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NANOIMPACT STATEMENT

Functionalization of super paramagnetic iron oxide nanoparticles with different coatings renders them
with unique physicochemical properties for a broad range of applications. However there is a gap
between the promises of any new functionalized nanoparticle and the effects of the coatings on the
nanosafety. This manuscript presents a strategy based on the integration of well-established early
warning signals in an index that could reveal the relationship between the nanoparticle physico-
chemical properties and their impact in the exposure. This index developed here could offer an initial
rationale to choose either modifying the nanoparticle properties to reduce its nanoimpact or performing
a complete risk assessment to define the risk boundaries.

Susana Cristobal and co-authors
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Assessment of functionalized iron oxide nanoparticles in vitro:
introduction to integrated nanoimpact index

N. Bayat*}, V.R. Lopes"}, M. Sanchez-Dominguez®, R. Lakshmanan®, G.K. Rajarac® and S. Cristobal®®*

Functionalization of super paramagnetic iron oxide NPs (SPIONs) with different coatings renders them with unique physicochemical
properties that allow them to be used in a broad range of applications such as drug targeting and water purification. However, it is required to
fill the gap between the promises of any new functionalized SPIONs and the effects of these coatings on the NPs safety. Nanotoxicology is
offering diverse strategies to assess the effect of exposure to SPIONs in a case-by-case manner but an integrated nanoimpact scale has not
been developed yet. We have implemented the classical integrated biological response (IBR) into an integrated nanoimpact index (INI) as an
early warning scale of nano-impact based on a combination of toxicological end points such as cell proliferation, oxidative stress, apoptosis
and genotoxicity. Here, the effect of SPIONs functionalized with tri-sodium citrate (TSC), polyethylenimine (PEI), aminopropyl-
triethoxysilane (APTES) and Chitosan (chitosan) were assessed on human keratinocytes and endothelial cells. Our results show that
endothelial cells were more sensitive to exposure than keratinocytes and the initial cell culture density modulated the toxicity. PEI-SPIONS
had the strongest effects in both cell types while TSC-SPIONS were the most biocompatible. This study emphasizes not only the importance
of surface coatings but also the cell type and the initial cell density on the selection of toxicity assays. The INI developed here could offer an
initial rationale to choose either modifying SPIONSs properties to reduce its nanoimpact or performing a complete risk assessment to define
the risk boundaries.

Introduction

Super paramagnetic iron oxide NPs (SPIONs) are small synthetic y-
Fe,Os (maghemite) or Fe;O, particles currently of special interest
due to their magnetic properties, ease of separation, recovery, and
specific interaction with molecules®. With proper targeted surface
modification, SPIONs gain additional unique characteristics such as
improved biocompatibility, resistance to protein adsorption, and
increase circulation time and internalization efficiency, which
opened the spectra of utilization of those NPs from drug delivery,
separation and purification of cells and proteins, to magnetic
resonance imaging 3. Moreover, another remarkable application of
SPIONSs in biotechnology is in water treatment industry for removal
of heavy metals and organic dyes*®2°°1% SPIONs are therefore one
of the most widely studied and well-characterized NPs'%3,

Surface modification enhances the application of SPIONSs,
nonetheless it has now been confirmed that immediately after
SPIONs enter biological fluids, proteins and other biomolecules
present bind to their surface leading to the formation of a dynamic
protein corona that critically defines the biological identity of the
SPIONs and thereby their interaction with the cells'®. Therefore it is
important to assess whether the protein corona affects the properties
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of functionalized SPIONs by comprehensive characterization of their
physicochemical properties, assessment of their safety and
understanding the mechanism behind their potential toxicity*>®,

In this study the potential toxicity of SPIONs functionalized with
different coatings i.e. tri-sodium citrate (TSC), polyethylenimine
(PEI), aminopropyl-triethoxysilane (APTES) and Chitosan
(chitosan) were assessed. Chitosan, made from chitin,is a
biocompatible and biodegradable linear polysaccharide with
antimicrobial properties and affinity for many molecules®. In
comparison with many other polymers, the reactive functional
groups present in the chemical structure of chitosan structure (i.e.
alcohol, amine and amide) act as anchors for conjugation leading to
bioadhesion of a myriad of substrates such as therapeutics®?.
Chitosan-SPIONs have been shown to support the growth of
osteoblasts’. Therefore the development of chitosan-coated SPIONs
are of great interest especially in biomedical applications . APTES
(NH,(CH,)s-Si(OC,Hs)3) is an important silane coupling agent that
interacts electrostatically by its amino end with protein surface
groups and covalently to the oxygen atoms of oxide NPs such as
SPIONS, leading to increase protein adsorption'®® . It has been
shown the binding of substrate DNA to the APTES linker is very
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strong and that APTES has high solubility in cell membranes and it
can also dissolved in both polar and nonpolar solvents'®"*®. APTES
surface-functionalized SPIONs have been used in biological
applications such as cell separation and drug targeting?*>%. TSC
(Na3C¢Hs0;)-coated  SPIONs interact ~ with  biomolecules
electrostatically; in addition, TSC has antimicrobial and
anticoagulant properties due to its ability to chelating ionized
calcium in blood®*?. Finally, PEI (C,HsN)y is a polycation with
high ionic charge density which recently has been used as a gene
therapy delivery agent. PEI has a large buffering capacity and thus it
has been shown to disrupt endosomal osmolality leading to lysis®*.
Therefore PEI has a high efficiency as a transfection reagent since
endosomal release may enhance gene delivery to the nucleus of
transfected cells?®%’. Moreover, the high density of primary amino
groups of PEI renders SPIONs with good colloidal stability,
biocompatibility and decrease of macrophage uptake, as well as
enhancing surface modification of SPIONS with different functional
groups®® . Earlier studies from the research group have shown the
application of TSC-coated SPIONSs for protein purification and PEI-
coated SPIONs in removal of organic carbon from sewage
wastewater?®3!,

Fulfilling the promise of nanotechnology requires understanding of
how the desired surface modifications affect the final attributes of
the SPIONs and their interaction with biological systems.
Integration of the nanotoxicological response as an index could fill

Results and discussion
The physico-chemical properties of SPIONs

The selected SPIONs were synthesized and characterized to
determine their size, shape, amount of organic matter and
confirmation of functional group. The chemical structures of the
different surface coatings are shown in Figure 1D. Core-, TSC-, and
PEI-SPIONs have been previously reported and their
characterization is summarized in Table 1. The shape of core-, PEI-,
APTES- and Chitosan-SPIONs were spherical while TSC-SPIONs
were, quasi-spherical.

The Fourier transform infrared spectroscopy (FT-IR) analysis
corresponds to Core (-OH stretching), TSC (-COO stretching) and
PEI (C-N stretching; NH; bending) which confirms their functional
groups. According to TGA studies, the content of trisodium citrate in
TSC-SPIONs sample was 5.5 wt %. The PEI-SPIONs sample
presented its main weight loss of 21.3 wt % between 200 and 680
°C, which was attributed to TSC + PEI3040-43,

APTES- and Chitosan-SPIONs were characterized to complete the
set of data. Figure 1A illustrates the results from transmission
electron microscopy (TEM) analysis. Figure 1A (b) and (d) shows
the coating covering APTES- and Chitosan-SPIONSs, respectively.

The high-resolution TEM image of chitosan sample (Figure 1A(e))
as well as the selected area electron diffraction (SAED) pattern (inset
to Figure 1A(f)) demonstrates the crystallinity of the SPIONs. D-
spacings of 2.52, 1.32 and 1.29 A were observed, which may
correspond either to the 311, 620, and 540 lattice planes of
maghemite (y-Fe,O3) or the 113, 026, and 335 lattice planes of
magnetite (FesO,). Both of these possible iron oxides have a cubic
spinel structure.

Organic matter content in APTES- and Chitosan-SPIONs was
determined by thermogravimetric analysis as shown in Figure 1B.
The APTES-SPIONs contained the highest amount of organic
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the gaps between the lack of any toxicological knowledge from
novel SPIONs and the requirement of a complete risk assessment.
Such a tool could provide early warning signals based on
multiparametrical data from well-established toxicity assays, a
rational cell line selection, and experience from biomarkers
approaches for environmental assessment2. In this investigation, an
integrated nanoimpact index (INI) has been developed, based on a
previously described integrated biomarker response index (IBR)%®,
and adjusted for key responses to exposure to SPIONs with different
coatings in vitro including cytotoxicity, genotoxicity and oxidative
stress response.

The effects of SPIONs on human keratinocytes (HaCaT) and dermal
microvascular endothelial cells (HMEC-1) have been studied here,
due to their high risk of exposure to SPIONs based on their
applications®®". The skin is the largest organ exposed to a variety of
environmental stressors and it undergoes cellular uptake of
SPIONSs™, However, SPIONS that succeed in crossing the epithelial
barrier either through dermal or inhalation absorption, may access
the bloodstream and directly affect the vascular endothelium or be
transported to other organs, such as the liver; thus potentially these
SPIONs may cause the development of diseases in such organs®®®.
In this study, the different nanotoxicity responses after the exposure
of two different cell lines to functionalized SPIONSs, indicated as
INI, could provide sufficient early warning signals of the possible
harmful effects of exposure to novel SPIONs.

matter, with a weight loss of 17.24 wt%. The Chitosan-SPIONs had
a total weight loss of approximately 10.05 wt%. The weight loss
attributed to water (below 200°C) was about 2 wt% for Chitosan-
SPIONs and 3 wt% for APTES-SPIONs. Thus, the content of
organic matter was approximately 14.24 wt% for the APTES-
SPIONs and 8.05% for Chitosan-SPIONS.

FTIR analysis shown in Figure 1C confirmed the presence of
Chitosan and APTES on these samples. APTES is absorbed on the
magnetite NPs surfaces by Fe-O-Si bonds in the silane layer, and the
band corresponding to these bonds appears at around 587 cm?,
overlapping with the characteristic band corresponding to the Fe-O
bonds. The strong bands between 1000 and 1150 cm™ are
characteristic of the stretching vibration of Si-O-Si bonds. The bands
at 2922 and 2854 cm™ are attributed to the alkyl chain present in all
silanes, due to asymmetric CH, stretching. The bands at 1570 and
1630 cm™ are due to the N-H stretching vibration and NH, bending
mode of free NH, groups. All these signals confirm the existence of
APTES on the surface of APTES-coated magnetic SPIONs.
Regarding the FTIR spectrum of chitosan-SPION, characteristic
peaks were identified at around 3400 cm™, which corresponds to OH
and NH, groups. The bands at 2920 and 2852 cm™ correspond to the
asymmetric CH, stretching from chitosan backbone; the bands at
1620 and 1580 cm™ are attributed to NH, bending. The band at 1440
cm is due to bending of primary alcoholic group; the strong band at
1340 cm™ can be attributed to C-O stretching of the primary
alcoholic groups. The band at 1100 cm™ is due to the absorption by
the vibrational motion of the C-O-C bond. The band at 570 cm™
corresponds to the characteristic absorption peak of the Fe-O bond
for iron oxide NPs*,

The additional results of the physicochemical characterization of
SPIONs are summarized in Table 1. All five SPIONs had
significantly larger hydrodynamic size in suspension, suggesting
severe aggregation and/or agglomeration. The lack of suitable
surfactants to stabilize the suspension, as well as the magnetic
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properties of the SPIONs contribute to the severe aggregation and
large hydrodynamic size observed. The core- and TSC-SPIONSs had
a negative surface charge in water suspension®?, while PEI-SPIONs
had a positive surface charge which agrees well with their inherent
properties’. The TSC- and Chitosan-SPIONs dispersed in water,
qualified as stable suspensions, with a value greater than +/-30mV
(Malvern), followed by core- and PEI-SPIONs. The
polydispersibility (PDI) values confirmed that the SPIONs were
polydispersed (PDI>0.2). The SPIONs suspended in cell culture
media had negative surface charge for core and TSC-SPIONs whilst
PEI-SPIONs charge was modified from positive to negative with the
influence of the medium composition as in agreement with earlier
studies .

Intrinsic and extrinsic reactive oxygen species (ROS) produced
by SPIONs

Oxidative stress is an essential molecular mechanism to protect cells
against environmental stressors. Measurements of the SPIONs
scavenge capacity of ROS such as superoxide anion and hydrogen
peroxide has been evaluated in cells exposed to metal oxide
SPIONs*™*. The SPIONS studied here neither generated any
increase in the ROS level (Figure 2A, B), nor did they increase the
superoxide production at any of the conditions and cells type
evaluated (Figure 2C, D). To exclude the possibility that SPIONs
could produce ROS intrinsically, we also measured the ROS
generation in a cell-free system (Figure 2E, F). The SPIONs did not
produce significant ROS in cell culture media.

Alteration of the cellular morphology

Since subcellular localization may play an important role in NPs-
induced biological effects, we examined the uptake and ultra-
structural effects of the SPIONs on HaCaT and HMEC-1 cells by
transmission electron microscopy (TEM) (Figure 3, 4). The TEM
images from both cell lines exposed to SPIONs show that the
SPIONs were taken up through active transport possibly endocytosis
and/or pinocytosis (shown in boxes) and were localized inside
vacuoles and phagosome-like structures scattered across the
cytoplasm and especially near the nucleus. Generally the
internalization was more prominent in endothelial cells, an
observation which has been confirmed in a previous study *'.

Additional ultrastructure features from the endothelial TEM images
provide early warning of cyto- and geno-toxicity. Any mitochondrial
structural damage would lead to reduction of cellular energy supply
and cytotoxicity while the alteration of the nucleus shape could
indicate cyto- and geno-toxicity. SPIONs were not found in any
other cytoplasmic organelles or within the nucleus. Although the
SPIONS did not cause severe adverse effects on the cellular
ultrastructure, some effect on the morphology of the endothelial cells
nucleus was observed especially in the cells exposed to core, TSC-
and PEl-coated SPIONs, which are in agreement with the
genotoxicity data obtained.

In HaCaT cells exposed to SPIONS changes in nucleus morphology
were not observed, however mitochondria showed swollen and
elongated forms and abnormal mitochondrial cristae. With regards to
the uptake of the SPIONSs in the cells, protein corona, surface charge
and type of surface functionalization should be taken into
consideration. As described earlier, all the SPIONs in this study
possessed negative surface charge in the cell culture media (Table
1), an indication of the formation and effect of the protein corona. It
has been reported the positive charge of functionalized SPIONs
facilitates their none-specific interaction with binding sites on the

This journal is © The Royal Society of Chemistry 2012

cell surface which has an average negative charge and thus enhance
their uptake in cells 48 4952 However, there are specific binding
sites with cationic receptors on the cell membrane that allow
interaction with and uptake of negatively charged SPIONS, i.e.
through “adsorptive endocytosis” pathway 53°*%

In an experiment with two functionalized SPIONs with opposite
surface charge, formation of protein corona resulted in a negative
surface charge, irrespective of the SPION-core charge, yet
nonetheless PEI-SPIONSs (positively charged) were incorporated in
much larger amounts than the negatively charged SPIONs®. In
contrast in another study 15-25 nm Chitosan-SPIONs were found
outside osteoblasts attached to the cell membrane®’. In our study
however the Chitosan-coated SPIONs were internalized in both cell
lines possibly due to smaller size as well as type of cells.

Effect of SPIONs on cell viability

We evaluate the dose-dependent effects of SPIONSs on cell viability,
on both HMEC-1and HaCaT using MTT assay (Figure 5). It has
been shown that the density and confluency of mammalian cell
monolayers affects cytotoxicity results®”*®, therefore we performed
the assay at high (1 x10° cells/ml) and low (5x10* cells/ml) cell
density for both cell lines. The cell density was chosen established
on the optimal density cell advised for each assay.

At the initial low cell density, HMEC-I and HaCaT cell lines
displayed an opposite cellular responses. The common cellular
response for HMEC-I cells was a significant decrease in cell viability
(up to 70-80%) at all concentrations and SPIONs types whereas the
HaCaT cells response was a significant cell proliferation. (Figure
5A, C). On the one hand, HaCaT cell proliferation response can be
interpreted as activation of adhesion, growth and proliferation
pathways, as shown in previous works®. In both cases PEI-SPIONSs
at 200 mg/l revealed the highest cytotoxic impact. On the other hand,
at the initial high cell density of HMEC-I cell lines, SPIONs
decreased significantly the cell viability in a concentration-
dependent manner whereas this effect was only seen in HaCaT
exposed to PEI-SPIONs. The maximal impact reaches 30%
significantly decrease of cell viability for exposure to both core- and
TSC-SPIONs, and up to 40% for PEI-SPIONs (Figure 5B, D).
Discussing the effect of cell type on the toxicity results, the
endothelial cells were more sensitive than keratinocytes for all the
SPIONSs. The toxicity of SPIONs to endothelial cells been shown in
previous studies®®®!, The sensitivity of endothelial cells compared to
keratinocytes to NPs exposure has been confirmed by other studies®.

Chitosan and APTES coated-SPIONSs decreased cell viability in both
cell types but only for both initial densities of HMEC-I cells. For
HaCaT cells, only 50 or 100 mg/l concentrations induced cell
viability decrease with high initial density. Chitosan-SPIONs have
been shown to enhance osteoblast proliferation, decreased cell
membrane damage, and promoted cell differentiation’” while
APTES-SPIONs have been reported to be biocompatible and thus
suitable for drug targeting®®®. These finding emphasizes the
importance of cell type and initial cell density on the toxicity results
of SPIONs.

Multiparameter analysis of apoptosis

Apoptosis is a complex biological phenomenon with wide-range of
implication in the tissue functionality. It involves diverse cellular
events from the loss of cell membrane asymmetry, cell shrinkage,
nuclear fragmentation, and chromatin condensation. We monitored
two apoptotic events: the dissipation of the mitochondrial membrane
potential and nuclear morphology. The mitochondrial membrane
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potential was calculated based on the tetramethylrhodamine ethyl
ester (TMRE) staining intensity. This measurement provides a
sensitive parameter of the cellular oxidative balance and the NP-
mediated toxicity. The nuclear morphology was evaluated by
measuring the fluorescence intensity of cells treated with Hoechst
dye.

The endothelial cells exposed to core-SPIONSs induced significant
increases of the mitochondrial membrane potential at the higher
concentration whereas the exposure to the other modified SPIONs
did not alter the mitochondria membrane potential (Figure 6A). The
keratinocytes exposed to SPIONs, except Chitosan-, APTES- and
PEI-SPIONSs, led to a significant and dose-dependent increase in
fluorescence intensity (Figure 6B). Chitosan-SPIONs did not affect
the mitochondria membrane potential at any concentrations, in good
agreement with previous findings®’.

The increased fluorescence may suggest accumulation of net
negatively charged O2e-within the mitochondrial membrane.
Considering that SPIONs could inhibit the electron transport chain
enzymatic complexes (Complex | and Ill), any impairment of the
mitochondrial function would affect the redox potential equilibrium
and normal cellular function®. The loss of mitochondrial membrane
integrity, opening of the permeability transition pore and subsequent
ROS production are the classical toxic effect leading to cell
death®2,

Regarding the evaluation of the nuclear morphology, the values were
lower in HMEC-1 cells compared to HaCaT cells (Figure 6B, D).
Nevertheless, all SPIONs showed decrease of Hoechst dye
fluorescence in dose-dependent manner in endothelial cells, which is
directly correlated with apoptotic cells. Though for HaCaT cells no
significant values were observed. However, the nuclear morphology
modifications after the exposure together with the effects on cell
proliferation confirm that the endothelial cells were more sensitive to
NP exposure in a concentration-dependent manner.

Summarizing, our data from cell viability indicates that the
endothelial cells were more susceptible to toxicity than
keratinocytes. This cellular response could neither be based on the
intracellular oxidative response that is very limited in both cell lines,
nor on the extrinsic ROS production that was slightly higher in in the
keratinocytes media. Therefore, although oxidative stress and cell
viability are classical early warning signals of cellular dysfunction,
additional factors should be combined to understand the possible
risks.

Genotoxicity

The genotoxicity was evaluated through the DNA damage detected
in the comet assay in the two cell lines at the highest concentration.
In HMEC-1 cells, all NPs caused DNA strand damage except PEI-
SPIONs whereas in HaCaT cell only core-, APTES- and Chitosan-
SPIONs caused significant DNA damage (Figure 7).

These results indicate that the endothelial cells are more
susceptible than keratinocytes to DNA damage upon exposure.
In both cell lines, core-SPIONs caused DNA stand breakage
while PEI-SPIONs were non-genotoxic despite being cytotoxic.
Nevertheless, the other SPIONs offered contradictory results.
Our results are in agreement with previous a report of the
induction of DNA damage in skin human cells exposed to
SPIONs®”. In addition, the capability of SPIONSs to induce
genotoxicity in the absence of cytotoxicity has been also
reported . The genotoxicity observed is unlikely to be
mediated through ROS production.

This journal is © The Royal Society of Chemistry 2012
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Integrated nanoimpact index (INI)

In the previous section, a set of toxicological parameters were
applied to provide early warning signals of nanoimpact at a
broad range of concentrations. However, the differences in the
data obtained based on the type of assays, units, and control
conditions compromise its utility for inter-experimental data
comparison.

Therefore, our next step was to develop an INI that could reveal
the risk of exposure to any novel NPs in cells. This index has
been based in the integrated biomarker response (IBR) applied
in large environmental biomonitoring programme®®. Applying a
simple multivariate graphic method, the nanotoxicological data
were normalized, the area inside the curve was quantified, and
the nanoimpact was determined as an index.

One challenge in the development of such index was the
identification of a suitable reference control among the different
assays. Therefore in this study we have compared the calculated
INI for each SPION as a percentage of the total effects. We
arbitrarily defined the nanoimpact for this INI as: 0-10 as low
impact, >10-40 as medium impact, and >40 as high impact. The
starplots are shown in Figure 8 and INI values are shown in
Figure 9. Endothelial cells were more sensitive to all the
SPIONs which had similar medium INI values (17-26 %) with
PEI-SPION and TSC-SPIONs having the highest and lowest
INI value. Interestingly, in the case of keratinocytes only PEI-
SPIONs had severe effects with an INI of almost 80% while the
other SPIONs had similar negligible INI (all <6%). We can
therefore conclude that PEI-SPIONs were the most potent
SPION in both cell types and therefore further investigation is
needed.

The highest challenges of applying and modifying the classical IBR
to measure nanoimpact are: (1) to integrate the induction and
inhibition effects with an equal value in the total impact, (2) to
consider the variability and complexity of the biological response;
and (3) to normalize, and correlate of the individual units per
parameter and the response. Finally, the INI developed in this
investigation can be applied to estimate the variations in a
nanoimpact scale from any newly synthesized NPs that lack any
preliminary toxicological data. Here, we demonstrated that
application of the integrated biomarker concept for the interpretation
of nanotoxicological responses could assist in the visualization of
early warning responses and to classify the nanoimpact level in low,
medium and high impact. Further decisions in the direction of
performing a complete risk assessment or turning back to the
synthesis and add modifications to the NP of interest can be taken at
this early stage, saving time and resources.

Conclusions

Fulfilling the promises of nanotechnology requires a parallel
development of nanotoxicology. The explosion of high-
throughput methodologies to assist this process still requires
accessibility to high-resolution analytical instruments.

In our case study, the application of INI reveal that PEI-
SPIONs, with the highest INI value in both cell types, need
special attention in future applications. In general, the
integration of well-established early warning signals in an index
could reveal the relationship between the NP physico-chemical
properties of the NPs and their possible impact in the exposure.
This index can be helpful in assessing the risks of exposure of
any novel engineered SPIONs at an early stage of design and
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synthesis and the cellular responses observed could target the
future direction of NP modifications. The selection of
toxicological parameters and cells presented here does not
pretend to be universal but the formulation can be applied to
any rational defined set of parameters.

Experimental

Synthesis and characterization of studied SPIONs. Magnetic iron
oxide core SPIONs and TSC-SPIONs were prepared using co-
precipitation method as mentioned earlier *2. The techniques such as
TEM, FT-IR and zeta potential were performed for core-, TSC- and
PEI-SPIONs and reported elsewhere *22 APTES was used as an
amino-silane coupling agent with —NH, surface functional group on
to the core. The magnetic nanoparticles suspension (150 mg) was
dispersed in 100 ml of milli-Q water. APTES was added drop wise
into the reaction mixture in the presence of N, atmosphere at 70°C
for 3 h. The prepared APTES-SPIONs were collected with an
external magnetic field and washed with ethanol followed by milli-Q
water. Finally, APTES-SPIONs were re-suspended in 20% ethanol
and stored at 4°C prior to use. Chitosan is a biopolymer with
acetylated glucosamine and high content of -NH, groups with many
advantages such as selectivity, hydrophilicity, biocompatibility and
biodegradability. The SPION suspension (180 mg) was dispersed in
225 ml of deionised water. Consequently 0.68 g of chitosan was
dissolved in 25 ml of acetic acid (100% glacial CH;COOH) and
added to the NP suspension. The reaction mixture was kept at room
temperature for 24 h without shaking conditions. Later the chitosan-
SPIONs were separated using an external magnetic field and washed
with ethanol followed by milli-Q water. Finally, chitosan-SPIONs
were resuspended in 20% ethanol in water and stored at 4°C prior to
use.

Thermogravimetric analysis (TGA). The TGA was carried out by
heating a few mg of sample from 25 °C to 800 °C in a TGA-50
equipment from Shimadzu, using a heating rate of 10 °C/min.

Zeta potential and dynamic light scattering (DLS). The
measurements were performed in triplicates at 200 mg/l in sterile
deionized water (with 5mM NaCl for background low ionic strength)
at 25°C, or in the complete cell media from both cell lines at 37°C.
The polydispersity index (PDI) was also assessed. The
measurements were evaluated with Malvern Zetasizer Nano series
V5.03 (PSS0012-16 Malvern Instruments, Worcestershire, UK) and
the analysis program dispersion technology software (Malvern
Instruments).

Cell culture and exposure conditionsThe human Keratinocyte
(HaCaT) and human dermal microvascular endothelial cell lines
(HMEC-1) were purchased from CLS Cell Lines Service GmbH
(Germany, CLS order no. 300493) and the Center for Disease
Control and Prevention (CDC, Atlanta, GA, USA), respectively. The
HaCat cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with high glucose and 2mM L-glutamine (without Sodium
Pyruvate and HEPES; Life Technologies), and supplemented with
10% fetal bovine serum (FBS) (E.U. Approved-South American;
Life Technologies) and antibiotics (penicillin 100 [1U/ml,
streptomycin 100 pg/ml; Life Technologies). The endothelial cells
were cultured in MCDB 131 (Life technologies #10372019) and
supplemented with 10% FBS (E.U. Approved-South American; Life
Technologies), 10 ng/ml epidermal growth factor (mouse culture
grade; BD), hydrocortisone (1 pg/ml; (Life Technologies), L-
glutamine (10mM/I; Life Technologies) and antibiotics (penicillin
100 IU/ml, streptomycin 100 pg/ml; Life Technologies). The cells
were maintained in a humidified atmosphere (5% CO,) at 37°C. At
80-90% confluence, the cells were harvested using 0.05% trypsin

This journal is © The Royal Society of Chemistry 2012

(Life Technologies) and sub-cultured in six-well plates and 96-well
plates according to the experiment being performed. The cells were
allowed to attach for 24 h before the exposure. The SPIONs were
suspended in cell culture medium and sonicated using a sonicator
bath (1510 Branson) at room temperature for 30 min at 40 kHz and
vortexed vigorously to avoid NP aggregation. The NP suspensions
were diluted in medium (0, 50, 100, and 200 mg/l) and added to
cells. The control samples were prepared with untreated cells were
cultivated under identical conditions.

MTT assay. The in vitro cytotoxic effects of SPIONs were
determined using standard MTT assay described Carmichael et al
(1987) with slightly modifications®. The cells were seeded at
different initial densities (5x 10* and 1x 10° cells/ ml). Briefly, cells
were seeded on 96-well plates at 5x 10* and 1x 10° cells/ml and
cultured for 24 h at 37 °C and 5% CO, in culture medium. The
different concentrations of SPIONs were added to each well (0, 50,
100, and 200 mg/l). After incubation for 24 h, medium in each well
was discarded, washed with PBS (without calcium and magnesium)
and replaced with 200 pl fresh medium plus 20 pl of MTT expand
(Sigma) solution filtered (5 mg/ml in PBS) was added to each well at
37°C in the dark for at least 2 h. The medium was discarded and
formazan crystals were dissolved in 200 pl of dimethyl sulfoxide.
Microplates were put on a shaker at 150 rpm for 10 min room
temperature. The MTT reduction was quantified by absorbance at a
measurement wavelength of 560 nm and a reference wavelength of
670 nm using a microplate absorbance Reader (Bio-Tek
Instruments). The relative cell viability was determined as (OD
treated — OD reference)/(OD control — OD reference) x 100%, where
optical density (OD) treated was obtained from the cells treated with
magnetic SPIONs, OD control from the untreated control cells, and
OD reference from the OD of reference wavelength.

Total ROS/superoxide detection. To directly monitor real time
ROS and superoxide production in live cells due to exposure to
magnetic SPIONSs, total ROS detection kit was used according to
instructions provided by the manufacturer (Enzo Life Science). This
assay distinguishes between different reactive species, such as
hydrogen peroxide, peroxynitrite and hydroxyl radicals. Briefly, the
cells were seeded on a black 96-well microplate at a density of
(2x10* cells/ml) and incubated in a CO, incubator at 37°C overnight.
The cells were then treated with different concentration of magnetic
SPIONSs (0, 50, 100, and 200 mg/l) in triplicates and incubated for 24
h at 37°C in a CO, incubator. After treatment each well solution was
removed, and 100 pl of ROS/superoxide detection reagent provided
in the assay was added to each well. The plate was incubated for 60
min at 37°C. Then the plate was measured in a fluorescence reader
(for total ROS) (Excitation/Emission= 488nm/520nm) and for
Rhodamine (for superxide) (Excitation/Emission=550nm/610nm).

Cell-free ROS assay. To study the oxidative potential of the
magnetic SPIONSs, a cell-free method with some modification was
utilized "°."°. Briefly, 25 ul of 2’, 7"-dichlorofluoroscein diacetate
(DCFH-DA) at 2.2 mM was hydrolyzed to DCFH at pH 7.0 with
100 pl of 0.01 N NaOH for each sample for 30 min in darkness. The
reaction was stopped with PBS, 5 pl of horseradish peroxidase (20
U/ml) was added, incubated at 37°C for 120 min and the DCFH
oxidation was measured at 485 nm/530 nm. The magnetic SPIONs
were suspended in both cell culture mediums used and the
concentrations analyzed were (0, 50, 100, and 200 mg/l) and 1mM
H,0, was used as positive controls.

Multiparameter analysis of apoptosis The in vitro apoptotic effect
of the SPIONs was assessed with a multi-parameter apoptosis assay
according to instructions of the manufacturer (Cayman Chemical
Company, MI, USA). The assay employs tetramethylrhodamine
ethyl ester (TMRE) as a probe for mitochondrial membrane
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potential, and Hoechst Dye to evaluate the nuclear morphology.
Briefly, the cells were cultured on a 96-well black culture plates at
1x10° cells/ml in a CO, incubator at 37°C overnight. The cells were
then treated with different concentrations of SPIONs suspension (0,
50, 100, and 200 pg/ml) in triplicate. After 24 h, 100 pl of
TMRE/Hoecht dye staining solution was added per ml of culture
medium in each well of the plate and mixed gently. The pate was
then incubated in CO, incubator at 37°C for 30 min and the
fluorescence of TMRE staining solution was measured. The cells
with healthy mitochondria display strong fluorescence intensity
(excitation/emission=560nm/595 nm). The fluorescence intensity of
cells treated with  Hoechst dye is measured at
excitation/emission=355nm/465 nm.

Comet assay The DNA damage was analyzed by using alkaline
comet assays according to the manufacturer's instructions (Trevigen,
United Kingdom). Briefly, cells were seeded on 6-well plates at a
density of 1 x10° viable cells per ml for 24 hs at 37 °C and 5% CO,
in culture medium exposed 24 h at 200 mg/l of magnetic SPIONs.
The cells were harvested and resuspended in ice cold PBS at a
density of 1 x10° cells/ml. The samples were combined with low-
melting-point agarose and spread onto a precoated CometSlide ™.
Then, the samples were treated with alkaline unwinding solution
(300 mM NaOH, 1 mM EDTA) to denature DNA and applied to
electrophoresis (constant voltage of 1 V/cm) for 30min. The slides
were then stained SYBR Green DNA dye and air dried before
viewing with fluorescent microscopy. The comet tail moment was
recorded by randomly counting about 50 cells per slide using
CometScore Pro software (TriTek Corp., VA, USA). The results
were averaged with at least three independent experiments.

Statistical analysis. The data are presented as the mean and standard
deviation. All analyses were performed using the GraphPad Prism 6
(GraphPad Software, Inc.). The differences between samples and
control were evaluated using the analysis of variance (ANOVA). P <
0.05 was considered to be statistically significant.

TEM analysis

High resolution transmission electron microscopy (HRTEM) was
performed for analysis of particle size, morphology, and
crystallinity. The sample was prepared as follows: 0.5 mg of
SPIONs were dispersed in water (4 ml) and sonicated. The large
agglomerates were removed with a magnet. For analysis a drop of
this dispersion was deposited onto a formvar/carbon copper grid.
The observation was carried out using a field emission transmission
electron microscope, JEM-2200FS, 200 kV, with 0.19 nm resolution
in TEM mode, 0.1 nm resolution in scanning transmission electron
microscopy (STEM) mode, and spherical aberration correction in
STEM mode.

For TEM imaging, cells were exposed to 200 mg/l of SPIONs after
24 h. The cell cultures were fixed in 2% glutaraldehyde in 0,1 M
sodium cacodylate and 0,1 M sucrose, pH 7,4, and postfixed in 1%
OsO4 in 0,15 M sodium cacodylate buffer. The cells were
dehydrated and immersed in a mixture of absolute ethanol and Epon
812 (1:1), and then embedded in pure Epon 812 in the Petri dishes.
The beem capsules containing polymerized Epon were placed upside
down at a straight angle to the cell layer and were polymerized for
48 h at 60°C. The Epon layer with the beem capsules was removed
from the Petri dish, leaving the cells on the surface of the Epon
layer. The beem capsules were removed with tweezers and ultrathin
sections (60 nm) were cut with a diamond knife (Diatome; Bienne,
Switzerland) on a Reichert-Jung ultracut (Vienna, Austria) and
collected on Formvar-coated Cu 100-mesh grids. The sections were
counterstained with uranyl acetate and lead citrate and examined in a
Jeol 1230 TEM (Tokyo, Japan) at 100 kV. The samples for TEM

This journal is © The Royal Society of Chemistry 2012

Environmental Science: Nano

imaging were prepared at Linképing University, imaging core
facility. The TEM used was TECNAI G2 Spirit Bio TWIN (FEI
Company) 120 kV with a Tungsten filament.

Integrated nanoimpact index (INI). This method is based on
combining all the biological responses into one general stress
index termed Integrated Biomarker Response (IBR)*®. The
calculations are based on the IBR previously described
method®® with the modifications described here briefly: (1)
calculation of mean (X) and standard deviation (SD) for each
SPIONSs response in each assay and calculation of mean value
for all SPIONs responses in each assay (M), (2) standardization
of data for each assay calculated as Y= (X-M)/SD, (3) using
standardized data, Z was computed asZ=YorZ=-Y,
according to biological effects in case of stimulation or
inhibition, respectively, (4) the minimum value for all.

SPION:Ss for each assay was obtained and added to Z calculating
score S (S = Z + Iminl) where Iminl is the absolute value, (6)
the values obtained were visualized using star plot in which the
radial coordinate corresponds to the values, and (7) the INI
value was calculated as the area of each star plot:

Ai= ((Si*Sirp)* Sin (21/n))/2

Where n is the number of assays in each plot.

INI=YT, Ai

In this study we have compared the calculated INI for each

SPION as a percentage of the total effects plotted in a
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TABLE1
SPIONs hydrodynamic size Zeta potential PDI
(nm)
H,0 HMEC-1 HaCaT H,0 HMEC-1 HaCaT H,0 HMEC-1 HaCaT
medium medium medium medium medium medium
Fe304 5845 8858+ 9913 -27.1% -8.25% -7.68+ 0.98 0.68+ 0.66
(core)-
+873.9 934.7 +698.9 1.16 1.30 1.01 +0.03 0.26 +0.17
TSC- 810.4 1370 1217 -32.1% -8.46% -7.4% 0.51 0.55 0.81
+42.25 +43.02 +66.69 1.7 0.71 0.90 +0.04 +0.21 +0.09
PEI- 3459 5255 4081 21.8+ -3.9+ -4.45% 0.64 0.25 0.86
+157.6 +212.5 +464.1 0.20 1.16 0.51 +0.06 +0.13 +0.22
APTES- 5338 5675 4882 437+ -8.33% -9.76% 1.0 0.63 0.72
+189.3 +1074 +455.9 0.46 0.79 0.61 +0.0 +0.18 +0.48
Chitosan- 1223 2553 1597 40.5% -5.37+ -9.57+ 0.58 0.47 0.59
+71.00 +148.0 +897.7 0.53 0.86 1.50 +0.00 +0.063 0.3

This journal is © The Royal Society of Chemistry 2012
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Table and Figure legends

Table 1. Characterization of SPIONs. SPIONs dissolved in sterile deionized water with 5 mM NaCl (at 25°C), and in cell
culture media of each cell lines (at 37°C). PDI- Poly dispersity index.

Figure 1. (A) STEM images of: (a), (b) APTES-SPIONs and (c) chitosan-SPIONs; HRTEM images of (d), (e), (f) APTES-
SPIONs. SAED pattern of image (f) shown as inset, (B) TGA and (C) FTIR of chitosan- and APTES-SPIONs (D) The chemical
structure of different coatings of SPIONs

Figure 2. Oxidative stress production. Total intracellular ROS levels in HMEC-1 (A) and HaCaT (B) cells upon exposure to
SPIONSs for 24h. Total intracellular superoxide levels in HEMC-1 (C) and HaCaT (D) cells after 24h exposure. Cell-free DCFH
(ROS) assay of SPIONs in HMEC-1 cell culture (E) and HaCaT (F) cell culture ,emdia after 120 min. The SPIONs
concentrations in all experiments were 0, 50, 100 and 200mg/l. * p<0,05, *** p<0,001, and**** p<0,0001. Three biological and
three technical replicates for each assay was performed.

Figure 3. TEM images of keratinocytes (HaCaT) cells before and after SPIONs exposure. The exposure concentration was
200mg/I for 24 h. Arrows indicate SPIONs localized inside vesicles across the cytoplasm. Boxes indicate the active uptake of
SPIONSs. Control- cells without exposure.

Figure 4. TEM images of endothelial cells (HMEC-1) before and after SPIONs exposure. The exposure concentration was
200mg/l for 24 h. Arrows indicate SPIONs localized inside vesicles across the cytoplasm. Boxes indicate the active uptake of
SPIONSs. Control- cells without exposure.

Figure 5. MTT assay. Percentage of cell viability relative to negative control of HMEC-1 and HaCaT cells after 24h-exposure to
core-, TSC-, PEI-, APTES- and chitosan- SPIONs at a concentration of 0, 50, 100 and 200mg/l. Two initial cell densities
wereused: HMEC-1 5x10* (A) and 1 x10° cells/ml (B) cells/ml. HaCaT cells at 5x10* (C) and 1 x10° cells/ml (D) cells/ml. ****
p<0,0001 and * p<0,05. Three biological and three technical replicates for each assay was performed.

Figure 6. Apoptosis events. Quantification of mitochondrial membrane potential by TMRE assay in HMEC-1 cells (A) and
HaCaT (B) cells upon exposure to core-, TSC-, PEIl-, APTES- and chitosan- SPIONs at a concentration of 0-200mg/l.
Quantification of nuclear morphology by Hoechst dye assay in HMEC-1 (C) and HaCaT cells (D) upon exposure to core-, TSC-,
PEI-, APTES- and chitosan- SPIONs at a concentration of 0-200mg/I. **** p<0,0001 and *** p<0,001 ** P<0,01 and *p<0,05.
Three biological and three technical replicates for each assay was performed.

Figure 7. Genotoxicity. DNA damage was analyzed by Comet assay of HMEC-1 cells and HaCaT cells exposed to SPIONs at
200 mg/I for 24 h. **** p<0,0001 and * p<0,05. Three biological and two technical replicates for each assay was performed.

Figure 8. Star plots summarizing the cellular responses of to HMEC-1 (blue) and HaCaT cells (red) to core- (A), TSC- (B),
Chitosan (C), PEI-(D), and APTES-(E) SPIONs. The abbreviations corresponds: APOP (M) - apoptosis assay, mitochondrial
membrane potential, APOP (N) - apoptosis assay, nuclear morphology; ROS - intracellular reactive oxygen species; SOX -
intracellular superoxide; GTOX - genotoxicity, comet assay; Prolif - cell proliferation with high (H) and low (L) seeding cell
density.

Figure 9. INI values. The INI values calculated based on the star plots (figure 8) and presented as relative contribution of each
SPIONs to overall impact of core-, TSC-, PEl-, APTES- and Chitosan- SPIONs in both keratinocytes (HaCaT) (A) and
endothelial cells (HMEC-1) (B).

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 11
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Figure 1. (A) STEM images of: (a), (b) APTES-SPIONs and (c) chitosan-SPIONs; HRTEM images of (d), (e),
(f) APTES-SPIONs. SAED pattern of image (f) shown as inset, (B) TGA and (C) FTIR of chitosan- and APTES-
SPIONs (D) The chemical structure of different coatings of SPIONs.
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Figure 2. Oxidative stress production. Total intracellular ROS levels in HMEC-1 (A) and HaCaT (B) cells upon
exposure to SPIONs for 24h. Total intracellular superoxide levels in HEMC-1 (C) and HaCaT (D) cells after
24h exposure. Cell-free DCFH (ROS) assay of SPIONs in HMEC-1 cell culture (E) and HaCaT (F) cell culture
,emdia after 120 min. The SPIONs concentrations in all experiments were 0, 50, 100 and 200mg/I. *
p<0,05, *** p<0,001, and**** p<0,0001. Three biological and three technical replicates for each assay
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Figure 3. TEM images of keratinocytes (HaCaT) cells before and after SPIONs exposure. The exposure
concentration was 200mg/I for 24 h. Arrows indicate SPIONs localized inside vesicles across the cytoplasm.
Boxes indicate the active uptake of SPIONs. Control- cells without exposure.
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Figure 4. TEM images of endothelial cells (HMEC-1) before and after SPIONs exposure. The exposure
concentration was 200mg/I for 24 h. Arrows indicate SPIONs localized inside vesicles across the cytoplasm.
Boxes indicate the active uptake of SPIONs. Control- cells without exposure.
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Figure 5. MTT assay. Percentage of cell viability relative to negative control of HMEC-1 and HaCaT cells after
24h-exposure to core-, TSC-, PEI-, APTES- and chitosan- SPIONs at a concentration of 0, 50, 100 and
200mg/I. Two initial cell densities wereused: HMEC-1 5x104 (A) and 1 x105 cells/ml (B) cells/ml. HaCaT
cells at 5x104 (C) and 1 x105 cells/ml (D) cells/ml. **** p<0,0001 and * p<0,05. Three biological and
three technical replicates for each assay was performed.
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Figure 6. Apoptosis events. Quantification of mitochondrial membrane potential by TMRE assay in HMEC-1
cells (A) and HaCaT (B) cells upon exposure to core-, TSC-, PEI-, APTES- and chitosan- SPIONs at a
concentration of 0-200mg/l. Quantification of nuclear morphology by Hoechst dye assay in HMEC-1 (C) and
HaCaT cells (D) upon exposure to core-, TSC-, PEI-, APTES- and chitosan- SPIONs at a concentration of 0-
200mg/I. **** p<0,0001 and *** p<0,001 ** P<0,01 and *p<0,05. Three biological and three technical

replicates for each assay was performed.

Page 18 of 21



Page 19 of 21

Olive tail moment (OTM)

Environmental Science: Nano

Page 36 of 38

200- ook ek
m HMEC-1
150 1 1| HaCat
T *okk ok
100 1 T
50 4
ok kk -
-
0'_.| T -| T T .l
» ) O < S
° o D & < 2
s N A ‘8« &

Figure 7. Genotoxicity. DNA damage was analyzed by Comet assay of HMEC-1 cells and HaCaT cells
exposed to SPIONs at 200 mg/I for 24 h. **** p<0,0001 and * p<0,05. Three biological and two technical
replicates for each assay was performed.
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Figure 8. Star plots summarizing the cellular responses of to HMEC-1 (blue) and HaCaT cells (red) to core-
(A), TSC- (B), Chitosan (C), PEI-(D), and APTES-(E) SPIONs. The abbreviations corresponds: APOP (M) -
apoptosis assay, mitochondrial membrane potential, APOP (N) - apoptosis assay, nuclear morphology; ROS
- intracellular reactive oxygen species; SOX - intracellular superoxide; GTOX - genotoxicity, comet assay;
Prolif - cell proliferation with high (H) and low (L) seeding cell density.
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Figure 9. INI values. The INI values calculated based on the star plots (figure 8) and presented as relative
contribution of each SPIONs to overall impact of core-, TSC-, PEI-, APTES- and Chitosan- SPIONs in both
keratinocytes (HaCaT) (A) and endothelial cells (HMEC-1) (B).
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