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Figure 8. Caspase-3/7 activity and apoptotic cells evaluation after exposure to Fe3O4NPs (10 and
25 μg/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 Fe3O4NPs (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 40×, 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 μg/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 μg/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 Fe3O4NPs treatments for each time-point considered
(Figure 9).

 

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

Fine brownish sediments of Fe3O4NPs were extracellularly visible in both hNLCs at the lowest
concentration (10 μg/mL), which became large aggregates/agglomerates at the higher concentrations
tested (25–100 μg/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 β-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 Fe3O4NPs)
indicated increments (artifacts) in cell viability after Fe3O4NPs 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 μg/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 μg/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 μg/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 μg/mL.

iv. Morphological analyses, parallelly, confirmed cell density decreases after 24 and 48 h exposure
to Fe3O4NPs starting at 25 μg/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 μg/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. Fe3O4NPs 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 hNLC culture conditions, while TB and ATP are accurate
methods for determining cell viability after Fe3O4NPs 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 μg/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 μg/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 Fe3O4NPs 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 Fe3O4NPs 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 Fe3O4NP-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 μg/mL): cytotoxicity occurred after 48 h only
with 35–45% mortality from 10 to 100 μg/mL, whereas no effect was observed at the earlier time point
(i.e., 24 h) [60]. Comparatively, the hNLCs of human primary cultures, that are applied in this study,
have been shown to be more sensitive to Fe3O4NPs 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 Fe3O4NPs 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 Fe3O4NPs 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 Fe3O4NPs (13 mg/mouse), the concentrations of Fe3O4NPs were 375 and 350 μg/mL in
the peripheral blood, and 58 and 37 μg/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 μg/g and 0.050 μg/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.l., Cornaredo, Italy), 75 cm2 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, Italy). 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, β-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.l (Segrate (MI), Italy). Hoechst 33258 (Invitrogen,
Waltham, MA, USA) was provided by Life Technologies Italia (Monza, Italy). Polyvinylpyrrolidone
coated Fe3O4NPs 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 (38–40 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 cm2 tissue culture flask (about 20 tissue pieces/flask)
and were maintained in mesenchymal stem cell growth medium 2 at 37 ◦C, 5% CO2 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 μg/mL streptomycin. About 20 partially digested
CL pieces were plated in a 75 cm2 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% CO2 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 cm2 flasks at a density of 4000 cells/cm2 (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
(α-minimal essential medium, 10% fetal bovine serum, 10−7 M dexamethasone, 50 mg/mL L-ascorbic
acid, and 5 mM β-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 (hNLCs)

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 cm2 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 cm2) coated with
10 μg/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% CO2) 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 32× 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 hNLCs

4.4.1. Morphological Changes and Calculation of Positive Rate of hNLCs

On day 3 and 8 of transdifferentiation, the hNLCs were observed under the inverted microscope
(Zeiss Axiovert 25 microscope equipped with a 32× contrast phase objective), in order to analyze the
morphological changes induced by transdifferentiation. Afterwards, the rate of hNLCs 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

281



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

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 (100×) 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 Ca2+ and Mg2+) and the samples were incubated with
blocking solution (2% dry milk in D-PBS with Ca2+ 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 μg/mL), NSE (1:100), MAP-2 (1:500); β-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 Ca2+ and Mg2+;
5 min for each washing) and the nuclei were detected using Hoechst 33258 (5 μM 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 Ca2+ and Mg2+; 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 (100×) lens, and measurement conditions were
the following: 470 nm excitation (T% = 40), 505 nm dichroic beamsplitter, and 510 nm long pass filter.

4.5. Fe3O4NPs Stock Suspension for the Treatment of hNLCs at Different Stages of Maturation

The physico-chemical properties of Fe3O4NPs 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
Fe3O4NPs, 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 Fe3O4NPs and the zeta potential at 10 and 25 μg/mL after
30 min, 24 and 48 h were analyzed by dynamic light scattering using the Malvern Zetasizer Nano ZS90
(N.A.M. S.r.l., NANO-Analysis and Materials, Gazzada Schianno, Varese, Italy).

Fe3O4NP suspensions were prepared by diluting the stock suspension (20.3 mg/mL) in
mesenchymal stem cell neurogenic differentiation medium to obtain increasing Fe3O4NPs
concentrations to be used for neuron-like cells treatments. Fresh solutions of Fe3O4NPs were prepared
and vortexed immediately before each treatment.
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Figure 10. Physico-chemical properties of the Fe3O4NPs stock suspension in aqueous 2 mM citrate
(A). Morpho-dimensional analysis of Fe3O4NPs 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/cm2 (for the Trypan blue (TB) exclusions test, double staining for
apoptosis, morphology) or in 96-well plates at the cell density of 1500 cells/cm2 (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 cm2) in 100 μL mesenchymal
stem cell growth medium 2 per well and incubated (37 ◦C/5% CO2) 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 μg/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 μL 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 μL MTT (5 mg/mL) were added to each well and incubated for 3 h.
The resulting formazan crystals were solubilized by dimethyl sulfoxide 100 μL 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 μg/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: Fe3O4NPs suspensions
were removed and cells washed with prewarmed PBS (1 mL/well), detached from the bottom of well
by Accutase (500 μL; 5 min. at r.t.), pipetted gently, collected and counted manually using Bürker
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 μg/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 μL/well) and fresh mesenchymal stem cell neurogenic differentiation
medium was added (100 μL/well). Then, 100 μL 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 hNLCs were treated with Fe3O4NPs (ranging from
10 to 100 μg/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 μL/well) and fresh mesenchymal stem cell
neurogenic differentiation medium was added (100 μL/well) as well as the same volume (100 μL/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 μM for 10 min at r.t.).
Afterwards the hNLCs were washed (PBS before then H2O), let dry and scored under fluorescence
microscope (CX41 Olympus fluorescence microscope equipped with a 40× 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 μg/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 32× 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 Fe3O4NPs 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 (TiO2 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 TiO2 NPs and ZnO NPs in photocatalysis in
the degradation of contaminants, such as •OH, O2•-, H2O2 [12,13], and renewable energy, e.g., H2
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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
(NaBH4)-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]. EFMs 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, TiO2

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 TiO2 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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2.2. Environmental Fate Models (EFMs)

EFMs are exposure models, which apply a quantitative and mechanistic description of fate
processes to predict the behavior as well as the concentration of the contaminant in the environment.
The basic concept governing of EFMs is the integration of pollutant transport, transfer, and degradation
processes into mass balance equations for the pollutant. EFMs consist of mass balance equations for a
chemical in a system of coupled environmental compartments in which the coefficients are generally
based on extensive empirical data [52,53].

EFMs of ENMs can be classified into MCMs and SRWMs. MCMs comprise the mechanistic
description of fate and transport processes of ENMs as intermedia transfer incorporating well-mixed
environmental compartments (e.g., air, water, soil, and sediment) while SRWMs are dynamic and
spatially resolved models, which incorporate variation in stream hydrology and morphology as well
as sediment transport in river networks, and have the capability to consider the description of water
quality linked to the watershed hydrology [28]. The current EFMs of ENMs (MCMs and SRWMs) are
shown in Table 1 with the review as follows.

2.2.1. Multimedia Compartmental Models (MCMs)

MCMs treat various environmental media (e.g., surface water, groundwater, and atmosphere)
as an integrated system, synthesizing information about chemical partitioning, transformation, and
intermedia transport. The models have been used to predict the distribution of the contaminant
based on mass balance equations at a regional and global scale. The environment is described as a
set of well-mixed compartments, with each acting as a particular medium (e.g., air, water, and soil).
The model consists of the compartmental mass balance ordinary differential equations (ODEs), which
can be solved either at steady state or dynamically with the time steps selected [52–54]. The existing
multimedia compartmental models are summarized in Table 1 with the review as follows.

MendNano was developed by Liu and Cohen [54] to predict environmental exposure
concentrations of ENMs dynamically. The model consists of the compartmental mass balance ODEs,
which can be solved with the time steps selected, with the consideration of ENM fate processes such
as homoaggregation, heteroaggregation, and dissolution as intermedia transport between bordering
compartments. For example, attachment factors are used in homoaggregation and heteroaggregation,
which are defined as fractions of ENMs attached to themselves or ambient particles [54]. Later,
RedNano is developed as an improvement of MendNano by coupling the model with LearNano as
P-MFAMs in order to derive more realistic ENMs’ release rates [56].

Then, SimpleBox4Nano (SB4N), which is the modification of a classical multimedia mass balance
model in European Regulation on Registration, Evaluation, Authorization, and Restriction of Chemicals
(REACH) called the SimpleBox model, was introduced by Meesters et al. [36]. It is solved at steady
state with the consideration of ENM fate processes such as heteroaggregation and dissolution. Unlike
MendNano, SB4N used first order rate constants for ENM fate processes, with the exception of
dissolution, which was considered as a loss mechanism. Heteroaggregation is modeled between ENMs
with natural colloids (< 450 nm) and larger suspended particles (> 450 nm). The ENMs’ input is only
free dispersive ENMs. However, the output has three ENMs’ states as a result of heteroaggregation,
which are: (1) Freely dispersed ENMs; (2) ENMs attached with natural colloids; and (3) ENMs
heteroaggregated to larger suspended particles [36]. Subsequently, Meesters et al. [55] analyzed the
sensitivity of SB4N to uncertainties in emission estimations; physicochemical properties of cerium
oxide nanoparticles (CeO2 NPs), ZnO NPs, and TiO2 NPs; and natural variability of environmental
systems by incorporating Monte Carlo simulations as a probabilistic approach.

Recently, Garner et al. [57] proposed a multimedia dynamic model called nanoFate, which
incorporates a broader range of ENM processes (e.g., emissions from their manufacturing, use, and
disposal) and climate variability (e.g., the use of observed daily hydrometeorological data) with the
consideration of heteroaggregation and dissolution using first rate order rate constants. NanoFate can
also quantify the concentration of dissolved ions as a result of the dissolution process. Furthermore,
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nanoFate considers not only the point source but also the non-point source, such as ENMs’ loading
from the use of biosolids in agriculture. Runoff was calculated using the runoff equation as well as soil
loss resulting from erosion, and a variety of land uses were considered.

2.2.2. Spatial River/Watershed Models (SRWMs)

Spatial river models are dynamic and spatially resolved models that consider variability in stream
hydrology and morphology as well as sediment transport in river networks. Water quality functions
of these models are provided by linking hydrologic and water quality models. Hydrologic and water
quality models can be either integrated as one model or separated into hydrologic models and water
quality models. Watershed models underline the description of watershed hydrology and water quality,
including runoff, erosion, and wash off of sediments and pollutants. When coupled to hydrologic and
water quality models, watershed models offer more realistic input parameters for hydrology as well as
sediment and pollutant loading [59,70]. The current SRWMs are shown in Table 1 with the review
as follows.

Praetorius et al. [35] modified the river box model for ENMs in Rhine river based on established
multimedia box models for organic chemicals with the inclusion of nano-specific process descriptions.
The model framework is similar to MCMs, which can be solved at steady state or as a function of
time, but with the consideration of spatial resolution (e.g., Rhine river is divided into 520 “boxes”
representing river sections). Heteroaggregation and dissolution are considered as ENM fate processes,
with the assumption of attachment efficiency of heteroaggregation in several scenarios [35]. Sani-Kast et
al. [64] improved this river box model by incorporating spatial variability in environmental conditions
for the Rhone river with cluster analysis.

Subsequently, Dale et al. [65] applied a simple 1-D diagenetic model for predicting AgNPs‘
distribution and silver speciation of resulting Ag ions in freshwater sediments. The model is a
modification of a mass balance model by Di Toro et al. [71] that quantifies the speciation of cadmium in
sediments considering the sediment as a function of the oxygen depletion in the time of mineralization
or organic carbon diagenesis. The model considered the sulfidation and oxidative dissolution process
of AgNPs as a function of dissolved oxygen, sulfide, and temperature. The model was then calibrated
to data collected from AgNPs-dosed large-scale freshwater wetland mesocosms, and estimated ion
release as a result of AgNPs’ sulfidation [65].

DUFLOW simulates 1-D unsteady flow in open-channel systems with the calculation of water
levels and flow rates based on the St. Venant equations of continuity and momentum using initial
and boundary conditions. NanoDUFLOW was developed by Quik et al. [58] as a modification of
the DUFLOW hydrology model, which allows the inclusion of ENM fate process descriptions such
as homoaggregation, heteroaggregation, and dissolution to a spatially explicit hydrological model.
The model was toward validation, which compared measured and modeled concentrations of < 450
nm cerium (Ce), aluminum (Al), titanium (Ti), and zirconium (Zr)-based particles for the Dommel
river, Netherlands [67].

The Global Water Availability Assessment Model (GWAVA) is a catchment gridded hydrology
model, which was applied to simulate the spatial distributions of PECs by assigning distinguished
ENM loading inputs into each grid [66]. ENM fate processes in GWAVA such as heteroaggregation
and dissolution are computed by first-order sink processes.

With the SOBEK-River hydrology model for the simulation of water flows and morphological
changes in open channel systems, and the DELWAQ for water quality modelling in 1-D, 2-D, or 3-D
surface water systems, Markus et al. [68] developed the SOBEK-River-DELWAQ model system for
estimating the temporally and spatially varying ZnO NPs concentration as different ENMs’ states
(free, homoaggregates, and heteroaggregates) in Rhine river. The model was then validated by the
comparison between the simulation of the total concentration of zinc over time to the measured total
concentration of zinc for the Rhine river.
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Dale et al. [59] used a dynamic water quality model Water Quality Analysis Simulation Program
(WASP) to simulate ZnO NPs and AgNPs and their transformation byproducts in James River Basin,
Virginia. WASP version 7 (WASP7) can be coupled with a watershed model to simulate ENMs’ daily
stream loads from effluent discharges. WASP is a dynamic generalized modeling framework based
on the finite-volume concept to quantify the fate and transport of water quality variables in surface
waters, including toxic substances in 1-D, 2-D, or 3-D. WASP7 considers transformation processes, such
as dissolution and sulfidation; however, it excludes ENM fate processes, such as heteroaggregation.
Hydrology Simulation Program Fortran (HSPF) is an integrated basin-scale model that combines
watershed processes with in-stream fate and transport in one-dimensional stream channels. WASP7
was coupled with Chesapeake Bay Watershed Model (WSM) as an adaption of HSPF to simulate
AgNPs and ZnO NPs as well as the total concentration of Ag+ and Zn2+ as their speciation in James
River Basin, Virginia.

WASP7 was updated to WASP version 8 (WASP8) with the inclusion of ENM fate processes,
such as heteroaggregation and photoreaction. In WASP8, ENM fate processes can be parametrized
using experiment-based kinetics. Heteroaggregation is described as the attachment efficiency (αhet).
Bouchard et al. [41] used WASP8 to simulate multiwalled carbon nanotubes (MWCNTs) fate and
transport in Brier Creek. In this study, αhet was derived from lab-scale experiments by using natural
surface water with a range of ionic strengths. The phototransformation rate constant is calculated using
the average light intensity in the surface water, which depends on light attenuation. Light attenuation
is calculated for each wavelength band of UV and visible light. Han et al. [42] applied WASP8 to model
predicted environmental concentrations of GO and its major reaction phototransformation product
reduced GO (rGO) in Brier Creek, GA.

In a recent work, Saharia et al. [69] integrated an urban hydrologic-hydraulic model (Storm Water
Management Model, SWMM), and a 3-D hydrodynamic and water quality model (Environmental
Fluid Dynamics Code, EFDC) to estimate TiO2 NPs concentrations in combined sewer overflows
and receiving rivers. SWMM is a dynamic rainfall-runoff simulation model applied to urban areas.
EFDC is a three-dimensional modeling system having hydrodynamic, water quality-eutrophication,
sediment transport, and toxic contaminant transport components. The modeling results show that
heteroaggregation and sedimentation are the key fate processes of TiO2 NPs, while dissolution is
almost negligible.

3. Engineered Nanomaterial (ENM) Fate Processes in Surface Waters

The understanding of ENMs’ environmental behaviors is fundamentally important in establishing
fate models for ENMs in the environment. In this section, we review the state of the art in the studies
of ENM fate processes in the aquatic environment. Possible fate processes of ENMs are usually first
investigated in laboratory experiments using simulated environmental conditions to evaluate their
potential to occur in natural systems. The current literature suggests that ENMs, depending on specific
types, can undergo physical transformation processes, including aggregation (homoaggregation and
heteroaggregation), as well as chemical transformation processes, including dissolution, sulphidation,
and photoreactions [31,37,72,73]. Figure 1 shows the environmental fate processes of ENMs in surface
waters. Here, AgNPs are used as an example to illustrate the ENM fate processes because AgNPs
have a wide variety of fate processes that are also common to other ENMs, such as aggregation
(homoaggregation and heteroaggregation), dissolution, and sulphidation, and/or specific to themselves,
such as photoreactions. These ENM fate processes are discussed as follows.
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Figure 1. Engineered nanomaterial (ENM) fate processes in surface waters.

3.1. Aggregation

Aggregation is a generally recognized ENM fate process that is controlled by particle–particle
interactions where particles collide and stick to each other to form larger clusters [74,75]. The classical
Derjaguin–Landau–Verwey–Overbeek (DLVO) theory describes the tendency of colloids to aggregate, a
process that is controlled by the combination of attractive and repulsive forces between charged colloid
surfaces in a liquid medium [74]. Currently, this DLVO theory is being improved for diverse complexity,
such as the electric double layer interaction energies, polyelectrolyte coating, effects of uncharged
polymeric coating, and elastic steric stabilization on the van der Waals force [75]. The application of this
theory to ENMs overall works well in helping to understand charge destabilization. The attachment
efficiency α (0 ≤ α ≤1) that determines if the collision between particles leads to the attachment
of particles (i.e., forming aggregates) is usually used to model the aggregation kinetics of ENMs
and is used in ENM fate models [35,36,41,75]. Figure 1 shows that two forms of aggregation may
occur: homoaggregation among the same ENMs, or heteroaggregation among ENMs and other
particles [37,76–78]. Due to the complexity of heteroaggregation, the appropriate method to derive
the attachment efficiency of heteroaggregation (αhet) is still challenging [38,79,80]. Nevertheless,
experimental parameterization could be a promising method in determining αhet [41,42,80].

Due to the larger concentrations of environmental particles (e.g., suspended particulate matters
(SPMs)) compared to ENMs, heteroaggregation with natural particles has been suggested to play a key
role in ENM aggregation in the aquatic environment compared to homoaggregation [31,37]. Greater
cluster sizes due to aggregation cause increasing settling velocity, thereby more quickly removing
ENMs as heteroaggregates from environmental compartments (air, water) into soil or sediments [77,78].
Heteroaggregation also tends to affect the bioavailability and toxicity of ENMs [81,82], for example,
heteroaggregation of GO and aluminum oxide (Al2O3) particles could diminish the bioavailability and
toxicity of GO to freshwater algae [81]. As a result, heteroaggregation of ENMs are predominantly
considered in recent EFMs compared to homoaggregation as indicated by Table 1.
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3.2. Dissolution

Dissolution of ENMs can be considered as chemical transformation processes of ENMs from
particulate forms into dissolved ions as shown in Figure 1. Dissolution is particularly relevant for
metallic and metal oxide ENMs, such as AgNPs, ZnO NPs, and copper oxide nanoparticles (CuO NPs),
which have been shown to dissolve to Ag+, Zn2+, and Cu2+, respectively, in aqueous solutions [83–87].
In contrast, metal oxide nanoparticles, such as TiO2 NPs, CeO2 NPs, and silicon dioxide nanoparticles
(SiO2 NPs), are fairly insoluble in environmental waters [31]. Water chemistry factors also affect
the dissolution of ENMs. Generally, decreased pH increases the dissolution of metallic and metal
oxide ENMs [83–87]. Additionally, agglomeration of ENMs tends to diminish the dissolution rate
by reducing the diffusion of species involved in dissolution reactions [82,87]. On the other hand, the
presence of natural organic matters (NOMs), which are ubiquitous in surface waters, could increase
dissolution by enhancing metal solubility through complexation with dissolved metal ions from
ENMs [87]. For carbon-based ENMs, dissolution and aqueous solubility are generally not applicable,
although fullerene C60′s hypothetical aqueous solubility has been reported at a fairly low concentration
of 7.96 ng/L [88,89]. Dissolution could be important in the fate and toxicity for ENMs, such as AgNPs.
Generally, dissolved ions exert a greater impact to living creatures compared to their particulate
forms. Therefore, for some metallic and metal oxide ENMs, dissolution correlates with increased
toxicity [31,37]. The important role of dissolution in ENMs’ fate and toxicity has been reflected in its
increased inclusion in current exposure models. For example, the dissolution of AgNPs, ZnO NPs, and
CuO NPs has been considered in recent fate models as shown in Table 1.

3.3. Sulfidation

Sulfidation is a predominant transformation process for some metal or metal oxide ENMs, such
as ZnO NPs and AgNPs, especially in an environment with high sulfide concentrations, such as
in wastewater treatment plants (WWTPs) or other anaerobic environment [90–93] as described in
Figure 1. The reaction mechanism of sulfidation requires both sulfide and dissolved oxygen and
may be either a fast direct reaction or a slower indirect reaction, which could produce metal sulfide
ENMs [94]. The low solubility of metal sulfide ENMs, such as silver sulfide nanoparticles (Ag2S-NPs),
mostly reduce their toxicity in the short term [95,96]; however, a recent study by He et al. [96] has
shown transformation of Ag2S-NPs potentially resulting in Ag+ and in situ formation of Ag0 and
Ag0/Ag2S-NPs hetero-nanostructures, which may enhance the toxicity in the long term. Sulfidation
may impact metallic ENMs’ toxicity by altering their physicochemical properties. For instance, ZnO
NPs’ sulfidation does not form a protective shell of zinc sulfide (ZnS) on the ZnO core or impact
its dissolution rate; however, AgNPs’ sulfidation forms a passivating shell of silver sulfide (Ag2S),
which makes partially sulfidized AgNPs exhibit a far lower solubility than untransformed AgNPs [59].
Generally, the high insolubility of sulfide form, e.g., the formed Ag2S shell, could reduce AgNPs’
toxicity compared to the pristine one. However, the sulfidation process is not commonly included
in current EFMs. Two studies conducted by Dale et al., using a simple diagenesis model to quantify
AgNPs’ sulfidation in freshwater sediments [65], and using WASP7 for modeling sulfidation of AgNPs
and ZnO NPs in the rivers [59].

3.4. Photoreaction

Photoreaction can be considered as an emerging fate process in the modeling of ENMs’ fate.
In a 2019 study, Han et al. [42] first considered sunlight-driven phototransformation in modeling the
fate and transport of GO in surface water. While the incorporation of ENM photoreaction in fate
modeling is relatively new, there have been many existing process studies on ENM photoreaction.
We and other groups have reported on the phototransformation of fullerenes C60 and C70 [97–100],
CNTs [101–103], GO [104,105], AgNPs [72,73,106], and metal dichalcogenides [107]. Photoreaction of
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ENMs is important, because the process is driven by environmentally relevant sunlight; therefore, it
plays a role in the transformation fate of ENMs in surface waters as shown in Figure 1.

Photoreactions under sunlight conditions can result in the oxidation (i.e., photo-oxidation) and/or
reduction (i.e., photo-reduction) of ENMs and/or their products and cause structural alterations
or degradation of ENMs. For example, Hou et al. ([97,108]) found that photo-oxidation of C60

aggregates (nC60) results in polyhydroxylated C60 photoproducts’ formation driven by nC60′s
strong light absorption within the solar spectrum. Another example is GO, which undergoes rapid
phototransformation under sunlight conditions, resulting in more persistent rGO-like photoproducts.
It has been shown that rGO photoproducts exhibit transport and toxic properties unique from pristine
GO [105,109,110]. Therefore, it is also important to be able to model the fate of transformed ENMs,
due to their fate and biological properties distinct from pristine materials.

There has been a plethora of studies regarding ENM-enabled photocatalysis in the
degradation/transformation of pollutants (e.g., water/wastewater treatment) [12,13,111] or in the
production of valuable chemicals (e.g., H2) [14]. ENMs, such as TiO2 NPs and ZnO NPs, are probably
the most widely studied photocatalysts [12,13]. Photocatalysis depends on the photocatalyst’s capability
to absorb light, create electron–hole pairs, and generate a range of reactive oxygen species (ROS), such
as •OH, O2

•-, H2O2, etc., able to undergo further redox reactions that ultimately degrade/transform
pollutants [12,13,111]. Regardless, these results may not be directly applicable to evaluate the
photochemical fate of ENMs in the aqueous environment. For example, photocatalytic studies mainly
concern the degradation of pollutants or the product formation (e.g., H2) [12–14,111], with less
emphasis on the physicochemical transformation and associated kinetics of the nano-catalysts under
environmentally relevant sunlight conditions, which is the information needed in evaluating the
photochemical fates of ENMs in the environment.

4. Path Forward

Based on the review of recent advances in environmental exposure models for ENMs and studies
of emerging ENM fate processes, in this section, we discuss and identify the opportunities and
challenges in using exposure modeling for risk evaluation of ENMs. The opportunities are related to
the consideration of emerging ENM fate processes in current and future EFMs, the evaluation of the
relative importance of ENM fate and transport processes within EFMs, modeling the fate and transport
of weathered/transformed ENMs, and realistic parametric input of ENM fate processes. The challenge
is related to the model validation. We also discuss the model applicability in regulatory context.

This review indicates that studies on the emerging ENM fate processes, such as photoreaction and
sulfidation, that are relevant for ENMs, such as AgNPs, carbon-based ENMs, and ZnO [72,73,91–94,96,
97,100,102–105], have grown significantly in the past 5–10 years, but these processes are not commonly
included in recent EFMs [42,59,65]. For most EFMs, either MCMs or SRWMs, the most common
ENM fate processes considered have been heteroaggregation and dissolution [36,41,54,57,59,68,69]. In
the future, as the studies on emerging ENM fate processes continue to increase, there is a valuable
opportunity to consider and evaluate them in EFMs. This would also require the translations of ENM
fate process studies that are usually conducted in the laboratory under simulated environmental
conditions into mathematical expressions and computer codes.

The addition of emerging ENM fate processes into EFMs needs to be accompanied by the evaluation
of their relative importance to the more commonly included processes, such as heteroaggregation,
dissolution, and others. The specific processes considered are also dependent on the environmental
compartments (e.g., surface water columns, anaerobic sediments, etc.) to be modeled. Recent studies
have begun to consider this aspect. For example, Meesters et al. [55] analyzed SB4N’s sensitivity using
probability distributions to environmental concentrations, distributions, and speciations of TiO2 NPs,
CeO2 NPs, and ZnO NPs in Europe, with the results showing that heteroaggregation is the dominant
process for TiO2 NPs and CeO2 NPs as well as dissolution for ZnO NPs. A similar approach was
also used to determine the most crucial physicochemical properties governing the environmental fate
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and transport of ENMs in this study. Transformation rate constants and attachment efficiency are
found to be the most sensitive physicochemical properties, which can lead to the dominant ENM fate
processes governing the environmental fate and transport of ENMs [112]. Future research could have
similar considerations that are expected to result in a better understanding of the relative importance of
ENM fate and transport processes, particularly when new processes are being evaluated. The relative
importance of the ENM fate processes may not always be easy to be measured quantitatively in
simulated experiments or in the field, as they often occur simultaneously.

It has been widely shown that some ENMs can transform physically or chemically into products or
species that have distinct environmental and ecotoxicological properties from their parent materials [37].
This would include ENMs that are weathered and released from products, such as polymeric
nanocomposites, from which released ENMs are often embedded in polymer matrices [113–116]. Some
have argued that transformed ENMs are most environmentally relevant [31,37]. Therefore, modeling
the fate and transport of transformed ENMs is equally, if not more, important. Recent research has
begun to model the fate and transport of transformed ENMs, rather than just considering transformation
as a sink process. For instance, the fate of dissolved products of ZnO NPs and CuO NPs (i.e, Zn2+ and
Cu2+) has been modeled in San Francisco Bay [57]. Other studies modeled the fate and transport of
ions (Ag+ and Zn2+), Ag2S, and rGO as the dissolved, sulphidation, and phototransformation products
of AgNPs, ZnO NPs, and GO in river systems [42,59]. Further research could continue to model
these existing transformed ENMs and also consider other less common ones, such as ENMs released
from industrial or consumer products that are embedded in product matrices (e.g., carbon nanotubes
embedded in polymers).

Using realistic parametric inputs/estimations to model ENM fate and transport processes creates
opportunities to improve the accuracy of EFMs, particularly for site-specific models, such as SRWMs.
ENM fate process parameters used in EFMs can be assumed, obtained from the literature, or from
experiments. Extensive process studies have shown that environmental factors, such as the ionic
strength, particulate, and NOMs, can affect the heteroaggregation and dissolution of ENMs [31,79,87].
These factors often vary depending on the specific sites [117]. Modeling work in the early development
of EFMs used assumed parameters, such as attachment efficiencies, given that the information about
ENM fate parameters was limited [35], so these parameters are assumed as necessary. Some model
studies also extracted ENM fate parameters from the literature [36,54,58,59]. Recent EFMs started to
use experimentally derived fate parameters as inputs to models. For instance, studies based on WASP8
derived the attachment efficiency (αhet) for heteroaggregation processes using laboratory experiments
where water and sediment samples collected from the specific sites (i.e., site to be modeled) were mixed
with CNTs and GO [41,42]. Experimental parameterization could result in more accurate ENM fate
parameters, reflective of specific sites [80]. It is noted that while the experimental derivation of fate
parameters can be used for local scale models, it may not be applicable to larger regional or global-scale
models where the fate behaviors are usually averaged.

All models require appropriate validation, but this remains a challenge for many current ENM
exposure models. The validation of PECs derived from exposure models remains limited due to the
lack of suitable analytical methods for ENMs’ measurement in complex environmental matrices [28,40].
Nevertheless, there are recent efforts in the validation of other model outcomes (e.g., dissolved ions)
or input parameters in several spatial river/watershed models. For example, Quik et al. [58,67]
tried to validate the NanoDUFLOW model by comparing the concentrations of ENMs predicted by
the model and the measured concentrations of particles with sizes < 450 nm. The measurement
concentrations of < 450 nm size particles are deliberate as an important step in the ENMs’ validation of
EFMs [58,67]. Another study validated the SOBEK river-DELWAQ by comparing the simulated total
zinc concentration over time to the measurement of the total zinc concentration [68]. Dale et al. [65]
validated AgNPs’ distribution and silver speciation in freshwater sediments predicted by a simple
one-dimensional diagenetic model, as well as calibrated the model using data collected from the
mesocosm scale. There are few studies about the validation of EFMs for ENMs in mesocosm-scale
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studies, because accurate descriptions of fate processes at the mesocosm-scale are often challenging
owing to the predominance of highly heterogeneous conditions [118,119]. Despite the validation of
other model outcomes or input parameters, EFMs should further be validated at the mesocosm-scale
by comparing PECs to the measurement of ENMs.

This review covers three types of existing exposure models for ENMs that have varied complexity
and spatial and temporal resolutions. In regulatory applicability, the multimedia box models (i.e., the
SimpleBox) have been indicated as the first-tier model in the European Chemical Agency’s (ECHA’s)
guidance document in exposure assessment of chemicals [60]. Given the similarity, the SB4N and other
related box models are likely directly applicable in the regulatory context for ENMs. The MFAMs
has been suggested to be compatible with the material flow concept adopted by ECHA and would
likely be applicable [28]. The site-specific models, such as WASP8, describe in greater detail the local
environment, such as hydrology, and river cross-section with temporal consideration and is traditionally
used to model nutrients and other pollutants in water quality management [120]. This model seems to
align with the high-tier models indicated by the ECHA document that can be used when the refinement
of chemical risk assessment is warranted [60].

5. Summary

The recent development of EFMs and the understanding of emerging ENM fate processes were
comprehensively reviewed. We found that ENM fate processes, such as heteroaggregation and
dissolution, are the most common ones that are considered in recent EFMs. With the strong advances
in emerging ENM fate processes, such as photoreaction and sulfidation, future EFMs should begin to
incorporate and evaluate the relative importance of these emerging processes. Sensitivity analysis
can be a useful tool to evaluate the relative importance of ENM fate processes in EFMs that comprise
multiple concurrent fate and hydrological processes. The consideration of weathered/transformed
ENMs, including ENMs released from products that are embedded in product matrices, also represent
an important aspect in ENMs’ modeling, as these transformed ENMs often have fate and toxic behaviors
distinct from parent ENMs. Recent advances in surface water fate and transport models for ENMs
have significantly enhanced our ability in the aspects mentioned above. Opportunities exist in using
experimentally derived fate parameters and by coupling MFAMs (i.e., ENM environmental release)
and EFMs to improve the accuracy of PECs’ prediction. Nevertheless, further development of EFMs
for ENMs especially regarding model validation is urgently needed.

Funding: Financial support provided by the Ministry of Science and Technology (MOST) of Taiwan under grant
number MOST 109-2923-E-006-003-MY4 is acknowledged. The paper is a part of the European Union Horizon
2020 project NanoInformaTIX (Grant agreement ID: 814426).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. European Commission. RECOMMENDATIONS: COMMISSION RECOMMENDATION of 18 October 2011
on the Definition of Nanomaterial (2011/696/EU). Off. J. Eur. Union 2011, 38–40.

2. Dolez, P.I. Nanomaterials Definitions, Classifications, and Applications. Nanoengineering 2015, 3–40.
[CrossRef]

3. Auffan, M.; Rose, J.; Bottero, J.-Y.; Lowry, G.V.; Jolivet, J.-P.; Wiesner, M.R. Towards a definition of inorganic
nanoparticles from an environmental, health and safety perspective. Nat. Nanotechnol. 2009, 4, 634–641.
[CrossRef] [PubMed]

4. Huang, Y.; Mei, L.; Chen, X.; Wang, Q. Recent Developments in Food Packaging Based on Nanomaterials.
Nanomaterials 2018, 8, 830. [CrossRef] [PubMed]

5. Fytianos, G.; Rahdar, A.; Kyzas, G.Z. Nanomaterials in Cosmetics: Recent Updates. Nanomaterials 2020, 10,
979. [CrossRef] [PubMed]

303



Int. J. Mol. Sci. 2020, 21, 4554

6. AZoNano.com. Nanotechnology and Consumer Products—Opportunities for Nanotechnology in Consumer
Products. Available online: https://www.azonano.com/article.aspx?ArticleID=2364 (accessed on 13 June
2020).

7. Izzyfortiz. Nano-textiles: The Fabric of the Future. Sustainable Nano. Available online: http://sustainable-
nano.com/2018/11/28/nano-textiles/ (accessed on 13 June 2020).

8. Says, S.W.; AZoNano.com. Sport and Nanotechnology: Are the Big Sports Looking to Go Small? Available
online: https://www.azonano.com/article.aspx?ArticleID=4859 (accessed on 13 June 2020).

9. Alvarez, P.J.J.; Chan, C.K.; Elimelech, M.; Halas, N.J.; Villagrán, D. Emerging opportunities for nanotechnology
to enhance water security. Nat. Nanotechnol. 2018, 13, 634–641. [CrossRef]

10. Westerhoff, P.; Alvarez, P.; Li, Q.; Gardea-Torresdey, J.; Zimmerman, J. Overcoming implementation barriers
for nanotechnology in drinking water treatment. Environ. Sci. Nano 2016, 3, 1241–1253. [CrossRef]

11. Mauter, M.S.; Zucker, I.; Perreault, F.; Werber, J.R.; Kim, J.-H.; Elimelech, M. The role of nanotechnology in
tackling global water challenges. Nat. Sustain. 2018, 1, 166–175. [CrossRef]

12. Luo, C.; Ren, X.; Dai, Z.; Zhang, Y.; Qi, X.; Pan, C. Present Perspectives of Advanced Characterization
Techniques in TiO2-Based Photocatalysts. ACS Appl. Mater. Interfaces 2017, 9, 23265–23286. [CrossRef]

13. Azzouz, I.; Habba, Y.G.; Capochichi-Gnambodoe, M.; Marty, F.; Vial, J.; Leprince-Wang, Y.; Bourouina, T.
Zinc oxide nano-enabled microfluidic reactor for water purification and its applicability to volatile organic
compounds. Microsyst. Nanoeng. 2018, 4, 17093. [CrossRef]

14. Singh, R.; Dutta, S. A review on H2 production through photocatalytic reactions using TiO2/TiO2-assisted
catalysts. Fuel 2018, 220, 607–620. [CrossRef]

15. Farooq, U.; Phul, R.; Alshehri, S.M.; Ahmed, J.; Ahmad, T. Electrocatalytic and Enhanced Photocatalytic
Applications of Sodium Niobate Nanoparticles Developed by Citrate Precursor Route. Sci. Rep. 2019, 9,
4488. [CrossRef] [PubMed]

16. Guo, J.; Zeng, H.; Chen, Y. Emerging Nano Drug Delivery Systems Targeting Cancer-Associated Fibroblasts
for Improved Antitumor Effect and Tumor Drug Penetration. Mol. Pharm. 2020, 17, 1028–1048. [CrossRef]
[PubMed]

17. Ashraf, M.; Khan, I.; Usman, M.; Khan, A.; Shah, S.S.; Khan, A.Z.; Saeed, K.; Yaseen, M.; Ehsan, M.F.;
Tahir, M.N.; et al. Hematite and Magnetite Nanostructures for Green and Sustainable Energy Harnessing
and Environmental Pollution Control: A Review. Chem. Res. Toxicol. 2020, 33. [CrossRef] [PubMed]

18. Schneider, G. Antimicrobial silver nanoparticles—Regulatory situation in the European Union. Mater. Today
Proc. 2017, 4, S200–S207. [CrossRef]

19. Potter, P.M.; Navratilova, J.; Rogers, K.R.; Al-Abed, S.R. Transformation of silver nanoparticle consumer
products during simulated usage and disposal. Environ. Sci. Nano 2019, 6, 592–598. [CrossRef]

20. AZoNano.com. Metal Oxide Nanoparticles—Are they Safe? Available online: https://www.azonano.com/
article.aspx?ArticleID=5444 (accessed on 13 June 2020).

21. Ahsan, M.d.A.; Jabbari, V.; Imam, M.A.; Castro, E.; Kim, H.; Curry, M.L.; Valles-Rosales, D.J.; Noveron, J.C.
Nanoscale nickel metal organic framework decorated over graphene oxide and carbon nanotubes for water
remediation. Sci.Total Environ. 2020, 698, 134214. [CrossRef]

22. Ahsan, M.A.; Jabbari, V.; El-Gendy, A.A.; Curry, M.L.; Noveron, J.C. Ultrafast catalytic reduction of
environmental pollutants in water via MOF-derived magnetic Ni and Cu nanoparticles encapsulated in
porous carbon. Appl. Surf. Sci. 2019, 497, 143608. [CrossRef]

23. Camboni, M.; Hanlon, J.; Pérez García, R.; Floyd, P.; European Chemicals Agency. A State of Play
Study of the Market for so Called “Next Generation” Nanomaterials. 2019. Available online: https:
//op.europa.eu/publication/manifestation_identifier/PUB_ED0219746ENN (accessed on 11 March 2020).

24. Calipinar, H.; Ulas, D. Development of Nanotechnology in the World and Nanotechnology Standards in
Turkey. Procedia Comput. Sci. 2019, 158, 1011–1018. [CrossRef]

25. Peng, Z.; Liu, X.; Zhang, W.; Zeng, Z.; Liu, Z.; Zhang, C.; Liu, Y.; Shao, B.; Liang, Q.; Tang, W.; et al. Advances
in the application, toxicity and degradation of carbon nanomaterials in environment: A review. Environ. Int.
2020, 134, 105298. [CrossRef]

26. Romeo, D.; Salieri, B.; Hischier, R.; Nowack, B.; Wick, P. An integrated pathway based on in vitro data for the
human hazard assessment of nanomaterials. Environ. Int. 2020, 137, 105505. [CrossRef] [PubMed]

27. Sayre, P.G.; Steinhäuser, K.G.; van Teunenbroek, T. Methods and data for regulatory risk assessment of
nanomaterials: Questions for an expert consultation. NanoImpact 2017, 8, 20–27. [CrossRef]

304



Int. J. Mol. Sci. 2020, 21, 4554

28. Nowack, B. Evaluation of environmental exposure models for engineered nanomaterials in a regulatory
context. NanoImpact 2017, 8, 38–47. [CrossRef]

29. Gao, X.; Avellan, A.; Laughton, S.; Vaidya, R.; Rodrigues, S.M.; Casman, E.A.; Lowry, G.V. CuO Nanoparticle
Dissolution and Toxicity to Wheat (Triticum aestivum) in Rhizosphere Soil. Environ. Sci. Technol. 2018, 52,
2888–2897. [CrossRef] [PubMed]

30. Hou, W.-C.; Westerhoff, P.; Posner, J.D. Biological accumulation of engineered nanomaterials: A review of
current knowledge. Environ. Sci. Process. Impacts. 2013, 15, 103–122. [CrossRef] [PubMed]

31. Lead, J.R.; Batley, G.E.; Alvarez, P.J.J.; Croteau, M.-N.; Handy, R.D.; McLaughlin, M.J.; Judy, J.D.;
Schirmer, K. Nanomaterials in the environment: Behavior, fate, bioavailability, and effects-An updated
review: Nanomaterials in the environment. Environ. Toxicol. Chem. 2018, 37, 2029–2063. [CrossRef]

32. Johnston, L.J.; Gonzalez-Rojano, N.; Wilkinson, K.J.; Xing, B. Key challenges for evaluation of the safety of
engineered nanomaterials. NanoImpact 2020, 18, 100219. [CrossRef]

33. Dale, A.L.; Casman, E.A.; Lowry, G.V.; Lead, J.R.; Viparelli, E.; Baalousha, M. Modeling Nanomaterial
Environmental Fate in Aquatic Systems. Environ. Sci. Technol. 2015, 49, 2587–2593. [CrossRef]

34. Williams, R.J.; Harrison, S.; Keller, V.; Kuenen, J.; Lofts, S.; Praetorius, A.; Svendsen, C.; Vermeulen, L.C.; van
Wijnen, J. Models for assessing engineered nanomaterial fate and behaviour in the aquatic environment.
Curr. Opin. Environ. Sustain. 2019, 36, 105–115. [CrossRef]

35. Praetorius, A.; Scheringer, M.; Hungerbühler, K. Development of Environmental Fate Models for Engineered
Nanoparticles—A Case Study of TiO2 Nanoparticles in the Rhine River. Environ. Sci. Technol. 2012, 46,
6705–6713. [CrossRef]

36. Meesters, J.A.J.; Koelmans, A.A.; Quik, J.T.K.; Hendriks, A.J.; van de Meent, D. Multimedia Modeling of
Engineered Nanoparticles with SimpleBox4nano: Model Definition and Evaluation. Environ. Sci. Technol.
2014, 48, 5726–5736. [CrossRef] [PubMed]

37. Lowry, G.V.; Gregory, K.B.; Apte, S.C.; Lead, J.R. Transformations of Nanomaterials in the Environment.
Environ. Sci. Technol. 2012, 46, 6893–6899. [CrossRef] [PubMed]

38. Praetorius, A.; Tufenkji, N.; Goss, K.-U.; Scheringer, M.; von der Kammer, F.; Elimelech, M. The road to
nowhere: Equilibrium partition coefficients for nanoparticles. Environ. Sci. Nano 2014, 1, 317–323. [CrossRef]

39. Cornelis, G. Fate descriptors for engineered nanoparticles: The good, the bad, and the ugly. Environ. Sci.
Nano 2015, 2, 19–26. [CrossRef]

40. Baalousha, M.; Cornelis, G.; Kuhlbusch, T.A.J.; Lynch, I.; Nickel, C.; Peijnenburg, W.; van den Brink, N.W.
Modeling nanomaterial fate and uptake in the environment: Current knowledge and future trends. Environ.
Sci. Nano 2016, 3, 323–345. [CrossRef]

41. Bouchard, D.; Knightes, C.; Chang, X.; Avant, B. Simulating Multiwalled Carbon Nanotube Transport in
Surface Water Systems Using the Water Quality Analysis Simulation Program (WASP). Environ. Sci. Technol.
2017, 51, 11174–11184. [CrossRef] [PubMed]

42. Han, Y.; Knightes, C.D.; Bouchard, D.; Zepp, R.; Avant, B.; Hsieh, H.-S.; Chang, X.; Acrey, B.; Henderson, W.M.;
Spear, J. Simulating graphene oxide nanomaterial phototransformation and transport in surface water. Environ.
Sci. Nano 2019, 6, 180–194. [CrossRef]

43. Zou, Y.; Wang, X.; Khan, A.; Wang, P.; Liu, Y.; Alsaedi, A.; Hayat, T.; Wang, X. Environmental Remediation
and Application of Nanoscale Zero-Valent Iron and Its Composites for the Removal of Heavy Metal Ions: A
Review. Environ. Sci. Technol. 2016, 50, 7290–7304. [CrossRef]

44. Krol, M.; Khan, U.T.; Asad, M.A. Factors affecting nano scale zero valent iron (nZVI) travel distance in
heterogeneous groundwater aquifers: A statistical modeling approach. In Proceedings of the AGU Fall
Meeting, Washington, DC, USA, 10–14 December 2018.

45. Asad, M.A.; Krol, M.; Briggs, S. Nano zero valent iron (nZVI) remediation: A COMSOL modelling approach.
In Proceedings of the Canadian Geotechnical Society (CGS) Conference (GeoEdmonton 2018), Edmonton,
AB, Canada, 23–26 September 2018.

46. Yu, Z.; Hu, L.; Lo, I.M.C. Transport of the arsenic (As)-loaded nano zero-valent iron in groundwater-saturated
sand columns: Roles of surface modification and As loading. Chemosphere 2019, 216, 428–436. [CrossRef]

47. Mueller, N.C.; Nowack, B. Exposure Modeling of Engineered Nanoparticles in the Environment. Environ.
Sci. Technol. 2008, 42, 4447–4453. [CrossRef]

305



Int. J. Mol. Sci. 2020, 21, 4554

48. Gottschalk, F.; Scholz, R.W.; Nowack, B. Probabilistic material flow modeling for assessing the environmental
exposure to compounds: Methodology and an application to engineered nano-TiO2 particles. Environ. Model.
Softw. 2010, 25, 320–332. [CrossRef]

49. Sun, T.Y.; Conroy, G.; Donner, E.; Hungerbühler, K.; Lombi, E.; Nowack, B. Probabilistic modelling of
engineered nanomaterial emissions to the environment: A spatio-temporal approach. Environ. Sci. Nano
2015, 2, 340–351. [CrossRef]

50. Bornhöft, N.A.; Sun, T.Y.; Hilty, L.M.; Nowack, B. A dynamic probabilistic material flow modeling method.
Environ. Model. Softw. 2016, 76, 69–80. [CrossRef]

51. Wang, Y.; Nowack, B. Dynamic probabilistic material flow analysis of nano-SiO2, nano iron oxides, nano-CeO2,
nano-Al2O3, and quantum dots in seven European regions. Environ. Pollut. 2018, 235, 589–601. [CrossRef]
[PubMed]

52. Scheringer, M.; Praetorius, A.; Goldberg, E.S. Environmental Fate and Exposure Modeling of Nanomaterials.
Front. Nanosci. 2014, 7, 89–125. [CrossRef]

53. Di Guardo, A.; Gouin, T.; MacLeod, M.; Scheringer, M. Environmental fate and exposure models: Advances
and challenges in 21st century chemical risk assessment. Environ. Sci. Process. Impacts 2018, 20, 58–71.
[CrossRef]

54. Liu, H.H.; Cohen, Y. Multimedia Environmental Distribution of Engineered Nanomaterials. Environ. Sci.
Technol. 2014, 48, 3281–3292. [CrossRef]

55. Meesters, J.A.J.; Quik, J.T.K.; Koelmans, A.A.; Hendriks, A.J.; van de Meent, D. Multimedia environmental
fate and speciation of engineered nanoparticles: A probabilistic modeling approach. Environ. Sci. Nano 2016,
3, 715–727. [CrossRef]

56. Liu, H.H.; Bilal, M.; Lazareva, A.; Keller, A.; Cohen, Y. Simulation tool for assessing the release and
environmental distribution of nanomaterials. Beilstein J. Nanotechnol. 2015, 6, 938–951. [CrossRef]

57. Garner, K.L.; Suh, S.; Keller, A.A. Assessing the Risk of Engineered Nanomaterials in the Environment:
Development and Application of the nanoFate Model. Environ. Sci. Technol. 2017, 51, 5541–5551. [CrossRef]

58. Quik, J.T.K.; de Klein, J.J.M.; Koelmans, A.A. Spatially explicit fate modelling of nanomaterials in natural
waters. Water Res. 2015, 80, 200–208. [CrossRef]

59. Dale, A.L.; Lowry, G.V.; Casman, E.A. Stream Dynamics and Chemical Transformations Control the
Environmental Fate of Silver and Zinc Oxide Nanoparticles in a Watershed-Scale Model. Environ. Sci. Technol.
2015, 49, 7285–7293. [CrossRef] [PubMed]

60. ECHA. Guidance on Information Requirements and Chemical Safety Assessment Chapter R.16: Environmental
Exposure Assessment, Version 3.0—February 2016; ISBN 978-92-9247-775-2. European Chemicals Agency
(ECHA): Helsinki, Finland, 2016.

61. Gottschalk, F.; Sonderer, T.; Scholz, R.W.; Nowack, B. Modeled Environmental Concentrations of Engineered
Nanomaterials (TiO2, ZnO, Ag, CNT, Fullerenes) for Different Regions. Environ. Sci. Technol. 2009, 43,
9216–9222. [CrossRef] [PubMed]

62. Gottschalk, F.; Ort, C.; Scholz, R.W.; Nowack, B. Engineered nanomaterials in rivers—Exposure scenarios
for Switzerland at high spatial and temporal resolution. Environ. Pollut. 2011, 159, 3439–3445. [CrossRef]
[PubMed]

63. Sun, T.Y.; Bornhöft, N.A.; Hungerbühler, K.; Nowack, B. Dynamic Probabilistic Modeling of Environmental
Emissions of Engineered Nanomaterials. Environ. Sci. Technol. 2016, 50, 4701–4711. [CrossRef]

64. Sani-Kast, N.; Scheringer, M.; Slomberg, D.; Labille, J.; Praetorius, A.; Ollivier, P.; Hungerbühler, K. Addressing
the complexity of water chemistry in environmental fate modeling for engineered nanoparticles. Sci. Total.
Environ. 2015, 535, 150–159. [CrossRef]

65. Dale, A.L.; Lowry, G.V.; Casman, E.A. Modeling Nanosilver Transformations in Freshwater Sediments.
Environ. Sci. Technol. 2013, 47, 12920–12928. [CrossRef]

66. Dumont, E.; Johnson, A.C.; Keller, V.D.J.; Williams, R.J. Nano silver and nano zinc-oxide in surface waters
—Exposure estimation for Europe at high spatial and temporal resolution. Environ. Pollut. 2015, 196, 341–349.
[CrossRef]

67. Klein, J.J.M.; de Quik, J.T.K.; Bäuerlein, P.S.; Koelmans, A.A. Towards validation of the NanoDUFLOW
nanoparticle fate model for the river Dommel, The Netherlands. Environ. Sci. Nano 2016, 3, 434–441.
[CrossRef]

306



Int. J. Mol. Sci. 2020, 21, 4554

68. Markus, A.A.; Parsons, J.R.; Roex, E.W.M.; de Voogt, P.; Laane, R.W.P.M. Modelling the transport of engineered
metallic nanoparticles in the river Rhine. Water Res. 2016, 91, 214–224. [CrossRef]

69. Saharia, A.M.; Zhu, Z.; Aich, N.; Baalousha, M.; Atkinson, J.F. Modeling the transport of titanium dioxide
nanomaterials from combined sewer overflows in an urban river. Sci. Total Environ. 2019, 696, 133904.
[CrossRef]

70. Shoemaker, L.; Dai, T.; Koenig, J. TMDL Model Evaluation and Research Needs; EPA/600/R-05/149; National Risk
Management Research Laboratory, Office Of Research And Development, U.S. Environmental Protection
Agency: Cincinnati, OH, USA, 2005.

71. Di Toro, D.M.; Mahony, J.D.; Hansen, D.J.; Berry, W.J. A model of the oxidation of iron and cadmium sulfide
in sediments. Environ. Toxicol. Chem. 1996, 15, 2168–2186. [CrossRef]

72. Hou, W.-C.; Stuart, B.; Howes, R.; Zepp, R.G. Sunlight-Driven Reduction of Silver Ions by Natural Organic
Matter: Formation and Transformation of Silver Nanoparticles. Environ. Sci. Technol. 2013, 47, 7713–7721.
[CrossRef]

73. Singh, A.; Hou, W.-C.; Lin, T.-F.; Zepp, R.G. Roles of Silver–Chloride Complexations in Sunlight-Driven
Formation of Silver Nanoparticles. Environ. Sci. Technol. 2019, 53, 11162–11169. [CrossRef] [PubMed]

74. Elimelech, M.; Gregory, J.; Jia, X.; Williams, R.A. Particle Deposition and Aggregation: Measurement, Modelling
and Simulation; Butterworth-Heinemann: Oxford, UK, 1998.

75. Petosa, A.R.; Jaisi, D.P.; Quevedo, I.R.; Elimelech, M.; Tufenkji, N. Aggregation and Deposition of Engineered
Nanomaterials in Aquatic Environments: Role of Physicochemical Interactions. Environ. Sci. Technol. 2010,
44, 6532–6549. [CrossRef]

76. Quik, J.T.K.; Velzeboer, I.; Wouterse, M.; Koelmans, A.A.; van de Meent, D. Heteroaggregation and
sedimentation rates for nanomaterials in natural waters. Water Res. 2014, 48, 269–279. [CrossRef]

77. Velzeboer, I.; Quik, J.T.K.; van de Meent, D.; Koelmans, A.A. Rapid settling of nanoparticles due to
heteroaggregation with suspended sediment: Nanoparticle settling due to heteroaggregation with sediment.
Environ. Toxicol. Chem. 2014, 33, 1766–1773. [CrossRef]

78. Bouchard, D.; Chang, X.; Chowdhury, I. Heteroaggregation of multiwalled carbon nanotubes with sediments.
Environ. Nanotechnol. Monit. Manag. 2015, 4, 42–50. [CrossRef]

79. Clavier, A.; Praetorius, A.; Stoll, S. Determination of nanoparticle heteroaggregation attachment efficiencies
and rates in presence of natural organic matter monomers. Monte Carlo modelling. Sci. Total Environ. 2019,
650, 530–540. [CrossRef]

80. Praetorius, A.; Badetti, E.; Brunelli, A.; Clavier, A.; Gallego-Urrea, J.A.; Gondikas, A.; Hassellöv, M.;
Hofmann, T.; Mackevica, A.; Marcomini, A.; et al. Strategies for determining heteroaggregation attachment
efficiencies of engineered nanoparticles in aquatic environments. Environ. Sci. Nano 2020, 7, 351–367.
[CrossRef]

81. Zhao, J.; Dai, Y.; Wang, Z.; Ren, W.; Wei, Y.; Cao, X.; Xing, B. Toxicity of GO to Freshwater Algae in the
Presence of Al2 O3 Particles with Different Morphologies: Importance of Heteroaggregation. Environ. Sci.
Technol. 2018, 52, 13448–13456. [CrossRef] [PubMed]

82. Wang, R.; Dang, F.; Liu, C.; Wang, D.-J.; Cui, P.-X.; Yan, H.-J.; Zhou, D.-M. Heteroaggregation and dissolution
of silver nanoparticles by iron oxide colloids under environmentally relevant conditions. Environ. Sci. Nano
2019, 6, 195–206. [CrossRef]

83. Franklin, N.M.; Rogers, N.J.; Apte, S.C.; Batley, G.E.; Gadd, G.E.; Casey, P.S. Comparative Toxicity of
Nanoparticulate ZnO, Bulk ZnO, and ZnCl2 to a Freshwater Microalga (Pseudokirchneriella subcapitata): The
Importance of Particle Solubility. Environ. Sci. Technol. 2007, 41, 8484–8490. [CrossRef]

84. Liu, J.; Hurt, R.H. Ion Release Kinetics and Particle Persistence in Aqueous Nano-Silver Colloids. Environ.
Sci. Technol. 2010, 44, 2169–2175. [CrossRef] [PubMed]

85. Bian, S.-W.; Mudunkotuwa, I.A.; Rupasinghe, T.; Grassian, V.H. Aggregation and Dissolution of 4 nm ZnO
Nanoparticles in Aqueous Environments: Influence of pH, Ionic Strength, Size, and Adsorption of Humic
Acid. Langmuir 2011, 27, 6059–6068. [CrossRef] [PubMed]

86. Peretyazhko, T.S.; Zhang, Q.; Colvin, V.L. Size-Controlled Dissolution of Silver Nanoparticles at Neutral and
Acidic pH Conditions: Kinetics and Size Changes. Environ. Sci. Technol. 2014, 48, 11954–11961. [CrossRef]
[PubMed]

307



Int. J. Mol. Sci. 2020, 21, 4554

87. Hedberg, J.; Blomberg, E.; Odnevall Wallinder, I. In the Search for Nanospecific Effects of Dissolution of
Metallic Nanoparticles at Freshwater-Like Conditions: A Critical Review. Environ. Sci. Technol. 2019, 53,
4030–4044. [CrossRef]

88. Petersen, E.J.; Huang, Q.; Weber, W.J. Relevance of octanol-water distribution measurements to the potential
ecological uptake of multi-walled carbon nanotubes. Environ. Toxicol. Chem. 2010, 29, 1106–1112. [CrossRef]

89. Jafvert, C.T.; Kulkarni, P.P. Buckminsterfullerene’s (C60) Octanol−Water Partition Coefficient (Kow) and
Aqueous Solubility. Environ. Sci. Technol. 2008, 42, 5945–5950. [CrossRef]

90. Kaegi, R.; Voegelin, A.; Sinnet, B.; Zuleeg, S.; Hagendorfer, H.; Burkhardt, M.; Siegrist, H. Behavior of Metallic
Silver Nanoparticles in a Pilot Wastewater Treatment Plant. Environ. Sci. Technol. 2011, 45, 3902–3908.
[CrossRef]

91. Kaegi, R.; Voegelin, A.; Ort, C.; Sinnet, B.; Thalmann, B.; Krismer, J.; Hagendorfer, H.; Elumelu, M.; Mueller, E.
Fate and transformation of silver nanoparticles in urban wastewater systems. Water Res. 2013, 47, 3866–3877.
[CrossRef] [PubMed]

92. Ma, R.; Levard, C.; Judy, J.D.; Unrine, J.M.; Durenkamp, M.; Martin, B.; Jefferson, B.; Lowry, G.V. Fate of Zinc
Oxide and Silver Nanoparticles in a Pilot Wastewater Treatment Plant and in Processed Biosolids. Environ.
Sci. Technol. 2014, 48, 104–112. [CrossRef]

93. Liu, J.; Zhang, F.; Allen, A.J.; Johnston-Peck, A.C.; Pettibone, J.M. Comparing sulfidation kinetics of silver
nanoparticles in simulated media using direct and indirect measurement methods. Nanoscale 2018, 10,
22270–22279. [CrossRef]

94. Liu, J.; Pennell, K.G.; Hurt, R.H. Kinetics and Mechanisms of Nanosilver Oxysulfidation. Environ. Sci.
Technol. 2011, 45, 7345–7353. [CrossRef] [PubMed]

95. Zhang, J.; Guo, W.; Li, Q.; Wang, Z.; Liu, S. The effects and the potential mechanism of environmental
transformation of metal nanoparticles on their toxicity in organisms. Environ. Sci. Nano 2018, 5, 2482–2499.
[CrossRef]

96. He, D.; Garg, S.; Wang, Z.; Li, L.; Rong, H.; Ma, X.; Li, G.; An, T.; Waite, T.D. Silver sulfide nanoparticles
in aqueous environments: Formation, transformation and toxicity. Environ. Sci. Nano 2019, 6, 1674–1687.
[CrossRef]

97. Hou, W.-C.; Jafvert, C.T. Photochemical Transformation of Aqueous C60 Clusters in Sunlight. Environ. Sci.
Technol. 2009, 43, 362–367. [CrossRef]

98. Kong, L.; Tedrow, O.; Chan, Y.F.; Zepp, R.G. Light-Initiated Transformations of Fullerenol in Aqueous Media.
Environ. Sci. Technol. 2009, 43, 9155–9160. [CrossRef]

99. Isaacson, C.W.; Bouchard, D. Asymmetric flow field flow fractionation of aqueous C60 nanoparticles with
size determination by dynamic light scattering and quantification by liquid chromatography atmospheric
pressure photo-ionization mass spectrometry. J. Chromatogr. A 2010, 1217, 1506–1512. [CrossRef]

100. Hou, W.-C.; Huang, S.-H. Photochemical reactivity of aqueous fullerene clusters: C60 versus C70. J. Hazard.
Mater. 2017, 322, 310–317. [CrossRef]

101. Qu, X.; Alvarez, P.J.J.; Li, Q. Photochemical Transformation of Carboxylated Multiwalled Carbon Nanotubes:
Role of Reactive Oxygen Species. Environ. Sci. Technol. 2013, 47, 14080–14088. [CrossRef] [PubMed]

102. Hou, W.-C.; BeigzadehMilani, S.; Jafvert, C.T.; Zepp, R.G. Photoreactivity of Unfunctionalized Single-Wall
Carbon Nanotubes Involving Hydroxyl Radical: Chiral Dependency and Surface Coating Effect. Environ.
Sci. Technol. 2014, 48, 3875–3882. [CrossRef] [PubMed]

103. Chen, C.-Y.; Zepp, R.G. Probing Photosensitization by Functionalized Carbon Nanotubes. Environ. Sci.
Technol. 2015, 49, 13835–13843. [CrossRef] [PubMed]

104. Hou, W.-C.; Chowdhury, I.; Goodwin, D.G.; Henderson, W.M.; Fairbrother, D.H.; Bouchard, D.; Zepp, R.G.
Photochemical Transformation of Graphene Oxide in Sunlight. Environ. Sci. Technol. 2015, 49, 3435–3443.
[CrossRef]

105. Hou, W.-C.; Henderson, W.M.; Chowdhury, I.; Goodwin, D.G., Jr.; Chang, X.; Martin, S.; Fairbrother, D.H.;
Bouchard, D.; Zepp, R.G. The contribution of indirect photolysis to the degradation of graphene oxide in
sunlight. Carbon 2016, 110, 426–437. [CrossRef]

106. Yin, Y.; Liu, J.; Jiang, G. Sunlight-Induced Reduction of Ionic Ag and Au to Metallic Nanoparticles by
Dissolved Organic Matter. ACS Nano 2012, 6, 7910–7919. [CrossRef]

107. Lee, T.-W.; Chen, C.-C.; Chen, C. Chemical Stability and Transformation of Molybdenum Disulfide Nanosheets
in Environmental Media. Environ. Sci. Technol. 2019, 53, 6282–6291. [CrossRef]

308



Int. J. Mol. Sci. 2020, 21, 4554

108. Hou, W.-C.; Kong, L.; Wepasnick, K.A.; Zepp, R.G.; Fairbrother, D.H.; Jafvert, C.T. Photochemistry of
Aqueous C60 Clusters: Wavelength Dependency and Product Characterization. Environ. Sci. Technol. 2010,
44, 8121–8127. [CrossRef]

109. Hou, W.-C.; Lee, P.-L.; Chou, Y.-C.; Wang, Y.-S. Antibacterial property of graphene oxide: The role of
phototransformation. Environ. Sci. Nano 2017, 4, 647–657. [CrossRef]

110. Chowdhury, I.; Hou, W.-C.; Goodwin, D.; Henderson, M.; Zepp, R.G.; Bouchard, D. Sunlight affects
aggregation and deposition of graphene oxide in the aquatic environment. Water Res. 2015, 78, 37–46.
[CrossRef]

111. Fanourakis, S.K.; Peña-Bahamonde, J.; Bandara, P.C.; Rodrigues, D.F. Nano-based adsorbent and photocatalyst
use for pharmaceutical contaminant removal during indirect potable water reuse. NPJ Clean Water 2020, 3, 1.
[CrossRef]

112. Meesters, J.A.J.; Peijnenburg, W.J.G.M.; Hendriks, A.J.; Van de Meent, D.; Quik, J.T.K. A model sensitivity
analysis to determine the most important physicochemical properties driving environmental fate and
exposure of engineered nanoparticles. Environ. Sci. Nano 2019, 6, 2049–2060. [CrossRef]

113. Nowack, B.; David, R.M.; Fissan, H.; Morris, H.; Shatkin, J.A.; Stintz, M.; Zepp, R.; Brouwer, D. Potential
release scenarios for carbon nanotubes used in composites. Environ. Int. 2013, 59, 1–11. [CrossRef]

114. Harper, S.; Wohlleben, W.; Doa, M.; Nowack, B.; Clancy, S.; Canady, R.; Maynard, A. Measuring Nanomaterial
Release from Carbon Nanotube Composites: Review of the State of the Science. J. Phys. Conf. Ser. 2015, 617,
012026. [CrossRef]

115. Wohlleben, W.; Neubauer, N. Quantitative rates of release from weathered nanocomposites are determined
across 5 orders of magnitude by the matrix, modulated by the embedded nanomaterial. NanoImpact 2016, 1,
39–45. [CrossRef]

116. Wohlleben, W.; Kingston, C.; Carter, J.; Sahle-Demessie, E.; Vázquez-Campose, S.; Acrey, B.; Chen, C.-Y.;
Walton, E.; Egenolf, H.; Müller, P.; et al. NanoRelease: Pilot interlaboratory comparison of a weathering
protocol applied to resilient and labile polymers with and without embedded carbon nanotubes. Carbon
2017, 113, 346–360. [CrossRef]

117. Praetorius, A.; Arvidsson, R.; Molander, S.; Scheringer, M. Facing complexity through informed
simplifications: A research agenda for aquatic exposure assessment of nanoparticles. Env. Sci. Process.
Impacts 2013, 15, 161–168. [CrossRef]

118. Geitner, N.K.; Bossa, N.; Wiesner, M.R. Formulation and Validation of a Functional Assay-Driven Model of
Nanoparticle Aquatic Transport. Environ. Sci. Technol. 2019, 53, 3104–3109. [CrossRef]

119. Stegemeier, J.P.; Avellan, A.; Lowry, G.V. Effect of Initial Speciation of Copper- and Silver-Based Nanoparticles
on Their Long-Term Fate and Phytoavailability in Freshwater Wetland Mesocosms. Environ. Sci. Technol.
2017, 51, 12114–12122. [CrossRef]

120. Ambrose, B.; Avant, B.; Han, Y.; Knightes, C.; Wool, T. Water Quality Assessment Simulation Program
(WASP8): Upgrades to the Advanced Toxicant Module for Simulating Dissolved Chemicals, Nanomaterials, and
Solids; EPA/600/R-17/326; Office of Research and Development, National Exposure Research Laboratory, U.S.
Environmental Protection Agency: Washington, DC, USA, 2017.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

309





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

International Journal of Molecular Sciences Editorial Office
E-mail: ijms@mdpi.com

www.mdpi.com/journal/ijms





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03936-749-8 


