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Abstract
It is widely assumed that the discharge of nanoparticles into the environment may cause adverse effects on organisms. None-
theless, so far most nanoparticles have demonstrated little to no observed hazards in multiple biological test systems. It is 
not until nanoparticles undergo transformations, e.g., release of metal ions, that most environmental toxicities are induced, 
yet the ionization of nanoparticles in natural oxic and anoxic conditions is poorly known. We hypothesized that in anaero-
bic conditions, where oxidation is absent or limited, metal nanoparticles should not release metal ions. We investigated 
the transformation of three commercially produced materials, i.e., copper nanoparticles, silver nanoparticles, and titania 
nanocrystals with an average particle size of 50 nm. The nanoparticles were subjected to different environmental conditions 
including oxic/anoxic suspension, incubation with natural organic matter, and pH gradient, then subsequently analyzed for 
zeta potential, hydrodynamic diameter, concentration of released metal ions, and generation of reactive oxygen species. 
Transmission electron microscopy was used to assess morphological changes. Under oxic conditions, results show that only 
9.4 μg/mL of copper ions and 6.9 μg/mL of silver ions were released from nanoparticles, when continuously stirred over 
48 h. These levels are low compared to levels found in natural media. Moreover, under anoxic conditions, an insignificant 
amount of copper ions of 0.9 μg/mL and silver ions, of 0.2 μg/mL, were released. For titania nanoparticle, less than 0.05 μg/
mL ions were released under either oxic or anoxic conditions. Overall, our findings reveal the absence of ion release under 
anoxic conditions, and the very low levels of ion released under oxic conditions. As a consequence, the toxicity of Cu, Ag, 
and Ti nanoparticles should be very low in natural media.

Keywords Anoxic conditions · Copper nanoparticles · Silver nanoparticles · Titania nanocrystals · Natural organic matter · 
Reactive oxygen species · Dissolved metal ions

Introduction

Engineered nanomaterials represent a wide range of advanced 
materials intentionally added to industrial and consumer prod-
ucts and processes in an effort to increase their performance 
(Pati et al. 2016; Ahn et al. 2018; Alivio et al. 2018; Kim et al. 
2018; Westerhoff et al. 2018; Vishnuvarthanan and Rajeswari 
2019). Nanoparticles range from insulating to semiconductive 
to conductive elemental compositions. Manufactures gener-
ate nano-enabled products by embedding nanoparticles into a 
matrix or coating the surface of a product (Keller and Lazareva 
2014; Bäuerlein et al. 2017; Kaur et al. 2018). However, when 
nanomaterials emulsify in a gelatinous substance or suspend 
in a liquid, they tend to migrate from the mixture into the sur-
rounding environment (Westesen et al. 1997). These embedded 
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nanoparticles have the potential to release from products and 
transform under environmental conditions (Adegboyega et al. 
2014; Garner and Keller 2014; Amde et al. 2017; Joo and 
Zhao 2017; Ortelli et al. 2017; Zhang et al. 2018; Simeone 
et al. 2019).

Metal nanoparticles are typically produced in their zerova-
lent forms, indicating that the outer shell of the particle has a 
valence value of zero. Examples of zerovalent nanoparticles 
are copper and silver nanoparticles (Akaighe et al. 2011; Gao 
et al. 2019; Hedberg et al. 2019). Similarly, metal oxide nano-
particles, e.g., titanium dioxide nanocrystals, are stable and 
remain intact when stored as dry powders (Sharma 2009; Li 
et al. 2019). Metal and metal oxide nanoparticles suspended 
in aqueous solutions may transform when exposed to natural 
organic matter, oxic/anoxic conditions, and ultraviolet light 
(He et al. 2011; Lowry et al. 2012; Yin et al. 2012; Sharma 
et al. 2015; Wang et al. 2017; Yin et al. 2017a, b; Pham et al. 
2018; Hedberg et al. 2019). During this reaction nanoparti-
cles may transform from their pristine engineered zerova-
lent state to surface-charged, ion-dissociated, agglomerated/
aggregated forms (Hou et al. 2013; Sharma and Zboril 2017). 
These transformation processes may have negative effects 
on human health and ecological systems due to the possible 
release of toxic metal ions and reactive oxygen species (Geor-
gantzopoulou et al. 2018; Rai et al. 2018; Wang et al. 2018; 
Li et al. 2019). The focus of the present paper is to understand 
the transformation of selected nanoparticles under different 
environmental conditions.

The studied nanoparticles are copper nanoparticles, sil-
ver nanoparticles, and titania nanocrystals, which have been 
applied in thousands of consumer products (Garner et al. 2017; 
Sharma et al. 2019). The physicochemical characteristics of 
the nanoparticles under aqueous environment were studied 
with the following aims: (i) dissolution under stirring oxic and 
anoxic conditions to evaluate the release of toxic metal ions, 
(ii) quantification of reactive oxygen species release under both 
oxic and anoxic conditions, (iii) the solution was exposed to 
natural organic matter and imaged utilizing transmission elec-
tron microscopy which was determined to monitor the stability 
of the nanoparticles, and (iv) the pH of the aqueous solution 
was varied from acidic to alkaline pH, and measurements of 
zeta potential and hydrodynamic diameters were determined 
to learn the change in surface charge and size. The results 
presented herein are expected to aid in the assessments of haz-
ards, exposures, and risks of engineered nanomaterials that 
transform after entering to the aquatic environment.

Experimental

Experimental design

Copper and silver nanoparticles were purchased from 
Sigma-Aldrich at the highest percent purity offered (St. 
Louis, Missouri, USA; copper nanopowder, 40 to 60 nm 
particle size, greater than or equal to 99.5% trace metals 
basis; silver nanopowder, lower than 100 nm particle size, 
99.5% trace metals basis). Titania nanocrystals were pur-
chased from Evonik (Essen, Germany;  AEROXIDE® P25; 
lower than 100 nm particle size; 97% trace metal basis). 
Density reported by the manufacturers was 8.0, 10.5, and 
4.2 g/cm3 for copper nanoparticles, silver nanoparticles, 
and titania nanocrystals, respectively.

The experimental design, as shown in Fig. 3, incor-
porates four independent studies designed to characterize 
surface charge and size through zeta potential and hydro-
dynamic size measurements, morphological information 
from transmission electron microscopy, metal impurities, 
and released ion concentration using inductively coupled 
plasma mass spectrometry, and generation of reactive 
oxygen by ultraviolet spectroscopy. For all experiments, 
an incubation or exposure time period of 48 h at room 
temperature, i.e., 21 °C, was used. 48-h incubation time 
was used due to toxicological studies being 24- and/or 
48-h long experiments (Lewinski et al. 2008; Selvaraj 
et al. 2014). The particle concentration was 100 μg/mL in 
18.2 mΩ Milli-Q ultrapure water, unless otherwise noted. 
All studies were performed in triplicate.

Nanomaterial aqueous suspension stirring 
under oxic and anoxic conditions

Aqueous suspensions of nanomaterials were agitated 
via magnetic stir bar from Thermo Fischer Scientific 
(Waltham, Massachusetts, USA) in either oxygen-satu-
rated water or nitrogen-purged water. Oxygen-saturated 
and nitrogen-purged solutions were produced by purging 
pressurized air and nitrogen gas into a parafilm-covered 
beaker throughout the agitation, respectively (Zhang et al. 
2018). Every 6 h, a 10-mL aliquot was taken from the top 
of each suspension and underwent centrifugal ultrafiltra-
tion before preparation for analyses via digestion with 
a nitric and hydrochloric acid mixture, 67% and 36%, 
respectively, at a 3:1 ratio (De Jong et al. 2008). Briefly, 
a particle concentrating centrifugal cartridge was used 
(Amicon Ultra 15, Millipore, Burlington, Massachusetts, 
USA). The 10-mL aliquot was added to each cartridge 
and centrifuged for 15 min at 5000 rpm. After each pro-
cedure, approximately 500 μL of concentrated suspension 
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remained in the receptacle. Both the filtrate and the con-
centrated sample was digested and analyzed for total 
metal content.

Inductively coupled plasma mass spectrometry Agilent 
7900 (Santa Clara, California, USA) instrument was used 
to measure metal ion concentrations from the dissolution 
of studied nanoparticles. Briefly, the sample digests were 
placed in the autosampler and ran in triplicate along with 
an environmental internal standard which contained lith-
ium, scandium, germanium, rhodium, indium, terbium, 
lutetium, and bismuth from Agilent (Santa Clara, Cali-
fornia, USA). It is noted that titanium ions are difficult 
to analyze using inductively coupled plasma mass spec-
trometry. However, in an effort to maintain consistency 
among nanoparticle analyses, we subjected titania to the 
same sample preparation process and mass spectrometry 
analyses as copper and silver nanoparticle samples. The 
concentrations of metal ions were calculated through a 
linear regression analysis against prepared standards from 
Agilent (Santa Clara, California, USA). Method blanks 
and acid blanks were measured as well. Data analysis was 
performed with Excel (Microsoft, Redmond, Washington, 
USA.) After data analysis, mass balance calculations veri-
fied total amount of released metal ions.

Nanomaterial exposure to ultraviolet radiation 
and generation of reactive oxygen species

Each nanoparticle suspension was vortexed utilizing a 
Vortex-Genie 2 (Scientific Industries; Bohemia, New 
York, USA) for 30 s, and then placed under shortwave 
ultraviolet lamp at 254 nm (Fisher Scientific, Hamp-
ton, New Hampshire, USA) for 15  min, and immedi-
ately analyzed for reaction oxygen species generation. 
2′,7′-dichlorofluorescein diacetate (Cell Biolabs, Inc.; 
San Diego, California, USA) was used to measure the 
concentration of reactive oxygen species, described else-
where (Romoser et al. 2011). Briefly, a 100 μM of the 
diacetate solution was added to 1-mL aliquot of particle 
suspensions and incubated at 37 °C for 15 min. 1000-
μM hydrogen peroxide (Fisher Scientific, Hampton, New 
Hampshire, USA) was used as a positive control for deter-
mining reactive oxygen species concentration. Ultrapure 
water served as a negative control. Fluorescence of the 
sample was measured at an excitation of 480 nm and an 
emission of 530 nm using a Synergy Mx Multi-Mode 
Microplate Reader (BioTek Instruments, Inc.; Winooski, 
Vermont, USA). Analyses involved the detection and the 
measurement of general reactive oxygen species, i.e., 
super oxide anion, hydroxyl radical, and singlet oxygen.

Nanomaterial incubation with natural organic 
matter and analyses by transmission electron 
microscopy

Nanoparticle suspensions were subjected to an addition 
of mass equivalent concentration of Suwannee River 
natural organic matter (International Humic Substances 
Society; Denver, Colorado, USA). Suwannee River natural 
organic matter is used as the universal standard of natural 
organic matter. First, the organic matter was suspended 
in ultrapure water at a concentration of 100 μg/mL (Liu 
and Hurt 2010). After 30 s agitation on a Vortex-Genie 2 
(Scientific Industries; Bohemia, New York, USA), each 
nanoparticle suspension was added at equal parts volume 
and vortexed for an additional 30 s. Samples were left to 
incubate at room temperature; subsequent vortex occurs 
for 30-s interval every 8 h for 48 h in total.

Transmission electron microscopy was performed for 
nanoparticles and nanoparticle–organic matter mixtures 
(Stebounova et al. 2011). Details of sample preparation 
include a 10-μL droplet of nanoparticle suspension which 
was set on parafilm, and a formvar-coated copper grid 
from Electron Microscopy Sciences (Hatfield, Pennsylva-
nia, USA) was placed over top for 5 min. The grid was 
then removed and dried before imaging. The samples were 
imaged with a JEOL 2010 microscope (JEOL Ltd.; Tokyo, 
Japan), operating at 60 kV. Post-image analyses were per-
formed with ImageJ software.

Change in nanomaterial pH and analysis 
via dynamic light scattering

A range of nanomaterial suspensions, inclusive of 0.1 
to 1000 μg/mL, were titrated using the Malvern MPT-2 
Autotitrator in parallel with the Zetasizer Nano-ZS (Mal-
vern Panalytical Ltd.; Malvern, United Kingdom). This 
combination allowed titration over a wide pH range and 
thus made it possible to determine the isoelectric point. 
Particles were automatically titrated from pH 12.0 to 2.0 
by adding 0.25 M hydrochloric acid and 0.25 M sodium 
hydroxide (Fisher Scientific, Hampton, New Hampshire, 
USA). A folded capillary cell with electrodes (Malvern 
Panalytical Ltd.; Malvern, United Kingdom) was used for 
all measurements where 500 μL of nanoparticle suspen-
sion was loaded. At every 0.2 pH unit, the zeta potential 
and hydrodynamic size were determined. These experi-
ments collected eleven measurements, and the experiment 
was repeated in triplicate. The isoelectric point was deter-
mined using the Malvern Software Version 5.03.
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Statistical analyses

Statistical analyses were performed using SAS 9.4 soft-
ware (SAS Institute Inc.; Cary, North Carolina, USA). 
Each experimental value was compared to the correspond-
ing control value for each experiment. One-way ANOVA 
test was performed at each sampling time. When the F-test 
from ANOVA shows significance, the Dunnett’s or Dunn’s 
test was used to compare means from the control group. 
Statistical significance versus control group was estab-
lished at levels corresponding to p values lower than 0.05. 
Experiments were conducted with n = 3 and in triplicate.

Results and discussion

Dissolution under oxic and anoxic condition

Two orthogonal approaches, i.e., oxic and anoxic condi-
tions, were used to measure the ion release of each inves-
tigated nanomaterial. Figure 1 shows the concentrations of 
released metal ions over time under both conditions. Cop-
per and silver nanoparticles released increasing amounts, 
9.4 μg/mL and 6.9 μg/mL, respectively, of dissolved ions 
with time from the particle surfaces when stirred and 
aerated. Silver nanoparticles dissolved at the faster rate 
between 0–20 h than the rate observed between 20–48 h 
(Fig. 1b). It is possible that an oxide shell formed on the 
surface of the silver nanoparticles during the dissolution in 
the initial phase, which would decrease the ion release rate 
(Akaighe et al. 2011). As expected, titania nanocrystals 
did not produce a significant amount, lower than 0.05 μg/
mL, of ions under the oxic condition (Fig. 1c).

Under the anoxic conditions, i.e., stirred and purged 
with nitrogen gas, a significantly lesser amount of dis-
solved ions were released from the nanomaterials (Fig. 1). 
Copper nanoparticles released 0.9 μg/mL, silver nanopar-
ticles released 0.2 μg/mL, and no measurable ions were 
released from titania nanocrystals. This indicates that dis-
solved oxygen in solution plays a pivotal role in releasing 
dissolved metal ions from nanomaterials. Previous inves-
tigations in the case of silver nanoparticles also showed 
similar observations, e.g.,  Ag0 + O2 → Ag+ + O2

− (He et al. 
2011, 2012; Rong et al. 2019).

Generation of reactive oxygen species under UV 
irradiation

Figure 2 shows the generation of reactive oxygen species 
from the surfaces of each nanomaterial used in the study 
after 15 min irradiation with ultraviolet light. In general, 
reactive oxygen species increases as particle concentra-
tion increases. However, the increase in reactive species 
production differs among the three different metal particle 
types. Copper nanoparticles follow a dose–response rela-
tionship, i.e., as much as 1250 ± 8% relative fluorescence 
units at 1000 μg/mL to as little as 800 ± 10% relative fluo-
rescence units at 0.1 μg/mL, across all concentrations, and 
the sample produced the most reactive oxygen species of 
all samples when suspended in water. The term “relative 
fluorescence units” is a unit of measurement used in the 
fluorescence detection analysis and, for this experiment, 
is directly proportional to the concentration of reactive 
oxygen species in the sample (Nasseri et al. 2018). Silver 
nanoparticles did not follow a dose–response relationship, 

Fig. 1  Release of metal ions from nanoparticles is dependent on 
oxic conditions. Metal ion concentrations under air-saturated (oxic) 
or nitrogen-purge (anoxic) for a copper, b silver, and c titania par-
ticle suspensions in water. Solid lines represent data collected from 
air-saturated system, while dotted lines represent data collected from 
nitrogen-purge system. Each data set represents the average and the 
standard deviation (n = 9)
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e.g., the highest concentration of species detected was 
1050 ± 8% relative fluorescence units at 10 μg/mL and the 
lowest concentration of species detected was 725 ± 9% rel-
ative fluorescence units at 1000 μg/mL. The literature has 
shown that silver nanoparticles have the ability to generate 
reactive oxygen species with and without ultraviolet irra-
diation. The presence of oxygen in aerated solution upon 
irradiation tends to produce reactive oxygen species, e.g., 
O2

−• (Adegboyega et al. 2016; Ranjan and Ramalingam 
2016; Rong et al. 2019). However, the produced reactive 
oxygen species may interact with released metal ions to 
reproduce silver nanoparticles in a feedback mechanism 
(He et al. 2011).

Lastly, titania nanocrystals produced the least amount 
of reactive oxygen species over a dose–response relation-
ship, e.g., as much as 675 ± 18% relative fluorescence 
units at 1000 μg/mL to as little as 210 ± 22% relative fluo-
rescence units at 0.1 μg/mL. Taken together, these data 
suggest that the cumulative effect of production and con-
sumption of oxygen would ultimately determine the con-
centration of reactive oxygen species upon irradiation of 
nanomaterials in water (Nasseri et al. 2018; Irandost et al. 
2019; Li et al. 2019).

Fig. 2  Reactive oxygen species concentration is dependent on nano-
particle concentration. a Copper nanoparticles follow a concen-
tration-dependent relationship across all particle concentrations. b 
Silver nanoparticles follow a concentration-dependent relationship 
from 0.1–10 ug/mL, but the reactive oxygen species concentration 
decreases from 10–1000 ug/mL. c Titania nanoparticles produce the 

least amount of reactive oxygen species and the concentrations at sta-
tistically insignificant across all particle concentrations. All particle 
samples were exposed to ambient light for 1 h before analyses. Each 
data set represents the average and the standard deviation (n = 9). Iso-
electric point and hydrodynamic diameter measurements of d copper, 
e silver, and f titania nanoparticles in water over pH
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Effect of natural organic matter

Figure 3 shows the transmission electron micrographs of the 
three particle systems and their morphological features in 
the absence and presence of natural organic matter in water. 
In water, shapes of the particles are generally spherical, 
triangular, and trapezoidal for copper nanoparticles, silver 
nanoparticles, and titania nanocrystals, respectively. In the 
presence of organic matter, all particles underwent dissolu-
tion to the extent where each individual particle could no 
longer be distinguished. The moieties of natural organic mat-
ter interact with the surface of the particle. The interaction 
with multiple particles may increase the overall size of the 
nanoparticle or possibly induce aggregation. These interac-
tions can be physical or chemical or both (Sani-Kast et al. 
2017; Huang et al. 2019). For example, silver ions, likely 
produced from dissolution of silver nanoparticles under 
oxidic conditions, would interact with sulfur-containing 
groups of organic matter through complexation (Ubaid et al. 
2019). The transformation of silver nanoparticles seems 
to be the highest in the presence of natural organic mat-
ter compared to either the original sample or the absence 
of any organic species, where many particles agglomerated 
and morphed into a large agglomerated structure. In the 
natural environment, silver sulfide nanoparticles, thought 

to be reproduced from dissociated silver nanoparticles in a 
feedback mechanism, have been found (Sharma et al. 2015; 
Ubaid et al. 2019). Similarly, copper sulfide has also been 
seen in the aquatic environment (Sharma et al. 2015). Other 
moieties of organic matter, such as phenols and hydroqui-
none, may also be involved in the complexation processes. 
Titania nanocrystals do not dissolve into their respective 
metal ions, and therefore, would only interact with organic 
species through physical phenomena, i.e., adsorption.

Effect of pH

Figure 2 shows the variation of zeta potentials and hydro-
dynamic diameters with pH in the range from 2.0 to 13.0. 
All three samples followed the same trend; at a low pH, the 
zeta potentials have positive values, while at a high pH, they 
possess negative values. The measurements of zeta poten-
tials of the three nanomaterials over a wide pH were used 
to deduce the isoelectric points, a.k.a. conductometric titra-
tions, which is the pH of the nanomaterial suspension where 
zeta potential is neutral. The isoelectric points are 7.0, 6.5, 
and 5.5 of copper nanoparticles, titania nanocrystals, and sil-
ver nanoparticles, respectively. These values suggest that the 
studied nanomaterials would be mostly negatively charged at 
environmentally pH conditions (Pham et al. 2018).

Fig. 3  (Left) Experimental design used to observe and measure nano-
material transformations. The conditions of each experiment are as 
follows: interaction with natural organic matter (room temperature, 
ambient light, ambient oxygen, and neutral pH); exposure to ultra-
violet light (no natural organic matter, room temperature, ambient 
oxygen, and neutral pH); agitation with dissolved oxygen (no natural 
organic matter, room temperature, ambient light, and neutral pH); and 

change in pH (no natural organic matter, room temperature, ambient 
light, and ambient oxygen). (Right) Transmission electron micros-
copy image of a copper, b silver, and c titania particles taken imme-
diately after suspension in ultrapure water. Transmission electron 
micrographs of d copper, e silver, and f titania particles taken 48 h 
after incubation with natural organic matter in water
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Hydrodynamic diameters of the three materials are 
also shown in Fig. 2. Titania had the largest particle size 
range from 200 to 2200 nm, then copper with a range of 
100–1000 nm, and then silver, which did not change much, 
at 100 to 200 nm. All three samples followed similar trends 
with a small hydrodynamic diameter at both highly acidic 
and alkaline pH. The maximum sizes are at their isoelectric 
points.

Conclusion

The physicochemical measurements, shown in Figs. 1, 2, 
3 and 4, demonstrate the role of different environmental 
parameters on the transformation of the nanomaterials. The 
nanoparticles in natural waters are not static and their phys-
icochemical properties would change dynamically over time 

and spatial coordinates. The influence of these conditions on 
the interactions of the nanoparticles is shown in Fig. 4. The 
investigated nanoparticles of negatively charged surfaces 
under environmental pH, based on isoelectric point meas-
urements, would interact with different moieties of organic 
matter. These physical and chemical interactions likely cause 
aggregation of the nanoparticles (Shevlin et al. 2018). These 
interactions depend on the type of metal ions. For exam-
ple, titania nanocrystals do not release ions and only exhibit 
physical interactions; copper nanoparticles readily release 
ions and have both physical and chemical interactions; and 
silver nanoparticles also readily release ions and due to com-
plexation processes produced the most significant physical 
and chemical interactions. The interaction of organic species 
may stabilize nanomaterials for months. In consequence, this 
phenomenon may promote nanomaterial intercalation within 
microorganisms, accumulation within aquatic organisms, or 

Fig. 4  Potential mechanisms of nanoparticle transformations in envi-
ronmental conditions. When irradiated with ultraviolet light, particles 
generate reactive oxygen species. In oxic conditions, particles release 
ions into surrounding matrix. In strongly acidic or basic conditions, 

particles are less likely to severely aggregate. In the presence of nat-
ural organic matter, particles seem to stabilize with after adsorption 
with organic matter. Taken together, these transformations forecast 
potential environmental effects
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transportation through water (Quigg et al. 2013). This is 
important for assessing the safety of these materials because 
such organisms are exposed to these materials after their 
release into the environment.

In addition to complexation with natural organic matter, 
nanomaterials are exposed to ultraviolet radiation from the 
sun. In the natural water, organic matter can also absorb 
radiation and would generate reactive oxygen species, such 
as 1O2, •OH, and O2

•− (Zhang et al. 2014, 2017). The con-
centrations of reactive species depend on nature and sources 
organic species as well as the matrices containing metal ions 
(Sharma et al. 2019). Therefore, the release of metal ions 
from the nanomaterials is important. Titania nanocrystals 
did not react differently in either oxic or anoxic conditions. 
This is in contrast to copper and silver nanoparticles, which 
had nine times and seven times increase in metal ion con-
centration, respectively, over time. Both copper and silver 
nanoparticles readily produce reactive oxygen species after 
ultraviolet radiation, while titania nanocrystals do not. Simi-
larly, copper and silver nanoparticles readily release ions 
from their particle surfaces, while titania nanocrystals do 
not. These relationships are correlative and possibly causa-
tive. It has been seen that natural light induces dissociation 
of ions from nanoparticle surfaces. Furthermore, surface 
oxidation on metal nanomaterial surfaces is inversely related 
to reactive oxygen species and directly proportional to metal 
ion generation (Albanese et al. 2012; Fu et al. 2014). Addi-
tionally, the size of the nanoparticle may also influence reac-
tive oxygen species and metal ion generation (Carlson et al. 
2008).

The results of the study will aid in characterizing the 
transportation and transformation of nanomaterial predic-
tions as well as their possible fate and effects in the aquatic 
environment. The transformation of metal-based nanoma-
terials in the environment is a culmination of pH, dissolved 
oxygen content, natural organic matter concentration, and 
light illumination. The production of reactive oxygen species 
in environmental systems may forecast potential toxicologi-
cal effects. This research will enable the understanding of 
the chemical and toxicological mechanisms of metal parti-
cles and the resulting transformed products in the aquatic 
environment.
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