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A B S T R A C T   

Increased use and production of engineered nanoparticles (NPs) lead to an elevated risk of their diffuse 
dispersion into the aquatic environment and increased concern on unknown effects induced by their release into 
the aquatic ecosystem. An improved understanding of the environmental transformation processes of NPs of 
various surface characteristics is hence imperative for risk assessment and management. This study presents 
results on effects of natural organic matter (NOM) on the environmental transformation and dissolution of metal 
and metal oxide NPs of different surface and solubility properties in synthetic freshwater (FW) with and without 
NOM. Adsorption of NOM was evident on most of the studied NPs, except Sb and Sb2O3, which resulted in the 
formation of negatively charged colloids of higher stability and smaller size distribution compared with the same 
NPs in FW only. The dissolution rate of the NPs in the presence of NOM correlated with the strength of in
teractions between the carboxylate group of NOM and the particle surface, and resulted in either no (Mn, Sb, ZnO 
NPs), increased (Co, Sn NPs) and decreased (Ni, NiO, Sb2O3, Y2O3 NPs) levels of dissolution. One type of metal 
NP from each group (Mn, Ni, Sn) were investigated to assess whether observed differences in adsorption of NOM 
and dissolution would influence their ecotoxic potency. The results showed Mn, Ni, and Sn NPs to generate 
intracellular reactive oxygen species (ROS) in a time and dose-dependent manner. The extent of ROS generation 
in FW was similar for both Mn and Ni NPs but higher for Sn NPs. These findings are possibly related to in
teractions and infiltration of the NPs with the cells, which lead to redox imbalances which could induce oxidative 
stress and cell damage. At the same time, the presence of NOM generally reduced the intracellular ROS gener
ation by 20–40% for the investigated NPs and also reduced cytotoxicity of Sn NPs, which can be attributed to the 
stronger interaction of carboxylate groups of NOM with the surface of the NPs.   

1. Introduction 

From increased use and production rates of engineered nanoparticles 
(NPs) follows an elevated risk of their diffuse dispersion into the aquatic 
environment (Vance et al., 2015; Gottschalk et al., 2013). This has 
increased the concern on unknown effects induced by their release into 
the aquatic ecosystem (Turan et al., 2019). Dispersed NPs transform in 
different ways upon environmental entry due to the adsorption of 

ligands, changes in surface charge, dissolution, and agglomeration 
(Hedberg et al., 2019; Lowry et al., 2012; Dale et al., 2015). These 
transformation processes have essentially been shown to govern the fate 
and the ecotoxic potency of NPs (Petosa et al., 2010). Interactions with 
natural organic matter (NOM) have previously been shown to influence 
the environmental fate of dispersed metallic NPs (Lowry et al., 2012; 
Lynch et al., 2014a; Wang et al., 2016) as NOM readily can adsorb to the 
NPs and thereby influence their transformation and dissolution 
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characteristics, stability and mobility (Hotze et al., 2010; Khort et al., 
2021; Xu et al., 2020; Svendsen et al., 2020; Pradhan et al., 2018; 
Hedberg et al., 2017a), as well as either mitigate or reduce their toxic 
potency (Svendsen et al., 2020; Arvidsson et al., 2020; Lowry, 2018; 
Garner and Keller, 2014). An improved understanding of these processes 
is hence imperative for risk assessment and management (Wang et al., 
2016; Xu et al., 2020; Arvidsson et al., 2011; Garner et al., 2017). 

In order to comply with the registration and safety assessment of 
nanomaterials required by the chemical regulation REACH (Registra
tion, Evaluation, Authorization and Restriction of Chemicals), manu
facturers, importers and downstream users of NPs are since 2020 obliged 
to prove their safe use over their entire life cycle (Clausen and Hansen, 
2018; Nielsen et al., 2021). From this follows an urgent need for trans
formation/dissolution data as well as on oxidative stress and toxicity for 
NPs of different characteristics at aquatic relevant conditions. 

Investigations have so far predominantly focused on NPs that are 
produced in the highest quantities, including, for example, SiO2, Ag, 
ZnO, and TiO2 NPs (Gottschalk et al., 2013; Furberg et al., 2019; Gon
dikas et al., 2018), whereas limited information related to NOM in
teractions exists for other metal and metal oxide NPs. Grouping and 
read-across require though larger sets of data for NPs of different 
physicochemical properties. 

There is currently a gap in the available data for adequate assess
ments of NP toxicity in the aquatic environment, with very few studies 
focusing on in vitro models. The majority of available in vitro studies are 
limited and often focused on ultimate cell death resulting in the need for 
investigations into more sensitive sublethal endpoints. Oxidative stress 
is frequently reported as the main mechanism of NP-induced toxicity 
(Bundschuh et al., 2018). Studies on various organisms support that NPs 
are potent to cause toxicity by the formation of reactive oxygen species 
(ROS) due to e.g. cellular damage, but there are limited studies on in vitro 
models that confirm this in aquatic settings. 

The aim of this study was to answer whether the adsorption of NOM 
(surface weathering) mitigates or promotes the environmental trans
formation/dissolution of a range of different metal (metal core with 
surface oxide) and metal oxide NPs in FW, and whether information on 
their environmental transformation potential and polarizing capacity 
could be used for grouping, read-across, modelling and risk assessment 
of relevance from a regulatory perspective (Hedberg et al., 2019; Garner 
and Keller, 2014). It also addresses the possibility that the adsorption of 
NOM to metallic NPs influences their ecotoxic potency on aquatic or
ganisms (Bundschuh et al., 2018). 

The study comprises both less and more extensively studied metallic 
NPs. The former NPs include Sb-based NPs (for example, used in sensors 
and semiconductors (Chin et al., 2010)), Sn-based NPs (e.g. in batteries 
(Zhang et al., 2008)), Co- and Ni-based NPs (e.g. magnetic applications 
(Khort et al., 2018; Johnston-Peck et al., 2009)), Mn NPs (e.g. water 
treatment), and Y2O3 NPs (e.g. utilized as alternatives to quantum dots 
(Traina and Schwartz, 2007)), whereas the latter NPs include ZnO and 
CeO2, which are produced in larger volumes and for which environ
mental transformation data has been reported (Oriekhova and Stoll, 
2016). Short-term (up to 6 h) environmental transformation and disso
lution studies of metal and metal oxide NPs induced by the presence and 
adsorption of NOM (Suwannee river) were performed in terms of 
changes in size, zeta potential, adsorption of NOM and dissolution in 
synthetic freshwater (FW). The experimental design is to a large extent 
derived from the OECD protocol for short-term NP colloidal stability 
(Monikh et al., 2018; OECD, 2017) measurements in synthetic FW 
(OECD, 2002). All studies were performed at low enough NP concen
trations (≈ 2 mg/L) to ensure no risk of saturation of released metal 
species. Too high concentrations can result in saturation and a reduced 
apparent NP dissolution compared with realistic conditions in which 
metal concentrations generally are undersaturated (Vencalek et al., 
2016; Kent and Vikesland, 2016). Based on differences in trans
formation/dissolution patterns and NOM interactions of the different 
NPs, the effect of weathering on the ecotoxic potency was investigated 

for a selection of the NPs (Sn, Mn and Ni). These studies included par
ticle concentrations from 0.2 up to 20 mg/L. 

2. Materials and methods 

2.1. Nanoparticles 

Co, Cr2O3, Mn, Sn, and SnO2 NPs were all purchased from American 
Elements (Los Angeles, USA) at a purity of 99.9%. Sb NPs were obtained 
from Campine (Beerse, Belgium). NPs of Sb2O3, Co3O4 NPs (purity of 
99.5%), Ni (purity >99%) and NiO (purity >99.8%) were purchased 
from Sigma Aldrich (Sweden). ZnO NPs (JRCNM01101a) and CeO2 NPs 
(JRCNM01101a) were obtained from the Joint Research Centre (EU 
commission, JRC Nanomaterials Repository, Italy). The Y2O3 NPs (pu
rity 99.99%) were purchased from US nano (Houston, USA). 

2.2. Chemicals and solutions 

FW was prepared by mixing 0.0065 g/L NaHCO3 (Sigma Aldrich, 
Sweden), 0.00058 g/L KCl (Sigma Aldrich, Sweden), 0.0294 g/L 
CaCl2⋅2H2O (Sigma Aldrich, Sweden) and 0.0123 g/L MgSO4⋅7H2O 
(Sigma Aldrich, Sweden). The pH was adjusted to 6.2 using 50% NaOH 
(Batch No. 08D280509, made in EC-EMB 45053, EC label: 215–185-5, 
Prolabo) or 5% aqueous solution of ultrapure HNO3. 

Suwannee river NOM was acquired from the International Humic 
Substances Society, USA, a heterogeneous mixture of different mole
cules, mainly fulvic and humic acids (Hay and Myneni, 2007). 10 mg/L 
NOM was added in FW, and the pH was adjusted to 6.2 by means of 5% 
HNO3 and 50% NaOH. 

Aqua Regia (25 vol% HCl and 65 vol% ultrapure HNO3 with a vol
ume ratio of 3:1) was used to digest some of the NPs in this study. 
Hydrogen peroxide (30 vol% H2O2 Merck, Germany) was used for the 
digestion of the CeO2 and Y2O3 NPs. 

Fetal bovine serum (FBS), trypsin, cell culture phenol red-free Lei
bovitz-15 medium (L-15) (Gibco, ThermoFisher Scientific, Sweden) 
were used in the cell culture process. L-15/ex saline buffer and 0.2% 
ethylenediaminetetraacetic acid (EDTA) (Sigma Aldrich, Sweden) in 
phosphate-buffered saline (PBS) solution were prepared according to 
standard protocols (Schirmer et al., 1997). AlamarBlue (Invitrogen, 
Sweden) and 5-carboxyfluorescein diacetate acetoxy methyl ester 
(CFDA-AM) (ThermoFisher Scientific, Sweden), Neutral Red solution 
(Sigma Aldrich, Sweden) and acidified ethanol solution (1% glacial 
acetic acid: 50% ethanol: 49% Milli-Q water solution) were used in 
fluorescence based assays to detect toxicity. 6-carboxy-2′7′-dichloro
fluorescein diacetate (DCFH-DA) dissolved in DMSO (Sigma Aldrich, 
Sweden) were used to detect ROS formation. Tert-butyl hydroperoxide 
(t-BHP) in decane solution (Sigma Aldrich, Sweden) and copper sulphate 
(Sigma Aldrich, Sweden) served as positive controls. 

2.3. Dissolution 

The first step involved dispersion of the NPs (1 g/L) into solution by 
dispersing 6 mg NPs in 6 mL ultrapure water (18 MΩcm, MilliQ, Solna, 
Sweden) in acid-cleaned glass vials. The solutions were tip sonicated 
(Branson Sonifier 250, constant mode, output 2) for 5 min, representing 
a delivered acoustic energy of 2400 J (Pradhan et al., 2016). 100 μL 
stock solution was then transferred to 9.9 mL FW or FW containing 
NOM. 1.4 mL of this solution was thereafter transferred to 5.6 mL FW or 
FW + NOM, respectively. During these two steps, the stock solution was 
diluted 500 times. The solutions were exposed for 6 h in a Stuart S180 
incubator with bilinear shaking at 25 ◦C (12◦ inclination, 22 cycles/ 
min). After the exposure, 4 mL of the solution was ultra-centrifuged 
using a Beckman Optima L-90 K ultracentrifuge at 50,000 rpm for 1 h, 
a treatment shown to remove particles larger than ≈10 nm (Tsao et al., 
2011). This treatment makes the exposure time in solution somewhat 
longer than the nominal time period for dissolution (6 h). 3 mL of the 
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supernatant of the centrifuged solutions was then transferred into acid- 
cleaned vessels and acidified to pH < 2 before analysis for their total 
metal concentrations in solution using atomic absorption spectroscopy 
(AAS) (described below). 

Previous investigations have concluded that imperfect dispersion of 
metal NPs, e.g. due to agglomeration, dissolution/complexation and 
subsequent sedimentation, can lead to a lower administered dose 
compared with the nominal concentration transferred from stock solu
tions (Oriekhova and Stoll, 2016). 1.4 mL solution was therefore 
transferred from the original, sonicated stock solution into a vessel to 
determine the actual dose of the administered NPs. These dose samples 
were digested using 1.4 mL aqua regia. 

The extent of dissolution connected to the sonication procedure was 
determined by transferring 1 mL of the original stock solution to 9 mL of 
ultrapure water. This solution was filtered using 20 nm Anotop filters 
(Whatman, USA). The filtered solution was acidified to pH < 2 and later 
analyzed by means of AAS. Each set of experiments to be analyzed for 
released metal concentrations in solution using AAS included triplicate 
samples to assess the dose of each exposed NP solution. 

2.4. Metal quantification 

Graphite furnace atomic absorption spectroscopy (GF-AAS) using a 
Perkin Elmer Analyst 800 instrument was used to analyze released 
concentrations of Co, Ni, Sb, Sn, Mn, Zn in solution. Standard solutions 
of known metal concentrations were prepared in 1% ultrapure HNO3 
together with a blank sample (1% ultrapure HNO3). Calibration stan
dards were used for quality control and run every 4th sample to ensure 
no memory effects. Calibration and analysis were repeated if the quality 
control sample deviated more than 10%. The dose samples were diges
ted at a sample solution to aqua regia volume ratio of 1:1. The digestion 
procedure was validated by investigating known amounts of digested 
NPs (as described above) which proved complete dissolution of the NPs 
in the dose samples (> 94%). Limits of detection (LOD) were estimated 
from three times the standard deviation of the blank samples. The LODs 
were 1.2 μg/L for Sn and Cr, 2.5 μg/L for Ni, 2.8 μg/L for Sb, 3.1 μg/L for 
Zn and 3.6 μg/L for Co. 

Released concentrations of Ce and Y were determined using ICP-MS 
(Perkin Elmer 350D, USA) in normal mode using 2% HNO3 in ultrapure 
water as diluting medium. Indium (In) was used as an internal standard 
to correct for instrumental drift. The LODs were 0.01 μg/L for Ce and 
0.003 μg/L for Y. 

Control samples with metal ions of known concentrations added into 
FW and FW with NOM were prepared using the same protocol as for the 
NPs, including centrifugation, and analyzed by either AAS (Sn, Cr, Ni. 
Sb, Zn, Co) or ICP-MS (Ce, Y). The results showed a recovery of 80–100% 
for all metals. Recovery tests were also performed for the digested metal 
and metal oxide NPs related to the determination of administered doses 
(described above) with recoveries of 80–100%. 

2.5. Zeta potential 

The zeta potentials of the NPs were determined using laser Doppler 
microelectrophoresis, utilizing a Zetasizer Nano ZS instrument (Malvern 
Instruments, U.K.) operating at 25 ◦C. Duplicate measurements were 
performed in 10 mM NaCl (pH 5.6), FW (pH 6.2), and FW + 10 mg/L 
NOM (pH 6.2) with NPs exposed in solution for approximately 3 h. The 
Smoluchowski approximation was used to estimate the zeta potential 
from the electrophoretic mobility, motivated by the relatively large- 
sized agglomerates (several hundred nm). 

2.6. Particle size and morphology 

Nanoparticle tracking analysis (NTA) was employed using a Nano
Sight N300 (Malvern, Sweden) instrument to determine particle size 
distributions in solution. Five videos (each 60 s) were acquired for each 

individual sample, and three individual samples were prepared for each 
solution. As the method has its limitations - measured particles sizes 
depend on a specific method of NPs dispersion, solution composition, 
and particles characteristics. Thus NTA cannnot be used for general NPs 
size characterization. 

Particle size and morphology of pristine NPs were investigated using 
a Hitachi HT7700 transmission electron microscope (TEM), operating at 
100 kV. The TEM samples were prepared by dispersing the NPs in butyl 
alcohol at a concentration of 1 g/L using sonication (as described 
earlier), followed by deposition onto Formvar copper grids (Ted Pella, 
USA). The grids were left to dry overnight before analyzed. 

2.7. Ligand adsorption 

Attenuated total reflection Fourier transform infrared spectroscopy 
(ATR-FTIR) was utilized to study the adsorption of ligands in FW with 
and without the presence of NOM onto films of the different NPs. These 
studies were performed using a Bruker Tensor 37 FTIR spectrometer, a 
Platinum ATR-FTIR accessory, and a DTGS detector equipped with a 
polyethylene window. The ATR-FTIR accessory was equipped with a 
diamond crystal, and the angle of incidence for the IR beam was 45◦. 512 
scans were collected for each spectrum. The NPs (25 mg in 10 mL 
ethanol) were dispersed utilizing tip sonication for 5 min (Branson 
Sonifier 250, constant mode, output 2) as described above. 300 to 350 μL 
of the sonicated NPs solution was directly after dispersion drop cast onto 
the ATR crystal using a pipette. The NP film was left to dry for 2 h at 
ambient laboratory conditions. This procedure allowed ethanol evapo
ration and NP layer formation on the crystal. Background spectra were 
collected for the NP layer in ultrapure water (18.2 MΩcm resistivity, 
Millipore, Sweden). The solution (FW or FW with NOM) was then 
introduced onto the NP layer to collect the spectra. All experiments were 
performed in duplicate, and a spectrum was collected every 20th min up 
to 6 h. Data after 6 h are presented in this study. At the end of the ex
periments, ultrapure water was used to rinse the layer to assess if the 
adsorption was irreversible or not. 

Using a built-in feature in the spectrometer, ATR correction was 
applied to the spectra to correct for the wavelength-dependent pene
tration depth of the evanescent wave (Mudunkotuwa et al., 2014). A 
refractive index of 2–2.1 was used in the correction as it showed the best 
correction of dispersion shaped peaks due to wavelength dependence of 
the penetration depth. The refractive index is lower than the bulk ma
terial due to the NP film porosity (Hug and Sulzberger, 1994). 

2.8. Surface area 

A 3Flex analyzer (Micromeritics, USA) was used to determine the 
BET (Brunauer Emmet Teller) specific surface area of the NPs (Brunauer 
et al., 1938). 0.5 g of each NP was degassed for 24 h under vacuum (0.05 
mbar) at 300 ◦C before each measurement, except for the Sn NPs, which 
were degassed at 180 ◦C due to its low melting temperature. The specific 
surface area was calculated using the 3Flex software. 

2.9. Cell culture and nanoparticle exposure 

Rainbow trout (O.mykiss) gills Waterloo 1 (RTgill-W1) cells were 
cultured at 19 ◦C in 75 m3 culture flasks containing L-15 medium sup
plemented with 5% FBS. Culture medium was replaced every 7–10 days, 
and cells were sub-cultured to form a confluent monolayer (Schirmer 
et al., 1997). Prior to exposure, 96-well plates were seeded with RTgill- 
W1 cells at a density of 50,000 cells/well and incubated with L-15 
medium containing 5% FBS at 19 ◦C for 24 h in a Memmert incubator. 

Mn, Ni and Sn NPs were dispersed in FW with and without NOM as 
previously described and further diluted in L-15 medium after 6 h in
cubation to obtain the desired concentration range. Pre-incubated cells 
were exposed for 24 h to 100 μL of three particle concentrations (0.2, 2 
and 20 mg/L) of each NP (with and without NOM) in 6 replicates. Three 
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technical and three biological replicates were included to account for 
variability in the results. 

2.10. Cytotoxicity in piscine cell line 

24 h after NP exposure, AlamarBlue, CFDA-AM and Neutral Red 
assays were performed on the same set of cell replicates, following 
previously reported modifications to the protocol (Dayeh et al., 2013). 
The exposure medium was removed, and the cells were rinsed twice 
with 150 μL L-15/ex solution and observed under an inverted micro
scope to account for losses. 100 μL probe solution (1.25% (v/v) Alamar 
Blue and 4 μM CFDA-AM in L-15/ex solution) was added to each well, 
and the 96-well plates were incubated at 19 ◦C for 30 min at dark 
conditions. After incubation, the fluorescence intensity was measured 
using a Spectramax Gemini M microplate reader at excitation/emission 
wavelengths of 532/590, 485/535 nm for AlamarBlue and CFDA-AM, 
respectively. (Kamiloglu et al., 2020) 

After the measurements, the same set of cells was washed twice with 
150 μL L-15/ex to remove the previous probe solution. 100 μL of 0.03 
mg/mL Neutral red (NR) in L-15/ex solution was added to each well, 
and the plates were incubated at 19 ◦C for 1 h at dark conditions. After 1 
h, retained NR inside the cells was extracted by adding 150 μL acidified 
ethanol solution to each well. Fluorescence intensity was measured 
using a Spectramax Gemini M microplate reader at excitation/emission 
wavelengths of 532/680 nm for the Neutral red signal. All fluorescence 
values were corrected with the cell-free control, normalized against the 
medium control to deduce a percentage of cell viability. 

2.11. Measurement of oxidative stress (ROS generation in piscine cell 
line) 

To detect the reactive oxygen species generation after cellular 
exposure to the Mn, Ni and Sn NPs with and without NOM, 100 μL of 20 

μM DCFDA in serum-free L-15 medium (loading solution) was preloaded 
in seeded 96-well plates prior to NP exposure. Cells were incubated at 
dark conditions for 30 to 45 min to ensure DCFDA diffusion into the 
cells. The loading solution was removed and replaced with a 100 μL 
exposure solution. Two experimental scenarios were investigated 
including measurements of the kinetics of the fluorescence intensity up 
to 6 h after immediate NP exposure and the kinetics for a period of 18 h 
after the 6 h incubation of the NPs (24 h total exposure). Single endpoint 
reading was made at selected time points using a Spectramax Gemini M 
microplate reader at excitation/emission wavelengths of 485/535 nm. 
Fluorescence values were corrected with the cell-free control and 
normalized against the medium only (vehicle) used as control. 

2.12. Statistical analysis 

Student’s t-test analysis was performed using the Origin software in 
an ANOVA mode to compare the difference in metal release for the 
different solutions. Data from the cell-based assays were analyzed by the 
Student’s t-test and one-way ANOVA using GraphPad Prism 9 software 
to assess differences between the metals and the influence of NOM. 

3. Results and discussion 

3.1. NPs characteristics 

The size and shape of the NPs at dry conditions were investigated by 
means of TEM, Fig. 1. From the images, it is evident that the NPs 
considerably differ by their morphology: irregularity of shapes, NPs size 
distribution, and degree of agglomeration. For instance, the NiO and 
CeO2 NPs displayed relatively similar shapes and size distributions, 
whereas the larger-sized NPs of Sb2O3 showed significant heterogeneity 
in terms of both size and shape. Furthermore, Mn, SnO2, and Y2O3 NPs 
are highly agglomerated, as the degree of agglomeration of Ni, NiO, and 

Fig. 1. Typical TEM images of (a) CeO2, (b) Co, (c) Co3O4, (d) Cr2O3, (e) Mn, (f) Ni, (g) NiO, (h) Sb, (i) Sb2O3, (j) Sn, (k), SnO2, (l) Y2O3, (m) ZnO NPs. Scale bar 
equals 50 nm. 
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ZnO NPs is noticeably lower. Such variation of NPs characteristics could 
influence their hydrodynamical stability in solution, interactions with 
dissolved functional groups, dissolution, and, as a result, toxic potency 
and, thus, requires careful consideration. 

Surface compositional measurements of the outermost oxide (top 
5–10 nm) were performed by employing XPS, surface area utilizing BET 
and the zeta potential in solution, both in NaCl (pH 5.6) and in fresh 
water (pH 6). Measurements in NaCl were performed to give insight into 
the intrinsic zeta potential properties of the NPs and were therefore 
conducted at as simple chemical conditions as possible (low ionic 
strength, non-buffered or pH adjusted. The slightly lower pH of NaCl 
(pH 5.6) compared to FW (pH 6.2) will not influence the dissolution of 
the NPs to any large extent. The results are summarized in Table 1 for all 
the investigated particles. 

The metal NPs with surface oxides (core/shell NPs) had, in many 
cases, a somewhat different composition compared with their corre
sponding metal oxide NPs, e.g. both CoO and Co3O4 were identified on 
the surface of the Co NPs (Hedberg et al., 2017a). Due to peak overlap 
and a broad peak, SnO and/or SnO2 could be constituents of the surface 
oxide of the Sn NPs. The majority of the NPs was negatively charged in 
NaCl (10 mM) at pH 5.6. The NiO and the Cr2O3 NPs were weakly 
charged, whereas both the Sn and the Y2O3 NPs were positively charged. 

In the following, results on NP stability in solution and dissolution 
are presented in freshwater with and without NOM as it is important to 
address whether aquatic organisms such as fish will be exposed to pri
mary NPs and/or aggregates of NPs, and/or dissolved metals forming 
colloids and complexes, etc and whether interactions with NOM forming 
an “ecocorona” would influence the ecotoxic potency of the metallic 
NPs. 

3.2. Colloidal and surface transformations in the presence of NOM 

ATR-FTIR was employed for in-situ studies (up to 6 h) of the possible 
adsorption of NOM and FW constituents onto the different NP-films. 
Spectra are presented in Fig. 2 for each NP for time periods when 
most of the NPs (except Mn and Y2O3) showed no significant increase in 
the peak area of the asymmetric COO− vibrational band related to NOM 
(typically taking place within 2–5 h), Fig. S1. This indicates that satu
rated quasi-steady states of the dynamic equilibrium of the NOM 
absorption-desorption process were reached. The spectral region be
tween 800 and 1800 cm− 1 is the region where the strongest vibrational 
bands from adsorbed species of NOM was observed. These peaks origi
nate only from adsorbed species as the spectrum of the solution phase 
(FW + NOM without any NP film) did not reveal any detectable 

Table 1 
Approximate particle size range and median size (TEM), surface oxide composition (XPS, ATR/FTIR), BET specific surface area, and zeta potentials in NaCl (10 mM, pH 
5.6) and in FW (pH 6.2) of the investigated metallic NPs.  

NPs Particle size range/ 
TEM (nm) 

Median particle size/ 
TEM (nm) 

Surface oxide composition XPS, FTIR Specific surface area/ 
BET (m2/g) 

Zeta potential in NaCl 
(mV) 

Zeta potential in FW 
(mV) 

CeO2 10–25 15 CeO2
a 66.8 − 14 ± 1 − 5 ± 2 

Co 15–200 44 CoO/Co3O4 (Hedberg et al., 2017a) 10.7 − 17 ± 1 − 13 ± 4 
Co3O4 40–200 54 Co3O4 (Cappellini et al., 2018) 1.7 − 24 ± 2 − 13 ± 2 
Cr2O3 10–100 23 Cr2O3

a 5.8 − 6 ± 4 − 13 ± 1.4 
Mn 10–50 15 MnO/MnO2/Mn2O3/Mn3O4 ( 

Hedberg et al., 2016) 
26 − 23 ± 3 − 0.3 ± 1.2 

Ni 20–200 42 NiO/Ni(OH)2 (Latvala et al., 2016) 6.4 − 20 ± 2 − 13 ± 3 
NiO 10–50 19 NiO/Ni(OH)2 (Latvala et al., 2016) 102 − 2 ± 4 − 9 ± 3 
Sb 90–1200 109 Sb2O3 (McCarrick et al., 2020) 0.7 24 ± 0.4 − 6 ± 2 
Sb2O3 20–250 38, 157c Sb2O3 (McCarrick et al., 2020) 2.5 − 23 ± 2 − 7 ± 1 
Sn 10–150 25 SnO/SnO2

b, (McCarrick et al., 2020) 4.8 − 35 ± 7 − 3.3 ± 0.5 
SnO2 2–5, 50–200 4 SnO2

a, (McCarrick et al., 2020) 116.9 − 17 ± 5 − 2.6 ± 0.2 
Y2O3 10–80 15, 44c Y2O3

a 40.3 16 ± 1 19 ± 1 
ZnO 15–150 34, 87c ZnOa 12.7 − 18 ± 1 5 ± 7  

a Surface oxide composition equals the bulk composition. 
b Not possible to unambiguously distinguish SnO from SnO2 by employing XPS due to peak overlap. 
c Median sizes in two main direction for the NPs with prolonged grain shape. 

Fig. 2. In situ ATR-FTIR spectra of NP films in FW and NOM (10 mg/L 
Suwannee river NOM), pH 6.2. The dashed line at 1587 cm− 1, which represents 
the position of asymmetric COO− vibrational band in solution (Hay and 
Myneni, 2007), id added for comparison with the position of the same band for 
adsorbed NOM in the spectra. 
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vibrational bands. The weak band at ca. 1050 cm− 1 (symmetric stretch) 
and the stronger bands at ca. 1300–1500 cm− 1 (asymmetric stretch) 
(Lefèvre, 2004), were assigned to carbonate and the band at 1100 cm− 1 

to sulfate (both originating from FW) (Lefèvre, 2004). Bands related to 
NOM, including C-O(− R,-H) containing compounds were observed at 
1050–1150 cm− 1, symmetric COO− at ca. 1350–1450 cm− 1, and 
asymmetric COO− at ca. 1550–1600 cm− 1 (Hay and Myneni, 2007; 
Mudunkotuwa and Grassian, 2015). Some overlap between the vibra
tional bands from the NOM and FW constituents is inevitable, however 
the asymmetric COO− peak originating from NOM did not show any 
overlap. Since fulvic and humic acids are rich in carboxylates, this 
confirms the adsorption of NOM (Ritchie and Perdue, 2003). Rinsing the 
NP films with ultrapure water after 6 h left the spectra virtually un
changed, which indicates a relatively strong adsorption of NOM and FW- 
constituents to the NPs. 

In contrast to the other NPs, only minor adsorption of NOM could be 
discerned for the Sb and Sb2O3 NPs. 

Observations of adsorbed NOM on most of the NPs are in line with 
the particle size distribution results by means of NTA after 6 h exposure 
in FW with and without NOM, Fig. 3a and S2, and zeta potential mea
surements in the same solutions and in NaCl (10 mM, pH 5.6) after 2 h of 
exposure, Fig. 3b. The zeta potential investigations were conducted for 
FW + NOM solutions without any NPs and for suspensions with higher 
NP concentrations (10 mg/L) than the NTA investigations on particle 
size distribution (≈ 2 mg/L) in order to ensure reliable results with the 
technique. 

The median particle sizes were smaller for all NPs, and the zeta po
tentials more negative in FW with NOM compared with FW only. This 
was expected, taking into account a highly negative zeta potential of FW 
with NOM (− 20.0 mV). The results confirm the adsorption findings with 
NOM using ATR-FTIR and illustrate its possibility to stabilize the NPs in 
solution to different extents. The more negative zeta potentials observed 
for all NPs in the presence of NOM are primarily connected to negatively 
charged carboxylates (Ritchie and Perdue, 2003). A more negative zeta 
potential, also observed for the Sb NPs upon addition of NOM, imply 
possible adsorption of NOM even though it was not detectable using the 
ATR-FTIR set-up. Non-detectable adsorption of humic acid and non- 
colloidal stability have previously been observed for WC NPs (Hed
berg et al., 2017b). One coherent characteristic between the Sb NPs and 
the WC NPs is their low isoelectric points (IEP) 1–3 (Kosmulski, 2009). 
This can result in a highly negatively charged NP surface at pH 6.2, 
giving rise to relatively strong repulsive electrostatic forces between the 

NPs and the negatively charged carboxylate groups of NOM (pKa ≈ 4) 
(Ritchie and Perdue, 2003). In the case of the other NPs (predominantly 
negatively charged, see Table 1 and Fig. 3b), adsorbed NOM can over
come the electrostatic repulsive forces due to other attractive in
teractions (e.g. hydrogen bonds, van der Waals forces) and gain in 
entropy which increase the Gibbs free energy of adsorption. The gain in 
entropy originate from the replacement of a higher number of small ions 
and water molecules with one larger sized NOM molecule. 

The particle size distribution findings support the general observa
tion that adsorption of NOM can provide some colloidal stability. This 
was most evident for the smaller sized NPs of the Cr2O3 (Fig. S2d), Sb2O3 
(Fig. S2i), and ZnO NPs (Fig. S2m) in the presence of NOM, whereas the 
effect was less evident for the Sb NPs (Fig. S2h), Mn NPs (Fig. S2f) and 
SnO2 NPs (Fig. S2l). 

A schematic image summarizing observed trends in adsorption of 
NOM onto the NPs, as well as changes in zeta potential and particle size 
distribution is presented in Fig. 4. The surface charges depicted for the 
NPs before their interactions with FW and FW with NOM reflect their 
corresponding zeta potentials determined in 10 mM NaCl (pH 5.6), 
Table 1 and Fig. 3b. 

The ATR-FTIR findings show that exposures of the NPs in FW with 
NOM result in the adsorption of carbonate, sulfate and NOM, Fig. 2, of 
which NOM had a considerable capacity to improve the colloidal sta
bility, Fig. 3. Adsorption of such species is commonly referred to as the 
formation of an adsorbed layer, an eco-corona (Lynch et al., 2014b), 
though it cannot be ambiguously determined if a complete layer is 
formed or not. Judged from differences in relative strengths of the 
different bands observed in Fig. 2, the different NPs show some 
compositional differences. For example, bands related to sulfate and 
C–O groups (band at ≈1100 cm− 1) were more abundant for the ZnO, 
Y2O3, and Co3O4 NPs compared to the other NPs. However, these dif
ferences did not influence the general trend on colloidal stability, Fig. 3. 
An improved colloidal stability upon adsorption of NOM to metal and 
metal oxide NPs generally agrees with findings of previous studies on, e. 
g. CeO2 (Oriekhova and Stoll, 2016), Mn NPs, and Cu NPs, and rely on 
both electrostatic and steric repulsion forces (Lowry et al., 2012). Some 
exceptions have been observed, for example, at high NOM concentra
tions (e.g. 40 mg/L) and hypothesized to result in cross-linking between 
the NPs (Schneckenburger et al., 2012). An improved colloidal stability 
can still result in both agglomeration, Fig. 3, and sedimentation, which 
are especially relevant for metal NPs that have relatively large attractive 
van der Waals forces (Pradhan et al., 2016). 

Fig. 3. a) Median particle sizes determined by means of NTA (NP concentrations: 2 mg/L) in FW with and without NOM (pH 6.2) after 6 h of exposure and b) Zeta 
potentials in 10 mM NaCl, and in FW with and without NOM after 2 h of exposure (NP concentrations: 10 mg/L). The error bars represent one standard deviation 
based on two independent experiments. * N/A. 
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Relatively broad vibrational bands observed in the ATR-FTIR spectra 
(FWHM ≈ 70–80 cm− 1) are in line with previous findings and reflect the 
heterogeneous nature of NOM, with carboxylate groups in the vicinity of 
groups of different polarity (Hay and Myneni, 2007; Yoon et al., 2005). 
The position of the asymmetric COO− band for the bulk solution FW +
NOM is marked as a dashed line in Fig. 2 in order to compare with the 
same band observed for the NP layers related to adsorbed species. The 
asymmetric COO− band position can shift upon interactions with metal 
ions both due to sharing of electrons between the metal ion and the 
carboxylate group, and due to peak splitting related to different kinds of 
coordination between the oxidized metal surface and the carboxylate 
groups of NOM. (OECD, 2017) The significance of the peak shift in 
relation to NP dissolution induced by interactions with NOM is discussed 

in the next section. 

3.3. Influence of NOM on dissolution 

The extent of dissolution from the metal and metal oxide NPs after 6 
h in FW and FW + NOM is presented as the released metal fraction in 
relation to the total metal content of the NPs, Fig. 5a, and when 
normalized to both total metal content and surface area (BET, Table 1). 

The dissolution results show markedly different behavior for the 
investigated NPs. Co NPs, Mn NPs, Sb NPs, ZnO NPs, and Y2O3 NPs 
dissolved relatively fast with > 20% dissolution of the total metal con
tent after 6 h for the Sb and Y2O3 NPs and even higher (> 35–60%) for 
the Co, Mn and ZnO NPs, respectively. The high reactivity of the ZnO 

Fig. 4. Schematic illustration of trends in NP transformation and colloidal stability in FW with and without NOM. The adsorption of FW constituents and/or NOM on 
all NPs (low/no absorption on the Sb and Sb2O3 NPs) results in negatively charged colloids. 

Fig. 5. (a) Dissolution (% of total metal content of the NPs) and (b) total metal content and surface area normalized dissolution after 6 h exposure in either FW or FW 
with NOM (Suwannee River NOM, 10 mg/L) at pH 6.2. The solid black circles indicate non-detectable metal concentrations in solution. The error bars represent one 
standard deviation derived from three independent experiments. The asterisks indicate statistically significant differences (p < 0.05, Student’s t-test). 
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and Y2O3 NPs has previously been observed in media containing mole
cules relevant for NOM (Hedberg et al., 2019; Zhang et al., 2016). No 
detectable dissolution was observed for Co3O4, SnO2, CeO2, and Cr2O3 
NPs (see Materials and Methods for LODs). 

The extent of dissolution is affected by the surface area of the ag
glomerates formed in solution (Fig. 5b) (Dale et al., 2017), and a higher 
surface area generally results in more dissolution (Borm et al., 2006). 
This was the case for the Co NPs (6 times larger BET surface area) 
compared with the Co3O4 NPs. However, this was not the case for 
neither the NiO vs Ni NPs, the SnO2 vs Sn NPs, nor the Sb2O3 vs Sb NPs, 
Fig. 5b, all showing larger BET surface areas for the oxides (16, 4, 25 
times, respectively) compared with the core-shell oxidized metal NPs, 
Table 1. This implies the importance of other factors such as surface 
composition and different mechanisms that govern the dissolution 
behavior (Hedberg et al., 2019). 

The results furthermore show the effect of NOM on the dissolution 
behavior to be largely material specific. No statistically significant ef
fects of NOM were observed for the Mn, Sb or ZnO NPs, whereas the 
dissolution may be slightly enhanced in the case of the Co and Sn NPs, 
significantly reduced for the Ni, NiO and Sb2O3 NPs and slightly reduced 
(p < 0.05) for the Y2O3 NPs, Fig. 5a. Adsorption of NOM has been shown 
to influence the dissolution process via several mechanisms (Hedberg 
et al., 2019), possibly by interacting through different surface sites 
(Yoon et al., 2005; Stumm, 1995). Adsorption of fulvic acid on Al2O3 
NPs has, for example, been reported to suppress dissolution by forming 
outer-sphere complexes (weak binding and no electron sharing) (John
son et al., 2005). Inner-sphere complexes (strong interaction, electron 
sharing) with ligands, e.g. NOM constituents, have, on the other hand, 
been shown to correlate with enhanced dissolution (Gulley-Stahl et al., 
2010). Adsorption of NOM can also influence corrosion reactions taking 
place on metallic surfaces (metal NPs with surface oxides) by weakening 
the surface oxide or blocking the surface from reactions (Hedberg et al., 
2019), effects possibly observed for the Co and Sn NPs but not the case 
for either the Ni, Mn or Sb NPs, Fig. 5. 

The asymmetric COO− vibration of adsorbed NOM is the most sen
sitive vibration towards changes in its chemical environment (Hay and 
Myneni, 2007). Positive band shifts can hence be regarded as indicative 
of the formation of inner-sphere complexes (Johnson et al., 2005). In an 
attempt to deduce a pattern if the type of NOM binding to the surface 
could explain the dissolution pattern, the shift of the asymmetric COO−

band in relation to its frequency at bulk solution conditions, Fig. 2, was 

plotted vs the extent of dissolution in FW + NOM compared to FW only, 
Fig. 6a. 

The results show a positive correlation between an enhanced disso
lution induced by NOM and the shift in the asymmetric COO− band from 
adsorbed NOM. Positive shifts were observed for the Co and Sn NPs for 
which the presence of NOM enhanced the extent of dissolution, whereas 
negative shifts were observed for the Ni, NiO and Y2O3 NPs, which 
revealed reduced dissolution, and for Mn and ZnO NPs for which no 
effects were observed in the presence of NOM. Data for the Sb and Sb2O3 
NPs are not included in the Fig. 6a as no, or weak, adsorption of NOM 
was observed by means of ATR-FTIR, Fig. 2. Neither the CeO2, Co3O4, 
Cr2O3, nor SnO2 NPs are included due to non-detectable amounts of 
dissolved metals, Fig. 5. As previously mentioned, the shift in the 
asymmetric COO− band compared to the bulk solution position corre
lates to some extent with the strength of the interaction, with large 
positive shifts indicative of increased dissolution. The trend in Fig. 6a, 
which includes both metal and metal oxide NPs, thus implies chemical 
dissolution (e.g. ligand exchange) (Hedberg et al., 2019) to be an 
important dissolution mechanism for these types of NPs. At the same 
time, there is a relation between the difference between the symmetric 
and asymmetric carbonate vibrations for an adsorbed carbonate com
plex and the polarizing power of the metal ion that it coordinates to 
(Lefèvre, 2004), and there is likely a similar pattern for carboxylate 
groups (Hay and Myneni, 2007; Yoon et al., 2005). The strength of the 
interaction with the surface as well as the properties of the metal ions 
thus influence the interaction with NOM. Effects of NOM on the disso
lution pattern in relation to the polarizing power of the respective metal 
ions are presented in Fig. 6b. The trend is to some extent analogous to 
the results of Fig. 6a and shows a correlation between a higher polar
izing power and enhanced dissolution. These results show the impor
tance of understanding how metal ions interact with NOM, e.g. via 
binding with carboxylate groups, to better understand the extent of 
dissolution and its processes at environmentally relevant conditions. Sb 
and Sb2O3 NPs were, as previously discussed, to some extent exceptions 
in the interaction with NOM due to the weak (Sb2O3 NPs) and no 
detectable adsorption (Sb NPs) of NOM (based on ATR-FTIR results). 
Nevertheless, their dissolution patterns were in line with findings of 
Fig. 6b, which indicate that the use of polarizing power of metal ions can 
be a way forward to predict the effects of NOM on the dissolution pattern 
for metallic NPs. However, it should be noted that the approach of using 
the polarizing power of metal ions does not capture possible differences 

Fig. 6. (a): Dissolution of the different metal and metal oxide NPs in FW compared with their respective dissolution in FW + NOM (data from Fig. 5) after 6 h plotted 
against the shift of the asymmetric COO− band in relation to its position in bulk solution (FW + NOM without NPs) (Fig. 2). (b): The effect of NOM on dissolution 
(same data as in (a)) versus the polarizing power of the corresponding metal ions (Ni2+, Zn2+, Mn2+, Sb3+, Sn2+, and Co2+). The polarizing power is here defined as z/ 
r (Gottschalk et al., 2013), where z is the charge of the metal ion in (e) and r is the ionic radius in (pm). The ionic radius values were taken from the literature 
(Shannon, 1976). 
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between different oxides of the same metals (e.g. CoO, Co3O4, Fe2O3, 
Fe3O4). The results of Fig. 6 are only relevant for assessing trends in how 
the presence of NOM will influence the extent of dissolution and its 
mechanisms and cannot be used to assess the absolute dissolution 
behavior as there is no correlation between the dissolution, Fig. 5, and 
the shift in frequency of the carboxylate band, Fig. 2. The presented 
results of Fig. 6 can nonetheless be used to understand the effects of 
NOM on the short-term dissolution of various metal and metal oxide 
NPs, for example, to extrapolate results generated in FW to conditions of 
FW with NOM. A similar approach has been suggested for NP ecotoxicity 
assessments (Arvidsson et al., 2020). 

In order to assess whether the adsorption of NOM and its effects on 
the dissolution pattern of the metallic NPs would influence their envi
ronmental fate in terms of ecotoxic potency, ecotoxicological measure
ments were conducted on selected NPs, which showed no effect (Mn 
NPs), increased dissolution (Sn NPs) and decreased dissolution (Ni NPs) 
in the presence of NOM. 

3.4. Ecotoxicological assessment 

In vitro fish cell systems are important bioanalytical tools in evalu
ating NP-induced ecotoxicological effects in the aquatic environment. 

The Sn, Mn and Ni NPs were selected and investigated as they showed 
significant differences in extent of dissolution, NOM peak shift and 
polarizing power (Fig. 6). The aim was to specifically assess if weath
ering (transformation/dissolution) and adsorption of NOM to the NPs 
would influence their toxic potency towards the piscine cell line RTGill- 
W1, with cytotoxicity and potential to generate ROS as endpoints 
(Dayeh et al., 2013). 

All NPs generated intracellular ROS in a time- and dose dependent 
manner. Intracellular ROS generation was significantly reduced after 6 h 
in the presence of adsorbed NOM, Fig. 7. However, no significant dif
ferences were observed for the shorter time periods for conditions with 
and without NOM. 

A statistically significant increase in ROS with respect to the control 
(medium only) was observed after 6 h for all NPs and NP concentrations 
(p < 0.05), and even higher (p < 0.01) between the NPs exposed with 
NOM. The Mn and Ni NPs, Fig. 7a, b showed a relatively similar extent of 
ROS generation in FW without NOM (up to 100 relative fluorescence 
units, RFU), whereas higher values (up to 150 RFU) were determined for 
the Sn NPs, Fig. 7c. The presence of NOM reduced the intracellular ROS 
generation by 20–40% for all NPs. A gradual reduction with time in 
intracellular ROS was observed after 6 to 8 h for the 24 h treatment, see 
Fig. S3 (Supporting information), which may be related to the 

Fig. 7. Relative ROS generation over 6 h for particle concentrations of 0.2, 2 and 20 mg/L in FW with and without NOM (a): Mn-Mn(NOM), (b): Ni-Ni(NOM) and (c): 
Sn-Sn(NOM). The results are presented as mean and standard deviation of the means (SEM) of at least three independent experiments. Statistical significance between 
the groups are indicated with one (p < 0.05) or two (p < 0.01) asterisks (Student’s t-test). 
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consumption of reagent during the measurements (Kessler et al., 2021). 
As illustrated in Fig. 8, a general reduction in cell viability was 

observed with increased NP concentration. All particles showed a 
similar decreasing trend regardless of the presence of NOM with 
increasing NP dose. 

It has been proven that no toxicity mechanism can be considered 
generic for all NPs, although oxidative stress is frequently reported as 
one underlying mechanism. Generated results show that the trends in 
cytotoxicity for the investigated particles, Fig. 8, did not match the 
generation of ROS, Fig. 7. This indicates that the effects of the observed 
ROS generation may not be high enough to induce death, or the mech
anisms by which the investigated NPs exert their toxic effects may not be 
due to oxidative stress. However, the higher generation rate of ROS 
observed for the Sn NPs compared to the Ni and Mn NPs is interesting. 
No previous evidence was identified to support the effects posed by the 
Sn NPs, although there seems to be a link between reduced cell viability, 
Fig. 8c and increased ROS generation, Fig. 7c. Further studies into 
establishing this relationship may be necessary to unambiguously 
conclude that oxidative stress may be the underlying mechanism by 
which lysosomal stability is affected by the Sn NPs. Studies on other NPs 
show that they exert their effects by interacting with cell-membrane 
proteins and infiltration of the cells, which lead to imbalances in the 
redox state of the cell, which further cause oxidative stress and cell 
damage (Tammina et al., 2017; Manke et al., 2013; Lin et al., 2008). The 
results of the Sn NPs seem to be in line with the current mechanism as we 
observed increased ROS and decreased cell viability. Similar results 
have been observed on exposure of TiO2 and ZnO NPs on mouse 
macrophage Ana-1 cells, where remarkable increases in intracellular 
ROS were observed following cytotoxicity (Horie and Tabei, 2020). 

Both the Alamar blue and CFDA-AM assays, Fig. 8a,b, used to detect 
changes in cellular metabolic activity and membrane integrity, showed 
similar trends for the three NPs with a dose-dependent reduction in cell 
viability. This was confirmed by optical microscopy, where signs of 
slight cell damage were observed at the highest dose (20 mg/L). The 
trends suggest a difference in cell viability upon the addition of NOM. 
However, since no statistically significant differences were observed 
between the NPs with and without adsorbed NOM, its role on cellular 
metabolic activity and membrane integrity seems small though needs 
further investigations. 

Results of the Neutral Red assay, Fig. 8c, used to measure lysosomal 
membrane permeability and activity (Kamiloglu et al., 2020) in RTGill- 
W1 cells exposed to the 6 treatments, showed that cells were affected by 
the exposure to the Sn NPs, but no distinct differences were observed in 
contact with the Mn and Ni NPs, neither with nor without NOM. The 

gradual dose-dependent reduction in viability with increased dose 
indicated damage to lysosomal membranes. The lysosomes seem to be 
protected in the presence of NOM, though the protective effects 
observed as reduced cell viability was not as profound observed for the 
Sn NPs with and without NOM. The difference observed between the Sn 
NPs with and without NOM was statistically significant for the highest 
dose (20 mg/L, p < 0.05) and between the Sn NPs and the medium only 
(p < 0.01). This may also be linked to its dissolution profile, Fig. 6. The 
proposed link is based on the hypothesis that the reduction in viability 
(increased toxicity) in the presence of Sn NPs is mostly connected to the 
NPs themselves, which are expected to be translocated and stored in the 
lysosomes (Stern et al., 2012; Lammel et al., 2013), thereby disrupting 
their functions and cell processes. The metal ions which are readily 
available, as a result of increased dissolution with NOM, results in fewer 
Sn NPs, thereby, reducing the number of particles reaching the lyso
somes and reducing the toxic impact on the cells. Only the Sn NP showed 
a positive correlation with an enhanced dissolution induced by the 
adsorption of NOM (shift in the asymmetric COO− band). No distinct 
trends were observed for the Mn and Ni NPs, and no statistically sig
nificant results were observed with respect to the control. The effects 
observed could also be due to the interaction between NOM and dis
soloved metal ions and this could be further investigated in future 
studies. From their patterns observed in Fig. 6, it was evident that the 
presence of NOM influenced the dissolution of the Sn NPs, which may 
explain the clear difference in cell viability observed in the presence of 
Sn NPs. No evidence of any NP interference with the assays was 
observed in the control measurements why this effect was excluded. 

Mn NPs has been shown to induce acute toxicity via inhalation in 
both human and animal studies (Pradhan et al., 2014; Zaitseva et al., 
2015). No evidence has though been brought forward to support the 
toxicity of Mn NPs in fish. Some studies suggest that macro-sized metal 
Mn may induce toxicity in the gills and liver of fish and in other aquatic 
species (Summer et al., 2019). The mechanism by which Mn NPs induces 
cellular toxicity has though not been established. Studies show Ni- 
induced cellular toxicity via apoptosis at doses between 25 and 100 
μg/mL and potency to induce oxidative stress in human liver (HepG2) 
and lung epithelial (NCI-H460) cell lines (Wu and Kong, 2020). How
ever, these doses are slightly higher than investigated in this study. This 
study shows that the Ni NPs, at given concentrations, result in cell death 
after 24 h but may also affect other sublethal endpoints. Repeated or 
long-term exposures were not conducted in this study and may hence be 
required to give an overall picture of the ecotoxic effects posed by the Ni 
NPs in a similar way as reported for zebrafish for which NP internali
zation was an important factor in toxicity and defects generated by the 

Fig. 8. Relative viability of RTL-W1 after 24 h exposure to increasing concentrations of Mn, Ni and Sn NPs in FW with and without NOM. Cytotoxicity of the 
respective NP was assessed by means of (a): Alamar Blue, (b): CFDA-AM, and (c): Neutral red fluorescent probes. Cells incubated with only medium (vehicle) served 
as negative control and used for normalization. The results represent the means of 3 repetitions, and the error bars represent standard errors of the means (SEM) of at 
least three independent experiments. Statistical significance between the groups are indicated as * p < 0.05, ** p < 0.01 (Student’s t-test and one-way ANOVA). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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NPs (Ispas et al., 2009). Reported studies on human A549 and HCT116 
carcinoma cell lines have investigated the cytotoxic potency of SnO2 NPs 
linked to the generation of ROS (Tammina et al., 2017). It was concluded 
that cytotoxicity was linked to the particle size as well as dosage and that 
ROS generation was responsible for the observed cytotoxic effects. 
Similar results have been reported for Mg NPs and Fe2O3 nano
composites up to a dose of 100 mg/L (Watanabe et al., 2013) on A549 
cells and for CeO2 NPs on different cell lines at a minimum of 2 mg/L. 
(De Marzi et al., 2013) This study demonstrated the potential of Mn, Ni, 
and Sn NPs to generate ROS in piscine cells both in the presence and 
absence of NOM. 

4. Summary 

The effect of natural organic matter (NOM) on the environmental 
transformation and dissolution of diffusely dispersed engineered metal 
and metal oxide NPs of different surface and solubility properties was 
investigated in synthetic freshwater (FW). The prevailing trend was that 
NOM adsorbed to most NP surfaces regardless of zeta potential, creating 
a negatively charged colloid of smaller size compared with conditions in 
FW alone. The Sb and Sb2O3 NPs represented outliers, with minor 
adsorption of NOM, which was possibly connected to very low IEPs of 
the NPs and hence weaker NOM-NP interactions. The influence of NOM 
on particle dissolution correlated with the strength of interaction be
tween the carboxylate group of NOM and the NP surface. Stronger in
teractions resulted in enhanced dissolution and vice versa. The results 
indicate that the use of polarizing power of metal ions can be a way 
forward to predict the effects of NOM on the dissolution pattern for 
metallic NPs and possibly an approach for grouping of metallic NPs even 
though differences in NP composition are not taken into account. 

In vitro studies were performed using the piscine cell line RTGill-W1 
to assess if weathering (transformation/dissolution) and adsorption of 
NOM to the NPs would influence the ecotoxic potency in terms of 
cytotoxicity, effects on membrane permeability, mitochondrial activity 
and lysosomal activity as well as their potential to generate ROS. All NPs 
generated intracellular ROS in a time and dose dependent manner. The 
extent of intracellular ROS generation in FW was similar for both Mn 
and Ni NPs (100 RFU), whereas a higher ROS level (150 RFU) were 
established for Sn NPs. Interactions and infiltration of the NPs with the 
cells lead to redox imbalances, which can further cause oxidative stress 
and cell damage. This may be the underlying mechanism for the 
investigated NPs (Sn, Mn and Ni). The results of the Sn NPs seem to be in 
line with this mechanism as increased ROS and decreased cell viability 
were observed. The presence of NOM generally reduced the intracellular 
ROS generation by 20–40% for the investigated NPs. In addition, the Sn 
NPs exhibited cytotoxic effects through action on the lysosomes. The 
presence of NOM actively reduced cytotoxicity, which can be attributed 
to the stronger interaction with the Sn NPs and hence increased disso
lution. No such changes were observed for the Mn and Ni NPs. 

In all, the results presented herein can be used to understand envi
ronmental fate effects of short-term transformation/dissolution pro
cesses for various metal and metal oxide NPs at environmentally 
relevant settings. Generated data is relevant for environmental risk as
sessments, useful to provide regulatory constraints or for predictive 
modelling of the fate of diffusely dispersed NPs, for example, to 
extrapolate measurements performed in FW to conditions of FW with 
NOM. 
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