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A B S T R A C T   

Similarity assessment is one of the means of optimally using scarcely available experimental data on the fate and 
hazards of nanoforms (NFs) for regulatory purposes. For a set of NFs that are shown to be similar it is allowed in a 
regulatory context to apply the information available on any of the NFs within the group to the whole set of NFs. 
Obviously, a proper justification for such a similarity assessment is to be provided. Within the context of 
exemplifying such a justification, a case study was performed aimed at assessing the similarity of a set of 
spherical metallic NFs that different with regard to chemical composition (three metals) and particle size (three 
different sizes). The endpoints of assessment were root elongation and biomass increase of lettuce (Lactuca sativa 
L.) seedlings and exposure assessment was performed in order to express the actual exposure concentration in 
terms of time-weighted average particle concentrations. The results of the study show that for the specific 
endpoints assessed, chemical composition is driving NF toxicity and this is mostly due to impacts on the fate of 
the NFs. On the other hand, particle size of Cu NFs had a negligible impact on the dose-response relationships for 
the specific endpoints assessed. It is thus concluded that hazard data available on spherical Cu NF tested in our 
case can be used to inform on the hazards of any spherical Cu NF within the size range of 25–100 nm, but only 
applies for the certain endpoints. Also, toxicity data for the Cu2+-ion are suited for such a similarity assessment.   

1. Introduction 

Numerous nanomaterials with unique characteristics have been 
applied in a large variety of medical, industrial and environmental ap-
plications (Simeone et al., 2019; Sizochenko et al., 2021). Chemical risk 
assessment is typically lagging behind materials innovations. However, 
given the current pace of innovation of nanomaterials it is essential for 
adequate risk assessment to incorporate as efficiently as possible all 
kinds of information available regarding the fate and hazards of nano-
materials. Efficient use of information is also required in view of the 
general desire to minimize animal testing for regulatory purposes. One 
of the tools that can be employed for efficient risk assessment of nano-
materials, is to use as efficiently as possible all information available for 
similar nanomaterials. For instance, Annex VI, section 2.4 of the Euro-
pean regulation for chemical risk assessment (REACH) indicates that a 
nanoform (NF) shall be characterized in accordance with REACH (Eu-
ropean Commission, 2018). Any substance may have one or more NFs, 

based for instance on differences in their number-based particle size 
distribution, size, shape, aspect ratio, or crystallinity. For a set of NFs 
that are shown to be similar it is allowed to conclude that the hazard 
assessment, exposure assessment, and risk assessment of these NFs can 
be performed jointly. This implies that all information available on any 
of the NFs within the group, can be applied to the whole set of NFs. A 
justification shall be provided to demonstrate that a variation within the 
boundaries defined for the set of NFs does not affect the hazard assess-
ment, exposure assessment and risk assessment of the similar NFs in the 
set. It is to be noted that the similarity assessment may consist of using 
the same data obtained for one or more of the NFs in the group for the 
whole group of NFs. It is also possible to apply validated relationships 
between any of the properties of the NFs and their fate or toxicity pa-
rameters to estimate missing properties of some of the NFs in the set of 
NFs. Up till now, limited experience has been gained regarding simi-
larity assessment of NFs and this prompted us to perform a case study on 
similarity assessment of a set of spherical metallic NFs differing in size 
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and in chemical composition. Given the ease of testing, hydroponic 
exposure of lettuce (Lactuca sativa L.) was selected as the endpoint of 
interest to exemplify the case. Specific attention was paid to the fate 
assessment of the NFs with specific focus on quantifying the kinetics of 
release of metal ions shed from each of the NFs and on assessing the 
time-dependent contribution of particles and released ions to overall 
suspension toxicity. 

Extensive safety research within the last decade on nanomaterials 
has improved the database and the knowledge on the effects of engi-
neered nanoparticles (NPs) on plants (Abbas et al., 2020; Zhu et al., 
2019). It nevertheless is still unknown how the different physicochem-
ical properties (e.g., size, shape, and surface chemistry) of NPs and the 
various experimental conditions (e.g., various exposure pathways) 
actually affect nanotoxicity (Pedruzzi et al., 2020; Zhai et al., 2017). The 
physicochemical properties of NPs and the experimental conditions also 
determine the fate of NPs in the aqueous environment. As discussed by 
Peijnenburg et al. (2015), the key processes governing the fate of 
metallic NPs in aquatic media are dissolution, and aggregation and 
subsequent sedimentation. A plethora of particle-specific and media- 
specific variables affect the dissolution profile of NPs (e.g. particle 
composition, particle size, pH, natural organic matter, temperature) and 
these variables can be spatially and temporally highly heterogeneous 
(Hedberg et al., 2019). To avoid extensive toxicological testing of each 
single nanomaterial, it is becoming increasingly important to group or 
categorize these NPs (Arts et al., 2014; Ban et al., 2018), whilst avoiding 
the media-specific on the fate of the NPs to cloud the overall picture of 
similarity of NFs. Cu NPs have been incorporated as additives in lubri-
cants, polymers, and inks (Adeleye et al., 2014; Conway et al., 2015). 
Because of their small size and ability to release ions especially in acidic 
conditions, Cu NPs have antimicrobial properties and have been pro-
posed as additives to traditional wastewater treatment systems (Chen 
et al., 2006). As reported, the solubility of Cu and ZnO nanoparticles in 
various environmentally relevant media is determined to be in the range 
of 1–80% during exposure periods ranging from 5 min to 48 h, which 
highlights the importance of thorough and exposure-specific charac-
terization of the fate of the NPs during experiments (Misra et al., 2012). 

Although there is a vast amount of literature on the potential impact 
of NPs on plants (Sturikova et al., 2018; Song et al., 2020), the majority 
of papers have reported the impact of NPs only at an early stage of plant 
development, mainly addressing the effects of NPs on seed germination 
and root elongation (Konate et al., 2018; Lv et al., 2021; Pu et al., 2019; 
Velicogna et al., 2020). Thus, a better knowledge of the effects of NPs on 
plants at a later stage of plant development is needed, for instance 
during a longer period of exposure and by means of additional obser-
vations of biomass changes. This study aims to: 1) investigate the impact 
of particle composition, size and initial concentration on the dissolution 
profile of metallic NPs, 2) determine long term effects of NPs on the root 
elongation and growth (biomass production) of lettuce, 3) to quantify 
the impacts of chemical composition and particle size on toxicity. We 
hypothesize that higher ion release will occur for lower-sized NFs 
whereas ionic toxicity is expected to dominate the toxicity of NPs sus-
pensions. We finally hypothesize that there is a relationship between 
particle toxicity and particle size, which can be used as the basis for 
similarity assessment of NFs. To this end, we selected five spherical 
metal-based NPs (three Cu NPs of different size, one ZnO NP of similar 
nominal size as one of the Cu NPs (25 nm) and one BaSO4 NP of similar 
nominal size (100 nm) as one of the Cu NPs), evaluating their effects on 
plant growth by assessing relative root elongation and biomass change 
during exposure of up to 20 days to various particle concentrations with 
exchange of the exposure medium every 2 days. The toxicity profile of 
the corresponding metal ions was assessed as well in order to allow for 
assessing the contribution of the particles to the overall suspension 
toxicity. 

2. Materials and methods 

2.1. Preparation and characterization of NPs suspensions 

Spherical Cu NPs with nominal particle diameters of 25 nm (un-
coated nanospheres, coded NM-0016, purity 99.5%) and 60–80 nm 
(uncoated nanospheres, coded NM-0044, purity 99.9%), and 100 nm Cu 
NPs (uncoated nanospheres, purity 99.9%) were purchased from the US 
Research Nanomaterials, Inc. (Houston, TX USA). ZnO NPs (uncoated 
nanospheres, coded NM-110, purity 99%) with nominal size of 25 nm, 
were purchased from the Io-Li-Tec company (Heilbronn, Germany) and 
100 nm BaSO4 NPs (uncoated nanospheres, coded NM-220, purity 99.9 
m %) were obtained from the Joint Research Centre of the European 
Union (Ispra, Italy). Cu(NO3)2⋅2H2O (purity 99%), Zn(NO3)2⋅6H2O 
(purity 99.5%) and BaCl2⋅2H2O (purity 99%) used in the experiments 
were all purchased from the Merck KGaA company (Darmstadt, Ger-
many). The morphology and size of the tested metallic nanoparticles 
were characterized by using transmission electron microscopy (TEM, 
JEOL 1010, JEOL Ltd., Japan). The size distribution and zeta potential of 
the nanoparticle suspensions at 10 mg L− 1 were analysed after 0.5, 24 
and 48 h of incubation in 1/4 Hoagland solution by a Zetasizer Nano-ZS 
instrument (Malvern, Instruments Ltd., Royston, UK). Aliquots from the 
solid Cu NPs were always taken under an argon atmosphere to prevent 
oxidation of the particles. Stock suspensions of the NPs were freshly 
prepared in 1/4 Hoagland solution (pH 6.0 ± 0.1) after 30 min of son-
ication at 60 Hz (USC200T, VWR, Amsterdam, the Netherlands). The 
composition of the Hoagland medium is given in Table S1 of the Sup-
plementary Information. The dissolution kinetics of the suspensions of 
the NPs at each concentration were investigated to obtain the actual 
exposure concentrations of soluble ions and particles. After being 
exposed to 1/4 Hoagland solution for 0.5, 2, 4, 8, 24 and 48 h in a 22 mL 
glass tubes, five mL of suspension (defined as NPs (total)) were firstly 
sampled from the middle of the tube, making sure that the tip was al-
ways fixed at the middle part of the suspension left in the tube. Fifteen 
mL of suspension were sampled and centrifuged for 30 min at 30,392g 
and at 20 ◦C (Sorvall RC5Bplus centrifuge, Bleiswijk, Netherlands) to 
remove the particles. The obtained supernatants of the NPs were ana-
lysed to obtain the concentration of ions released from the NPs in sus-
pension (defined as NPs(ion)). Next, the concentrations of NPs (total) 
and NPs (ion) were measured by means of Atomic Absorption Spec-
troscopy (AAS, PerkinElmer 1100 B, Waltham, MA, USA) after addition 
of a drop of 65% HNO3 into the solution. All experiments were per-
formed in triplicate. 

2.2. Plants culture and toxicity test 

L. sativa L seeds were purchased from Floveg GmbH (Kall, Germany) 
and sterilized for 15 min with NaClO (0.5% w/v), rinsed three times with 
tap water, and then immersed in deionized water for germination. After 
4 days, the seedlings with taproot length in the range of 2–3 cm were 
chosen and put in Petri dishes containing 30 mL of 1/4 Hoagland so-
lution. Four seedlings were cultured in each Petri dish. The seeds 
germination and the exposure to the NPs were performed in a climate 
room at a 25/16 ◦C day/night temperature and 60% relative humidity, 
at a 16 h photoperiod. The relative root elongation (RRE) and biomass 
production were determined as the toxicological endpoints which are 
sensitive to the impacts of external stressors (Liu et al., 2016). The 
nominal concentrations of the three sizes of Cu NPs ranged from 0.01 to 
0.2 mg L− 1, the concentrations used for the ZnO NPs ranged from 0.2 to 
20 mg L− 1, the range of Cu(NO3)2

.2H2O was from 0.01 to 2 mg L− 1, and 
the range of concentrations of Zn(NO3)2

.6H2O tested was from 0.1 to 4 
mg L− 1. BaSO4 NPs were tested at concentrations ranging from 800 to 
1000 mg L− 1. In order to determine the toxicokinetics of the impacts of 
the NPs, the exposure period was prolonged to 20 days. The medium was 
refreshed once every 48 h. Just before each medium refreshment the 
taproot length was measured by a ruler (0.1 cm accuracy) from the 
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transition point between the hypocotyls and the root to the root tip. The 
root growth of each treatment was defined as the mean value of the 
differences in root length of four seedlings before and after each expo-
sure. RRE was determined according to eq. 1: 

RRE =
RGs

RGc
× 100% (1) 

RGs: the root growth of plants in the sample solution, cm; 
RGc: the root growth of plants in the control solution, cm. 
The fresh biomass of seedlings was determined after the seedlings 

were dried by blotting a couple of times with a soft tissue. Plant were 
confirmed as being dead seedlings and disposed of once the biomass did 
not change after 48 h. The increase of biomass was calculated according 
to eq. 2: 

Biomass increase =
MGc − MGs

MGc
× 100% (2) 

MGs: the fresh biomass of plants in the sample suspension (gram); 
MGc: the fresh biomass of plants in the control solution (gram). 
The behaviour of NPs in aquatic exposure systems is highly dynamic 

with the actual exposure concentrations of NPs as well as of their 
transformation products (in the case of metallic NPs being ions released 
from the particles) varying over time. To account for the dynamics of 
exposure, time-weighted average concentrations (CTWA) were deter-
mined to assess the actual exposure concentration of NPs (total), NPs 
(particle) and NPs(ion) during each refreshment period of 48 h. The 
TWA concentration was calculated based on the following equation 
(Zhai et al., 2016): 

CTWA =

∑N
n=0

(

Δt Cn− 1+Cn
2

)

∑N

n=1
Δtn

(3)  

where Δt was the time interval, n is the time interval number, N is the 
total number of intervals (N = 10), C is the concentration at the end of 
the time interval. 

The response addition model was selected to calculate the relative 
contribution of NPs (particle) and NPs (ion) to the effects on root 
elongation and biomass induced at a specific suspension concentration 
of NPs. Based on previous literature (Liu et al., 2016), it is acknowledged 
that the modes of action of metallic nanoparticles and metal ions are 
likely to be different, which is the basis for the application of the 
response addition model: 

Etotal = 1 −
[(

1 − Eparticle
)
(1 − Eion)

]
(4) 

where E(total) and E(ion) represent the effects caused by the nano-
particle suspensions and their corresponding released ions. In this study, 
E(total) was measured by the RRE and biomass increase experimentally; 
E(ion) was calculated according to the dose-response curve of Zn 
(NO3)2

.6H2O and Cu(NO3)2
.2H2O towards impacts on RRE and biomass 

increase. Therefore, the toxic effects caused by the particles (E(particle)) 
can be calculated directly by means of eq. 4. The dose-response models 
were calculated using GraphPad Prism 8.0 and the EC50 values for the 
total and the particulate forms of NPs were subsequently determined. 

2.3. Data analysis 

Statistically significant differences between different exposure con-
centrations of the same NP were analysed by means of one-way ANOVA 
followed by Turkey's honestly significant difference tests at α < 0.05 
using IBM SPSS Statistics 25. The t-test was performed to analyse the 
statistically significant differences between NPs (ion) and NPs (total) (p 
< 0.05). Results are expressed as mean ± standard error of 3 replicates. 

3. Results 

3.1. Physico-chemical characterization of the NPs 

The transmission electron microscopic images of the differently sized 
NPs of different composition in the 1/4 Hoagland solution are shown in 
Fig. S1 of the Supplementary Information. Data on size distribution and 
zeta potential after 0 or 0.5, 24 and 48 h of incubation in the 1/4 
Hoagland solution of all NPs are given in Table 1. The TEM images 
confirmed that the particles used in this study were approximately 
spherically shaped. After being dispersed in the 1/4 Hoagland solution, 
the particles were present largely as aggregates and the size of the ag-
gregates increased dramatically during 48 h of exposure. Extensive 
sedimentation of BaSO4 nanoparticles was visible after the suspension 
was prepared while sedimentation of Cu/ZnO NPs was not observed in 
any of the samples. 

3.2. Dissolution profile of the five NPs studied 

The concentrations of the Cu ions released from the Cu NPs within 
48 h of exposure are shown in Figs. 1a - 1d. Up to about 85% of the Cu 
particles dissolved after 48 h of exposure and the ionic copper concen-
tration generally reached a plateau after 8 h of exposure. The overall 
trend observed was that dissolution occurred at the highest rate in the 
first two times intervals (0–2 and 2–4 h). The relative amounts of dis-
solved Cu ions were different for the differently sized Cu NPs, with 0.1 
mg L− 1 25 nm Cu NPs releasing more Cu ions (94.9%), whereas 87% of 
Cu ions were released from the 100 nm Cu NPs after 48 h exposure at the 
same initial exposure concentration (Fig. 1c). However, there was no 
significant difference of the percentage of ion release between different 
concentrations of NPs for the same sized particles (p < 0.05). The only 
exception was the 100 nm Cu NPs at an initial concentration of 0.01 mg 
L− 1 as about 98% of these particles were dissolved after 48 h of expo-
sure, which was even higher than at a similar concentration of the 25 nm 
NPs (89% dissolved). 

The dissolution profiles of the ZnO NPs, as provided in Fig. 2a 
illustrated that 81% of the particles were dissolved after 0.5 h of expo-
sure at each concentration tested. The solubility of the ZnO NPs was 
around 90% after 48 h of exposure, except for the highest concentration 
tested of 20 mg L− 1. When compared with the 25 nm Cu NPs present at 
the same concentration, especially in the first few hours of exposure 
considerable differences between the dissolution profiles of the particles 
were observed (as illustrated in Fig. 2b). As stated above, the 0.2 mg L− 1 

suspension of ZnO NPs was dissolved for 81% after 0.5 h of exposure 
while only 30% of the Cu NPs were dissolved after this exposure time. 
Also, the steady state concentration of the ZnO NPs was reached already 
after 4 h of exposure while it took 8 h for the Cu NPs to reach their steady 
state level (Fig. 2b). 

Table 1 
Hydrodynamic diameter and zeta potential of the tested metallic NPs during 48 
h of incubation.  

Compo- 
sition 

Size 
(nm) 

Hydrodynamic diameter (nm)a Zeta potential (mv) a 

0.5 h 24 h 48 h 0 h 48 h 

Cu 25 1259 ±
119 

1509 ±
179 

1955 ±
269 

− 0.8 ±
0.3 

− 0.7 ±
0.4 

60–80 1168 ±
103 

1748 ±
19 

2015 ±
28 

− 0.4 ±
0.3 

− 1.6 ±
0.3 

100 909 ±
67 

1191 ±
91 

1772 ±
179 

− 0.4 ±
0.2 

1.4 ±
0.4 

ZnO 25 1630 ±
232 

1718 ±
251 

1901 ±
200 

− 10.3 ±
0.2 

− 9.0 ±
1 

BaSO4 100 96 ± 6 
875 ±
147 

7457 ±
1478 

− 15.1 ±
1 

− 17 ±
1  

a Hydrodynamic diameter and zeta potential are expressed as the mean ±
standard deviation (n = 3). 
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The key observation for the 100 nm BaSO4 NPs was that they hardly 
dissolve and very quickly sediment, with initially (as shown in Table 1) 
only a small amount of non-aggregated particles remaining after 0.5 h of 
exposure. Because of their very low solubility, BaSO4 NPs were tested at 
the highest exposure concentrations amongst the five particles tested in 
this study. According to the results shown in Fig. 3, the lowest per-
centage of ion release of all particles tested was observed in the case of 
BaSO4 NPs: only 7 mg L− 1 of Ba ions were found to be present at an 
initial concentration of 1000 mg L− 1 when the suspensions were freshly 
made (i.e. with the determination of the actual concentrations of par-
ticles and ions performed after 0.5 h) while the remaining concentration 
of Ba left in suspension was 414 mg L− 1 after 0.5 h (Fig. 3b). The 
exposure time was prolonged from the maximum of 48 h as used for the 
other NPs to 15 days in order to investigate whether the solubility of 

BaSO4NPs increases after a longer exposure period. However, the con-
centration of Ba remained low at values in between 0.17 and 0.9 mg L− 1 

at all extended timepoints (Fig. 3). Overall, fast aggregation followed by 
sedimentation is the dominant process determining the fate of BaSO4 
NPs in Hoagland solution. Comparing the fate of the Cu and BaSO4 NPs 
of 100 nm nominal size thus clearly shows that chemical composition is 
a key property determining the fate of the NPs in aquatic suspensions. 

3.3. Toxicity profiles of the metallic NPs 

The RRE and the impacts of ions and NPs on biomass production of 
lettuce as compared to the control were used as the endpoints of toxicity 
assessment during an overall test duration of 20 days with refreshment 
of the exposure suspensions or of the ion solutions every 48 h. The 
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Fig. 1. Percentage of dissolved Cu released from Cu NPs suspensions. of Cu NPs suspensions during 48 h in the exposure medium at each concentration: (a) 0.01 mg 
L− 1; (b) 0.02 mg L− 1; (c) 0.1 mg L− 1; (d) 0.2 mg L− 1. Data are expressed as the mean ± SD (n = 3). 
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responses of the plants were recorded at each renewal of the medium. 
Thus, every two days the dose-response curves of the suspensions of the 
NPs were obtained. Based on the measured total exposure concentra-
tions and the ion release profiles of the NPs, the exposure concentrations 
of the NPs and the EC50 of both suspensions and particulate forms (eq. 4) 
during 480 h of incubation were determined as based on the time- 
weighted average exposure concentrations. 

3.4. Toxicity of ZnO NPs and Zn(NO3)2⋅6H2O after 480 h of exposure 

As indicated above, the ZnO NPs of 25 nm size dissolved very quickly 
in the ¼ Hoagland medium with in general over 80% of the particles 
being dissolved within 0.5 h of exposure. Given the high rates of 
dissolution, the toxicity of the suspensions was fully dominated by the 
toxicity of the Zn2+-ions released from the particles with EC50-values for 
both particle suspensions and ion solutions equal to 0.5 mg L− 1. Thus, no 
particle specific impacts were observed. 

3.5. Toxicity of BaSO4 NPs and Ba2+-ions 

Exposure concentrations of up till 1000 mg L− 1 of the 100 nm BaSO4 
NPs and of Ba2+-ions in the ¼ Hoagland medium did not induce any 
adverse effects on either root elongation or on biomass formation. As 
shown above, sedimentation is the key fate process governing the fate of 
BaSO4 NP in the medium. This implies that the actual exposure con-
centration of the lettuce roots to the NPs is very low with a maximum 
concentration of Ba measured in the medium after about 0.5 h of 
exposure. Similarly, in case of exposure to Ba2+-ions (BaCl2) it is the low 
solubility limit of the salt that is limiting actual exposure of the roots and 
protects the plants from adverse effects. 

3.6. Toxicity of Cu NPs and Cu2+-ions 

The overall finding was that root elongation as well as biomass 
production were effected by either the Cu-ions or the NP suspensions at 
concentrations in between 0.01 and 0.1 mg L− 1. Clear dose-response 
relationships were observed, as depicted in Figs. 4 (RRE) and 5 (in-
crease of biomass). Table 2 provides an overview of the actual exposure 
ranges as based on the measured CTWA of each of the Cu NPs and the 
Cu2+-ions. Thereupon, the EC50-values as determined for the NP sus-
pensions, the Cu2+-ion, and the Cu NPs (eq. 4) are shown in Table 2 for 
the endpoints root elongation and biomass production. In case of root 
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Fig. 3. Concentration of dissolved Ba-ions (a) and total Ba (b) as determined in suspensions of different initial concentrations of BaSO4 NPs during 336 h of exposure. 
Data were mean ± SD (n = 3). 

Fig. 4. Dose-response curves of RRE of Lactuca sativa L exposed to suspensions of Cu NPs(total) and solutions of Cu(NO3)2⋅2H2O for 144 (a) and 480 h (b) of exposure. 
Exposure concentrations are expressed as the time weighted average concentrations. Data represent the mean ± SD (n = 3). 

Table 2 
The EC50 values of the total and particulate forms of Cu NPs and Cu ions as 
calculated using the RA model (eq. 4). The EC50 values are expressed in terms of 
the time weighted average Cu concentration (CTWA) of either the Cu NP sus-
pensions (NP(total)) or of the particulate form of the Cu NPs (NP(particulate)) after 
480 h of exposure with 10 medium refreshments.  

NPs Exposure range (mg L− 1) EC50 (mg L− 1) 

Cu NP(total) Cu NP(particulate) 

RRE Biomass 
increase 

RRE Biomass 
increase 

25 nm 
Cu NPs 

0.01–1.30 0.03 0.03 0.01 0.02 

60–80 nm 
Cu NPs 

0.02–0.89 0.04 0.06 0.02 0.03 

100 nm 
Cu NPs 

0.01–0.31 0.02 0.10 0.01 0.03 

Cu2+ 0.01–1.80 0.07 0.06 / /  
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elongation as the endpoint, the EC50 values for Cu(NO3)2⋅2H2O was 
0.07 mg L− 1 Cu2+. An EC50-value of 0.06 mg L− 1 Cu2+ was obtained for 
biomass decrease. These values do not differ significantly and it is thus 
to be concluded that both endpoints were equally sensitive for exposure 
to Cu2+-ions. The EC50-values of the particulate forms of the three Cu 
NPs as obtained using the response addition model (RA) are in the range 
of 0.01–0.03 mg L− 1 and similar to eh case of Cu2+-ions both endpoints 
assessed in this study are equally sensitive to exposure to NPs of different 
size. The EC50-values of the Cu NPs are slightly below the EC50-values of 
the ions. However, the differences are not statistically significant. There 
is also no statistically significant difference in toxicity across the three 
Cu NPs of different size. 

Figs. 4 and 5 represent the dose-response curves obtained after 144 
and 440 h of exposure. In Fig. 6 the dynamics of the ion and NP sus-
pensions are displayed, showing the EC50-values as a function of expo-
sure time for both endpoints assessed in this study. When the endpoint 
was RRE, all EC50-values achieved steady state after 288 h of exposure, 
the suspension of the 100 nm Cu NPs had the lowest EC50 (0.02 mg L− 1) 
and the suspension of the 60–80 nm Cu NPs was the least toxic (EC50 =

0.04 mg L− 1). In general, slightly higher EC50-values were obtained for 
the endpoint of biomass increase. For this endpoint too, the EC50-values 
remained the same after 288 h of exposure, except for some small de-
viations for the the Cu2+-solutions. 

4. Discussion 

The results of this study showed that especially the chemical 
composition of NPs significantly affects lettuce root elongation and 
biomass increase, whereas particle size has a virtually negligible effect 
on these endpoints. These findings are to a major extent the consequence 
of the processes determining the fate of the NPs ion the test medium 
selected. Especially the pH value of 6 of the Hoagland medium strongly 
affects the kinetics of dissolution of the ZnO NPs as well as the Cu NPs 
and it is to expected that a higher pH would reduce the rate of disso-
lution, as discussed by Hortin et al. (2020). This would in turn increase 
the time weighted average particle concentrations and the potential for 
more significant contributions to suspension toxicity. The focus of our 
study was on the time-resolved actual exposure concentrations of ions 
and particles in suspension. These were quantified separately as a 
function of exposure duration. As non-dissolved or non-suspended 
cannot interact with the roots of the lettuce plants, the sedimented 
particles were not specially quantified. However, as it is impossible to 
‘loose’ metal over the duration of the experiment, and thus the con-
centration of sedimented metal can be calculated based on the data 
provided in Table 1 and in the Figures reflecting the time-course of the 
concentrations of ions and particles in suspension. 

Given the observed pattern of Cu2+-ions being slightly less toxic than 

the Cu NPs used in this study, it is likely that overall suspension toxicity 
increases at higher pH. On the other hand, the fate and the (lack of) 
toxicity of the BaSO4 NPs were driven by fast particle aggregation ki-
netics and subsequent fast sedimentation. Particle aggregation is known 
to be strongly affected by the ionic strength of the medium (Baalousha 
et al., 2016) with rates of aggregation decreasing at decreasing ionic 
strength. However, it is unlikely that reduction of the ionic strength of 
the Hoagland medium whilst maintaining the minimum amounts of 
nutrients needed to sustain growth of the lettuce plants, would suffi-
ciently reduce aggregation of the BaSO4 NPs in order to observe any 
adverse impacts on growth of the lettuce seedlings. 

Particle dissolution is affected by the physico-chemical characteris-
tics of NPs, e.g. shape, size, and initial concentration (Angel et al., 2013). 
It has been reported that dissolved Cu+-ions released by Cu NPs are 
readily oxidized to Cu2+ ions and then complexed in the environment 
(Adeleye et al., 2014; Lin et al., 2018). This provides the driving force for 
continued release of Cu2+ ions and accounts for the relatively high ion 
release that was observed. The key issue is on the method used to 
separate ions and particles. In one of our publications, using metallic 
nanoparticles in a similar medium, we confirmed that the conditions 
used for centrifugation of the suspensions provide an effective method to 
reliably obtain the concentrations of released ions from NPs, achieving 
fully similar results as compared to results of membrane-based filtration 
(Xiao et al., 2015). Here we assessed NPs differing in dissolution po-
tential, with the ZnO NPs being more soluble than the NPs of a different 
chemical composition. The results of Xiao et al. (2015), as obtained in a 
different exposure medium, indicated that the differences in the extent 
of dissolution of Cu NPs and ZnO NPs were related mainly to their initial 
concentration, in which the equilibrium between truly dissolved metal 
ions, complexed ions, and metal ions absorbed on the remaining parti-
cles influenced the overall rate of ion release. In our case, the initial 
concentrations of Cu NPs did not exert any effect on the extent of 
dissolution of the particles. It is common practice in regulatory research 
to mimic realistic environmental conditions. Amongst others this is 
needed as the composition of the aquatic environment fluctuates 
strongly over time and space. The conditions employed in this study 
reflect conditions that are within the ecological boundaries of the lettuce 
plants used. The experimental design was such that it allowed to verify 
our hypothesis and we would like to stress that this experimental design 
can be directly applied to any aquatic medium as the experimental 
design combines proper fate assessment with proper impact assessment 
of particles and ions. Toxicity studies with NPs of different composition, 
size and shape, have been performed on a variety of ecologically rele-
vant species (Arenas-Lago et al., 2019; Wu et al., 2020a, 2020b; Zhai 
et al., 2019). 

Our results showed that the root growth and fresh biomass produc-
tion of lettuce plants were inhibited after exposure to Cu NPs, 

Fig. 5. Dose-response curves of fresh biomass decrease of Lactuca sativa L exposed to suspensions of Cu NPs(total) and solutions of Cu(NO3)2⋅2H2O for 144 (a) and 480 
h (b) of exposure. Exposure concentrations are expressed as the time weighted average concentrations. Data represent the mean ± SD (n = 3). 
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confirming the results of Echavarri-Bravo et al. (2015) of negative im-
pacts of NPs on plant growth. No obvious size-effect was observed for 
either RRE or biomass production (Table 2). The size-effect of NPs has 
previously been described with daphnids (Lopes et al., 2014), algae 
(Aruoja et al., 2009) and bacteria (Simon-Deckers et al., 2009). Hua 
et al. (2014) observed a linear increase of the LC50-values for the impacts 
of Cu-NPs with sizes ranging from 25 to 100 nm on lethality to zebrafish 
embryos. In the present study a similar trend was only observed for the 
specific case of the impact of suspensions Cu NPs on biomass production 
(Table 2). 

Industrially relevant nanomaterials such as TiO2, CeO2 and BaSO4 
have been classified as being poorly soluble particles with low toxicity 
(Borm and Driscoll, 2019). The results of our study confirm the classi-
fication for BaSO4. It was shown that the extent of ion release from the 
BaSO4 NPs was low (<1% of the total concentration) and neither the 
particles nor the ions exerted any toxic effects to plants, even at con-
centrations of up to 1000 mg L− 1. This finding is not in line with the 
results of the research of Suwa et al. (2008) as these authors considered 
the barium ion to be the driving force for the observed toxic effects on 
inhibition of growth of soybean plants with 5 mmol of Ba ions shutting 
down stomatal openings and perturbing the carbon fixation metabolism 
and carbon translocation. On the other hand, Lamb et al. (2013) re-
ported negligible uptake of Ba2+-ions after exposing spinach to extracts 
of barite contaminated soil and these authors indicated that adverse 
effects to either plants (exposure via soil) or to children after con-
sumption of barium containing plants, is unlikely to cause adverse ef-
fects. The solubility of Barium is the key factor concerning its 
ecotoxicity: toxicity studies with BaSO4 in the form of 100% barite have 
reported no obvious indications of toxicity, and even no significant 
differences in biological response were observed at the highest doses 
(>106 mg kg− 1 soil). These observations, combined with the observa-
tion of lack of toxicity at all doses of BaSO4 nanoparticles with a 
diameter of 100 nm imply in our opinion that adverse effects are un-
likely to occur for BaSO4 particles of size >100 nm. The kinetics of 
dissolution increase upon decreasing particle size and this is why our 
findings cannot be directly extrapolated to smaller sized particles. 
However, the observed lack of toxicity of Ba2+ is indicative of a lack of 
toxicity of smaller sized BaSO4-nanoparticles. Taken together, our re-
sults confirmed the general findings of Lamb et al. and showed that the 
particulate as well as the ionic form of BaSO4 NPs did not exert any 
effects on the growth of lettuce plants, independent of the endpoint 
assessed. 

With regard to similarity assessment of NFs, the results of this case 
study clearly show that it is not possible to group NFs of different 
chemical composition. On the basis of the dose-response curves and the 
resulting EC50 values of the differently sized Cu NPs reported in Table 2 
it can on the other hand be concluded that for the endpoints of RRE and 
biomass production of lettuce seedlings it is indeed possible to group 

spherical Cu NFs of particle diameter in between 25 and 100 nm. As 
there is little variation amongst the reported EC50-values and as there is 
no clear indication of any correlation between particle size and toxicity, 
it can be concluded that the set of Cu NFs is indeed similar and all in-
formation available on any of the NFs within the group, can only be 
applied to the specific NFs when considering the tested endpoints (RRE 
and biomass production). In addition, data available on Cu2+-ion 
toxicity can be used to fill in the data requirements for the risk assess-
ment of similar spherical Cu NFs. 

5. Conclusions 

The key aims of this case study were to exemplify the integration of 
fate and effect assessment to assess in order to perform similarity 
assessment of a set of spherical NPs of different chemical composition 
and particle. It is to be concluded that for similarity assessment of sol-
uble and non-soluble NPs the time weighted average particle or ion 
concentrations are proper means of incorporating the fate of either 
particles and ions on the dose-response relationships obtained for the 
NFs studied. Chemical composition is shown to determine the fate and 
subsequently the toxicity of the NFs. The hypotheses of higher ion 
release occurring for lower-sized NFs and ionic toxicity to be the 
dominant contributor to the total toxicity of suspensions of NPs were 
shown to be incorrect and no relationship between NF size and NF 
toxicity for the endpoints root elongation and biomass production of 
lettuce were found. For the purpose of similarity assessment of spherical 
Cu NFs, data on the tested Cu NF with nominal size in between 25 and 
100 nm can be used for the risk assessment of specific Cu NF within this 
size range but with the endpoint considered. 
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The EC50-values are expressed as time weighted average concentrations. 
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