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Figure 8. Caspase-3/7 activity and apoptotic cells evaluation after exposure to Fe3O4NPs (10 and
25 ug/mL). (A) Composite images that display the caspase-3/7 activity evaluated after 24 and 48 h
exposure to Fe3O4NPs (A1) and apoptotic cells detected by Hoechst 33258 staining after 24 h exposure
to Fe3O4NPs in hNLCs at day 3 of transdifferentiation (A2,A3). (B) Composite images that show the
caspase-3/7 activity evaluated after 24 and 48 h exposure to Fe304NPs (B1) and apoptotic cells detected
by Hoechst 33258 staining after 48 h to Fe3O4NPs in hNLCs at day 8 of transdifferentiation (B2,B3).
The caspase-3/7 activity of the control cells was set to 100% and the data are expressed as mean + S.D.
* p < 0.05. Statistical analysis by two-way ANOVA followed by Dunnett’s test. Apoptotic cells were
expressed as % of total cell counted. Data represent the mean + S.D. * p < 0.05. Statistical analysis
by two-way ANOVA followed by Dunnett’s test. Representative images in fluorescence microscope
are taken using magnification 40X, the areas indicated by the circle show the magnification 2.5-fold.
Arrows indicate nuclear morphological changes such as chromatin condensation, fragmentation, and
formation of apoptotic bodies.
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In hNLCs (8 days of transdifferentiation) the caspase-3/7 activity was not affected by 24 h treatment
with Fe3O4NPs (Figure 8B1). A significant increase of caspase-3/7 activity, about 1.35-fold (respected
to control) at 10 and 25 ug/mL, was instead observed after 48 h exposure, as well as well increase of
apoptotic cells percentage (34.15% and 43.36%, at 10 and 25 ug/mL, respectively, compared to control:
15.76%; Figure 6B2). Typical apoptotic morphological changes (including condensation of chromatin
and nuclear fragmentation) were observed after 48 h (Figure 8B3).

2.4.5. Morphological Analysis after Fe3O4NPs Exposure

Cell morphology in both transdifferentiated hNLCs following Fe3O4NPs exposure was examined
by phase-contrast microscopy: no marked morphological changes/alterations have been detected on
both hNLCs (early and full differentiated) after Fe304NPs treatments for each time-point considered
(Figure 9).

hNLCs after 3 days hNLCs after 8 days
i iatio of transdi;ferentiatio )

Control

Fe,O,NPs
(ng/ml)
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25

100

Figure 9. Representative micrographs, by phase-contrast microscopy of early and full transdifferentiated
hNLCs after 24 h exposure to increasing Fe3O4NPs concentrations (10-100 pug/mL). No morphological
alterations were observed after Fe304NPs exposure up to 48 h, however, a cell density decrease
was observed from 25 ug/mL Fe3O4NPs at both time points considered for both hNLCs. Brownish
aggregates/agglomerates of Fe304NPs in culture medium are indicated by white arrows. Inserts show
the magnifications (2X) of the areas indicated by the yellow arrowheads where Fe3O4NPs are visible
inside of the hNLCs. Scale bar: 100 pm.
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However, cell density decrease was observed from 25 ug/mL Fe3O4NPs after 24 and 48 h exposure
in both neuron-like cell types.

Fine brownish sediments of Fe304NPs were extracellularly visible in both hNLCs at the lowest
concentration (10 pg/mL), which became large aggregates/agglomerates at the higher concentrations
tested (25-100 pg/mL).

3. Discussion

Human MSCs derived from umbilical cord are increasingly under investigation as a promising
source for a stem cell-based therapy as well as in vitro model/methods for toxicity screening of
drugs/chemicals/nanoparticles, either in studying target organ toxicity or developmental toxicity [52].

The present study supported the evidence that human umbilical CL could be used as an enriched
source for the isolation of pluripotent mesenchymal stem cells (hCL-MSCs). In particular, hCL-MSCs
are abundantly available and can easily be isolated and expanded from healthy human subjects.
These cells met the phenotypical and functional criteria for the definition of MSCs in that they (i) show
the typical spindle-shape morphology forming a highly homogeneous monolayer adherent to plastic
surfaces; (ii) express adhesion markers CD73, CD105, and CD90 and are devoid of hematopoietic and
endothelial markers such as CD31, CD34, and CD45; express positive marker for HLA-I and negative
marker for HLA-DR; and (iii) allow adipogenic and osteogenic differentiation in vitro.

Normally, around 65 million of hCL-MSCs are generated at passage 1 from 3 square centimeters
of umbilical cord amniotic membrane. Cells grow rapidly, in about 3—4 days after passage adhere
completely to plastic, the typical fibroblast morphology and homogeneous monolayer appear between
the 10th-17th days, and the confluence (80-90%) is reached approximately 21 days after the seeded CL
pieces. The cell cultures with hCL-MSCs require splitting approximately every 3 days from P1 to P9.

All these characteristics are particularly relevant since hUC is considered as a promising source of
MSCs due to several advantages compared with other sources of MSCs [48]. Specifically, compared
to bone marrow stem cells (the gold standard), hUC-MSCs have a painless collection procedure and
faster self-renewal properties. Importantly, the number of mesenchymal stem cells that can be obtained
from one UC greatly exceeds the mesenchymal stem cells that can be derived from bone marrow, cord
blood, and adipose tissue [46].

By virtue of the inbuilt capacity of stem cells to differentiate, in the present study, the ability of
MSCs isolated from human CL to transdifferentiate into hNLCs has been demonstrated applying
an easy protocol by using commercially available neurogenic medium, which allow for efficient
transdifferentiation observed as phenotypic changes.

The neuronal differentiation process was divided into two stages: early differentiated stage
(at day 3) and fully differentiated stage (mature, at day 8). According to our results, cells, that have
entered the transdifferentiation pathway, have changed their biological and metabolic properties.
The neurogenically induced cells presented a reduced proliferation rate. These hNLCs were positive
for enolase and Nissl bodies, and exhibited dendrite-like features of long spikes extending into other
adjacent cells and lower cell densities especially after 8 days of transdifferentiation. An early increased
and later downregulated level of early differentiation marker proteins nestin and SOX-2 further
confirmed the differentiation process. While, increases on neuron marker expression, namely MAP-2
and B-tubulin III were observed during the progression of the differentiation process of the hCL-MSCs
into hNCLs. These hNLCs were also positive for the pre- and postsynaptic markers SYN, PSD95, and
GAP43. However, whether the obtained hNLCs have synapses capable of transmitting information
needs further neuro-electrophysiological studies.

Results were clearly indicating that human umbilical CL-MSCs successfully differentiated into
neuronal cells, which would be a predictive preclinical screening tool to evaluate neuronal toxicity
in humans.

The ability of hMSCs to transdifferentiate into neurogenic lineage has been confirmed earlier
by some authors [36-38,54,55] and this capacity has started recently to be investigated for hUC
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derived-MSCs [40-43,45,47]. In particular, human cord lining stem cells (hCL-MSCs) overcoming the
preexisting difficulties inherent to MSCs from the bone marrow, offer not only a realistic, practical, and
affordable alternative for tissue repair and regeneration [46], but also a promising cell-based model for
in vitro screening and predictive studies for xenobiotic insults with particularly gained traction due to
differentiation ability into several cell lineages including their potential towards converting into neural
phenotypes [51,52].

After transdifferentiation and characterization of the hNLCs from hCL-MSCs, the cytotoxicity
effects caused by short-term exposure to Fe3O4NPs have been evaluated on this cellular model.
The overall effects were the following:

i MTT data (culture medium with/without the neuron-like cells from hCL-MSCs plus Fe30O4NPs)
indicated increments (artifacts) in cell viability after Fe304NPs exposure. These observations
did not fit with the morphological analysis (by phase-contrast microscopy) and the TB and ATP
data that overall showed cell density decrease at each time point considered.

ii. When applying the TB test: (a) on full differentiated neurons (day 8), the cytotoxicity effects
appeared at high concentrations (50 ug/mL) after 24 h exposure producing about 50% cell death,
(b) while on early differentiated neurons (day 3), a significant cell death (about 20%) appeared
at the lowest concentration such as 10 ug/mL Fe3O4NPs after 24 h exposure, indicating a more
susceptibility of the immature compared the mature neurons. After 48 h, the cell reduction
became more pronounced compared to that observed after 24 h exposure with similar pattern
of toxicity for cells at both stages of the differentiation process.

iii. A concentration- and time-dependent reduction of the ATP intracellular content (20-35%)
was also observed in both hNLCs exposed to 10-100 ug/mL Fe3O4NPs up to 48 h.
The early-differentiated neurons appeared more susceptible in that more marked cell death
(about 50%) were detected after 48 h exposure at 100 pg/mL.

iv. Morphological analyses, parallelly, confirmed cell density decreases after 24 and 48 h exposure
to Fe3O4NPs starting at 25 pg/mL in both neuron-like cell types without alterations of
cell morphology.

V. Apoptosis induced by low concentrations of Fe3O4NPs (i.e., 10 and 25 pug/mL) was confirmed

by the elevation of caspase-3/7 activity and nuclear staining. The effects appeared early (24 h)
on 3-day-differentiated hNLCs, and later (at 48 h) on 8-day-differentiated cells, suggesting a
more susceptible of the immature hNLCs than the full differentiated cells.

vi. Fe304NPs aggregate immediately after dispersion in the culture medium (i.e., mesenchymal
stem cell neurogenic differentiation medium). The stability of Fe3O4NPs suspension
(tendency to agglomerate in a specific culture medium) as well as Fe3O4NP optical properties
represent factors that limit in vitro result interpretation depending of the applied methodology.
As demonstrated in the present study, the MTT data (artifacts) suggest the not applicability of
the spectrophotometric assays for hANLC culture conditions, while TB and ATP are accurate
methods for determining cell viability after Fe30O4NPs exposure in this model.

Altogether these data indicated that Fe3O4NPs determined a concentration- and time-dependent
reduction of human neuron-like cell viability. Cell density decrease (20-50%) were observed at the
early time point (24 h) and started at >10 pg/mL in both types of differentiated hNLCs in association
with apoptotic effects. The 3-day differentiated hNLCs were more susceptible (toxicity effects on both
ATP content and membrane integrity started at 10 pg/mL already after 24 h exposure, apoptotic effects
also appeared early) than the 8-day differentiated cells (effects on membrane integrity started at higher
concentrations after 24 h, and apoptosis at 48 h).

This study enhanced the existing stock of knowledge on the impact of metal oxide NPs on
human nervous system in particular. The potential harmful effects of Fe304NPs may be due to iron
ion release, which may lead to a disruption of normal iron metabolism/homeostasis in the brain,
a characteristic hallmark resembling that of several neurodegenerative disorders (e.g., Alzheimer’s
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and Parkinson’s) [20,56-58]. Indeed, it is well known that too much iron can compromise cell viability,
as well as the transport and storage of iron [59]. It could be that Fe;04NPs have produced iron
liberation that exceeded the iron homeostasis capacity. Our preliminary data using cytochemical
Perls’ iron staining are indicating the uptake of Fe3O4NPs in hNLCs with accumulation in a time- and
concentration-dependent manner (data not shown).

Our earlier investigations demonstrated Fe;O4NP-induced toxicity in 2D mono-cultures of human
SH-SY5Y neuroblastoma cells, extensively used in vitro model for CNS toxicity evaluation, after
short-term exposure to different concentrations (1-100 pg/mL): cytotoxicity occurred after 48 h only
with 35-45% mortality from 10 to 100 pug/mL, whereas no effect was observed at the earlier time point
(i.e., 24 h) [60]. Comparatively, the hANLCs of human primary cultures, that are applied in this study,
have been shown to be more sensitive to Fe304NPs exposure compared to the SH-SY5Y cell line as
toxicity effects were observable early (already after 24 h exposure in the mature cells). Furthermore, by
applying this novel in vitro model, information related to NP-induced effects on the early differentiated
neurons have also been achieved, revealing the more susceptibility of the immature cells compared
the mature ones. In vitro neurotoxicity of Fe304NPs was already evaluated [53,61-63], even if the
studies on human cell lines are limited [29], and significant differences in cytotoxicity results were
observed comparing rodent versus human cells [53], suggesting the importance of the cell type and
the species-specific model used to evaluate Fe30O4NPs toxicological profile. Notably, the findings of
the present study further support the use of these human primary cells especially when considering
the results obtained in cerebral cells from laboratory animals. In fact, recent studies evidenced a
relative resistance of the rat astrocytes and neurons against short-term SPION exposure [25,64-67],
although the experimental conditions [23,65] and the type of SPIONs used [27,67,68] have been shown
to influence the toxicity in terms of reactive oxygen species formation and delayed toxic effects in these
types of CNS cells.

Our study evidenced that the critical concentrations of Fe3O4NPs capable to induce in vitro
neuronal cytotoxicity are comparable to those measured in peripheral blood and brain tissue of
laboratory animals treated with SPIONs. In particular in ICR mice treated with a single intragastric
administration of Fe304NPs (13 mg/mouse), the concentrations of Fe304NPs were 375 and 350 pg/mL in
the peripheral blood, and 58 and 37 ug/g in brain, respectively at 3 and 10 days post exposure, indicating
a relationship between the blood concentration-time changes and brain distribution of Fe3O4NPs [69].
Moreover, rat intranasally administered iron oxide nanoparticles have been shown to be preferentially
distributed in striatum and hippocampus, causing oxidative damage in striatum [20]. The particles
deposited at concentrations of 0.040 pug/g and 0.050 pug/g in striata and in hippocampi, respectively.
More recently, an in vivo investigation showed that rabbit treated with Fe3O4NPs exhibited the
mitochondrial disease and dysfunction with elevated oxidative stress in the brain [18], and another
study provides the direct evidence that locally administered SPIONS in the striatum and hippocampus
of mice were able to induce both apoptosis and deficits in some behavioral performance [19].

In humans, elevated iron levels seem to be associated with many types of neurodegenerative
disease, such as Alzheimer’s, Parkinson’s, and Huntington’s diseases [70-74]. In this respect, several
studies have shown high levels of iron in brain autopsy section from patients with Alzheimer’s disease,
Huntington’s disease, and Parkinson’s disease [75,76], leading to the suggestion that elevated iron
concentrations within the brain may contribute to the development of neurodegenerative disorders.
Moreover, it has also been proposed that some of the excess iron in neurodegenerative tissue may
be in the form of the magnetic Fe3O4 [57]. In support of this hypothesis, concentrations of Fe3O4
were found to be significantly higher in samples of Alzheimer’s disease tissue [58]. Recently, brain
magnetite nanospheres were detected in human subjects and were consistent with an external, rather
than an endogenous, source [77]. Their presence proves that externally sourced iron-bearing NPs can
be transported directly into the brain, where they can pose hazard to human health.
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4. Materials and Methods

4.1. Chemicals and Reagents

Mesenchymal stem cell growth medium 2 (Ready-to-use; PromoCell, Heidelberg, Germany),
mesenchymal stem cell neurogenic differentiation medium (Ready-to-use; PromoCell), human
fibronectin solution (1 mg/mL; PromoCell), and all cell culture reagents were purchased from Carlo
Erba Reagents (Carlo Erba Reagents S.r.1., Cornaredo, Italy), 75 cm? tissue culture flask with vented
filter caps and 96- and 6-well plates (Corning), Trypan blue solution (0.4%), cresyl violet acetate,
and MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) were purchased from VWR
International PBI (Milan, Ttaly). CellTiter-Glo® 3D Cell Viability and Caspase-Glo® 3/7 assays were
acquired from Promega (Milan, Italy). Primary antibodies (Santa Cruz Biotechnology, Dallas, TX, USA)
conjugated to alexa-fluo®488 or 594 (Santa Cruz Biotechnology) for nestin, SOX-2, enolase (NSE),
MAP-2, 3-Tubulin III, synaptophysin (SYN), growth-associated protein 43 (GAP43), post-synaptic
density 95 (PSD95), and primary antibody for glial fibrillary acidic protein (GFAP; Santa Cruz
Biotechnology) were purchased from D.B.A. Italia s.r.1 (Segrate (MI), Italy). Hoechst 33258 (Invitrogen,
Waltham, MA, USA) was provided by Life Technologies Italia (Monza, Italy). Polyvinylpyrrolidone
coated Fe304NPs were obtained from nanoComposix (San Diego, CA, USA; lot no. ECP1475).

4.2. Isolation and Primary Culture of MSCs from Human Umbilical Cord Lining Membrane (hCL-MSCs)

Human umbilical cords (UC, n = 9) were obtained from healthy donors, after patients” provided
informed consent (Internal Ethics Committee—Prot. No. 2017000038067, 23 December 2016), who
underwent full-term caesarian sections (3840 weeks’ gestation) at the Hospital Fondazione IRCCS
Policlinico San Matteo in Pavia, Italy (from January 2017 to January 2019). In aseptic condition,
UC samples were harvested in a collection cup containing physiological solution, store at 4 °C and
immediately transported to the lab (within 2 h from collection). The UC samples were washed multiple
times with ice-cold phosphate-buffered saline (PBS) to remove blood clots.

From each UC, mesenchymal stem cells (MSCs) derived from human umbilical cord lining
membranes (hCL-MSCs) were obtained by the explant method and characterized [49]. Approximately
3 cm in length of UC were collected and the hCL-MSCs were isolated from the subamnion region
by dissecting out the Wharton's jelly followed by removal of cord vessels. The minced pieces of the
outer envelope membranes were plated in a 75 cm? tissue culture flask (about 20 tissue pieces/flask)
and were maintained in mesenchymal stem cell growth medium 2 at 37 °C, 5% CO; in a humidified
atmosphere approximately 3 weeks. In particular CL was minced into 1-2 mm pieces using sterile
scissors and CL fragments were incubated in trypsin solution for 30 min at 37 °C for partial digestion,
stopped by adding DMEM medium supplemented with 10% heat-inactivated fetal bovine serum (FBS),
2 mM L-glutamine, 50 IU/mL penicillin, and 50 pug/mL streptomycin. About 20 partially digested
CL pieces were plated in a 75 cm? tissue culture flask in 10 mL of mesenchymal stem cell growth
medium 2. Medium was changed every 3-4 days. Cultures were maintained at 37 °C, 5% CO, in a
humidified atmosphere.

The cell growth was monitored every 3—4 days under an inverted phase-contrast microscope.
When the mononuclear cells achieved 80-90% confluency, the medium was removed, the cells were
rinsed with PBS and then digested with Accutase (up to 5 min at room temperature (r.t.)). Subsequently,
the cells were reseeded on 75 cm? flasks at a density of 4000 cells/cm? (P0) and subcultured. Cells split
every 3—4 days and cultured up to P4 to be used for the experiments. The remaining cells that were not
used for the assay were frozen down at each passage.

Three cm of umbilical cord yielded around 65 million cells at passage 1, in line with literature
data [46]. The cells (at passage 2) were characterized for purity and basic MSC characteristics following
recommendations of the International Society for Cell Therapy (ISCT) [78,79]: surface markers (CD73,
CD34, CD90, CD14, CD45, CD31, CD105, HLA-I, and HLA-DR) analysis and differentiation capacity
into adipo- and osteo-lineages (using specific media) were performed as previously described [49].
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Briefly, analysis of cell populations was performed with a FACS Navios flow-cytometer (Beckman
Coulter) using fluorescein isothiocyanate- or phycoerythrin-conjugated monoclonal antibodies specific
for CD73, CD34, CD90, CD14, CD45, CD31, CD105, HLA-I, and HLA-DR. The differentiation
capacity of hCL-MSCs was assessed by incubating cells for 21 days with differentiation medium
(x-minimal essential medium, 10% fetal bovine serum, 10~ M dexamethasone, 50 mg/mL L-ascorbic
acid, and 5 mM f-glycerol phosphate). For adipogenic differentiation 100 mg/mL insulin, 50 mM
isobutyl methylxanthine, and 0.5 mM indomethacin were also added. The assessment of adipogenic
differentiation was based on the morphological appearance of fat droplets after staining with Oil Red
O. To detect osteogenic differentiation, cells were stained for alkaline phosphatase activity using Fast
Blue and for calcium deposition with Alizarin Red.

4.3. Transdifferentiation of hCL-MSCs into Neuron-Like Cells (1NLCs)

The hCL-MSCs, obtained from n = 4 donors, at the 3rd—4th passage according to the logarithmic
growth phase, were used for the transdifferentiation into hNLCs and neuronal characterization.
The hCL-MSCs were transdifferentiated for 3 days according to the protocol supplied by the
manufacturer and up to 8 days to evaluate different stages of maturity (i.e., at day 3-early differentiated
and day 8-full differentiated (Figure 1). Specifically, the hCL-MSCs were cultured in standard conditions
on 75 ecm? tissue culture flask and when about 80% of the cell confluences was reached, the cells were
detached by Accutase and reseeded on multiwell plates (at 4000 or 1500 cells per cm?) coated with
10 pg/mL human fibronectin, in order to facilitate the cell attachment to the wells, in mesenchymal
stem cell growth medium 2.

After 72 h, the cell became subconfluent (about 80%) then the whole culture solution (mesenchymal
stem cell growth medium 2) was discarded and replaced with a ready-to-use mesenchymal stem cell
neurogenic differentiation medium. Thereafter, the hCL-MSCs were induced in standard growth
condition (37 °C/5% CO;) and the medium changes were made every 48 h. The cells were cultured for
least 3 days up to a maximum of 8 days and they were monitored for the morphological changes using
an inverted phase contrast microscope (Zeiss Axiovert 25 microscope equipped with a 32X objective).
Parallelly, hCL-MSCs (without passage) were further cultured (for 3 days up to 8 days) in the same
condition using growth medium 2 and applied as a control of undifferentiated cells (i.e., hCL-MSCs).

4.4. Characterization of the INLCs

4.4.1. Morphological Changes and Calculation of Positive Rate of hNLCs

On day 3 and 8 of transdifferentiation, the hANLCs were observed under the inverted microscope
(Zeiss Axiovert 25 microscope equipped with a 32X contrast phase objective), in order to analyze the
morphological changes induced by transdifferentiation. Afterwards, the rate of hANLCs was calculated:
three non-overlapping fields were randomly selected and the total cell number and the number of
hNLCs were counted.

4.4.2. Immunochemistry Analysis

Nissl Body Staining

The transdifferentiation of hCL-MSCs into the hNLCs, on day 3 and 8, were confirmed by the
specific staining of neuronal Nissl bodies, characteristic granular structures composed of RNA-rich
rough endoplasmic reticulum (rER) unique to the somata of neurons, as follows.

After discarding the culture medium from the hNLCs, they were washed (twice) with
phosphate-buffered saline (PBS) prewarmed, and fixed with paraformaldehyde (PF 4%) for 30 min at
room temperature (r.t.). Subsequently the hNLCs were washed twice with PBS and stained with Nissl
staining solution (0.5% cresyl violet) for 30 min at r.t. After, the staining solution was aspirated and the
monolayer was washed three times with PBS, finally mounted with Fluoroshield. The presence of
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Nissl body into the somata of the hNLCs (3 and 8 days post transdifferentiation) was examined under
a CX41 Olympus microscope. Digital images were captured using oil immersion objective (100x) lens.

Neuron and Synaptic Markers by Immunofluorescence Analysis

On day 3 and 8 of transdifferentiation, the hNLCs were rinsed with PBS gently and fixed in
4% PF (30 min at r.t.), then permeabilized with 0.1% Triton-100 for 5 min. Subsequently, the hNLCs
were washed three times with PBS (containing Ca?* and Mg?*) and the samples were incubated with
blocking solution (2% dry milk in D-PBS with Ca?* and Mg2+) for 30 min at r.t., and then removed
without washing followed by incubation with primary antibodies conjugated to alexa-fluo®488 or 594
against: nestin (1:100), SOX-2 (2 pg/mL), NSE (1:100), MAP-2 (1:500); 3-tubulin III (1:200), SYN (1:100),
GAP43 (1:100), and PSD95 (1:100), diluted in 2% dry milk PBS incubated on orbital shaker plate in dark
for 60 min at r.t. Next, the monolayers were washed (three times with PBS containing Ca®* and Mg?*;
5 min for each washing) and the nuclei were detected using Hoechst 33258 (5 uM for 10 min at r.t.) and
finally mounted with Fluoroshield. Only for GFAP, the primary antibody (1:100), was incubated over
night at +4 °C, then the cells were washed (three times with PBS containing Ca?* and Mg?*; 5 min for
each washing), stained with secondary antibody (Alexa 488-labeled; dilution 1:100), washed again
with PBS, counterstained for the nuclei and finally mounted with Fluoroshield. For each marker, three
separate experiments were performed, each experiments was carried out in three replicates.

Fluorescence images were acquired using a CX41 Olympus fluorescence microscope, excitation
light being provided by EPI LED Cassette and combined with digital camera.

Digital images of the eight randomly selected microscopic fields (for each neuronal and synaptic
marker) were captured using oil immersion objective (100x) lens, and measurement conditions were
the following: 470 nm excitation (T% = 40), 505 nm dichroic beamsplitter, and 510 nm long pass filter.

4.5. Fe304NPs Stock Suspension for the Treatment of hNLCs at Different Stages of Maturation

The physico-chemical properties of Fe304NPs stock suspension in a 2 mM citrate solution were
provided by the Company (Figure 10).

Briefly, morpho-dimensional analysis using transmission electron microscopy showed that
Fe30O4NPs, dark brown in color, had a roughly spherical, almost non-agglomerated particles, an
average diameter of 20.3 + 5 nm (by transmission electron microscopy) and a hydrodynamic diameter
of 42 nm (by dynamic light scattering measurements). The surface of Fe3O4NPs is functionalized
with polyvinylpyrrolidone (PVP), a polymer that offers steric stability and exhibit superparamagnetic
properties at ambient temperatures.

Physico-chemical Fe3O4NPs properties in mesenchymal stem cell neurogenic differentiation
medium was also performed: the size of the Fe304NPs and the zeta potential at 10 and 25 ug/mL after
30 min, 24 and 48 h were analyzed by dynamic light scattering using the Malvern Zetasizer Nano ZS90
(N.AM. S.rl.,, NANO-Analysis and Materials, Gazzada Schianno, Varese, Italy).

FesO4NP suspensions were prepared by diluting the stock suspension (20.3 mg/mL) in
mesenchymal stem cell neurogenic differentiation medium to obtain increasing Fez;O4NPs
concentrations to be used for neuron-like cells treatments. Fresh solutions of Fe3O4NPs were prepared
and vortexed immediately before each treatment.

282



Int. . Mol. Sci. 2020, 21, 271

A Physico-chemical properties of Fe;O,NPs

Diameter (TEM) 20.3%5 nm
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Surface Area (TEM) 50.2 m?/g
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Figure 10. Physico-chemical properties of the Fe304NPs stock suspension in aqueous 2 mM citrate
(A). Morpho-dimensional analysis of Fe304NPs stock suspension by TEM indicates roughly spherical
almost non-agglomerated particles. Scale bar: 20 nm (B). Size distribution by dynamic light
scattering measurements shows an average diameter of 20.3 + 5 nm (C). Data provided by the
Company nanoComposix.

4.6. Cell Viability Assays

For the Fe3O4NPs cytotoxicity studies, initially the hCL-MSCs (at P3/4) were seeded in six-well
plates at the cell density of 4000 cells/cm? (for the Trypan blue (TB) exclusions test, double staining for
apoptosis, morphology) or in 96-well plates at the cell density of 1500 cells/cm? (for the MTT assay,
ATP intracellular content, and caspase-3/7 activity), and then following the protocol described in the
paragraph “Transdifferentiation of hCL-MSCs into hNLCs”, to obtain the 3-day early and 8-day full
differentiated cells.

4.6.1. MTT Assay (Tetrazolium-Based Colorimetric Test Systems Utilizing MTT ((3-(4,
5-Dimethylthiazolyl-2)-2,5-Diphenyltetrazolium Bromide)

The tetrazolium derivatives are reduced in cells mainly by dehydrogenase enzymes,
producing intracellular formazan products of specific color that can be measured photometrically
after solubilization.

The activity of the dehydrogenase enzymes requires NAD* or NADPH as co-factors, and can
therefore be seen as metabolic indicators of cell proliferation. As the result depends on mitochondrial
integrity and activity, the sensitivity and general outcome of these assays is dependent on the cellular
metabolic activity.
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The hCL-MSCs at P3/4 were seeded in 96-well plates (1500 cells per cm?) in 100 uL mesenchymal
stem cell growth medium 2 per well and incubated (37 °C/5% CO,) for 3 days then induced for
neuron-like cells transdifferentiation.

Then hCL-MSCs, transdifferentiated into hNLCs, for 3 days up to 8 days, were exposed at both time
points to Fe3O4NPs at concentrations ranging from 10 to 100 pg/mL for 24 and 48 h. After incubation
time with Fe3O4NPs, the cell culture medium was carefully aspirated and hNLCs (early and full
differentiated) were washed with PBS (200 uL per well) in order to remove unbound Fe3O4NPs and to
avoid interference with the spectrophotometric analysis. Next, fresh medium (mesenchymal stem cell
neurogenic differentiation) plus 10 uL MTT (5 mg/mL) were added to each well and incubated for 3 h.
The resulting formazan crystals were solubilized by dimethyl sulfoxide 100 uL per well and quantified
by measuring absorbance at 550 nm (measurement) and 655 nm (reference) using a microplate reader
(Bio-Rad, Segrate, Milan, Italy). Data were expressed as a percentage of control.

4.6.2. Trypan Blue (TB) Exclusions Test

A loss of integrity of the plasma membrane is seen as one of the hallmarks of necrosis: the
uncontrolled and enhanced trans-membrane flow of cytosolic elements or indicator dyes are used as
endpoints. One common dye used in toxicity tests is the trypan blue.

On day 3 and 8 of transdifferentiation, the hNLCs were treated with Fe3O4NPs (ranging from 10 to
100 pug/mL) for 24 and 48 h, untreated control was incubated with mesenchymal stem cell neurogenic
differentiation medium only. After each time point, the hNLCs were harvested: Fe304NPs suspensions
were removed and cells washed with prewarmed PBS (1 mL/well), detached from the bottom of well
by Accutase (500 uL; 5 min. at r.t.), pipetted gently, collected and counted manually using Biirker
chamber. TB solution (0.4%) was used in a ratio of 1:10 (viable cells do not take up TB).

4.6.3. ATP Evaluation by CellTiter-Glo® 3D Assay

Another viability-related readout of cellular metabolism is represented by cytosolic ATP content,
which can be detected and quantified by luciferin/luciferase assays that generate a luminescence signal
proportional to the amount of cytosolic ATP present, which in turn is directly proportional to the
number of viable cells present in culture.

On day 3 and 8 of the transdifferentiation, the hNLCs were treated with Fe3O4NPs (ranging from
10 to 100 pg/mL, for 24 and 48 h) and the ATP content was evaluated using CellTiter-Glo® 3D Cell
Viability assay provided as a ready-to-use solution without no additional preparation in according
to the protocol supplied by the manufacturer (Promega). Briefly, the CellTiter-Glo® 3D reagent was
equilibrated as well as the cells at r.t., for 30 min. Next, the medium was carefully removed and the
cells were washed with PBS (200 uL/well) and fresh mesenchymal stem cell neurogenic differentiation
medium was added (100 uL/well). Then, 100 uL CellTiter-Glo® 3D reagent were added at each well
and the contents were vigorously mixed for 5 min on an orbital shaker plate in order to induce cell
lysis. The plate was incubated at r.t. for an additional 25 min (in the dark) to stabilize the luminescent
signal. The ATP was quantified by measuring the luminescence signal using a Fluoroskan microplate
fluorometer (Thermo Scientific, Milan, Italy) combined with PC software.

The blank reaction (culture medium plus CellTiter-Glo® 3D reagent) was also used in order to
measure background luminescence associated with the specific cell culture medium and CellTiter-Glo®
3D reagent. Then, the blank value was subtracted from experimental values.

4.7. Assessment of Apoptosis

4.7.1. Caspase-3/7 Activity

Caspase-Glo® 3/7 assay is a luminescence-based test system designed for quantification of
caspase-3 and -7 activities. The luminescence signal produced is proportional to the amount of
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caspase activity present. Caspase-Glo® 3/7 assay is provided as ready-to-use solution without any
additional preparation.

On day 3 and 8 of transdifferentiation, the hANLCs were treated with Fe3O4NPs (ranging from
10 to 100 ug/mL) for 24 and 48 h, then the caspase-3/7 activity was evaluated in according to the
protocol supplied by the manufacturer (Promega). Briefly, Caspase-Glo® 3/7 reagent was reconstituted
and together with the cells were equilibrated at r.t., for 30 min. Next, the medium was carefully
removed and the cells were washed with PBS (200 uL/well) and fresh mesenchymal stem cell
neurogenic differentiation medium was added (100 uL/well) as well as the same volume (100 uL/well)
of Caspase-Glo® 3/7 reagent. The contents were gently mixed using an orbital shaker plate for 2 h
and 30 min at r.t. in the dark. The caspase-3/7 activity was quantified by measuring the luminescence
signal using a Fluoroskan microplate fluorometer (Thermo Scientific, Milan, Italy) combined with
PC software.

The blank reaction (culture medium plus Caspase-Glo® 3/7 reagent) was also used in order to
measure background luminescence associated with the specific cell culture medium and Caspase-Glo®
3/7 reagent. Then, the blank value was subtracted from experimental values.

4.7.2. Nuclear Fluorescence Staining of hNLCs

The hNLCs cell cultures were fixed in PF 4% (20 min at r.t.) and after two washing (PBS)
were supravitally stained with the fluorescent nuclear dye, Hoechst 33342 (5 uM for 10 min at r.t.).
Afterwards the hNLCs were washed (PBS before then H,O), let dry and scored under fluorescence
microscope (CX41 Olympus fluorescence microscope equipped with a 40x objective). The microscopic
fields were photographed and stored on PC.

4.8. Morphology Analysis by Light Phase-Contrast Microscopy

hNLCs, on day 3 and 8 of transdifferentiation, were observed under inverted phase-contrast
microscopy after Fe3O4NPs (10-100 ug/mL) exposure for 24 and 48 h in order to evaluate the healthy
status of the cells and their growth. Live-cell microscopy was performed using a Zeiss Axiovert 25
microscope equipped with a 32X contrast phase objective. Images were taken using a digital camera
(Canon Powershot G8). Digital photographs were taken and stored on the PC.

4.9. Statistical Analysis

Data of the cytotoxicity effects (MTT, ATP, TB, caspase-3/7 activity, and apoptotic cells) were
expressed as the mean + S.D. of three separate experiments, each carried out in four replicates.

Statistical analysis was performed by two-way ANOVA followed by Dunnett’s test. Only p values
less than 0.05 were considered to be significant.

The intra-assay variation (CV) was <5-8% for the immunophenotyping analysis of hCL-MSCs
derived from the same donors. The inter-assay precision ranged between 8% and 10% for the
immunophenotyping analysis of the hCL-MSCs derived from different donors.

5. Conclusions

The study demonstrated that human umbilical CL-MSCs easily differentiated into neuronal-like
cells. These in vitro findings add value to the relevance of using new in vitro human cell-based models
in toxicology and, specifically, for the identification of the cytotoxicity of Fe3O4NPs.

The hCL-MSCs are versatile stem cells easily to be obtained and expanded from healthy human
subjects. They have the advantages of strong proliferative ability (self-renewal), long-term proliferation,
stable amplification in vitro, wide source without any ethical restriction, and can be easily differentiated
into specific cells such as hNLCs. These properties make hCL-MSCs as potential gold standard tool for
establishing in vitro models of neurotoxicity and development NT.
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With regard to Fe3O4NPs, the present findings: (i) demonstrate the human neuronal-like cells
susceptibility to Fe304NPs exposure, and (ii) support the use of these human primary cultures of
neurons as new in vitro species-specific cell model for the evaluation of the NP safety.

The proposed in vitro cell-based model (hNLCs) and the multiple-assays approach, is readily
available, either for use as stand-alone method or as a part of integrated strategies, and efficiently
valuable to be applied for neurotoxicity testing of nanoparticles.

In addition, this approach is in accordance with the new toxicology paradigm, which
emphasizes predictive toxicology (i) more based on in vitro models other than computational systems,
bioengineering, automated micro-systems, (ii) boosting basic research more focused to obtain relevant
and rapid tools for man, and (iii) understanding the disease cellular mechanisms.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/1/271/s1,
Figure S1: Optical properties of Fe3O4NPs.
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Abstract: Exposure assessment is a key component in the risk assessment of engineered nanomaterials
(ENMs). While direct and quantitative measurements of ENMs in complex environmental matrices
remain challenging, environmental fate models (EFMs) can be used alternatively for estimating ENMs’
distributions in the environment. This review describes and assesses the development and capability
of EFMs, focusing on surface waters. Our review finds that current engineered nanomaterial (ENM)
exposure models can be largely classified into three types: material flow analysis models (MFAMs),
multimedia compartmental models (MCMs), and spatial river/watershed models (SRWMs). MFAMs,
which is already used to derive predicted environmental concentrations (PECs), can be used to
estimate the releases of ENMs as inputs to EFMs. Both MCMs and SRWMs belong to EFMs. MCMs
are spatially and/or temporally averaged models, which describe ENM fate processes as intermedia
transfer of well-mixed environmental compartments. SRWMs are spatiotemporally resolved models,
which consider the variability in watershed and/or stream hydrology, morphology, and sediment
transport of river networks. As the foundation of EFMs, we also review the existing and emerging
ENM fate processes and their inclusion in recent EFMs. We find that while ENM fate processes,
such as heteroaggregation and dissolution, are commonly included in current EFMs, few models
consider photoreaction and sulfidation, evaluation of the relative importance of fate processes, and
the fate of weathered/transformed ENMs. We conclude the review by identifying the opportunities
and challenges in using EFMs for ENMs.

Keywords: engineered nanomaterials; environmental fate models; surface waters; ENM fate processes

1. Introduction

Engineered nanomaterials (ENMs) are intentionally produced or manufactured materials with
at least one dimension in the size range of 1-100 nm [1-3]. At this size, materials behave differently
to their bulk forms, which is of interest for novel applications [1,2]. Nanotechnology that is the
application of scientific knowledge to manipulate and fabricate ENMs and associated products is
intensively applied in fields, such as consumer products [4-7], sporting goods [8], water treatment [9-11],
photocatalysis [12-14], electrocatalysis [15], medicine [16], and renewable energy [17]. ENMs are widely
used in consumer products, such as clothes, sox, surface treatment, cosmetics, and packaging [4-7],
potentially contributing to significant ENMs’ release to the environment. For instance, silver
nanoparticles (AgNPs) are used in clothes, sox, and packaging due to its antimicrobial properties [18,19].
Titanium dioxide nanoparticles (TiO, NPs) and zinc oxide nanoparticles (ZnO NPs) have applications
in surface treatment, e.g., paint and coating, due to its antifouling properties, as well as cosmetics, e.g.,
sunscreen as ultraviolet (UV)-absorber [5,6,20]. The use of TiO; NPs and ZnO NPs in photocatalysis in
the degradation of contaminants, such as ¢OH, Oye-, H,O, [12,13], and renewable energy, e.g., Hp
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production [14], is also common. Recent research exists about the applications of nanotechnology in
water remediation. For example, due to its ultrahigh surface areas, nanoscale nickel metal organic
frameworks (MOFs) decorated over graphene oxide (GO) and carbon nanotubes (CNTs) have been
proposed as new adsorbents in water treatment to remove methylene blue (MB) [21], and MOFs-derived
magnetic Ni and Cu nanoparticles have been studied in the catalysis of a sodium borohydride
(NaBH,4)-mediated reduction of environmental pollutants, such as 4-nitrophenol, methyl orange, and
MB [22]. The upward trend of ENMs’ global production, as well as the widespread applications of
nanotechnology could significantly increase the release of ENMs to the environment [23,24].

ENMs are considered as a new class of pollutant due to the unique properties and extraordinary
behaviors, which leads to unknown environmental risks [25,26]. While the paradigm used in the risk
assessments of regular substances is generally considered to be applicable for ENMs, it is necessary
to update the current risk assessment approaches in the evaluation of physicochemical properties,
environmental fate and exposure, and (eco)toxicological effects applied for traditional chemicals in
regulations in order to be compatible with ENMs’ unique characteristics [27-29]. In the past decade,
there has been strong progress in the development of methods to evaluate ENMs’ (eco)toxicological
effects and bioaccumulation potentials [30,31]. In terms of environmental exposure assessment, this can
be done by empirically measuring ENMs in environmental matrices and/or by predicting ENMs’ fate
and release in environmental compartments. Despite the considerable progresses made in the detection
methods of ENMs, the current analytical technologies could not readily characterize low concentrations
of ENMs and distinguish natural nanomaterials from engineered ones in complex environmental
matrices [31,32]. Regarding this situation, environmental exposure models could be used as an
alternative method to quantitatively predict the environmental distribution of ENMs [28,31,33,34].

Traditionally, exposure models have been used as a tool in the evaluation of environmental
concentrations of chemical substances [28,35,36]. Given the recognized properties of ENMs that are
distinct from molecular chemicals, it is necessary to review the fate processes of existing exposure models
for their relevancy for ENMs and update them accordingly [31,37,38]. For example, the equilibrium
partitioning of organic chemicals is not generally considered to be relevant for ENMs [38,39]. The studies
on the environmental fate processes of ENMs (e.g., heteroaggregation, dissolution, wastewater treatment
removal, and transformation, etc.) have considerably increased in the past one to two decades [31,37].
There is an important opportunity to consider and include these advances in exposure models to allow
for improved prediction of ENMs’ environmental distribution.

Prior reviews on the environmental fate and exposure modeling of ENMs exist. Dale et al. [33]
reviewed the nano-specific processes that can be included in engineered nanomaterial (ENM) fate
models of aquatic systems. The review of Baalousha et al. [40] discussed the modeling of ENM fate
and biological uptake in aquatic and terrestrial environments and also emphasized the considerations
of nano-specific processes. Nowack [28] reviewed environmental exposure models for ENMs in a
regulatory context with a large focus on the material flow analysis models (MFAMs). He concluded
that current MFAMs and environmental fate models (EFMs) are both generally compatible with
the framework of exposure assessment accepted in regulatory and that both models require proper
validation. William et al. [34] reviewed the nano-specific processes as well as the releases, forms, and
particle sizes of ENMs considered in recent aquatic fate models. Since then, significant progresses in
ENM fate modeling in the aquatic environment have been made, especially in surface waters, that
provide good spatial and temporal resolution with the consideration of new nano-specific processes,
such as sunlight-driven photoreactions; however, these recent advances have not generally been
included in existing reviews [41,42].

The potential of ENMs released to groundwater exists from groundwater remediation using nano
zero-valent iron (nZVI) [43]. While there are few nZVI groundwater modeling studies, these current
studies are limited to nZVI rather than other ENMs [44—-46]. As such, this review does not focus on
groundwater and this could be a direction for future reviews when more related work emerges.
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The purpose of this paper is to comprehensively review the recent advances in the environmental
exposure assessment of ENMs using computational approaches. While ENM exposure models in other
environmental media, such as soil and air, are also covered, we focus on the latest advances of surface
water models.

We also comprehensively review recent studies on the environmental fate processes of ENMs to
identify emerging processes that can be included in the fate models towards improved prediction of
ENMs’ distribution in environmental matrices. Current exposure models of ENMs may be largely
classified into two major types, which are MFAMs and EFMs [28,33,40]. MFAMs quantify the release
of ENMs in life-cycle stages from production to waste disposal/recycling into the environment [47-51],
while EFMs consider the mechanistic fate and transport processes (i.e., nano-specific fate processes)
in the prediction of ENMs’ concentrations in or across environmental compartments (e.g., water,
sediment, soil, or air) [52,53]. EEMs could be further classified to multimedia compartmental models
(MCMs) [36,54-57] and spatial river/watershed models (SRWMs) [35,41,42,58,59]. We discuss and
compare the functions and utilities of recent ENM exposure models. We conclude the review by
identifying the opportunities and challenges of using EFMs for predicting the environmental exposure
of ENMs.

2. Exposure Models for the Prediction of Engineered Nanomaterials’ (ENMs’) Concentrations in
Surface Waters

Obtaining the temporal-spatial distribution information of ENMs in a water environment is
the basis of ENMs’ exposure and risk assessment. For example, there is no potential risk of a
chemical substance on the ecosystem if the predicted levels of ENMs in the environment (e.g.,
predicted environmental concentrations, PECs) are lower than the predicted no effect concentrations
(PNECs) [36,47,60]. Before the direct and quantitative measurement methods of ENMs in natural
systems are developed, current information of PECs for risk assessment is mainly estimated by
exposure models. The exposure models that have been intensively applied in conventional chemical
risk assessments are starting to be used for ENMs with modifications [28,33,34,40].

In the last decade, several types of exposure models have been applied to estimate environmental
releases and concentrations of ENMs. These models can be classified to MFAMs that predict releases
from production, fate in technical systems, and ultimate releases to the environment, and EFMs that
predict ENMs’ concentrations by including ENM fate processes as well as the distribution within
environmental compartments [28]. The recent development of ENM exposure models are described
as follows.

2.1. Material Flow Analysis Models (MFAMs)

Material flow analysis (MFA) is a mass balance-based system approach, which tracks and quantifies
inventories and flows of materials throughout the entire life cycle in a well-defined geographic boundary
or time span that is covered by the system. Many nanomaterial models (e.g., MFAMs) rely on MFA
to predict releases from products, fate (i.e., removal) in technical systems, and final releases to
the environment [28]. The outputs provided by MFAMs can be linked to EFMs as system input
data. For example, the more realistic ENMs’ release information resulting from MFAMs, e.g., the
released forms and particle size distributions of ENMs, can be used by EFMs as a basis for choosing
relevant environmental fate processes and hence allowing EFMs to better quantify the transport
and distribution between and within environmental compartments. Generally, MFAMs are only
ENM release models, although some extended MFAMs are also simplified EFMs, which estimate
environmental concentrations by assuming standard sizes of environmental compartments and
complete mixing [28]. The current MFAMs of ENMs are shown in Table 1 with the following review.

Mueller and Nowack [47] used an MFA approach for quantifying the releases of AgNPs, TiO,
NPs, and CNTs from products, and predict their expected concentrations in soil, air, and water
compartments of Switzerland. The resulting environmental concentrations from MFAMs are mainly
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controlled by how the system was defined, e.g., boundary and time span, as well as how the ENM
specific input parameters were determined, such as the estimated production volume, the allocation of
the production volume to product categories, the particle discharge from products, and the transfer
coefficients between environmental compartments. As a significant amount of input information
was estimated, not available, or have uncertainty, the system was usually assumed in a steady state,
ENMs were released completely from products in one year, and environmental compartments were
considered to be homogeneous and well mixed [47].

Probabilistic material flow analysis models (P-MFAMs) are then used with the employment of
probability distributions for model input and/or output to address the inconsistency and variability of
model input parameters, as well as to model PECs for ENMs, such as TiO; NPs, ZnO NPs, AgNPs,
CNTs, and fullerenes [48,49,61,62].

Dynamic probabilistic MFAMs (DP-MFAMs) address the time-dynamic behavior of the system for
material flows over several consecutive periods, considering changes in the inflow to the system and
intermediate delays in local stocks. Unlike the static MFA, the dynamic MFA considers a reasonable
time frame of a period rather than a single year and time-dependent ENMs’ release from products over
the life-cycle of the products rather than the simple assumption that ENMs are released completely
from all applications in the single production year [50,51,63].
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