 °C
were observed. Both mass losses correspond to water
molecules, either partially coordinated with some sur-
face iron cations (mostly Fe3 + as shown in Fig. 3), with
maximum mass loss at 295 °C or interacting around
the NP through hydrogen bonds (maximum mass loss
at 134 °C) as was previously observed [16, 38, 39]. In
the case of Fe;O,@DDA, a two-step process was dis-
tinguished. The first process at a maximum of 116 °C
corresponds to a mass loss of 8.8%, and the second
process at a maximum of 350 °C corresponds to 9.7%
of the total mass. Anew, the mass loss observed at
116 °C is due to water molecules hydrogen-bonded
to the surface of the NPs. Regarding the maximum
mass loss at 350 °C, this is due to the organic capping

0.000
-0.015
9
L0.030 =
E
2
3
L0.045 3
2
&
a
-0.060
90 T T T T “{.::: —i-0.075
100 200 300 400 500 600
Temperature (°C)
(b)
100 ==——=577; 0.0000
95+ 40.0145
o
< Fe30 A @DDA 5
= 904 TGa 100200 £
[=)) =
S —DTG 2
2 H
2
85+ +o.0435 5
a
804 --0.0580
T T T T ‘\"_'_
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Figure 4 Thermogravimetric analyses (TGA) and derivative
thermogravimetry (DTG) of the samples a Fe;O, and b Fe;0,@
DDA under N, atmosphere.
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of DDA around the NPs. Comparing the temperatures
of hydrogen-bonded water molecules on F;0O, (134 °C)
and Fe;O,@DDA (116 °C), it is evident that water mol-
ecules are weakly hydrogen-bonded to Fe;O,@DDA
with regards to Fe;O,, but presumably promoting a
bilayer arrangement. One very important observation
is the mass loss of 2.6% in the Fe;O,@DDA sample
since the DTG curve does not show any maximum
mass loss, this is because the mass loss is constant and
therefore the derivative does not show any evident
change. Nevertheless, this mass loss is most likely due
to coordinated water molecules with Fe" on the sur-
face of the NPs, similar for Fe;O,. Lastly, there is also
moisture on the Fe;O,@DDA sample of less than 1%
mass loss at a maximum of 41 °C.

The registered dual profile not only evidenced the
presence of DDA coating but also may suggest differ-
ent types of interactions, in terms of strength, between
its primary amine functional groups, and the NPs
surface. This outcome is in line with the microscopic
analysis discussed above.

Magnetic properties and DDA effect

The investigation of the magnetic properties of coated
NPs may yield significant insights into the interplay
between the NPs’ surface and the coating molecules
in terms of their chemical nature. The interaction
between the surface cations (Fe?*/Fe®" in the case of
magnetite) and the organic coating will impact the
shape of the NPs, which may render changes in the
magnetic properties by modifying the surface spin
structure.

In this study, hysteresis loop of magnetization M,
as a function of applied field H, are shown in Fig. 5
for Fe;O, and Fe;0,@DDA NPs, for which a sligth
variation of the saturation magnetization (M,) was
observed: M, =48 emu/g and M, =45 emu/g, respec-
tively, whereas for the coercivity field (H,) a notice-
able increase was recorded for the Fe;O,@DDA NPs
(H.=18 Oe) relative to the Fe;O, sample (H,.=6 Oe).

According to our analysis of XRD and TEM
results, the spherical morphology of the NPs was
evidenced, with a predominance of cations Fe**
cations on the surface. Even though there were
no significant changes in the NPs morphology
after coating with DDA, an amorphous layer was
observed around the NP surface by high-magnifi-
cation images, attributable to the presence of the
organic coating. Furthermore, the thermal analysis
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Figure 5 Hysteresis loops 60 60
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outcomes obtained by TGA not only confirmed the
presence of DDA but also suggested a bilayer-like
arrangement of the surfactant molecules containing
primary amines as functional groups able to interact
as ligands with iron cations, but also among them
by H-bonding.

Assessing the chemical nature of DDA as a ligand
to complete the coordination sphere of the oxidized
Fe', the nitrogenous functional group (primary
amine) may be considered as a medium-force elec-
tron donor unable to fully stabilize all the positive
charge on the NP’s surface. In this scenario, the
surface disorder reduction is not highly efficient,
resulting in the slight decrease of M, observed for
the Fe;O,@DDA NPs. A similar observation where
the presence of an interface induced an additional
surface anisotropy was reported [40]. On the other
hand, the increased coercivity H, exhibited by the
coated NPs may be associated with the shape anisot-
ropy generated by the unequal interaction of DDA
with the magnetite surface. From our simulation
outcomes shown below, depending on the distance,
two different interactions between the surface of the
NP and DDA may be identified. At short distances,
the possible coordination of DDA, while at longer
distances, its physical adsorption. These irregulari-
ties produce a higher anisotropy energy and hence,
enhanced H, values as the observed for the Fe;O,@
DDA NPs. The coating effect on the magnetic prop-
erties of Fe;O,@DDA NPs render these nanostruc-
tures as potential stimuli-response materials for
diverse applications, including the biomedical.

Regarding the effect of size, generally a direct
relation between the anisotropy energy barriers and
the coercivity relates to NPs small enough to exhibit
single domains [41].

Molecular Dynamics (MD) simulations

Using as input the experimental data of atomic posi-
tions obtained by XDR and TEM analysis, an accurate
theoretical model was constructed to investigate the
interaction of DDA on the magnetite surface [111]
facet by MD simulations. The adsorption events were
analyzed using the density profiles along the perpen-
dicular direction of the interface. As a first screening,
several simulations were conducted with different
numbers of DDA molecules. At low DDA concentra-
tions (around 16 molecules) was observed a DDA
divergence away from the NPs surface, while at higher
concentrations of DDA occurred almost preferentially
an agglomeration between them, without interac-
tion with the NP (Fig. S3, supplementary material).
Based on those results, we focused on intermediate
concentrations of DDA. The density profiles of the
DDA nitrogenous head-polar groups corresponding
to the simulated systems with 49 and 64 DDA mol-
ecules are shown in Fig. 6a and b. From the figures,
two peaks corresponding to the DDA-nitrogen are
observed, indicating a nearly perpendicular location
of the amine groups regarding the surface, forming a
bilayer-like structure interacting with the magnetite.
This result is supported by the TGA analysis indicat-
ing the presence of a DDA bilayer.

For 49 DDA molecules, the arrangement is more
symmetric than the one with 64 DDA. The profiles
may be related to optimal molar ratios of DDA able to
arrange perpendicular to the surface of the magnetite
[111] facet.

Additional information can be obtained from the
two peaks in red depicted in the profiles that may be
associated with two well-defined water layers close
to the magnetite surface, possibly interacting by
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H-bonding. Furthermore, by measuring the distance
between the two peaks corresponding to the density
of nitrogen groups, we were able to estimate the thick-
ness of the DDA layer close to 4 nm, which is similar
to the assessed by the TEM images (Fig. 2a and 2f).
Figure 6¢c shows the pair correlation function plot-
ted to calculate the distance between DDA molecules
and the magnetite surface. The minimum distance
between the nitrogen atoms of DDA and Fe®* cations
of magnetite is about 2.2 A, which is also consistent
with the organic coating dimensions observed by
TEM. Summarizing, DDA molecules not only may be

Figure 7 Snapshot of the
interaction of DDA mol-
ecules with magnetite [111]
facet. Oxygen is represented
in red, Fe?* in light green,
Fe* in dark green, carbon in
black, hydrogen in white and

nitrogen in blue color.

0ee,
é’@é‘?

a 0 0

@ Springer

@ags:é’s‘?‘?
:g@ﬁ

interacting chemically with Fe®" cations of magnetite
[111] facets but also may be physically adsorbed in the
form of a bilayer structure, as shown in Fig. 7.

Biological assays

The possible biomedical application is an attractive
goal when have been successfully obtained coated-
iron oxide magnetic NPs. To initiate this explora-
tory endeavor, we focused on assessing the cytotoxic
impact exerted by the synthesized Fe;O,@DDA NPs

és’@ gg

a@v@a@b
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on HepG2 cells, with the Fe;O, NPs as comparative
reference.

The effect of pristine and functionalized Fe;O,
NPs on the viability of a variety of cell lines has
been widely reported. In most of these studies, the
cytotoxic effect has been assessed through the MTT
method [21]. The MTT assay is a versatile, low-cost,
and easy-to-perform technique that indirectly meas-
ures cell viability by a semiquantitative determina-
tion of the metabolic activity of either viable or dam-
aged cells, which might lead to a bias in cell viability
[42]. Hence, in this study, we opted to employ the
live/dead assay by using calcein AM and PI double
staining as the primary approach for our biological
significance. Calcein AM is a non-fluorescent mol-
ecule retained by active metabolic cells and con-
verted to green-fluorescent calcein after hydrolysis
by intracellular cytoplasmic esterases. Conversely, PI
is a membrane-impermeable dye. Therefore, if cells
lose membrane integrity, PI penetrates the cells and
binds to nucleic acids, resulting in a red fluorescent
signal that can be detected mainly in the nucleus.
The coincidence of both signals indicates non-viable
cells [43]. In that way, the calcein AM/PI assay can
distinguish live and dead cells, thus becoming useful
for detecting the effects of treatments that may affect
cell viability or induce cell death, unlike the indirect
MTT assay. In contrast to the MTT assay, which pro-
vides a snapshot of cell viability at a specific time
point, calcein AM/PI staining does not require cell
lysis. Therefore, it can be used to monitor cell viabil-
ity over time without affecting the cells, an aspect
evaluated within the framework of the present study.

Several studies have investigated the effects of
Fe;0, NPs on a diversity of cell lines, including HepG2
cells, although data have been somewhat contradic-
tory. Some of them have reported that exposure to
Fe;O4 NPs can lead to cytotoxicity and oxidative
stress environment in HepG2 cells [44, 45]. Neverthe-
less, other studies have found slight to no effects on
this cell line [46-51]. It is essential to consider that the
specific effects of Fe;O4 NPs on HepG2 cells can vary
depending on various factors such as NP size, charge,
concentration, exposure, or other experimental condi-
tions. In this study, we present the viability of cells
exposed to Fe;O, and Fe;O,@DDA using the live/dead
cell calcein AM/PI double staining (Fig. 8).

Figure 8 shows that following 72 h of incubation
with non-coated Fe;O, NPs up to a concentration of
300 pg/mL, the percentage of live cells remained as

high as 80% of viability (See Table S1 for % cell viabil-
ity values).

The highest concentration used in this study,
300 pg/mL, was selected based on the work conducted
by Huang et al., which investigated the impact of
asialoglycoprotein-functionalized iron oxide NPs on
HepG2 cells viability in a broad concentration range
(0.03-3000 pg/mL) which included that of 300 ug/mL,
along with prolonged incubation times (up to five days
of culture) without significant effects on cell viability
[51]. Our results align with the aforementioned study
and are consistent with other research articles that
have reported a favorable cytocompatibility profile on
HepG2 cells with iron oxide np, despite differences in
np characteristics and experimental methods [46-50].
As far as we know, this is the first report of assessing
the viability of cells in the presence of pristine Fe;O,
NPs using live/dead assay, showing that Fe;O, does
not affect the viability of HepG2 cells significantly.

Figure 9 depicts the cellular response to Fe;O,@
DDA NPs. At a 10 pg/mL concentration, the coated
NPs did not exhibit any evident impact on HepG2
cells even after 72 h of incubation. In fact, the percent-
age of cell viability was comparable to that of Fe;O,
NPs. When the concentration of Fe;O,@DDA increased
to 50 pg/mL, the population of viable cells was similar
to the control at 24 h. However, after 48 h, the popula-
tion of live cells considerably diminished to 63% of
viability; at 72 h of incubation time, only 30% of cells
were viable. This time-dependent effect can be seen
qualitatively in the micrographs, which show a pro-
gressive increase in the number of cells exhibiting PI
staining as the incubation time proceeds (see Table S2
for % cell viability values).

Remarkably, a dramatic effect was observed when
the cells were exposed to 300 pg/mL Fe;O,@DDA.
After 24 h, barely any of the initial cultured cells
remained viable (< 10%), and at 48 h of culture, no via-
ble cells were detected. The micrographs did not show
any PI staining, as the cells were likely completely
detached from coverslips. These data evidenced the
effect of DDA on HepG2 cells viability at concentra-
tions of >50 pg/mL Fe;0,@DDA.

DDA is a long-chain primary amine with a 12-car-
bon alkyl chain. DDA is commonly used as a sur-
factant, emulsifier, or dispersing agent in various
applications [52]. DDA and some of its derivatives
have exhibited antibacterial activity against both
Gram-positive and Gram-negative bacteria as well
as fungi [52-54]. DDA has also been employed as
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Figure 8 The viability of HepG2 cells in the presence of Fe;0,
at 10, 50 and 300 pg/mL after 24, 48 and 72 h incubation time.
The cells viability was determined through live/dead calcein

a building block for constructing nano-assemblies
aimed at inhibiting cancer cells [55-57]. In a study
conducted by Wang et al., DDA is conjugated with
phosphotyrosine, resulting in a synthetic lipid capa-
ble of self-assembling into micelles. Upon enzymatic
dephosphorylation, the DDA-based lipid is released,
incorporating itself into the cell membrane and sub-
sequently increasing the cell membrane tension, thus
activating multiple cell death pathways. The afore-
mentioned micelles were evaluated in HepG2 cells,
resulting in an ICs, value of 45.2 uM [58].

In the present work, DDA is attached to the iron
oxide nuclei, and our findings unambiguously demon-
strate that DDA coating induces cell death in HepG2
cells. Consequently, Fe;O,@DDA NPs may potentially

@ Springer

Caleein

200 pm 200 Bm
]

== 50 ug/mL
= 300 yg/mL

AM/PI double staining assay. Calcein AM (in green) shows
alive cells, while propidium iodide (PI) indicates dead cells. The
results were considered statistically significant when p <0.05.

exhibit synergistic effects by further combining the
cytotoxicity of DDA plus the magnetic hyperthermia
generated after exposing the NPs to an alternating
magnetic field. In this direction, we evaluated whether
Fe;0,@DDA NPs might promote apoptosis in the con-
centration of 10 or 50 pg/mL where HepG2 cells still
adhere to the coverslip. To that aim we performed the
Terminal deoxynucleotidyl transferase (TdT) dUTP
Nick-End Labeling (TUNEL) assay in order to seek
for double-strand breaks in genomic DNA, a stand-
ard reference of apoptotic cells. Unfortunately, we did
not observe significant induction of apoptosis by nei-
ther Fe;O, nor Fe;O,@DDA NPs at 50 pug/mL for 72 h
of culture (Fig. 10a). We used sulforaphane (SNF) as
a positive control because it is known to induce cell
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Figure 9 The viability of HepG2 cells in the presence of
Fe;0,@DDA at 10, 50 and 300 pg/mL after 24, 48 and 72 h
incubation time. The cells viability was determined through
live/dead calcein AM/PI double staining assay. Calcein AM (in

death by reducing reactive oxygen species (ROS) that
are necessary to cell viability in HepG2 cells [59]. It
is possible that apoptosis machinery is not involved
in the mechanism of cell damage induced by Fe;O,@
DDA NPs and other targets could be participating
such as plasmatic membrane integrity.

The surfactant-like properties of DDA might dis-
turb the integrity of cell lipid bilayer structure, lead-
ing to altered permeability and a strong cell death
effect. This mechanism is consistent with the obser-
vations depicted in Fig. 9, where cells exhibited PI
staining following exposure to Fe;O,@DDA at a con-
centration of 50 pug/mL. To further substantiate this
statement, we conducted a trypan blue dye exclusion

Caleein

200
&

CONTROL
0 ug/mL

== 50 pg/mL
= 300 pzg/mL

green) shows alive cells, while propidium iodide (PI) indicates
dead cells. Results were considered statistically significant when
p<0.05.

assay in which, similar to PI, viable cells with non-
permeable membranes exclude the polar dye and are
shown unstained [60, 61]. On the other hand, cells
with compromised membranes allow trypan blue
to enter and accumulate within the cells, resulting
in visible blue staining accumulated at the nucleus.
For the trypan blue assay, we worked at the concen-
tration of 300 pug/mL of both Fe;0,and Fe;O,@DDA
at brief periods of time; we also evaluated DDA at
72 ug/mlL, a concentration equivalent to the high-
est percentage of DDA coating obtained after our
synthetic procedure [16]. In parallel, we performed
calcein AM/PI double staining assay (at 300 ug/mL
and 1,3 and 5 h incubation time) to couple membrane
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Figure 10 a Terminal deoxynucleotidyl transferase (TdT) dUTP
Nick-End Labeling (TUNEL) assay was performed in HepG2
cells incubated with 10 and 50 pg/mL of Fe;O, and Fe;O,@DDA
for 72 h of culture. Sulforaphane (SNF) was used as positive con-
trol for TUNEL (green), whereas DAPI was used as a nuclear
reference (blue). Positive cells to double-strand DNA breaks
(TUNEL/DAPI) were quantified and plotted as percentages. b
Assessment of HepG2 cells membrane integrity by trypan blue

damage with cell viability caused by DDA and
Fe;0,@DDA.

Figure 10b evidences how Fe;O,@DDA compro-
mised the cell membrane integrity as early as 1 h
of incubation; HepG2 cells were stained in blue as
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dye exclusion staining in a time course (1-5 h) after the exposure
of Fe;O, and Fe;0,@DDA at 300 pg/mL; and DDA at 72 pug/mL.
Cells with compromised membrane integrity are stained in blue.
¢ Cell membrane damage confirmed by live/dead calcein AM/PI
double staining assay. Calcein AM (in green) shows alive cells
with intact membranes; propidium iodide (PI) distinguishes dead
cells with leaky membranes.

indicative of permeable plasmatic cell membranes.
This effect is also shown in HepG2 cells incubated
with DDA alone but at 5 h afterward, when nuclei are
significantly stained, suggesting that the effect of DDA
potentiates when is attached to the Fe;O, nuclei. No
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significant staining was observable in the vehicle or
Fe;O, treatments. In Fig. 10c, calcein AM/PI double
staining allowed us to observe that DDA caused cell
damage since the first 1 h of incubation and remained
up to 5 h of incubation. Interestingly, a similar effect
was observed for Fe;O,@DDA. To note, at 5 h of incu-
bation is possible to observe residual cells stained
with PI, unlike 24 h of culture when cells seemed
to detach from the coverslip (see Fig. 9), indicating
severe cell damage. Through these experiments, we
also confirmed that Fe;O, did not affect the membrane
integrity of HepG2 cells even at the concentration of
300 pg/mL.

Cell membranes have emerged as novel targets for
antineoplastic agents over the past two decades. This
promising approach in the field of anticancer drug
development involves compounds primarily inter-
fering with cell membranes integrity. By modulat-
ing membrane permeability and fluidity, as well as
altering membrane lipid composition, phospholipid
metabolism, and proliferation signal transduction,
these potential anticancer compounds hold great
potential for therapeutic efficacy [62, 63].

Conclusions

The tetrahedral Fe®* cations exposed on the thermo-
dynamically most stable surface of magnetite ([111]
facets), impose the interaction fashion of magnetite
NPs with DDA coating, which behaves as a ligand
but also as a surfactant, forming bilayers by self-inter-
acting through H-bonding and dispersion interac-
tions. DDA shapes the inner and outer surface of the
bilayer, and this ordering may be associated with the
NPs anisotropy.

A coating bilayer of 4-5 nm thickness observed by
TEM images was organized in a perpendicular dispo-
sition of DDA molecules on the surface of Fe;O, NPs.
The ordering of DDA molecules was corroborated
with MD simulations, confirming the DDA’s dissimi-
lar interactions at the magnetite NP interface.

This organic layer preserves the magnetic function-
ality of the NPs (i.e., high magnetization values-well
over 40 emu/g- together with small coercivity fields
-below 20 Oe-).

Fe;O, nanoparticles showed good compat-
ibility with HepG2 cells, aligning with previous
studies and confirming their suitability for bio-
medical applications. However, introducing DDA

moieties significantly increased their cytotoxicity
against HepG2 cells. This hints at DDA’s pivotal
role in causing cell death, possibly through its amine
groups interacting with the cell membrane’s lipid
bilayer, disrupting its integrity. The outcomes of both,
TUNEL and Trypan blue assay point out the compro-
mised membrane integrity as the primary mechanism
of HepG2 cell death. Further investigations are needed
to reveal underlying molecular mechanisms at biologi-
cal interfaces to exploit the potential of Fe304@DDA
nanoparticles as an anticancer strategy in the nano-
medicine field.
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