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Abstract

Surfaces of iron oxide of ferrimagnetic magnetite (FezOy)
nanoparticles (MNPs) prepared by Massart’s method and their
functionalized form (f-MNPs) with succinic acid, L-arginine,
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oxalic acid, citric acid and glutamic acid were studied by DLS,
FTIR, UV-vis, TGA/DSC, X-ray photoelectron spectroscopy
(XPS) and reflection electron energy loss spectroscopy
(REELS).

The XPS analysis of elements and their chemical states at the
surface of MNPs and f-MNPs revealed differences in chemical
bonding of atoms, content of carbon-oxygen groups, iron oxide
forms, iron oxide magnetic properties, adsorbed molecules
surface coverage and overlayer thickness, whereas the Auger
parameters (derived from XPS and Auger spectra), elastic and
inelastic scattering probabilities of electrons on atoms and
valence band electrons (derived from REELS spectra) indicated
modification of surface charge redistribution, electronic and
optical properties. These modified properties of f-MNPs
influenced their biological properties.

The surfaces biocompatible for L929 cells showed various
cytotoxicity for HelLa cells (10.8-5.3% of cell death), the highest
for MNPs functionalized with oxalic acid. The samples
exhibiting the largest efficiency possessed smaller surface
coverage and thickness of adsorbed molecules layers, the highest
content of oxygen and carbon-oxygen functionalizing groups, the
highest ratio of lattice O* and OH™ to C sp? hybridizations on
MNPs surface, the highest ratio of adsorbed O" and OH" to C sp?
hybridizations on adsorbed molecule layers, the closest
electronic and optical properties to FesO, and the lowest degree
of admolecule polymerization. This high cytotoxicity was
attributed to interaction of surface with cells, where increased
content of oxygen groups, adsorbed O” and OH™ may play a role
of additional adsorption and catalytic sites and a large content of
adsorbed molecule layers carboxylic groups facilitating Fenton
reaction kinetics leading to cells damage.

Keywords
Ferrimagnetic Magnetite (FesO;) Magnetic Nanoparticles;

Biocompatible  Acid Functionalization; DLS; FTIR-S;
TGA/DSC; XPS; REELS; HeLa Cells
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Introduction

The iron oxide nanoparticles like i.e. ferrimagnetic maghemite
(v-Fe,0,) with Fe** vacancies and ferrimagnetic magnetite

(Fe,0, = FeOeFe,0,) with Fe** and Fe®" vacancies have been

already applied in the field of medicine due to their
biocompatibility, biodegradability and possibility to tailor
magnetic behaviour [1], where the change of nanoparticle size,
morphology, agglomeration, magnetic and electronic properties
influences the biological effect [2]. Although, magnetic targeting
iron nanoparticles serve as platforms for attaching drugs like e.g.
doxorubicin (DOX), they were also applied in a tumor therapy,
which resulted in a hyperthermia and oxidative stress leading to
tumor cell damage [1,3,4]. Enhancement of antitumor effect was
obtained by functionalization of nanoparticles by a conventional
DOX drug [2,3] and/or doping with rare metals [4]. Additional
functionalization of iron nanoparticles may lead to enhancement
of their biocompatibility, colloidal stability and enlargement of
number of groups, through which the required antitumor effect
can be obtained.

The cytotoxicity of Fe;0, MNPs coated with a wide variety of
biocompatible admolecules has been recently extensively studied
[5-13]. These several studies showed that cytotoxicity depends
on the type of the investigated cells, type of biocompatible
adlayer on MNPs, MNPs size, concentration of MNPs, pH of
solution and time of incubation. The functionalization of MNPs
with biocompatible molecules like polyethylene glycol, pluronic
acid and others providing a better biocompatibility may also
affect the cytotoxicity due to modification of physical and
chemical properties of the material, its interaction with
biological cells and ability of forming reactive oxygen species
(ROS). The coating of Fe;O, MNPs may provide a positive
charge, which facilitates interaction of a specimen with
negatively charged cell membrane [8]. For the concentration
range of 0.012-0.1 mg mL™ the generation of ROS by Fe;O,
nanoparticles was found to be smaller in comparison to Pt and
PEGylated mesoporous iron-platinum-iron(l1,111) (FePt-Fe;O,)
nanoparticles [9]. Recently, it has been reported that Fe;O,
MNPs exhibited no cytotoxicity for HeLa cells during incubation
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time from 24h to 72 h, whereas coated MNPs showed the
cytotoxicity after 72 h [5]. No effect of Fe;O, MNPs on
cytotoxicity for HelLa cells was observed for incubation time of
24 h elsewhere [10-13].

Functionalized nanoparticles of Fe;O,4 iron oxide prepared by
Massart’s method [14,15] (f-MNPs) using functionalization with
succinic acid ((CH,),(CO,H),), L-arginine (C¢H14N,), oxalic acid
(C,H,0,), citric acid (CgHgO;) and glutamic acid (CsHyO4N)
showed similar biocompatibility on fibroblasts [3]. Their average
efficiency on HelLa cell treatment (% of HeLa cell deaths) in f-
MNPs concentration range of 3.125-100 png mL * and incubation
time of 24 h decreased in the following order: 10.8 % (oxalic
acid), 10.7 (succinic acid), 9.2 % (glutamic acid), 7.5 % (citric
acid) and 5.3 % (L-arginine) [3]. The respective f-MNPs loaded
with DOX showed about 6 times higher efficiency on Hela cell
therapy decreasing in different order, i.e. 64.2 % (oxalic acid),
55.2 % (L-arginine), 42.8 % (glutamic acid), 42.2 % (succinic
acid) and 32.7 % (citric acid), what is attributed to DOX
adsorption and modified surface properties [3].

The reason for different cytotoxicity of Fes0, MNPs
functionalized with oxalic, succinic, glutamic acids and L-
arginine for HeLa cells was investigated by X-ray photoelectron
spectroscopy (XPS), X-ray excited Auger electron spectroscopy
(XAES) and reflected electron loss spectroscopy (REELS)
revealing the chemical groups at the surface and modification of
surface electronic properties. These studies were supported by
dynamic light scattering (DLS), Fourier transform infrared
spectroscopy (FTIR-S), UV-vis, thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC).

Experimental
Samples

Details on synthesis of nanoparticles of iron oxide (Fe;O4) by
Massart’s method (MNPs) [14,15] and their functionalization at
temperature of 70 °C-80 °C at pH ca. 6-7 for 30 minutes with
succinic acid ((CH,),(CO,H),), L-arginine (C¢H4N,), oxalic acid
(C,H,0y), citric acid (CgHgO;) and glutamic acid (CsHyO4N)
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(samples denoted as I, II, I, IV and V, respectively) were
described elsewhere [3]. The structural formulae of
functionalizing adsorbed molecules are shown in Figure S1. The
prepared samples’ (FesO; MNPs and Fe;O, f-MNPs 1-V)
chemical, structural and magnetic properties were characterized
previously by energy dispersive X-ray spectroscopy (EDX),
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD) and vibrating
sample magnetometer [3].

DLS, FTIR-S, UV-vis, TGA/DSC Apparatuses

The DLS measurements were carried out using Brookhaven
Instruments  Particle Size Analyser 90+ to determine
nanoparticles hydrodynamic diameter (Dy), polydispersity index
(PDI) and Zeta potential. The measurements were performed in a
water suspension of concentration of 0.01 mg mL™ at pH ca. 6.

The FTIR spectra were recorded in Fourier spectrophotometer
Vertex 80 V (Bruker Inc., USA) in a configuration of attenuated
total reflectance (ATR) at the pressure below 5 hPa, what
reduces negative factors like carbon dioxide and water. In order
to obtain a high spectral resolution and signal-to-noise ratio the
following apparatus conditions were applied during the
measurement: spectral resolution of 2 cm™ and a number of
scans of 1024.

The UV-vis spectra were recorded in deionized water solution by
Shimazu UV-2401 spectrophotometer.

The TGS/DSC data was recorded using Mettler Toledo
TGA/DSC 3+ apparatus in nitrogen flow in a temperature range
from room temperature (RT) to 800 °C at the heating rate of 10
°C min™,

XPS Spectrometer
The XPS spectra of FesO, MNPs and Fe;O, f-MNPs I-V were

measured in an ultra-high vacuum (UHV) AXIS Supra
photoelectron spectrometer (Kratos Analytical, UK). The
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incidence angle of the monochrome Al K, radiation (1 mm?
irradiation area, 300 x 700 pum analyzed area) was set to 54.4°
and the photoelectron emission angle was 0,,,=0°, with respect to
the surface normal. The hemispherical electron energy analyzer
operated in the constant analyzer energy (CAE) mode at analyzer
pass energy of E,=80 eV (survey spectra) and E,=10 eV (high
resolution detailed spectra). The data acquisition was performed
using ESCApe Kratos software. The samples were investigated
without any UHV pretreatment. The binding energies (BE) of all
the spectra were referenced to BE of 284.4 eV of C 1s line.

The REELS measurements proceeded in an ultra-high-vacuum
(UHV) chamber using the ESA-31 electron spectrometer (home-
made) [16]. The spectrometer is equipped with a hemispherical
electron energy analyzer of high energy resolution, an electron
gun (LEG62-VG Microtech), a home-made X-ray excitation
source (Al Ka X-rays hv=1486.67 eV) and an Ar" ion source of
AG21 (VG Scientific). The REELS spectra were measured at
fixed retardation ratio (FRR) mode using the retardation ratio of
k=41. The electron beam parameters were: primary electron
energy of 4 keV, the beam current of about 11.5 nA measured
with a Faraday cup and the electron incidence and emission
angles of 50° and 0° with respect to the surface normal of the
specimen, respectively.

Results and Discussion
DLS, FTIR-S, UV-vis and TGA/DSC

The investigated FesO, MNPs and FesO,; f-MNPs 1-V exhibit
various values of hydrodynamic diameter (Dy), polydispersity
index (PDI) and Zeta potential. The values of Dy vary in a range
of 217.9-871.2 nm (Il <V < | < Fes04 < IV < 1l). Larger values
of Dy, in comparison to SEM values [3] would suggest polymeric
coating formed from adsorbed molecules on Fe;O, MNPs. The
values of polydispersity are in a range of 0.039-0.853 (IV < I <
FesO, < Il < V < ) indicating different
agglomeration/aggregation of nanoparticles in a solution. The
value of Zeta potential at pH ca. 6 is a range of -0.53-0.83 mV (I
< <IV<V<Fe0, <l
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The ATR-FTIR spectra of Fes0; MNPs and f-MNPs 1I-V are
shown in Figure 1A. All spectra show the characteristic peak of
iron oxides, i.e. Fe-O at 548 cm™. The literature reports this peak
at 580 cm™ [17-19]. However, these reported data result from
measurements in a polar environment of KBr pellet, what may
shift the peak position. The spectrum of Fe;0, MNPs exhibits
modes typical for organic groups in regions of 760-1800 cm™,
about 2000 cm™ and 2500-3600 cm™. The spectra of Fe;O,
MNPs I-V samples confirm the presence of adsorbed molecules
layers. All the spectra were normalized to the intensity of Fe-O
peak at 548 cm ' in order to compare the intensity of peaks at
different spectra regions for various adsorbed molecules. The
FTIR spectra can be divided into the following regions: 760-
1180 cm™, 1180-1480 cm™, 1480-1800 cm™, region about 2000
cm™, 2500-3600 cm™. In the region of 760-1180 cm™ C-C
stretching (strong) and C-N stretching (medium) exist (Infrared
Spectroscopy — MSU Chemistry). This region encloses the
complex skeleton modes involving few vibration local modes
due to modification of length of the bonds and angles between
the bonds. Such vibration modes have been previously observed
for L-arginine [20] and glutamic acid [21]. For FesO4 f-MNPs 11
and V dominating signal should results from C-C stretching. In
the region of 1180-1480 cm™ the functionalized MNPs modes
characteristic for COOH group exist, i.e. stretching C-O mode
(medium strong) (Infrared Spectroscopy - MSU Chemistry;
Silverstein et al., [22]), bending C-O-H mode (medium) and
bending C-H mode [22]. For the investigated admolecules the
literature reports symmetric stretching COOH™ mode for succinic
acid [23], CH3 symmetric bending mode for L-arginine [20],
stretching C-O mode for oxalic acid [24], scissoring C-O-H,
CH,, CH; modes, wagging CH,, CH; modes for citric acid [25]
and different types of bending C-H and stretching C-O modes for
glutamic acid [21]. In the region of 1480-1800 cm™ C=0
stretching mode (strong) is dominating (Infrared Spectroscopy -
MSU Chemistry; Silverstein et al., [22]). For sample MNPs I11
this mode is shifted to higher frequencies and among all the
samples this mode resembles the structure of COOH group in
oxalic acid. For samples MNPs | and 1V this mode is shifted to
lower frequencies, i.e. to 1550 cm™. The structure of samples
MNPs 111 is more rigid than structure of samples MNPs | and
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MNPs 1V. The interaction of COOH groups in f-MNPs 111 with
Fe;0, is weak. This is shown in bending of a mode at about 1705
cm™ typical for COOH group interacting weakly with Fes;O,
MNPs. The main mode maximum at about 1645 cm™ is
attributed to C=0 mode of stronger interaction with MNPs. For
samples MNPs | and IV their less rigid structure allows for
attraction of all COOH groups to Fe;0,4, what results in a larger
frequency shift of C=0 mode to lower values. For samples
MNPs Il and V the mode in a range of 1490-1705 cm* there is
an overlap of stretching C=0O mode (strong) [26] and bending N-
H mode (medium/medium-strong) typical for amine and amide
[26]. Contribution of bending N-H mode and interaction of
COOH with Fe304 result in a mode position and shape, where
for smaller frequencies the slope responsible for bending N-H
mode is smaller than for stretching C=0 mode. The region at
about 2000 cm™ consists of weak modes responsible for
combination and overtones of basic modes. The region of 2500-
3600 cm™ encloses stretching O-H modes (strong and wide
depending on the environment), stretching C-H modes (generally
strong) and stretching N-H mode typical for amine groups
(samples MNPs Il and V) [26]. Since the intensity of N-H
stretching mode in this region is weak the main components are
stretching O-H and C-H modes with contributions depending on
the sample.

The UV-vis spectra of Fes0, MNPs (Figure 1B) indicate the
absorption band between 400-420 nm characteristic for FesO,
nanoparticles as reported elsewhere [27] and at about 300 nm
reported previously for Fe,Os; [28]. Less intense absorption
bands with intensity decreasing in the order of I > 1 > Il = V >
IV and shifted to a smaller wavelengths exhibit Fe;O4 f-MNPs |-
VV samples due to adsorbed molecules. The shift may be
attributed to adsorbed molecules, where L-arginine absorption
band at 226-278 nm has been reported [20].

The TGA curves (Figure 1C, Figure S2) indicate various weight
loss for every investigated sample in different temperature
regions. The temperature range of 30-150 °C is characteristic for
a loss of residual water and other contaminations, as well as for
physically adsorbed molecules. In the temperature range of 150-
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600 °C carboxyl, hydroxyl, carbonyl and nitrogen groups of
chemically adsorbed molecules undergo decomposition [5,29-
31] contributing to this weight loss, whereas higher temperatures
are more characteristic for phase transformations. The weight
loss for all the investigated samples in the first range varies from
2.3 % t0 5.4 % and is larger for oxalic (5.4 %) and citric (4.6 %)
acids indicating either higher surface hydrophilicity and/or
physical adsorption. The weight loss in the second region is 2.8
% for Fes0, MNPs, 8 % and 8.5 % for L-arginine and succinic
acid, 10.5 % and 10.9 % for oxalic and glutamic acid and 21.4 %
for citric acid. This weight loss between 10.5 % and 21.4 %
indicates citric, oxalic and glutamic acids dissolution in Fe;Oy,
where dissolution in oxalic acid was reported elsewhere [32].
Thermal stability decreases in the following order: Fe;O4 MNPs
> |l (f-L-arginine) > | (f-succininc acid) > Il (f-oxalic acid) > V
(f-glutamic acid) > IV (f-citric acid).

The DSC curves (Figure 1D, Figure S2) show endothermic and
exothermic peaks indicating respectively heat absorption and
release. The endothermic peaks are attributed to phase
transitions, reduction and most decomposition reactions, whereas
exothermic peaks are related with oxidation, decomposition
reactions and crystallization. The first endothermic peaks visible
for all the samples at 50.5-71.3 °C can be attributed to desorption
and/or evaporation of water and is related with the weight loss
from 1.9 % for Fe;O, MNPs to 5.4 % for f-MNPs I-V. The
endothermic peaks in a range of 190-224 °C can be attributed to
desorption and/or decomposition of carboxylic groups and are
related with the weight loss of 1.7-15.7 %. This peak maximum
temperature shift, i.e. Fes0; MNPs < | = Il < IV = V < I,
indicates increasing binding energy between MNPs and
carboxylic groups from functionalizing molecules. The other
broad exothermic peaks in a range of 320-420 °C (Fe;O4; MNPs
<1<V <IlI<IV) with aweight loss of 1.1-5.7 % (Fes0, MNPs
<l <V <Il<1V) may be attributed to hydroxyl, carbonyl and
nitrogen groups decomposition [5,29-31]. The narrow
exothermic peak at 475 °C for sample | (f-succininc acid) with a
weight loss of 1.3 % and at 583 °C for sample Il (f-oxalic acid)
with a weight loss of 2.2 % may be related to decomposition of
carbonyl groups forming a stronger bond with MNPs [29-31].
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The above results indicate different thermal decomposition
confirming the results by FTIR-S indicating various adsorption
behavior of molecules via MNPs surface interaction.
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Figure 1: (A) The ATR-FTIR, (B) UV-vis spectra and (C) TGA and (D) DSC
curves of the investigated Fe;0, MNPs and Fe;O4 f-MNPs [I-V.

Quantitative Surface Analysis

The survey XPS spectra (Figure 2) showed Fe, C, O, N and
contaminations of S and Cl at the surface. The quantitative
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surface analysis was performed using the peak areas ( Fe 2p, C
1s, O 1s, N 1s, S 2p and Cl 2p) after Tougaard background
subtraction [33] using the XPS MultiQuant software [34,35]
considering a homogeneous surface distribution of elements,
Scofield subshell photoionisation cross-sections [36] and
correction for analyzer transmission function and electron elastic
scattering. The atomic composition of samples FesO,4 and I-V is
listed in Table S1. The Fe;04 MNPs show contamination of only
Cl. The N from functionalizing adsorbed molecules was present
in samples Il and V, whereas samples Ill and IV indicated
contamination of N. Otherwise, all f-MNPs show contamination
of Cl and sample IV contamination of S. Contaminations of Cl
and S result from precursors used in the Massart’s synthesis of
Fe;0, MNPs, whereas contamination of N from ammonia and N
gas flow conditions applied in the above mentioned synthesis.

Comparison of elemental ratios at the surface resulting from
XPS to those in the bulk resulting from EDX, published
elsewhere [3], is shown in Figure 3. The ratios of C/Fe and O/Fe
atomic contents at the surface (XPS) are larger than the
respective ratios in the bulk (EDX) indicating remarkably larger
carbon and oxygen content after functionalization, which result
from formation of carbon-oxygen layer at the surface of Fe;O, f-
MNPs. The ratio of O/C atomic content smaller at the surface
than in the bulk indicates oxygen deficiency of functionalizing
surface layers in comparison to the bulk FesO, MNPs.
Differences in these ratio values for MNPs and f-MNPs denoted
as I-V confirm various adsorbed molecules layer of different
surface coverages.
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Figure 3: Comparison of ratios of elemental contents at the surface (XPS) and
in the bulk (EDX) [3] of Fe30, and Fe;04 f-MNPs I-V. Samples f-MNPs |-V
are listed in the order of decreasing cytotoxicity.
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Figure 2: The survey XPS spectra recorded from Fe;O, MNPs and Fe;O, f-
MNPs I-V.

Chemical State of Carbon, Oxygen and Nitrogen

Fitting of C 1s, O 1s and N 1s spectra was performed after
Tougaard background subtraction using the XPSPeakfit41l
software [37]. The fitting of C 1s, O 1s and N 1s spectra was
focused on determination of the chemical forms of
functionalizing overlayers and the Fe;O, MNPs substrate. The
expected C chemical forms at the surface of Fe;O4, MNPs are
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carbon atoms forming sp? and/or sp® hybridizations and sp?

and/or sp® carbon bonded to oxygen groups like carbonyl (C=0),
hydroxyl (C-OH) and carboxyl (C-OOH) resulting from oxygen
adsorption, whereas functionalization of Fes0, MNPs substrate
is expected to provide increased number of carbon forms
resulting from the chemical treatment with biocompatible
molecules 1-V, which consist mainly of C sp%sp® and carboxylic
bonds (Figure S1). These carbon oxygen bonds resulting from
oxidation of carbon layer on Fe;O, MNPs and the MNPs
additional functionalization, i.e. C=0, C-OH and C-OOH, are
expected to be present in O 1s spectrum. However, O 1s
spectrum should also provide information on oxidized forms of
Fe. Previously reported experimental and theoretical results [38-
42] provided and compiled the values of binding energy (BE) for
C 1s and O 1s spectra typical for these carbon-oxygen groups for
different carbon nanomaterials. Similarly, different oxidized
forms of Fe due to iron treatment with oxygen and water were
reported previously including the respective BE values [43], as
well as carbon-nitrogen chemical forms [38].

The resulting C 1s, O 1s and N 1s spectra for sample Il are
shown in Figure 4, whereas the spectra recorded and fitted for
all the samples are presented in Figure S3A-C. The atomic
contents of carbon, oxygen and nitrogen chemical states
resulting from C 1s, O 1s and N 1s spectra fitting are listed in
Table S2A-C. Table S2A-C contains also the respective BE
values for C 1s, O 1s and N 1s electrons characterizing the
chemical states of the components of the adsorbed molecule
layers and FesO, substrate. At the surface of FesO, MNPs the C-
OH and C-OOH bonds are present, whereas f-MNPs I-V
surfaces exhibit a large amount of C-OOH bonds (Table S2A)
due to functionalizing adsorbed molecules consisting profoundly
of carboxylic bonds (Figure S1). Small amount of C-OH bonds
at the surface of sample 111 results probably from decomposition
of carboxylic groups due to X-ray damage. The O 1s spectrum
(Table S2B) indicates the same amount of C-OOH groups
resulting from adsorbed molecules and iron oxide forms
interpreted as the lattice 0% and adsorbed O™ from Fe;O, and/or
FeOOH and lattice OH" and adsorbed OH" from FeOOH, where
adsorbed forms refer to confirmed by the angular resolved
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measurement forms at the outer surface [44] and finally water
adsorbed at the surface. Although, O" and OH" species would
adsorb as atomic or molecular form, they receive the negative
charge from tunneling electrons from the metal to the surface, as
it has been suggested to occur during oxidation of Fe. Therefore,
the notation of adsorbed O and OH" includes a partial negative
charge, which allow their BE values to be close to BEs for the
lattice O% and OH". At the surface of Fes0, MNPs and their -V
functionalized MNPs the largest amount of lattice O% is
observed, then lattice OH" and then adsorbed OH™ and O forms
and water. The comparison of the atomic contents of carbon and
oxygen chemical states (Table S2A-B) for FesO, MNPs and f-
MNPs I-V in the order of decreasing cytotoxicity on HelLa cells
is shown in Figure 5A and B, respectively.

Chemical State of Fe

The stoichiometric magnetite FesO, of cubic close packed
oxygen sublattice can be alternatively expressed as FeOeFe,0s.
Therefore, it consist of iron ions Fe** and Fe** occupying the
tetrahedral (denoted as Th) and octahedral (denoted as Oh)
interstices of cubic spinel type structure. The ideal Fe;O, atomic
ratio of Fe®*: Fe** is 1:2, and precisely the ratio of Feo,’*: Feor:
Fer,>* is 1:1:1. The fitting of Fe 2p spectra was accounting for
Fe®* and Fe** octahedral and Fe** tetrahedral spectra components
parameters like Fe 2ps, BE and FWHM values reported in the
literature [2,4,45-49] Exemplary Fe 2p spectra fitting results are
shown in Figure 4, whereas all the fitted spectra in Figure S4.
Table 1 provides the parameters of the fitted Fe 2ps, spectra
recorded for Fes0, MNPs and f-MNPs I-V. For Fe;0, MNPs the
obtained values of BE for Fe** octahedral and Fe*" tetrahedral
and octahedral components, as well as intensity ratios of Fe®*
and Fe®* tetrahedral and octahedral components equal to 1:1:1
are in agreement with those reported previously [45], confirming
Fes0, MNPs (Table 1). The temperature functionalization of
FesO, surface by biocompatible admolecules (samples I-V) at
70-80 °C modifies the stoichiometry of Fe;0,, i.e. FeOeFe,0s,
leading to changes of ratio of Fe?" octahedral and Fe®" tetrahedral
and octahedral components, their BE values, separation between
the octahedral Fe** component and plasmon loss of octahedral
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Fe®* component (AFeq?") of the Fe 2 pyy, spectra, which are also
reflected in magnetic properties. Consistently increasing values
of BE due to functionalization, values of ratio of Fe** and Fe**
components and values of separation between Fe 2ps, octahedral
2+ component and values of separation between plasmon loss of
Fe 2ps;, octahedral 2+ component (AFeo,”) ranging from 8.11
eV to 8.77 eV (Table 1) indicate surface oxidation. Such
separation values (AFeOh2+), i.e. from 8.0 eV to 8.5. eV were
observed for a- and y- FeOOH and Fe,03 [43].

As reported previously [3] the value of saturation magnetization,
M,, for Fe;O, f-MNPs I-V, determined as a maximum
magnetization characterized by parallel orientations of magnetic
moments, varies from 45-70 emu g as a results of nanoparticle
size and surface oxidation (Figure 6A-B). These values are
smaller than the respective value for a bulk Fe;Oy, i.e. 89-92 emu
g*, and within agreement with various size Fe;O, nanoparticles
modified by different organic material. Generally, the value of
M; increases with increasing nanoparticle size [48]. This remains
in agreement with the results obtained by Rangam et al. [3],
where increasing M, values are observed with increasing
diameters obtained from XRD (Figure 6A). However,
diamagnetic coating of nanoparticles causes decrease of M due
to introducing surface spin disorder. Previously reported results
provided evidences on modification of magnetic properties of
Fe;0, due to adsorption [49], grain size [4] and functionalization
[50]. The oxidation of the surface-interface of Fes0, MNPs |-V
is reflected in increasing Fe 2ps, BE values and separation
between Fe 2ps, octahedral 2+ component and plasmon loss of
Fe 2ps, octahedral 2+ component (AFeo,”") (Figure 6B)
justifying modification of magnetic properties resulting from
slight modification of Fe;O, stoichiometry and spin flipping at
the interface of MNPs and functionalizing adsorbed molecules.
The saturation magnetization increases in the following order:
sample 1V < sample Il < sample Il < sample V < sample I.
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Table 1: The percent of Fe?*/ Fe** octahedral (Oh) and Fe** tetrahedral (Th) chemical states including BE values of Fe 2ps/, components, ratio
of separation between Fe 2ps, octahedral 2+ component and plasmon loss, ratios of Feg2*, Feg,>* and Fer,>" components, ratio of plasmon
loss to the total area and separation of Feq,2" components from plasmon loss in Fe 2ps, spectra recorded from Fe;O, and Fez0, f-MNPs I-V.
Samples f-MNPs I-V are listed in the order of decreasing cytotoxicity.

Sample | Fe chemical state Feon’'/ Feon? : Feonst : | Aprad AFeon” -
Feon? Feon" Fern Fe0h33+++ Fern" Ao plasmon
%) BE | (%) |BE(@Y) | (@) |BE@Ev) | o™

(eV)

Fe;0,4 33 710.0 33 711.4 34 713.3 0.49 1:1:1 0.5844 8.77

Il 39 710.4 38 711.9 23 713.9 0.64 1:0.97:0.59 0.5857 8.52

| 30 710.8 35 712.2 35 714.0 0.43 0.86:1:1 0.5007 8.90

Vv 345 710.5 34.5 711.9 31.0 713.8 0.53 1:1:0.90 0.5855 8.32

v 40 710.0 34 711.4 26 713.3 0.67 1:0.85:0.65 0.5986 8.11

| 37.0 710.5 39.0 712.0 24.0 714.1 0.59 0.95:1:0.62 0.5815 8.49
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Chemical State of Chlorine and Sulphur
Contaminations

Chlorine was observed in Fe;O,4 and samples 1-V (0.1-1.9 at. %),
whereas sulphur (1.1 at. %) in sample IV (Table S1). The
chemical states of chlorine and sulphur contaminations were
analyzed by fitting of Cl 2p (Figure 4, S5A, Table S3) and S 2s
(Figure S5B) spectra. Chlorine chemical states are interpreted
as: (i) [(CH3)4N]CI and/or [N(C,Hs),]CI (BE=196.61+0.3 eV), (ii)
C(NH,)sCl (BE=198.2+0.3 eV) and (iii) Met-Cl and/or (-
CH,CHO(CD)-), (BE=199.9+0.3 eV) [30]. Sulphur chemical
state was interpreted as -SO, (BE== 168.6 eV) [30]. The
resulting BE values providing information on the chemical states
of Cl and S indicate that ionic Cl and S are bonded to and Fe;O,
MNPs and adsorbed functionalizing molecules, what may result
from segregation due to applied temperature conditions (70 °C-
80 °C) during functionalization of MNPs.
O1s ]

from Fe,O, X
and FeQOH | O'w/Fe

mn

N1s

Cis L
00,0 5k

@

C-NH(NH2)2+
C-NH3+

y (cps)

&

C-OH
cN
N=C-NH

C-O0H

SIntensit

3
S
Intensity (cps)

C-NH(NH2)2+
C-NH3+

C-N=N

300,0

BE (eV)

(eV)

Intensity

a
2
S

IS
8
3

rS
=
8

@
2
3

@
-3
3

£
3

@
8
3

300

270 275 280 285 290 295 300 305

ci2p

04
s: 525

1l

50 5%

BE (eV)

@
a
S
2
k7]
c
2
E

300 4——————————————
392 394 396 398 400 402 404 406

BE (eV)

192 194 196 198 200 202 204 206 700 710 720 730 740 750 760
BE (eV) BE (eV)
Figure 4: The XPS C 1s, O 1s, N 1s, Cl 2p and Fe 2p spectra fitted to different
chemical forms for exemplary Fe;0, f-MNPs I1I.
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octahedral component on separation between Fe 2p3, 2+ octahedral component
and plasmon loss in Fe 2ps, spectra recorded from Fe;O, MNPs and Fe;O, f-
MNPs I-V.

Auger Parameters

The Auger parameters are not sensitive to uniform charging of
nonconductive specimens. Combining information resulting
from photoelectron peak positions and peak positions of the
Auger transitions (Figure 7), providing the Auger parameters, is
a powerful tool for exploring the electronic structure of surfaces
and interfaces in XPS-XAES studies.
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Figure 7: The Fe L;VV Auger spectra recorded from Fe;O, MNPs and Fe;O,
f-MNPs I-V.

The local electronic changes in charge redistribution and transfer
at atomic level can be investigated analyzing the final state
Auger parameter (Eg. (1a)) and the initial state Auger parameter
(Eg. (1b) defined as [30,51]:

0=Ep+Eg Eq. (1a)
B=E+3Eg Eg. (1b)

where E, is the kinetic energy (KE) of the Auger electron and Eg
is the binding energy (BE) of the photoelectron. Changes in the
Auger parameter between two environments due to the atomic
potentials in the core of the atom and the core hole screening
efficiency (extra-atomic relaxation), AR, (Eqg. (2a), as well as
between atomic potentials in the core of the atom at the atomic
site, AV, (Eq. (2b)) are defined as [52,53]:
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AOF Ope30at- Oleny = 2AR Eq (23)
AB=PresosPeny = 2AV, Eq. (2b)

where a.n,, and S, refer to functionalized Fe;O, MNPs surface.
The final state effects (AR) refer to a shift in polarization energy
at the core-ionised atom. This shift considers the charge transfer
in a local valence band orbital of the core ionised atom and the
contribution to the electronic relaxation energy of all the other
atoms in the system. The initial state effects (AV) represent a
chemical shift as a result of a ground state electronic structure
and depend on bonding to neighbouring atomic valence states.
This shift is related to electronic states like e.g. band structures,
bond directionality and structural parameters like atomic
positions and Madelung constants of the bonded atom.

The Wagner plot for a given element and/or compound, known
also as chemical state plot or chemical state diagram, displays in
a compact form the values of photoelectron BE, Auger electron
KE and Auger parameters. Positions of compounds on this plot
indicate relaxation shifts of various species, initial and final
state effect contributions of various species. Therefore, Wagner
plot information is related to concept of ionicity,
electronegativity and polarizability. The Wagner plots for Auger
Fe LsMysM,s electrons — Fe 2ps, photoelectron spectra and
Auger O KLL electrons — O 1s photoelectron spectra
representing the investigated Fe;O, and FesO, MNPs I-V
samples are shown in Figure 8, whereas values of Auger spectra
KE, BE of photoelectron spectra and Auger parameters resulting
from Eq. (1a-b) — (2a-b) are provided in Table S4A-B. It should
be noted that Eq. (2a-b) are good approximation in the case of
core-core-core Auger transitions.
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Figure 8: Wagner plots for (A) Fe LsMysMys and Fe 2ps, spectra and (B) O
KLL and O 1s spectra representing the investigated Fes0, MNPs and Fe;O, f-
MNPs I-V.

The spectral shape of Auger transition (Figure 7) is influenced
by the valence band density of states and also by changes in the
local density of states resulting from the screening of the initial
core-hole. Therefore, any change of Auger spectral profile
indicates modification of the local density of states. The core-
core-core Auger electrons (LsMxM,3) are not involved into
bonding in contrary to core-core-valence Auger electrons
(LsMy3Mys). The number of electrons from Fe atom in the d
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states of the valence band, n°, evaluated from the ratio of core-
core-valence to core-core-core Auger intensities [54] decreases
in the following order: 0.92 (sample 1), 0.89 (FesO, MNPs), 0.86
(sample 111), 0.85 (samples Il and V) and 0.83 (sample V) and
exhibits no direct relation with cytotoxicity.

Overlayer Thickness

The thickness of adsorbed molecules overlayers was evaluated
using the following methods:

1. QUASES-Analyze [55],
2. XPS MuliQuant [34,35] and
3. attenuation equation [56]

and applying the inelastic mean free path (IMFP) values of
photoelectrons from the G1 equation of Gries [57].

QUASES-Analyze [55], evaluates the surface morphology, i.e.
type of depth profile, percent coverage and layer thickness from
XPS spectra and an inelastic background in the vicinity of the
photoelectron peak. Exemplary results of QUASES-Analyze
evaluations using the Buried Layer (BL) model without a
standard and models of BL and Active Substrate (AS) with a
Fe;O,4 standard are shown in Figure S6A-C, respectively. The
values of surface coverage, adsorbed molecules overlayer
thickness resulting from QUASES-Analyze BL and AS models
without and with Fe;O, standard and averaged overlayer
thickness are listed in Table 2.
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Table 2: Coverage and overlayer thickness resulting from QUASES-Analyze Buried Layer (BL) model without a standard, BL and Active
Substrate (AS) models with Fe;O, standard. Evaluation is performed from Fe 2ps, spectra recorded from Fe;O, and Fe;0, f-MNPs I-V.
Samples f-MNPs I-V are listed in the order of decreasing cytotoxicity.

Sample Analyze BL Analyze BL Analyze BL Analyze AS Av. Thickness
No standard (nm)
Thickness (nm) Cov. (%) Thickness (nm) Thickness (nm)

1"l 1.34 50.6 1.19 1.2 1.24+0.08

I 15 42.2 1.6 1.58 1.56+0.05

\Y 1.51 70.5 1.58 1.59 1.56+0.04

v 2.38 61.0 2.26 2.27 2.30+0.07

Il 1.38 58.9 1.5 15 1.46+0.07

Table 3: Parameters for determining overlayer thickness from XPS MultiQuant [34,35], attenuation equation (Eg. (3)) [56], IMFP values for
various overlayers from Gries G1 equation [57] and comparison of overlayer thickness values resulting from XPS MultiQuant, attenuation
equation and effective thickness from QUASES-Analyze for Fe;04, MNPs and Fe;O4 f-MNPs I-V. Samples f-MNPs I-V are listed in the order
of decreasing cytotoxicity. The IMFP values were calculated for Fe 2p3/, photoelectrons kinetic energy.

Sample Density Atomic weight | N, overlayers t (nm) t (nm) Effective
(g cm?) (g mol™) IMFPgries Eq. (3) XPS Av. Thickness
(nm) (IMFPgyies) MultiQuant QUASES-Analyze
(IMFPGries) (nm)
(IMFPGries)

Fes04 5.18 231.533 1.55

i 1.90 90.03 34 2.20 1.0 1.11 0.63
(anhydrous)

[ 1.56 118.09 46 2.06 0.74 0.68 0.66

vV 1.4601 147.13 58 2.11 1.42 1.04 1.10

v 1.665 192.12 74 2.16 1.22 - 1.40
(anhydrous)

I 1.43 174.20 70 2.00 1.37 0.66 0.86

Table 4: Dependence of cytotoxicity tested for HeLa cells on surface properties of Fe304 f-MNPs I-V. Samples f-MNPs I-V are listed in the
order of decreasing cytotoxicity. Symbols denote: DH — hydrodynamic diameter, PDI — polydispersity.

Sample Av.% | Cov. Av. t | C-OOH | Total Lattice Ads Dy PDI Zeta Overlayer
cell (%) (nm) +C-OH O/C sp? (O +0OH") g5 (nm) Potential Interaction
death C1s C1s O%+OH" | /C sp? (mV) with MNPs

(at. %) IC sp?

Fe;0, - - - 1.7 0.12 3.01 0.16 601.3 | 0.171 | 0.56 -

1"l 10.8 50.6 0.91 5.4 0.57 3.47 0.98 2179 | 0.853 | 0.83 weaker

[ 10.7 422 0.69 4.3 0.34 3.27 0.48 5279 | 0.101 | -0.53 stronger

V 9.2 70.5 1.19 3.2 0.29 2.77 0.56 256.7 | 0.246 | 0.28 stronger

v 7.5 61.0 1.31 3.1 0.10 0.57 0.35 717.7 | 0.039 | 0.19 stronger

I 5.3 58.9 0.96 2.5 0.20 0.36 0.29 871.2 | 0.237 | -0.23 stronger
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The thickness resulting from XPS MultiQuant [34,35] was
evaluated using the Layers-on-Sphere model. Although the
particles are small, the large difference between the IMFP of the
overlayer and a core allows using it (particle radius set to 10
nm). The composition, molecular weight and IMFP values from
G1 equation [57] for each adsorbed molecules are listed in Table
3. Other parameters applied are: Al K, excitation, Scofield cross-
section, Reilman angular corrections for analyzer input angle of
54.4°. The surface of Fe;0O, nanoparticles is oxygen deficient in
comparison to functionalized nanoparticles I-V (Figure 3). After
functionalization the calculated thickness of contamination
assuming CH, hydrocarbon and possible other oxidized states
(Table 1) is almost the same but quantity of the missing oxygen
is different. Due to the oxygen deficiency of the nanoparticles
and their original carbonaceous contamination, the calculated
layer thickness must be considered critically; presumably, the
values calculated without oxygen are closer to reality. In the case
of nitrogen containing molecules, the nitrogen deficiency
suggests that beside the adsorbed molecules, carbonaceous
contamination is also present. It may be true for the other
molecules as well. The values of overlayer thickness evaluated
from XPS MultiQuant are listed in Table 3.

The following attenuation equation was applied [56]:
t=AcosaIn(R+1), Eq. (3)

where A is the IMFP from Gries G1 equation [57] and R is given
by Eg. (4):

{312

where I;° is the intensity of the photoelectron signal from an
infinitely thick layer, I? is the signal intensity from the

uncovered substrate, Iil is the intensity of photoelectron signal

from a layer of a thickness t and If is the intensity of
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photoelectron signal from a substrate covered by a layer of
thickness t.

o]

i . .
The - can be measured in a separate experiment and/or

j
calculated from Eq. (5):

©  S(E M ' A(do, /dQ).
||70= ( I) . IS( O-X )I , Eq (5)
12 S(E; M2 (do/ de2),

where S is the spectrometer function, dGX 14 is a differential

photoelectric cross-section, M is atomic density of a given

element (number of atoms in unit volume), M = N:’D, No is

Avogadro number, /1! is the IMFP for photoelectrons emitted in

a layer | and moving in a layer I, /lsj is the IMFP for

photoelectrons emitted in a substrate s and moving in a layer |,
L is adensity, A is atomic mass and « is a detection angle with

respect to the surface normal. The values of parameters for
determining the layer thickness from Eq. (3), IMFPs from Gries
G1 equation [57], the layer thickness resulting from Eq. (3) are
provided in Table 3. Comparison of adsorbed molecules layer
thicknesses obtained from QUASES-Analyze (so-called
effective layer thickness, i.e. layer thickness multiplied by a
coverage), XPS MultiQuant and attenuation equation (Eg. (3)),
respectively, is provided in Table 3 and Figure 9.
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Figure 9: Comparison of overlayer thickness resulting from attenuation
equation (Eqg. (3)) (solid square), XPS MultiQuant (solid circle) and effective
average thickness resulting from QUASES-Analyze (solid triangle) for Fe;0, f-
MNPs I-V. Samples f-MNPs 1-V are shown in the order of decreasing
cytotoxicity.

REELS Spectra

Comparison of REELS spectra recorded from Fe;O4, MNPs and
f-MNPs 1-V and parameters derived from these spectra are
shown in Figure 10. The electron scattering probabilities (elastic
peak intensities) at 0 eV and inelastic scattering probabilities on
valence band electrons in the region of about 80 eV above the
elastic peak (electron inelastic losses) show variations due to
functionalization (Figure 10A-B) with no remarkable changes in
elastic peak full width at half maximum (FWHM) of 0.83+0.02
eV. The presented changes (Figure 10A-B) reflect modification
of surface electronic and optical properties. The quantitative
analysis of REELS spectra combined with Tougaard QUEELS
algorithm [58] may provide detailed information on parameters
of surface electronic and optical properties [58-60]. The band
gap energy (Eg) value can be evaluated from REELS spectra
since the plasmon loss peak exhibiting broad peaks with the
energy in the vicinity of the elastic peak at 0 eV appears below
the electron-hole interband transition. The onset of the loss
spectrum is due to electron-hole excitation. The band gap energy
was estimated from a linear fit line along the maximum negative
slope at a point near the onset of the loss signal spectrum to the
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background level. The crossing of the linear fit line and the
background level provides the band gap value (Figure 10C). The
band gap energy values for FesO, MNPs is 2.45 eV similarly as
reported previously, i.e. 2.5 eV [60]. These values for Fe;0O, f-
MNPs increase from 2.45 eV to 2.7 eV and exhibit decreasing
dependence of band gap energy with decreasing carbon content
and increasing nanoparticle size (Figure 10D). Similarly,
increasing band gap energy values, i.e. from 2.4 eV to 2.9 eV,
with increasing carbon content in FesO, [59] and decreasing
FesO, nanoparticle size [61] were reported previously. The
inelastic scattering probability values showing changes due to
functionalization (Figure 10A-D) provide evidences on modified
optical and dielectric properties of the investigated surface [59].
No direct dependence of band gap energy of f-FesO, MNPs on
cytotoxicity tested for HelLa was observed, although this
cytotoxicity was the highest for sample Il of an intermediate
nanoparticle size, the lowest carbon content and the band gap
energy value closest to the that for Fe;O,.

Dependence of Cytotoxicity Tested for HelLa
Cells on Surface Properties of Functionalized
Fe;O4 Nanoparticles

Compilation of features indicating the differences in structural
and chemical properties in the investigated surfaces Fe;O, f-
MNPs 1-V in the order of decreasing cytotoxicity is compiled in
Table 4. The highest cytotoxicity is observed for Fe;0, f-MNPs
with (i) the smaller surface coverage and thickness of
biocompatible adsorbed molecules layers, (ii) the highest content
of oxygen and carbon-oxygen functionalizing groups, (iii) the
highest ratio of lattice O and OH" to C sp? hybridizations on
MNPs surface, (iv) the highest ratio of adsorbed O and OH to C
sp® hybridizations due to adsorbed molecule layers, (v) the
closest electronic and optical properties to Fe;O4 shown in Auger
parameters of XPS and Auger lines from Fe (Figure 8A) and
REELS spectra (Figure 10A-D). No dependence of Cl and S
contaminations and band gap energy was observed. No
dependence of cytotoxicity on PDI and Zeta potential values in
the recorded range was shown. This would indicate that for the
applied conditions of concentration, temperature and pH the
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samples homogeneity and ability for attachment to a negatively
charged cell membrane is less important than content of
adsorbed molecules oxygen groups, which are responsible for
generating ROS. Higher cytotoxicity is observed for MNPs of
smaller hydrodynamic diameters (217.9-527.9 nm) indicating
that adlayers of smaller polymerization degree will favor ROS
generation.

Although, different iron oxides and also Fe;O, have been
previously applied for diagnosis and in tumor therapy [1], the
biocompatibility of functionalized FesO, MNPs is competitive to
FesO, nanoparticles. The enhanced cytotoxicity for HeLa cells
has been previously reported for L-cysteine-conjugated
ruthenium oxy-hydroxide (RuO4(OH),) in comparison to
RuO4(OH), [62]. This cytotoxicity of L-cysteine-conjugated
(RuO«(OH),) increasing with the concentration of this agent was
attributed to selective ability of HelLa cells to create bonding
with this surface. According to the above, the cytotoxicity of f-
MNPs seems to be related with interaction of cells with the
applied agent surface, where both oxygen groups, Fe;O, lattice
O and OH" and adsorbed O and OH" play a role of adsorption
and catalytic sites leading to the cytotoxicity of HelLa cells.
Cytotoxicity was found to be higher for systems with a larger
amount of double-carboxylic groups, which could enhance
kinetics of Fenton reaction.
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Figure 10: (A) Comparison of elastic peak and spectrum of inelastic losses of
electrons on valence band electrons recorded from Fe;O, MNPs and f-MNPs.
(B) Differences between the spectrum of inelastic losses of electrons on
valence band electrons recorded from Fe;O, f-MNPs and the respective
spectrum recorded from Fe;O, MNPs. (C) Evaluation of band gap energy
values from REELS spectra recorded from Fe;O, MNPs and f-MNPs. (D)
Dependence of band gap energy values on Fe;O, f-MNPs nanoparticle size [3]
and surface carbon content (Table S1).

Conclusions

Functionalization of Fe;O, MNPs with different adsorbed
molecules (samples 1-V) to increase biocompatibility of Fe;O,
MNPs provides no modification in biocompatibility on L929
cells. However, it leads to variation in cytotoxicity on HeLa cells
decreasing in the order 1l ~ 1 >V > IV > Il due to chemical and
morphology modification of Fe;0, MNPs.

The adsorbed layers provide f-MNPs of various physico-
chemical properties since adsorption of amino acids leads to
modification of their surface and interface providing
nanoparticles of different hydrodynamic diameter, polydispersity
and Zeta potential. Functionalization provides adsorbed layers on
Fes0, MNPs of various thickness and partial dissolution of
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oxalic, glutamic and citric acids in nanoparticles. The presence
of Fes0, MNPs and adsorbed layer of different thickness is
confirmed by FTIR-S and UV-vis absorption spectra. The
adlayer thickness values resulting from UV-vis and QUASES are
in a reasonable agreement. The adsorbed layers have different
degree of polymerization confirmed by hydrodynamic diameter
value. Adsorption behavior of amino acids on MNPs confirmed
by FTIR-S results in s weaker (oxalic acid) and/or stronger
(succinic, L-arginine, citric, glutamic acids) interactions between
adlayers and MNPs and different Zeta potential values of
nanoparticles. The C/O atomic contents ratio is larger at the
surface than in the bulk indicating formation of functionalizing
carbon-oxygen layers with oxygen deficiency in comparison to
Fe;0, MNPs. These carbon-oxygen layers show C sp? C sp°,
carboxyl (C-OOH) groups and also C-N, C-NH;*, C-NO,, C-
NO; from adsorbed molecules layers present at the surface,
whereas Fe;0, MNPs and f-MNPs show the presence of lattice
0% and OH and adsorbed O and OH. The coverage of
functionalizing adsorbed layers is 40-50% (oxalic and succinic
acids) and 60-70% (L-arginine, citric and glutamic acid) and
overlayer effective thickness is 0.69-1.31 nm. Such
functionalization influences the magnetic, electronic and optical
properties of Fe;O, MNPs. The modification of magnetic
properties is manifested in changes of ratio of Fe 2ps, 2+ and 3+
tetrahedral and octahedral components and separation of Fe 2ps,
photoelectron transition from inelastic plasmon. Modification of
surface electronic charge redistribution, electronic and optical
properties of f-MNPs is shown in the Auger parameters (derived
from XPS and Auger spectra) and elastic/inelastic scattering
probabilities of electrons on atoms and valence band electrons
(derived from REELS spectra).

No dependence of cytotoxicity on polydispersity and Zeta
potential of Fe;O, f-MNPs is observed, whereas the highest
cytotoxicity is observed for f-MNPs of (i) lower degree of
polymerization, (ii) the smaller surface coverage and thickness
of biocompatible adsorbed molecules layers, (iii) the highest
content of oxygen and carbon-oxygen functionalizing groups,
(iv) the highest ratio of lattice O* and OH to C sp’
hybridizations on MNPs surface, (v) the highest ratio of
adsorbed O and OH to C sp? hybridizations on adsorbed
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molecule layers, (vi) the closest electronic and optical properties
to Fe3O4 shown in Auger parameters of XPS and Auger lines
from Fe and REELS spectra. No dependence of Cl and S
contaminations, band gap energy and number of electrons from
Fe atom in the d states of the valence band was observed.

The enhancement of cytotoxicity of f-MNPs is related with
interaction of cells with these surfaces, where both oxygen
groups and increasing content of lattice O* and OH", as well as
adsorbed O™ and OH" from biocompatible layers play a role of
adsorption and catalytic sites and a large amount of double-
carboxylic groups enhancing kinetics of Fenton reaction leading
to cell damage. Since the cell viability, type and mechanism of
cell death is a more complex process the results of the present
work provide an indicative comparison of toxicity of the
nanoparticles observed for HelLa cells focusing on nanoparticles
surface properties and possible HelLa adsorption behavior.
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functionalizing the Fe;O,4 nanoparticles.
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Supplementary Figure S2C: TGA and DSC thermoanalytical curves recorded
from Fe;0, -MNPs IV and Fe;O, f-MNPs V.
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Supplementary Figure S3A: The XPS C 1s spectra recorded from Fe;O4
MNPs and Fe;0, f-MNPs |-V fitted to different chemical forms.
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Supplementary Figure S3B: The XPS O 1s spectra recorded from Fe;O, and
Fe;0, f-MNPs I-V fitted to different chemical forms.
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Supplementary Figure S3C: The XPS N 1s spectra recorded from samples I1-
V of Fe;0, f-MNPs fitted to different chemical forms.
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Supplementary Figure S4: The XPS Fe 2p spectra recorded from Fe;O,
MNPs and Fe;0, f-MNPs |-V fitted to different chemical forms.
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Supplementary Figure S5A: The XPS Cl 2p spectra recorded from Fe3;O,
MNPs and Fe;0, f-MNPs |-V fitted to different chemical forms.
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Supplementary Figure S5B: The XPS S 2p spectrum recorded from sample
IV Fe;0, f-MNPs fitted to a chemical form.
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Supplementary Figure S6A : Results of background subtraction of XPS Fe2p
spectra recorded from various adsorbed molecule overlayers on Fe;04; MNPs
substrate (FesO, f-MNPs 1-V) using QUASES-Analyze Buried Layer (BL)
without a standard.
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Supplementary Figure S6B : Results of adjustment of XPS Fe2p spectra
recorded from various adsorbed molecule overlayers on Fe;O, MNPs substrate
(Fe30,4 -MNPs 1-V) to respective spectra recorded from Fe;O, standard using
QUASES-Analyze Buried Layer (BL) model.
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Supplementary Figure S6C : Results of adjustment of XPS Fe2p spectra
recorded from various adsorbed molecule overlayers on Fe;0, MNPs substrate
(Fe;0, f-MNPs I-V) to respective spectra recorded from Fe;O, standard using
QUASES-Analyze Active Substrate (AS) model.
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Supplementary Table S1: XPS quantitative results for FesO, MNPs and
Fe30, f-MNPs I-V. Samples f-MNPs |-V are listed in the order of decreasing

cytotoxicity.
Sample Elemental content (atomic %0)

C o] N Cl S Fe
Fe;0, 16.9 50.7 - 0.1 - 32.6
i 18.3 50.3 2.0 15 - 28.0
| 19.0 53.8 - 15 - 25.8
\Y% 25.8 451 17 11 - 26.2
v 494 35.1 2.4 0.4 11 11.6
1 22.6 459 2.2 19 - 27.3
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Supplementary Table S2A: Atomic content and line positions (eV) of carbon-oxygen and carbon-nitrogen groups resulting from fitting of C 1s spectra for
Fe304 MNPs and Fe;0, f-MNPs I-V. Samples f-MNPs I-V are listed in the order of decreasing cytotoxicity.

Sample C chemical states (atomic %)
Csp? Csp® C-OH Cc=0 C-OOH C-N C-NH(NH,),"
N=C-NH C-NH;*
C-N=N
BE (eV) BE (eV) BE (eV) BE (eV) BE (eV) BE (eV) BE (eV)
284.4 285.3 286.4 287.9 288.5+0.1 286.3+0.2 288.3+0.1
Fes0, 14.3 0.9 0.4 - 1.3 - -
1T 9.4 3.0 0.7 - 47 0.1 0.4
[ 126 2.1 - - 43 - -
Vv 10.9 7.9 - - 3.2 2.3 1.5
v 31.0 8.4 - - 3.1 2.3 4.6
Il 12.7 6.4 - - 2.5 1.0 -

Supplementary Table S2B: Atomic content and line positions (eV) of oxygen chemical forms resulting from fitting of O 1s spectra for Fe;04 MNPs and
Fe304 f-MNPs I-V. Samples f-MNPs I-V are listed in the order of decreasing cytotoxicity.

Sample O chemical states (atomic %)
Lattice 0% Adsorbed O 4, Lattice OH FeOOH Adsorbed OH 4, H,O C-OOH
Fe;04
FeOOH
BE (eV) BE (eV) BE (eV) BE (eV) BE (eV) BE (eV)
530.040.2 531.740.2 531.040.2 532.040.1 533.040.2 531.340.1
534.840.5 533.240.3
536.6+0.5
Fe30, 38.2 - 49 2.3 0.8;1.0;0.9 1.3;1.3
11 31.0 5.1 1.6 4.1 0;1.5;1.0 3.0;3.0
| 35.7 3.0 55 3.0 0;0;0 3.3;3.3
\ 20.6 - 9.6 6.1 0;1.4;0.8 3.3;3.3
AV 12.4 4.8 5.3 5.9 1.2;0.1 2.7;2.7
| 28.1 - 7.7 3.7 1.0; 0.8 2.3;2.3
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Supplementary Table S2C: Atomic content and line positions (eV) of
nitrogen chemical forms resulting from fitting of N 1s spectra for Fe;0, MNPs
and Fe;0, f-MNPs I-V. Samples f-MNPs 1-V are listed in the order of
decreasing cytotoxicity.

Sample N chemical states (atomic %o)
C-N C-NH(NH,)," C-NO;,
N=C-NH C-NH;" C-NO3
BE (eV) BE (eV) BE (eV)
399.740.3 401.640.2 404.7
i 0.3 1.7 -
\% 1.0 0.6 0.1
v 1.0 14 -
I 2.2 - -

Supplementary Table S3:
Atomic content and line positions (eV) of chlorine chemical forms resulting
from fitting of CI 2p spectra for Fe;04, MNPs and Fe;O, f-MNPs I-V. Samples
f-MNPs |-V are listed in the order of decreasing cytotoxicity.

Sample Cl chemical state (atomic %)
[(CH3)4NICI C(NHy)Cl Met-Cl
[N(C,Hs)4]ClI (-CH,CHO(CI)-),
BE (eV) BE (eV) BE (eV)
196.640.3 198.240.3 199.940.3
Fe30, - 0.06 0.04
i 0.1 1.0 0.4
| 0.5 0.7 0.3
\% 0.1 0.6 0.4
v 0.1 0.2 0.1
I 0.9 13 0.7
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Supplementary Table S4A: Parameters of Fe L3MysM,5 Auger and Fe 2p3),
photoelectron spectra and Auger parameters for Fes0, MNPs and Fe;0, f-
MNPs I-V. Samples f-MNPs I-V are listed in the order of decreasing

cytotoxicity.
Sample/ | Fe;0, 11 | \Y/ v 1

Parameter
Fe 700.75 700.76 703.32 | 70155 | 700.49 699.54
LsMysMys
KE (eV)
Fe 2psp, 710.78§ 710.97] 711.39 711.15 711.16 712.11
BE (eV)
AEp 0 -0.0y -2.57 -0.8 0.26 1.21
LsMysMys
AEg Fe 0 -0.19 -0.61 -0.37 -0.38 -1.33
2P,
B 2833.1 2833.7 28375 | 28350 | 2834.0 2835.9
o 14115 14117 14147 1412.7 1411.7 1411.7
AB 0 -0.6 -4.4 -1.9 -0.9 -2.8
Aa 0 -0.2 -3.2 -1.2 -0.2 -0.2

Supplementary Table S4B: Parameters of O KLL Auger and O 1s
photoelectron spectra and Auger parameters for Fe;0, MNPs and Fe;0O, f-
MNPs I-V. Samples f-MNPs I-V are listed in the order of decreasing

cytotoxicity.
Sample/ | Fe3O, i I \ \Y} 1
Paramet
er
O KLL 512.68 511.81 514.28 51259 51154 511.55
KE (eV)
O 1s BE 529.98  529.97 530.39) 530.15 531.20 530.15
(eV)
AEA 0 0.9 -1.6 0.1 1.1 1.1
O KLL
AEg O 1s 0 0 -0.4 -0.2 -1.2 -0.2
B 2102.6 2101.7) 21055 2103.00 2105.1] 2102.0
o 10427 1041.8 10447  1042.7) 1042.7| 1041.7
AB 0 0.9 -2.9 -0.4 -2.5 0.6
Aa. 0 0.9 -2.0 0 0 1
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