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ARTICLE INFO ABSTRACT

Edited by: Dr. Caterina Faggio Nanosized titanium dioxide (nTiOs) is widely used in products, warranting its discharge from various sources

into surface water bodies. However, nTiO, co-occurs in surface waters with other contaminants, such as metals.

Keywords: Studies with nTiO, and metals have indicated that the presence of natural organic matter (NOM) can mitigate
Naf‘OPartICICS their toxicity to aquatic organisms. In addition, “aging” of nTiO; can affect toxicity. However, it is a research
Aging . challenge, particularly when addressing sublethal responses from dietary exposure over multiple generations.
Natural organic matter . . .

Multigeneration We, therefore exposed the alga Desmodesmus subspicatus to nTiOy (at concentrations of 0.0, 0.6 and 3.0 mg
Dietary metal exposure nTiOz/L) in nutrient met%ium age.d for 0 or 3 days with copper (Cu). at concentrations of 0 and 116 pg Cu/L and
Adaptation with NOM at concentrations equivalent to 0 and 8 mg total organic carbon (TOC) per litre. Subsequently, the

exposed alga was fed to Daphnia magna for 23 days over two generations and survival, reproduction and body
length were assessed as endpoints of toxicity. In parallel, Cu accumulation and depuration from D. magna were
measured. The results indicate that the reproduction of D. magna was the most sensitive parameter in this study,
being reduced by 30% (at both parental (Fy) and filial (F;) generations) and 50% (at Fo but not F;) due to the
dietary Cu exposure in combination with nTiO3 for 0 and 3 days aging, respectively. There was no relationship
between the effects observed on reproduction and Cu body burden in D. magna. Moreover, D. magna from the F;
generation showed an adaptive response to Cu in the treatment with 3.0 mg nTiO/L aged for 3 days, potentially
due to epigenetic inheritance. Unexpectedly, the presence of NOM hardly changed the observed effects, pointing
towards the function of algal exopolymeric substances or intracellular organic matter, rendering the NOM
irrelevant. Ultimately, the results indicate that the transferability of the impacts observed during the Fy to the
responses in the F; generation is challenging due to opposite effect directions. Additional mechanistic studies are
needed to unravel this inconsistency in the responses between generations and to support the development of
reliable effect models.

1. Introduction NOM or metals, with consequences on ENP and metal toxicity, respec-

tively (Roy et al., 2022). Changes in metal toxicity due to the presence of

The rapid expansion of nanotechnology has enabled the extensive
usage of engineered nanoparticles (ENPs) in a wide variety of industrial
and commercial products (Abdel-Latif et al., 2020), including paints,
cosmetics, catalysts and personal care products (Chen and Mao, 2007;
Luo et al., 2020; Mueller and Nowack, 2008). Consequently, ENPs are
discharged in increasing quantities into the environment through, for
example, wastewater treatment plant effluents (Jacobasch et al., 2014).
Once in aquatic systems, ENPs interact with other substances, such as

ENP have attracted substantial attention with a strong focus on water-
borne exposure (Geffard et al., 2008; Hartmann et al., 2012; Kim et al.,
2016; Li et al., 2017; Rosenfeldt et al., 2014; Roy et al., 2022, 2021; Tan
et al., 2012; Wang et al., 2023). However, growing evidence suggests
that dietary exposure, including food chain transfer, is crucial when
assessing the environmental risks of metals or ENPs (Awoyemi et al.,
2020; Li and Slaveykova, 2022; Shi et al., 2020).

Studies have shown that ENPs can alter bioaccumulation behaviour

* Corresponding authors at: iES Landau, Institute for Environmental Sciences, RPTU Kaiserslautern-Landau, Germany.
E-mail addresses: rajdeep@uni-landau.de (R. Roy), mirco.bundschuh@rptu.de (M. Bundschuh).

https://doi.org/10.1016/j.ecoenv.2024.116031

Received 21 August 2023; Received in revised form 18 January 2024; Accepted 25 January 2024

Available online 2 February 2024

0147-6513/© 2024 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:rajdeep@uni-landau.de
mailto:mirco.bundschuh@rptu.de
www.sciencedirect.com/science/journal/01476513
https://www.elsevier.com/locate/ecoenv
https://doi.org/10.1016/j.ecoenv.2024.116031
https://doi.org/10.1016/j.ecoenv.2024.116031
https://doi.org/10.1016/j.ecoenv.2024.116031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoenv.2024.116031&domain=pdf
http://creativecommons.org/licenses/by/4.0/

R. Roy et al.

and trophic transfer of metals in aquatic organisms. For example, Chen
et al. (2019) found that fullerene (Cgo) NPs can mitigate cadmium (Cd)
uptake in an aquatic food chain model using D. magna and zebrafish
(Danio rerio). The presence of Cgy NPs assisted Cd bioaccumulation in
D. magna from water but reduced dietary Cd bioaccumulation in D. rerio.
This observation was attributed to a reduced gut residence time and thus
stimulated excretion due to Cgg (Chen et al., 2019). In contrast, nTiO5
increased lead (Pb) bioaccumulation from copepods to African catfish
(Matouke and Mustapha, 2020) leading to neurotoxicity and reduction
of antioxidant enzyme levels relative to the absence of nTiO5. Similarly,
nTiO, attached to marine microalgae promotes arsenic (As) sorption,
stimulating As transfer to Artemia salina but reducing As bio-
accumulation in A. salina (Yang et al., 2018a). In contrast, nTiO5
diminished intracellular inorganic mercury (Hg) uptake by algae, which
was mirrored at the trophic level of its consumer, D. magna (Li and
Slaveykova, 2022). These insights highlight the relevance of ENPs in
metal accumulation, trophic transfer (i.e., dietary exposure) and effects.
At the same time, these studies are limited to short-term exposures or
chronic exposure over one generation, questioning their relevance for
longer (i.e., multi-generational) exposure durations that are to be ex-
pected in surface water. It remains, moreover, unclear whether and how
environmental factors, such as the presence of NOM, the time ENPs
undergo a modification of their surface characteristics or interactions
between ENP and metal (i.e., aging) affect bioaccumulation, trophic
transfer and effects on higher trophic levels.

Against this background, the present study assessed the impact of
nTiO, aging (0 vs 3 days) and NOM (0 vs 8 mg TOC/L) on Cu toxicity
through dietary exposure to D. magna over two generations. As model
ENP and metal, nTiO; and Cu were selected driven by their wide
application (Ahmed et al., 2021; Akakuru et al., 2020; Richardson,
1997) and, thus, their environmental relevance (Donnachie et al., 2014;
Fan et al., 2020, 2019; Luo et al., 2020). Moreover, as an essential
element, Cu, is of physiological relevance for organisms (Bossuyt and
Janssen, 2005) but becomes detrimental when it exceeds those physio-
logically required levels (Nordberg, 2007). Since nTiO, may act as a
carrier for metals (Matouke and Mustapha, 2020; Yang et al., 2018a), it
was hypothesized that (1) Cu in the presence of this ENP impairs the
fitness of D. magna when exposed through their diet being related to (2)
an elevated Cu accumulation compared to the absence of ENP. More-
over, due to parental exposure, (3) D. magna can adapt to this situation
already with the subsequent generation (Bossuyt and Janssen, 2004,
2003), reflected by less severe impacts in the filial relative to the
parental generation. Finally, it was hypothesised that (4) the presence of
NOM reduces any negative impact through the formation of an
eco-corona (Liu et al., 2023) and complexation of metals that may cause
the metal to be less bioavailable, as documented in earlier studies
(Adusei-Gyamfi et al., 2019; Rosenfeldt et al., 2015; Roy et al., 2021).

2. Materials and methods
2.1. Test substances

An additive-free, stable nTiO5 stock dispersion (in Milli-Q water) was
obtained from the Institute for Particle Technology (TU Braunschweig,
Germany). The stock dispersion was produced by stirred media milling
(PML 2; Biihler AG, Switzerland) of P25 nTiO; powder (AEROXIDE®
TiOy P25; anatase:rutile:amorphous ratio 78:14:8; Evonik) with the
advertised primary particle size and surface area of 21 nm and 50 + 15
m2/ g, respectively in deionized water with a low pH (~3). The nTiOy
stock dispersion (3000 mg nTiOy/L) was ultra-sonicated (Bandelin
Sonorex Digitec DT 514 H ultrasonic bath, frequency 35 kHz) for 10 min
before application ensuring a homogeneous particle distribution (with
an average particle hydrodynamic diameter of ~100 nm; Table S1). The
Cu stock solution (26 mg Cu/L) was prepared freshly before application
using Cu(NO3)2 x 3 HoO (Carl Roth; purity > 99%, p.a., ACS). The salt
was mixed with deionized water (until complete dissolution) in a
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polypropylene volumetric flask, followed by serial dilution to obtain the
desired nominal Cu concentration (refer to the section “Aging process,
analytical measurements and algal exposure” for further details).

2.2. Test organisms

The primary producer, D. subspicatus was obtained from the Culture
Collection of Algae (SAG 86.81; Gottingen University, Germany) and
maintained in an environmental test chamber (SANYO, Japan) at 20 +
1 °C and a 16:8 h light:dark cycle (5000 — 5500 lux; cool-white illu-
mination). The alga was cultured in a nutrient medium (Table S2; pH
adjusted to ~8.2; Kuhl and Lorenzen, 1964), facilitated with continuous
stirring (250 rpm; Magnetic stirrer, VARIOMAG POLY 15, Thermo
Fisher, USA) and constant aeration (OECD 2011).

The primary consumer, D. magna (clone V) was originally obtained
from Eurofins-GAB laboratories (Germany) and maintained in a climate-
controlled chamber (Weiss Environmental Technology Inc., Germany) at
20 + 1 °C with a 16:8 h light:dark cycle (800 — 1000 lux; OSRAM L 58
W/21 —840 ECO, Germany). ASTM reconstituted hard water (pH ~8.2)
supplemented with selenium, vitamins (biotin, thiamine, cyanocobal-
amin) and 8 mg TOC/L seaweed extract (Marinure®, Glenside, Scot-
land) served as culture medium (ASTM, 2007). The medium was
renewed thrice per week and feeding with D. subspicatus was done daily
at ~ 66, 100, 150 and 200 pg C/animal for D. magna aged 0-3, 4-7, 8
and > 8 days, respectively.

2.3. Aging process, analytical measurements and algal exposure

First, Cu was aged in a nutrient medium (Table S2; Kuhl and Lor-
enzen, 1964) in the presence or absence of NOM, nTiO, or both,
following a 2 x 2 x 2 x 3 fractional design (Fig. 1A). In detail, the
fractional design comprised two Cu concentrations (0 and 116 pg Cu/L;
representing the absence of Cu as well as the 96 h ECsg of Cu for
D. subspicatus (Fig. S1)), two aging durations (i.e., 0 and 3 days), two
NOM levels (0 and 8 mg TOC/L) and three nTiO, concentrations (0.0,
0.6 and 3.0 mg nTiO4/L; representing the absence of nTiO, as well as the
96 h EC;9 and ECsp of nTiO; for D. magna (Roy et al., 2021)). The se-
lection of these parameters was motivated by a previous study (Roy
et al., 2021), easing a direct comparison of the results between studies.
The aging process was carried out at 16 & 1 °C in darkness on a shaker
(150 rpm; VKS-B-50, Edmund Biihler GmbH, Germany) following Roy
et al. (2021). The darkness during the aging process prevented
photo-activation of nTiO, and thus the oxidation of NOM (Seitz et al.,
2015) The continuous shaking kept nTiO, in suspension (no sedimen-
tation was visible during shaking). The mean hydrodynamic diameter,
measured by dynamic light scattering (DelsaNano C, Beckman Coulter,
Germany) of nTiO; (in the presence and absence of Cu and NOM) was
evaluated after aging and immediately before exposure of D. subspicatus
(Table S4).

Additionally, spiked Cu and nTiO, concentrations in the aged me-
dium were quantified (Table 1) using inductively coupled plasma mass
spectrometry (ICP-MS; NexION 1000, Perkin Elmer). For this purpose,
2 mL of 0-day-aged (i.e., unaged) medium was acid digested using 5 mL
of Hy04 (30% Rotipuran® Carl Roth GmbH) and 10 mL H2SO4 (95%
Rotipuran® Carl Roth GmbH) for 2.5 h at 250 °C before being diluted
and injected to ICP-MS (Philippe et al., 2022). The detection limits for
Cu and Ti were 0.4 and 0.5 pg/L, respectively. The 3-day-aged medium
was centrifuged (Heraeus Multifuge 4KR, Thermo Scientific) at 8600g
for 20 min and 10 mL of the supernatant was acidification with 2%
HNO3 (Suprapur® 65%) prior to ICP-MS analysis. As centrifugation
separates nTiO; from dissolved Cu, the chemical analyses of the super-
natant focused on the dissolved Cu. The concentration of Cu adsorbed by
nTiO, was not analytically determined. Although we refer to Cu
throughout the document, the concentration of each possible Cu species
present in the aging medium at equilibrium has been determined theo-
retically using visual MINTEQ version 3.1 (Gustafsson, 2013) as detailed
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Fig. 1. Graphical representation of the experimental setup for (A) aging of Cu (0 and 116 ug Cu/L) in combination with NOM (0 and 8 mg TOC/L) and nTiO (0.0,
0.6 and 3.0 mg nTiO,/L) for 0 and 3 days followed by (B) exposure of alga to the aged medium for 96 h. The exposed alga served as food for D. magna during a two-
generational experiment and for assessing Cu accumulation via dietary exposure.

Table 1

The measured Cu and nTiO; concentrations (mean =+ SD; n = 3) in the aged medium as a function of aging duration, NOM concentration and their respective nominal
concentrations. The nTiO, concentrations were not determined for 3-day-aged medium, as deviations between nominal and measured concentrations were expected to
be the same as reported for treatments without aging (0 days). Additionally, Cu concentration (mean =+ SD; n = 3) in D. subspicatus after 96 h of exposure to the
respective aged medium is reported. Cu concentration in D. subspicatus was below the detection limit (< LOD) in absence of Cu and nTiO; and is hence not reported
here. Significant differences in the Cu concentration in D. subspicatus in presence of lower (0.6 mg nTiO»/L) or higher (3.0 mg nTiO,/L) nTiO; level relative to its
absence for the same combinations of factors are denoted by asterisk (*). The ‘a’ denotes significant differences (p < 0.05) relative to the same combinations of factors
but without aging (0 day). Not assessed = n.a.

Cu concentration in D. subspicatus

Aging duration NOM nTiO, concentration in water Cu concentration in water
(days) (mg TOC/L) - - .
Nominal (mg/L) Measured (mg/L) Nominal (pg/L) Measured (pg/L) (ug/g dry weight)
0 0 0.0 < LOD 116 96.91 + 0.60 57.43 + 2.42
8 < LOD 104.74 £+ 14.64 61.52 + 3.40
0 0.6 0.7 +0.01 96.91 + 0.98 53.79 + 3.24
8 0.6 + 0.04 95.81 + 0.76 68.73 + 3.78
0 3.0 3.0+0.11 96.56 + 0.10 86.89 £ 3.89 * **
8 2.8 +0.08 97.17 £ 0.67 104.04 + 6.38 * *
3 0 0.0 n.a. 116 95.17 £ 1.13 82.99 + 3.58%
8 n.a. 93.61 +£0.18 69.68 + 3.56%
0 0.6 n.a. 93.72 + 0.88 74.15 + 0.37 **
8 n.a. 93.04 £ 0.19 58.36 + 12.63
0 3.0 n.a. 94.92 + 0.70 98.52 +5.13 **
8 n.a. 93.08 + 0.61 81.69 + 5.62 **
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and provided in the Supporting information (Table S5).

Second, exponentially grown D. subspicatus (5 x 10°% cells/mL; ob-
tained from a four days old inoculum culture (OECD, 2006)) were
exposed to the aged medium (Fig. 1B) at 20 + 1 °C in an environmental
test chamber (SANYO, Japan), facilitated by stirring (250 rpm) and
uniform cool-white illumination (5000 — 5500 lux). After 96 h of
exposure, the algal suspensions were centrifuged (Heraeus Multifuge
4KR, Thermo Scientific) at 2700 rpm (20 °C) for 4 min, followed by four
successive centrifugal cleaning steps with phosphate-buffered saline (as
per Shi et al., 2020). The centrifugal cleaning steps ensure the separation
of algal cells from the exposure medium (Shi et al., 2020). The algal
pellets were re-suspended in the nutrient medium (Table S2; Kuhl and
Lorenzen, 1964) and fed to D. magna during the two-generational
experiment (Fig. S2). Moreover, an aliquot of algal pellets, stored at
— 20 °C, served to quantify Cu in alga (Table 1). Before chemical anal-
ysis, the algal pellets were oven-dried for ~48 h at 60 °C, weighed and
acid digested (Microwave MarsXpress; CEM GmbH) with aqua regia at
175 °C for 1 h. After cooling down, the digested samples were diluted
(1:20; v:v) with Milli-Q water and analysed using ICP-MS (NexION
1000, Perkin Elmer).

2.4. Two-generational dietary Cu exposure of Daphnia

The two-generational experiment of D. magna was established
(Fig. S2) following Volker et al. (2013) and Hartmann et al. (2019) with
minor modifications. Briefly, neonates (age < 17 h) originating from the
lab culture were raised individually (n=1) in glass microcosms
(n = 10) containing 50 mL of ASTM medium. These animals were fed
D. subspicatus from the different aging treatments (Fig. 1 and S2; Table 1)
daily in an age-dependent manner (see above “Test organisms™) for 23
days (i.e., Fo generation). The third brood from the F( generation of each
treatment was used to initiate the F; generation. More specifically, a
random neonate was taken from each replicate of the third brood in the
Fo generation to initiate one replicate of the F; generation. To ensure a
constant replication (n = 10) between generations, replicates without a
third brood (i.e., due to mortality) were replaced by a randomly selected
neonate from the remaining replicates of the same treatment. The
number of offspring was counted and removed daily. As endpoints,
survival, time to first brood, inter-brood duration (i.e., the average time
between broods), cumulative mean number of offspring produced per
adult D. magna, and body length (i.e., distance from nauplius eye to the
base of the apical spine) of adult D. magna were determined. To measure
body length, a digital image was taken from each replicate at test
termination and analysed using ImageJ (version 1.53k; National In-
stitutes of Health, USA). Additionally, environmental parameters were
set at the conditions used during culturing. The ASTM medium was
renewed three times per week with the physico-chemical parameters
(pH, temperature and dissolved oxygen) of the fresh and old ASTM
medium being recorded (using WTW Multi 340i; Table S6).

2.5. Dietary Cu accumulation in Daphnia

Five-day-old unexposed D. magna (originating from the lab culture)
were allowed to evacuate their guts for 3 h as suggested by Zhao et al.
(2009). Afterwards, dietary Cu accumulation was assessed by trans-
ferring 700 D. magna to each of the nine replicates set up per treatment.
Each replicate consisted of a glass microcosm filled with 1.5 L fresh
ASTM medium, while daphnids were fed 100 pg C of D. subspicatus per
animal (Table 1) for 48 h. Medium and food were renewed after 24 h.
Due to the lack of effects caused during the two-generational experi-
ment, NOM treatments were excluded. We employed 700 five-day-old
animals per replicate to ensure sufficient biomass for Cu quantifica-
tion and to avoid reproduction during the study duration. To quantify
internal Cu concentrations in D. magna, three replicates, each containing
700 animals, per treatment were removed from the experiment after
48 h of exposure and 50 min as well as 12 h after transfer to fresh ASTM
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medium (depuration). Animals were rinsed with 10 uM NasEDTA for
5 min (Hartmann et al., 2012), followed by MilliQ water for 1 min to
remove any contaminated debris attached to the surface. After that, the
animals are stored at — 20 °C until chemical analysis, following the
procedure outlined for alga.

2.6. Data analysis

The statistical analyses and visualization of data were performed
using R version 2022.12.0 for Windows (R Core Team, 2022) and the
extension packages “DescTools” (Signorell et al., 2019), “permuco”
(Frossard and Renaud, 2021), “ggplot2” (Wickham, 2016) and “ggpubr”
(Kassambara, 2020). The data were analysed for normality using Sha-
piro-Wilk tests and visual inspection. Due to normality but unequal
variances of the data, Welch t-tests (Welch, 1947) were performed to
compare two treatments (with a similar combination of factors) for
statistical significance of Cu concentrations in alga (Table 1) or in
D. magna (Table 2) in terms of absence vs. presence of nTiO, or dietary
accumulation vs. depuration and between aging durations. In contrast,
the data from the two-generational experiment (for instance, time to
first brood, inter-brood duration, cumulative mean offspring/adults and
body length) were analysed with a permutational analysis of variance
(Frossard and Renaud, 2021) due to the lack of normality and variance
homogeneity. Additionally, Benjamini-Hochberg post hoc testing was
used for comparison of the effects as a function of Cu, NOM, nTiO,,
aging and their interaction (Fig. 2, Table S7 — 10). Statistically signifi-
cant differences of the response variable among the treatments in the
two-generational experiment relative to a control (“Ctrl”; in absence of
Cu and nTiOy) or in absence of nTiOy, but the presence of Cu of the
respective aging duration and generation are reported in Figs. 3, 4, S4
and S5. In the comparisons, statistically significant differences are rep-
resented at levels of p < 0.001 (***), p < 0.01 (**), p < 0.05 (*) and
p<0.1().

3. Results
3.1. Effects on Daphnia over two generations

Survival of D. magna was virtually unaffected by dietary Cu exposure
over two generations (Fig. S3). In fact, mortality never exceeded 10%
and randomly occurred between generations and treatments. Similarly,
the time to first brood of D. magna was not affected among generations if

Table 2

Cu body burden of D. magna after dietary exposure. Daphnids were fed for 48 h
with D. subspicatus exposed for 96 h to Cu aged for 0 and 3 days in presence of
nTiO, (Table 1). Exposure of D. magna was followed by 50 min and 12 h dep-
uration in uncontaminated ASTM medium. The data are represented as the mean
+ SD (n = 3). Asterisk (*) indicates a significant difference in Cu concentration
in D. magna after 50 min or 12 h of depuration relative to the end of the exposure
duration. The ‘a’ denotes a significant difference (p < 0.05) in Cu concentration
within the organism relative to the same combinations of factors but without
aging (0 days).

Cu concentration in D. magna (ug Cu/g dry body weight)

Aging nTiO, At termination of Depuration: Depuration:
(days) (mg/L) exposure 50 min 12h
0 0 19.36 + 3.60 17.44 £ 3.71 12.45+£1.15
0.6 21.01 + 0.72 14.24 10.55
£0.73 % ** £ 0.75 % **
3.0 22.29 +0.27 13.64 £+ 3.02 * 11.47
+0.42 * **
3 0 20.89 + 2.55 14.40 +£1.51 * 5.62
+1.35% %
0.6 20.15+1.13 13.70 £2.41 * 8.12
+0.58 * **
3.0 21.64 +1.24 15.18 6.51
+1.31** +3.01 **@
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Fig. 3. Time to first brood for D. magna over two generations fed with D. subspicatus exposed for 96 h to Cu (0 or 116 ug Cu/L) aged for O (i.e., unaged) and 3 days in
presence of NOM (0 or 8 mg TOC/L) and nTiO; (0.0, 0.6 or 3.0 mg nTiO,/L). The data are represented as the mean + 95% confidence interval (n = 10). Statistically
significant differences of the response variable among the treatments relative to a control (“Ctrl”; in absence of Cu and nTiO,) of the respective aging duration and
generation are denoted by ‘asterisk’ (*) and ‘opened circle’ (°) which represent p < 0.05 and < 0.1, respectively. Statistical analyses of the data using permutational

analysis of variance are displayed in Table S7.

alga was exposed to an unaged mixture of factors relative to the control
(Fig. 3). Contrary, this parameter was delayed in the Fy but not the F;
generation by approximately 30% through dietary Cu exposure at all
factor combinations when aged for 3 days. Additionally, the inter-brood
duration remained unaffected (Fig. S4).

The cumulative reproduction of D. magna at Fy generation was
significantly stimulated by around 30% through dietary Cu exposure
when combined with 0.0 and 0.6 mg nTiOy/L and irrespective of the
NOM level without aging (Fig. 4). Inversely, this parameter was
approximately 30% significantly reduced in both generations when
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Fig. 4. The cumulative mean number of offspring produced per adult D. magna over two generations fed with D. subspicatus exposed for 96 h to Cu (0 or 116 pg Cu/L)
aged for O (i.e., unaged) and 3 days in presence of NOM (0 or 8 mg TOC/L) and nTiO, (0.0, 0.6 or 3.0 mg nTiO,/L). The data are represented as the mean + 95%
confidence interval (n = 10). Statistically significant differences of the response variable among the treatments relative to a control (“Ctrl”; in absence of Cu and
nTiO,) or in absence of nTiO, but the presence of Cu of the respective aging duration and generation are denoted by ‘asterisk’ (*) or ‘opened circle’ (°) which
represent p < 0.05 and < 0.1, respectively. Statistical analyses of the data using permutational analysis of variance are displayed in Table S9.

combined with 3.0 mg nTiO,/L without aging. In addition, cumulative
reproduction of the Fy but not the F; generation was significantly
reduced by up to a factor of two after 3 days of aging and irrespective of
nTiO; levels. In contrast to reproduction, the body length of D. magna
was in most cases, except for a 30% reduction when Cu was combined
with 3.0 mg nTiOy/L without aging and NOM in the Fy generation,
unaffected across treatments and generations (Fig. S5).

3.2. Dietary Cu accumulation in Daphnia

The Cu concentration in D. magna reached approximately 20 ug Cu/g
dry weight after 48 h of exposure (Table 2), an observation that is in-
dependent of nTiO; concentrations and aging duration. Similarly, after a
50 min depuration, the Cu body burden was significantly reduced by
30-35% independent of nTiO, concentrations and aging duration. In
contrast, 0 and 3 days of aging between Cu and nTiO; reduced the Cu
body burden after 12 h of depuration by 2- and 4-fold, respectively
(Table 2).

4. Discussion

4.1. Impact of nTiOz on the toxicity of dietary Cu exposure in absence of
NOM

Dietary Cu increased the overall offspring production per adult in the
Fo generation if exposure was realised without aging as well as in
absence or presence of NOM and nTiO; at low (0.6 mg nTiO,/L) levels.
This observation is in line with an earlier study documenting a stimu-
latory impact on the reproduction of D. magna at low Cu levels (Dave,
1984). In contrast, the presence of 3.0 mg nTiOy/L reduced the overall
offspring production. Earlier reports emphasize a negative impact on
D. magna due to the higher Cu bioaccumulation with increasing nTiO2
level (mainly via waterborne exposure (Fan et al., 2011; Liu et al., 2019;
Wang et al., 2023)). This observation could not be confirmed in the

present study. In fact, dietary Cu accumulation in D. magna did not
significantly vary among nTiO, levels even though Cu concentration in
food (i.e., D. subspicatus) was enhanced in the presence of 3.0 mg
nTiO,/L relative to its absence (Table 1). These insights point to other
mechanisms, such as the combined effect of nTiO3 and Cu, driving the
observed impacts in D. magna reproduction. In addition to the negative
impact on D. magna reproduction at high nTiO, levels (without aging
and in the absence of NOM), the body length of adults was reduced,
which may point to a reallocation of energy towards survival and
detoxification that would otherwise be used for reproduction and so-
matic growth (McNab, 2002; Martinez-Jeronimo, 2012). According to
DuRant et al. (2007), energy assimilated by organisms is mainly
assigned to maintenance, i.e., survival through basal metabolism, ac-
tivities (such as locomotion, foraging and digestion) and detoxification.
Substantially less energy is allocated towards production, i.e., repro-
duction and somatic growth. Therefore, contaminant-induced increases
in the amount of energy allocated to maintenance may lead to propor-
tionately higher reductions in production, which in turn may cause
variations in life history traits, including maturity age, reproductive
output, growth rate and size (Lucas, 1996). This logic is represented by
the net-production model (Peeters et al., 2010) where maintenance is
prioritised using assimilated energy over somatic growth and
reproduction.

In contrast to the effects observed without aging, the onset of first
brood was delayed and overall offspring production per adult D. magna
was reduced in presence of Cu across all nTiO levels in the F( genera-
tion when fed with the alga exposed for 96 h to 3 days aged medium.
Although Cu concentrations in alga of these treatments are significantly
higher relative to the unaged treatments (Table 1), our bioaccumulation
study suggests that Cu body burdens were comparable after a 48 h
exposure and accumulated Cu was more efficiently depurated (Table 2).
Thus, the reduction in reproduction is not explained by an elevated di-
etary metal accumulation in D. magna (Yang et al., 2018a). One possible
explanation for these observations is the feeding preference of D. magna
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(De Schamphelaere et al., 2007; DeMott, 1982), leading to a potential
avoidance of alga exposed to medium aged for 3 days. This, in turn, may
reduce food consumption, as alternative food sources have been lacking.
Moreover, the nutritional quality of alga may have been affected (i.e.,
limited elemental C, N, P; essential fatty acids and amino acids),
contributing to the observed changes in reproduction (Kilham et al.,
1997). As both mechanisms lack empirical support from the present
study, enhanced metabolic cost due to detoxification mechanisms may
serve as an additional explanation (De Schamphelaere et al., 2007; Zhao
et al., 2009) as proposed by the dynamic energy budget theory (Kooij-
man, 2000). While the underlying mechanisms remain unclear, we can
conditionally confirm the first hypothesis, namely that the presence of
nTiO, impairs the fitness of Daphnia through dietary Cu exposure, with
the caveat that this is a function of aging duration. This observation was,
however, not supported by our studies targeting Cu body burdens.
Therefore, the mechanistic link covered by our second hypothesis is
rejected.

As a consequence of parental exposure to dietary Cu, D. magna of the
subsequent generation (i.e., F;) showed a reduced reproduction when
fed over two generations with the alga exposed for 96 h to Cu and
3.0 mg nTiOy/L without aging. As such an effect was not observed in the
Fo generation, it may be assumed that the released offspring may have
suffered from a lower transfer of energy by birth, which in combination
with the investment for detoxification, diverted less energy to repro-
duction of the F; generation (Castro et al., 2018). Additionally, the
higher (at least relative to 3 days aging; Table 2) Cu body burden
directly after birth due to a potential maternal transfer (Wu et al., 2017)
and malfunction of metallothionein-like proteins (Tsui and Wang, 2007)
may cause additional stress mirrored in the reproductive output.

In contrast to the increasing effects over generations when no aging
was realised, an aging duration of 3 days led to a disappearance of
negative effects in reproduction observed at 3.0 mg nTiOy/L relative to
the control during F;, while during the Fy generation a negative effect
was observed (see above). Though the underlying mechanisms for such
adaptive responses are still obscure, the observation may partially be
explained by a physiological process (Guan and Wang, 2006; Klerks and
Weis, 1987) in the filial generation during the early stages of develop-
ment, including oogenesis and early embryogenesis (Clubbs and Brooks,
2007). Cu may have promoted epigenetic inheritance to the filial gen-
eration via changes in DNA methylation, which further triggers genes
responsible for dynein light chain, ribosomal kinase, metallothionein
and glutathione-S-transferase to counteract the direct and indirect ef-
fects of Cu and oxidative stress, respectively (Chain et al., 2019; Jere-
mias et al., 2022). Moreover, Cu as an essential trace element may have
been actively regulated (i.e., adjusting excretion rates) or stored (as
detoxified forms, such as in inorganic cell inclusions) or transported and
metabolised involving low molecular-weight proteins (Bossuyt and
Janssen, 2005, 2004). Although the underlying mechanisms remain
unclear, we can postulate that the third hypothesis, which suggests
adaptation in the filial generation reflected in higher tolerance, can be
partially accepted.

4.2. Role of NOM on the toxicity of dietary Cu exposure

NOM, which is ubiquitously present in the aquatic environment, is
known to form complexes with co-existing metals, ultimately reducing
metal bioavailability (Rosenfeldt et al., 2015) and, thus, toxicity.
Moreover, it forms an eco-corona on nTiO, with increasing aging
duration (please see Table S4), which stabilizes their dispersion via
electrostatic repulsion (Liu et al., 2023; Loosli et al., 2014). Conse-
quently, the surface area of nTiO, available for metal ions adsorption
increases (Chen et al., 2012), modulating the metal’s impact on organ-
isms. Additionally, the eco-corona restricts metal remobilization during
gut passage (Levard et al., 2012), reducing adverse effects. NOM also
serves as a depurating ligand, facilitating the rapid elimination of metal
from aquatic organisms (Glover and Wood, 2005), and reducing metal
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toxicity. However, in the present study, NOM did not substantially
change Cu toxicity through dietary pathways on D. magna irrespective of
aging duration and generation. This observation may be attributed to
algal exopolymeric substances (Mahana et al., 2021; Nogueira et al.,
2005) or intracellular organic matter (Fang et al., 2010; Yang et al.,
2018b) as the contaminants (here Cu and nTiO, irrespective of the
treatments) may be entrapped within or around alga, which may make
the impact of NOM redundant. Consequently, the fourth hypothesis
suggesting NOM for reducing any negative impact via the formation of
eco-corona and complexation of metal over two generations cannot be
confirmed.

In conclusion, this study shows that the aging of nTiO; plays a crucial
role in determining the effects induced through the dietary exposure
pathways for Cu. More importantly, the data suggest that it is impossible
to extrapolate from the effects observed during the parental generation
to the responses in the filial generation. These discrepancies may be
triggered by an altered maternal transfer of energy and potentially
chemical stressors (here Cu) to the filial generation as well as adaption.
However, both mechanisms need further attention, particularly as our
assumption that the effects may be linked to the Cu body burden of
D. magna was not supported. Consequently, basing an assessment of
potential chronic risks associated with chemicals on the responses of
Daphnia over just two generations may not be sufficient.
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