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a b s t r a c t 

There is a debate on whether the Trojan horse principle is occurring for nanoscale plastic debris (NPD < 

1 μm). It is realized that NPD have a high capacity to sorb environmental contaminants such as metals 

from the surrounding environment compared to their microplastic counterparts, which influences the 

sorbed contaminants’ uptake. Herein, we studied the influence of dissolved organic matter (DOM) on 

the time-resolved sorption of ionic silver (Ag + ) onto polymeric nanomaterials, as models of NPD, as a 

function of particle size (300 and 600 nm) and chemical composition [polystyrene (PS) and polyethylene 

(PE)]. Subsequently, the toxicity of NPD and their co-occurring (adsorbed and absorbed) Ag + on Daphnia 

magna was determined. Silver nitrate was mixed with 1.2 × 10 5 NPD particles/mL for 6 days. The extent 

of Ag + sorption onto NPD after 6 days was as follows: 600 nm PS-NPD > 300 nm PS-NPD > 300 nm PE- 

NPD. The presence of DOM in the system increased the sorption of Ag + onto 300 nm PS-NPD and PE-NPD, 

whereas DOM decreased the sorption onto 600 nm PS-NPD. Exposure to 1 mg/L NPD or 1 μg/L Ag + was 

not toxic to daphnids. However, the mixture of these concentrations of PS-NPD and Ag + induced toxicity 

for both sizes (300 and 600 nm). The addition of DOM (1, 10 and 50 mg/L) to the system inhibited the 

combined toxicity of Ag + and NPD regardless of the size and chemical composition. Taken together, in 

natural conditions where the concentration of DOM is high e.g. in freshwater ecosystems, the sorption of 

metals onto NPD depends on the size and chemical composition of the NPD. Nevertheless, under realistic 

field conditions where the concentration of DOM is high, the uptake of contaminants in D. magna that is 

influenced by the Trojan horse principles could be negligible. 

© 2020 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The concern with regard to the occurrence of nanoscale plastic

ebris (NPDs, size < 1 μm) ( Sobhani et al., 2020 ) in the environ-

ent is increasing, as they have been assumed to occur in differ-

nt ecosystems ranging from soils and snow to surface waters and

ediments ( Alimi et al., 2018 ; Enfrin et al., 2019 ; Koelmans et al.,

019 ; Materi ́c et al., 2020 ). NPD are mostly formed as a result

f plastic weathering, where plastics in the environment break

own to small pieces known as microplastics (1 μm < size <

 mm) ( Zhu et al., 2020 ) and NPD ( He et al., 2020 ). It was re-
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043-1354/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article u
orted that NPD can penetrate the biological barriers of organ-

sms and distribute in the organisms’ bodies ( Al-Sid-Cheikh et al.,

018 ; Gaspar et al., 2018 ), which make NPD potentially hazardous

o organisms. For example, NPD reduced the body growth, activity

nd survival of organisms, and induced physiological stress and cell

eath in exposed organisms ( Chae and An 2017 ; Lee et al., 2019 ;

iu et al., 2019 ; Zhu et al., 2020 ). 

Physicochemical properties of plastic particles such as size and

hemical composition may induce different toxic responses to the

ame mass of NPD in organisms ( Dong et al., 2018 ; Jeong et al.,

016 ). Although the toxicity of NPD to different organisms has

een documented ( Hanna et al., 2018 ; Heinlaan et al., 2020 ), the

oxicity of NPD as a function particle size and chemical composi-

ion is still largely unknown. For example, Sun et al. (2018) showed

 strong correlation between toxicity and size of plastic particles,
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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where NPD induced oxidative stress and rather than microplastics

influenced the growth inhibition, chemical composition and am-

monia conversion efficiency of Halomonas alkaliphila ( Sun et al.,

2018 ). A previous study ( Lee et al., 2019 ) showed that small-sized

NPD readily penetrated the chorion of developing embryos of ze-

brafish and accumulated throughout the whole body, mostly in

lipid-rich regions. The NPD induced effects on the survival, hatch-

ing rate, developmental abnormalities, and cell death of zebrafish

embryos as a function of particle size ( Lee et al., 2019 ). 

The hazard of NPD may not be limited to the physicochemical

properties of the NPD alone, but might also be attributed to the

co-occurring chemicals in NPD, such as additives ( Toussaint et al.,

2019 ) and/or adsorbed and absorbed chemicals from the surround-

ing environment onto NPD ( Liu et al., 2018 ; Velzeboer et al., 2014 ).

For example, the so-called "Trojan-horse" principle, a mechanism

in which particles serve as vectors to carry chemicals ( Naasz et al.,

2018 ; Vale et al., 2014 ; Xia et al., 2012 ) into cells and organisms,

has been proposed as a relevant pathway for the toxicity of nano-

materials. This toxicity pathway may be extrapolated to NPD as

they are also considered as nanoscale materials ( Jeong et al., 2018 ).

But the question is whether physicochemical properties of NPD

modulate their capability in transferring contaminant into organ-

isms. 

Plastics have a high sorptive capacity (absorption and ad-

sorption) for chemicals such as organic compounds and metals

( Bakir et al., 2012 ; Davranche et al., 2019 ; Ogata et al., 2009 ). With

regard to microplastics, it was documented that plastic particles

can act as compartments for the partitioning of chemicals, con-

centrating chemicals from the surrounding environment ( Lee et al.,

2014 ; Tourinho et al., 2019 ). Recent summaries reported that mi-

croplastics are not likely to increase significantly the level of solu-

ble chemicals in organisms upon ingestion ( Koelmans et al., 2016 ;

Ziccardi et al., 2016 ). However, this finding may not necessarily

be valid for NPD, which have a much smaller size and a greater

volume-specific surface area (VSSA) than their microplastic coun-

terparts ( Liu et al., 2018 ). The sorption capacity of plastic parti-

cles increases with decreasing particle size ( Wang and Wang 2018 ;

Zhan et al., 2016 ) and increasing VSSA and the time needed to

reach partition equilibrium may significantly differ compared to

microplastics counterparts. 

When NPD enter the environment they immediately interact

with natural organic matter (NOM) resulting in the formation of

NOM-coated NPD. NOM originate from the degradation of plants

and animals residuals in the environment and is ubiquitous at

different concentrations in natural surface water ( Murphy et al.,

1999 ). The presence of NOM on the surface of NPD not only in-

fluences the colloidal stability of the particles ( Shams et al., 2020 )

but might also influence the sorption of chemicals onto the NPD.

As a result, the amount of chemicals sorbed to the NPD might

change as a function of NOM concentration ( Wu et al., 2016 ;

Yu et al., 2019 ). Decreased ( Wu et al., 2016 ) and increased sorp-

tion ( Chen et al., 2017 ) of chemicals in the presence of NOM

has been already reported. This can, consequently, alter the tox-

icity profile of the NPD and their co-occurring contaminants. Al-

though the influence of NOM on the toxicity profile of microplas-

tics was investigated ( Qiao et al., 2019 ), there is no study avail-

able to show how the presence of NOM may influence the sorp-

tion of chemicals onto NPD and eventually the Trojan horse ef-

fect of NPD in aquatic organisms. Other environmental parameters

such as salinity and pH may also influence the sorption of chem-

icals onto NPD ( Alimi et al., 2018 ). This necessitates understand-

ing the sorption of chemicals to NPD and their subsequent toxic-

ity to organisms under environmentally relevant conditions rather

than in pure water. NOM contains many reactive groups, such as

hydroxyls, amines, thiols, and carboxylic acids that can complex

with chemicals and alter, mostly decrease, the bioavailability and,
ubsequently, the toxicity of the chemicals ( Kungolos et al., 2006 ;

oy and Campbell 1997 ; Wang et al., 2016 ). In case of metal, for

xample, NOM can influence the speciation of metals and alter

heir toxicity ( Kungolos et al., 2006 ). It is important to understand

hether this can be extrapolated to a system in which NPD are

resent. 

In this study, we investigated the sorption of silver (Ag + ) ions

nto 300 and 600 nm polystyrene (PS) nanomaterials and 300 nm

olyethylene (PE) nanomaterilas as models of NPD in the pres-

nce and absence of dissolved organic matter (DOM) for 6 days.

he sorption experiments were performed in a standard exposure

edium of Daphnia magna (Elendt M7 medium pH 8) to mimic

atural condition as much as possible . It is well documented that

g + is a toxic and non-essential metal to organisms, which can

ause oxidative stress in organisms ( Bury et al., 1999b ; Hogstrand

t al., 1996 ). We investigated how NPD influence the toxicity pro-

le of Ag + in the presence and absence of DOM. 

. Materials and methods 

.1. Materials 

All chemicals used to prepare the culture media for D. magna ,

o prepare samples for chemical analysis, and to determine the bio-

hemical biomarkers were of analytical grade and purchased from

igma-Aldrich (Zwijndrecht, the Netherlands) or Merck (Darm-

tadt, Germany). Spherical PS nanomaterials with an average size

f 600 nm (PDI = 0.08) and 300 nm (PDI = 0.02) were pur-

hased from Microparticles GmbH Forschungs (Berlin, Germany)

nd Thermo Fisher Scientific (Bleiswijk, the Netherlands), respec-

ively, to be used as a model of PS-NPD in this study. The PS-

PD were supplied in a liquid dispersion. Spherical PE-materials

f 30 0–90 0 0 nm were purchased from Cospheric LLC (Santa Bar-

ara, CA, US) to be used as a model of PE-NPD. The PE-NPD was

upplied as a powder. Silver nitrate (AgNO 3 ), nitric acid (HNO 3 ,

5%) and sodium hydroxide (NaOH) were purchased from Sigma-

ldrich (Sigma-Aldrich Corp., St. Louis, MO, USA). Ag + standards

ith concentrations of 10 0 0 mg/L were obtained from PerkinElmer

Rotterdam, the Netherlands). Suwannee River NOM (1R101N) was

urchased from the International Humic Substances Society (Saint

aul, Minnesota, United States). 

.2. Characterization of NPD in different media 

The PS-NPD of different sizes (600 and 300 nm) were dispersed

n Millì-Q (MQ) water (10 mg/L) and sonicated using a bath soni-

ator (35 kHz frequency, DT 255, Bandelin electronic, Sonorex dig-

tal, Berlin, Germany) for 5 min and used as stocks for the PS-NPD.

he PE-NPD were dispersed in ethanol (30%) and sonicated using a

ath sonicator for 5 min. After sonication, the dispersion of PE-NPD

as filtered through a Whatman filter paper of 400 nm cut-off and

he filtrate was used as a stock of PE-NPD. The particle number

oncentration of the NPD in the stock dispersions was measured

sing Nanoparticle Tracking Analyzer (NTA, NanoSight’s NS200,

alvern, the Netherlands) and kept at around 30 × 10 6 particles/

L. It is reported that NTA produces a number-based distribu-

ion and can deal with polydisperse samples ( Abdolahpur Monikh

t al. 2019a ). We therefore used this technique to measure the NPD

article number. 

For imaging the NPD, aliquots of the dispersion were diluted

with MQ for PS-NPD and with 0.01% ethanol for PE-NPD), put

n copper grids and left to dry out for 24 h. A JEOL 1400 trans-

ission electron microscope (TEM) operating at 80 kV accelerat-

ng voltage was used to image the NPD and determine their shape

nd size distribution. A Zetasizer Nanodevice (Malvern Panalytical,

etherlands) was used to determine the hydrodynamic size and
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eta potential of the NPD in the samples. Accordingly, aliquots of

he dispersion were diluted with MQ water and immediately mea-

ured with regard to zeta potential and hydrodynamic size. It is

ossible that the NPD undergo aggregation in the exposure me-

ia. To determine the aggregation profile of the NPD in the expo-

ure media, the hydrodynamic size of the particles in the exposure

edium was measured over time according to our previous study

 Abdolahpur Monikh et al. 2019c ). 

.3. Sorption experiments 

The sorption experiments to NPD were carried out using a

atch adsorption approach ( Liu et al., 2018 ) in the presence and

bsence of DOM in the exposure medium (Elendt M7 medium pH

) which was used to culture D. magna . The experimental design

nd the treatments are illustrated in Fig. 1 a. Ten replicates were

sed for each treatment. The NPD were dispersed in the exposure

edium to reach a final nominal concentration of 1.2 × 10 5 par-

icles/mL and sonicated for 5 min. We must emphasize that the

article number concentration might be dynamic and the parti-

le number concentration refers to the initial concentration. AgNO 3 

46.9% as Ag + ) was added to the dispersion to reach a final concen-

ration of 100 μg/L Ag + . 
We used a high concentration of Ag + because we assumed that

 part of the Ag + added would bind to Cl − to form insoluble AgCl.

o obtain the DOM suspensions, NOM was dissolved in MQ wa-

er following the method reported by Arenas Logo et al. ( Arenas-

ago et al., 2019 ) and filtered through a Whatman filter paper of a

.45 μm cut-off. The final concentration of the DOM in the filtrate

as ~ 450 mg/L. DOM was added to the mixture of NPD and Ag + 

o reach a final concentration of 1, 10 or 50 mg/L of DOM ( Fig. 1 a).

ll samples were covered with parafilm and shaken on a rotator

at 18 rpm) in the dark at 4 °C for 6 days. Aliquots of the samples

ere taken every day for 6 days in total and centrifuged (Thermo

cientific Sorvall ST 16R Centrifuge) at 30 0 0 × g for 20 min. To as-

ure that the centrifugation force has removed the NPD from the

upernatant (top 2 mm), in a separate sample the NPD were dis-

ersed in MQ water and centrifuged at 30 0 0 × g for 20 min. After

entrifugation, the particle number in the 2 mm supernatant was

easured using NTA. No particles could be detected in the super-

atant after centrifugation, which confirms the removal of the NPD

rom the top 2 mm of the supernatant. Control samples includ-

ng Ag + , DOM, and a mixture of Ag + and DOM without NPD were

lso used alongside the samples. The Ag + control without NPD was

sed to evaluate the formation of insoluble Ag + in the samples

hich may lead to the removal of Ag + from the supernatant after

entrifugation. The supernatants were removed and digested using

qua regia (3 ml HCl: 1 ml HNO 3 ) for 1 h at 70 °C in a water bath.

he residuals were diluted to a final volume of 15 mL and the Ag + 

oncentration in the samples was measured using inductively cou-

led plasma mass spectrometry (ICP-MS). 

.4. Immobilization assay with D. magna 

For the acute immobilization tests with D. magna , the neonates

ess than 24 h old were separated and cultured for the experi-

ents. When they became adult (after 9 days), the adult D. magna

ere cultured in a 200 mL of Elendt M7 medium with an aver-

ge of three organisms per beaker. The young adults were tested

ecause at this stage they are large enough to have particles

ized 600 nm as food items. Acute immobilization was determined

ollowing the methods described within OECD guidelines (202)

 OECD 2004 ). Five replicates per treatment were tested (15 organ-

sms per each treatment). The organisms were kept at 22 ᵒ C with a

6 h light: 8 h dark cycle. The daphnids were fed 3 times per week
rior to the exposure with 100 mg of wet weight green microalgae

er daphnia. 

The D. magna were exposed to NPD and different concentra-

ions of Ag + and DOM as illustrated in Fig. 1 b for each size and

ype of NPD, separately. The exposure was performed with mix-

ures of all possible combinations of NPD (initial concentration of

.74 × 10 10 particles/L), Ag + (0, 1, 2, 5 and 10 μg/L) and DOM (0, 1,

0 and 50 mg/L) ( Fig. 1 b). These DOM concentrations were selected

o represent a range that occurs in various natural surface waters

 Chaves et al., 2011 ). Ag + concentrations were selected based on

revious studies ( Bianchini and Wood 2003 ; Shen et al., 2015 ). A

etailed explanation of the exposure conditions is provided in the

1, Supporting Information. The organisms were exposed to a mix-

ure of the Ag-DOM-NPD after the Ag + concentration in the super-

atant almost reached a steady-state. After 72 h of exposure, the

umber of immobile daphnids in each treatment was counted to

btain the percentage of survival per treatment. 

.5. Sublethal toxicity measurements 

The sublethal effects of Ag + were determined by measuring the

ioconcentration factor (BCF) of Ag + , to determine the uptake of

g + in the organisms and prove the Trojan horse principle. The

ctivity of superoxide dismutase (SOD), catalase (CAT), and glu-

athione peroxidase (GPx) were determined to monitor the oxida-

ive stress induced by Ag + . The sublethal toxicity was only deter-

ined within organisms that did not die and measurements were

estricted to the 1 μg/L Ag + treatment. 

.5.1. Determining the BCF of Ag 
After exposure for 72 h, 1 ml of the exposure media was taken

nd analyzed to determine the concentration of Ag + in the expo-
ure media. The organisms were removed and put in clean me-
ia for 24 h as a depuration period. Depuration experiments were
erformed to allow the organisms to empty their gut. Our hypoth-
sis is that the fraction of the NPD that could not pass the gut
pithelium and internalize into the organisms is excreted during
he depuration period. The 24 h depuration time was arbitrary se-
ected according to previous studies which showed that after 24 h
epuration considerable amounts of NPD are removed from the gut
f D. magna ( Rist et al., 2017 ). After 24 h, the organisms were re-
oved, cleaned gently with tap water and dried at 60 °C to con-

tant weight. The dried organisms were weighted and digested us-
ng aqua regia for 1 h at 70 °C in a water bath. The residuals were
iluted and the Ag + concentration in the samples was measured
o obtain the BCF of Ag + for each treatment separately. The BCF
f Ag + was calculated as follows in which the possible adsorption
n organisms and absorption in organisms were taken as the total
ass concentration in the organisms (after 24 h of depuration): 

CF ( L/Kg ) 

= 

T otall mass concenet rat ion of Ag in and on organisms ( μg/Kg ) at 72 h 

T otall mass concnent rat ion of Ag in exposure media ( μg/L ) at 72 h 

.5.2. Determination of biochemical biomarkers 

The activities of SOD, CAT and GPx were measured following

reviously reported methods as described below. Briefly, the or-

anisms were homogenized using a glass homogenizer in 10 vol

w:v) ice-cold 10 mM potassium phosphate buffer (pH 7.4) for

 minutes at 30 0 0 rpm. The homogenates were then centrifuged at

0,0 0 0 × g for 20 min at 4 °C, and the supernatant was removed

nd kept at −80 °C for enzymatic assay. The SOD activity was de-

ermined at 420 nm by determining the rate of pyrogallol auto-

xidation for 3 min using Ultraviolet-visible spectroscopy (UV–vis)

ollowing the method reported previously ( MARKLUND and MARK-

UND 1974 ). The CAT activity, as measured by hydrogen peroxide

onsumption, was assayed at 240 nm using UV–vis following the

ethod reported by Aebi ( Bergmeyer 1974 ). GPx activity, estimated
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Fig. 1. Schematic illustration of the experimental design. a) The sorption experiment for (silver) Ag + onto nanoscale plastic debris (NPD) in the presence and absence of 

dissolved organic matter (DOM). b) Treatments used for exposure of D. magna to different combinations of Ag + , NPD and DOM. 
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y the rate of nicotinamide adenine dinucleotide phosphate oxida-

ion, was assayed at 340 nm using UV–vis according to the method

eported by Drotar et al. ( Drotar et al., 1985 ). Controls without en-

ymes were subtracted from the total rate to yield the enzymatic

ctivity rate. The activities of the enzyme were reported after nor-

alization with the value obtained for the control. 

.6. Ag measurements in the samples 

The Ag + concentration in water samples and the Ag + body bur-

en in the organisms were measured using ICP-MS. A PerkinElmer

exION 20 0 0 ICP-MS operating in standard mode was used for this

urpose. The conditional set up of the ICP-MS is given in Table S1

Supporting Information). 

.7. Data analyses 

The IBM SPSS Statistics 25 software was used to run the statis-

ical analyses of the data. The normality and homogeneity of vari-

nces were checked using Kolmogorov-Smirnov and Levene tests,

espectively. The results are expressed as the mean ± standard de-

iation (SD). One-way ANOVA followed by Dunnett’s test was used

o evaluate the significant differences between Ag + sorption onto

PD of different types, in the presence of various concentrations of

OM, and to evaluate the toxicity of Ag + to daphnids exposed to

ifferent treatments. The difference between the sorption of Ag + 

nto 300 nm PS-NPD and 300 nm PE-NPD and also the difference

etween PS-NPD of different particle sizes were measured using a

-test . Differences were considered to be significant at P < 0.05. 

. Results and discussion 

.1. NPD characterization 

The obtained TEM images for the NPD (Figure S1, Supporting

nformation) indicated that the particles were spherical in shape

ith a narrow size distribution. The sonication force did not break

he particles. In MQ water, the hydrodynamic size of the particles

as around 730 ± 45 nm, 320 ± 28 nm and 410 ± 85 nm and

he zeta potential was -38 ± 3 mV, -34 ± 2 mV and -43 ± 3 mV

or 630 nm PS-NPD, 300 nm PS-NPD and 300 nm PE-NPD, respec-

ively. This high absolute value of the zeta potential is indicative

f the electrostatic stability of the particles against agglomeration.

he physicochemical properties of the NPD in 50 mg/L DOM so-

ution is reported in Table S2 (Supporting Information). When the

articles were dispersed in the exposure media the absolute value

f the zeta potential decreased to -24 ± 4, -21 ± 3 and -32 ± 4 for

30 nm PS-NPD, 300 nm PS-NPD and 300 nm PE-NPD, respectively.

his could lead to particle agglomeration over time for, particularly,

he 300 nm and 600 nm PS-NPD. We indeed determined a slight

ncrease in the hydrodynamic size of the PS-NPD over 48 h mea-

urement ( Fig. 2 a). However, the hydrodynamic size of the PE-NPD

ncreased dramatically over 48 h. We obtained the PS-NPD in liq-

id, meaning that the surface of PS-NPD was modified to make the

articles dispersible in aqueous media. On the other hand, the PE-

PD was powder and we dispersed them in water using ethanol.

hus the obtained fast aggregation for PE-NPD is highly likely to

e attributed to the hydrophobic force that attracts the PE-NPD to-

ether and not because of the electrostatic force as the particle had

 highly negative zeta potential in the exposure media. 

.2. Sorption of silver onto NPD in the presence and absence of DOM 

In this study, we did not focus on the influence of the elec-

rolyte on the Ag + sorption onto the NPD and we restricted the

tudy to determine the final influence of the exposure medium (as
n environmentally relevant medium) on the NPD and their ca-

acity in adsorbing and absorbing Ag + . Our results confirm that

he size and chemical composition of the NPD can influence the

orption of Ag + onto NPD. Fig. 2 b-d shows the time-resolved sorp-

ion of Ag + onto the NPD in the presence and absence of DOM. In

he treatment without NPD and DOM, the concentration of Ag + in

he supernatant remained relatively stable over 6 days of mixing

 Fig. 2 b), suggesting that the formation of insoluble Ag + could be

eglectable or the insoluble Ag + did not sediment over time. The

resence of DOM also did not influence the quantity of Ag + in the

upernatant ( Fig. 2 b). This is in agreement with our previous stud-

es for DOM and copper (Cu), where the presence of DOM did not

ecrease the quantity of Cu in the supernatant after centrifugation

 Arenas-Lago et al., 2019 ). 

In the treatment containing 300 nm PS-NPD ( Fig. 2 b), the con-

entration of Ag + decreased in the supernatant over time, indi-

ating that Ag + is ab/adsorbed onto the surface of the particles

nd was removed from the supernatant after centrifugation. This

nding is in agreement with a previous study which showed that

etals such as Ag + are ad/absorbed onto PS particles ( Kal ̌cíková

t al., 2020 ). Note that there might be desorption of Ag + from the

PD back into the medium. However, we could not observe this

ecause it might occur within the few primary hours of the expo-

ure ( Liu et al., 2018 ). The sorption of Ag + onto the 300 nm NPD

eaches a steady-state after 1 day. DOM increased the sorption of

g + onto the particles as confirmed by the reduced amount of Ag + 

n the supernatant. Increasing the concentration of the DOM from

 mg/L to 50 mg/L significantly (ANOVA, p < 0.05 ) decreased the

uantity of Ag + in the supernatant. This indicates that the sorption

f Ag + onto the NPD increased. DOM has a variety of functional

roups such as carbonyl, carboxyl, aromatic, acetal, and phenolic

roups which allows for complexation with metal ions ( Iskrenova-

choukova et al., 2010 ; Karlsson et al., 2005 ). When the Ag + ab-

orbs to the DOM that is attached to the surface of the NPD, the

uantity of Ag + in the supernatant decreases after centrifugation

s a result of NPD sedimentation. This is in agreement with the

iterature, as it is reported that NOM attached to the surface of

anomaterials e.g. Fe 3 O 4 ( Liu et al., 2008 ), TiO 2 ( Chen et al., 2012 )

nd carbon nanotubes ( Tian et al., 2012 ) increases the removal of

etals from water. This can explain the higher removal of Ag + 

rom the supernatant by DOM-coated NPD compared to the bare

PD. 

Our finding showed that the sorption of Ag + onto PS-NPD is

 function of PS-NPD size, as the 300 nm PS-NPD ad/absorbed a

ower amount of Ag + compared to the 600 nm PS-NPD ( Fig. 2 c). In

his experiment, we kept the particle number concentration equal

or all the treatments. The comparison between NPD is on a par-

icle number concentration basis and not on a mass basis. There-

ore the available surface for sorption of Ag + in the treatment with

00 nm particles (1.36 × 10 −3 cm 

2 ) is larger than in the treatment

ith 300 nm (3.4 × 10 −4 cm 

2 ), which could explain the higher

uantity of Ag + removed from the supernatant by the 600 nm

S-NPD. The sorption of Ag + onto the 600 nm PS-NPD reached a

teady-state roughly after 3 days of incubation. Sorption of chem-

cals onto NPD involves absorption in and adsorption on the NPDs

 Alimi et al., 2018 ; Rochman et al., 2013a ). The 600 nm PS-NPD

ave a larger volume compared to the 300 nm PS-NPD. Although

urface adsorption of chemicals may reach a steady-state a few

ours after the exposure ( Liu et al., 2018 ), the diffusion of Ag + into

he NPD matrix and absorption into the particle with a larger vol-

me may take a longer time. Interestingly, the presence of DOM

ecreased the sorption of Ag + onto the 600 nm PS-NPD compared

o the 300 nm PS-NPD. It is likely that the attached DOM on the

urface of the NPD acts as an absorbent layer which absorbs Ag + 

ons. When the DOM layer reaches saturation, further diffusion of

g + into the NPD is electrostatically unfavorable. This can be con-
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Fig. 2. a) The agglomeration of the NPD in the exposure medium over time. b-d) It shows the removal of Ag + ions from the supernatant of the treatments contain 300 nm 

PS-NPD (b), 600 nm PS-NPD (c) or 300 nm PE-NPD (d) and different concentration of DOM over 6 days of mixing. 
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firmed by reaching an earlier steady-state in the presence of DOM

compared to the naked NPD ( Fig. 2 c). 

We also demonstrated that the chemical composition of NPD

plays a significant role in the sorption of Ag + onto the particles. In

the treatment containing PE-NPD and Ag + (Figure 3d), the concen-

tration of the removed Ag + from the supernatant after centrifuga-

tion decreased over time, suggesting the sorption of the Ag + onto

the PE-NPD. However, the quantity of the ab/adsorbed Ag + onto

the 300 nm PE-NPD was significantly ( t-test, p < 0.05 ) lower than

the ab/adsorbed Ag + onto the 300 PS-NPD. The two NPD were

similar in size (300 nm) and shape (spherical) but varied in poly-

meric chemical composition. The PE-NPD has a relatively rubbery

and flexible structure at room temperature and is expected to al-

low for greater diffusion of the chemical into the matrix of the

NPD as compared to PS-NPD ( Liu et al., 2018 ; Pascall et al., 2005 ),

as the PS-NPD has a dense, glassy polymeric structure ( Liu et al.,

2018 ) which limits the absorption of chemicals. However, this gen-

eralization did not hold in our findings. A possible explanation for

this is the fast agglomeration of the PE-NPD ( Fig. 2 a), which can

decrease the available surface area for sorption of Ag + onto the

particles. The presence of DOM increased the total quantity of Ag + 

removed from the medium by the PE-NPD, confirming our hypoth-

esis that aggregation decreases the capacity of chemical sorption

by PE-NPD. DOM increased the stability of the PE-NPD due to steric

stabilization as observed for other NPD ( Oriekhova and Stoll 2018 ).

This consequently increases the available surface area for chemical

sorption as previously observed for DOM-coated carbon nanotubes

( Tian et al., 2012 ). Increasing the concentration of the DOM from
3  
 mg/L to 50 mg/L, increased the removal of Ag + from the super-

atant by PE-NPD. 

.3. The toxicity of Ag-DOM-NPD cocktails to D. magna 

.3.1. Immobilization bioassay 

The results of the immobilization bioassays are reported in

able 1 . The PS-NPD and the PE-NPD did not induce any mortal-

ty to the organism when compared to the control (without any

hemical). It is well known that Ag + could be a toxic metal to

rganisms including D. magna even at trace levels of 1–10 μg/L

 Glover et al., 2005 ). In this study, the immobilization bioassay

howed that 1 μg/L Ag + did not induce lethal toxicity to D. magna

 Table 1 ). However, in the presence of PS-NPD of 300 nm and

00 nm, the concentration of 1 μg/L Ag + led to mortality to the

rganisms, where the survival decreased to 64% ± 2.5 and 85% ± 1

n comparison to the control (without any chemicals), respectively.

he PE-NPD did not change the toxicity profile of 1 μg/L Ag + com-

ared to the PS-NPD and the control. It is clear that the presence

f PS-NPD led to an increased toxicity of Ag + . It is possible that

S-NPD increase the bioavailability and uptake of the Ag + in the

aphnids or change the uptake pathway of the Ag + . The PS-NPD

ay for example facilitate the transport of Ag + ions into an or-

an within the daphnids whilst the Ag + ions alone cannot target

hat organ. When the Ag + concentration in the exposure media

ncreased (from 0 to 10 μg/L) the survival of D. magna decreased

from roughly 98% to 0). The toxicity in the presence of 300 nm

S-NPD was higher than in the presence of 600 nm PS-NPD and

00 nm PE-NPD. Although a previous study showed that NPD may
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Table 1 

Survival of D. magna exposed to NPD (6.74 × 1010 particles/L) and various concentrations of Ag ions and dissolved organic matter (DOM) for 72 h. 

Ag 

(μg/L) 

Control (without 

NPD and DOM) 

Control with 

50 mg/L DOM 

(without NPD) NPD (1 mg/L) 

Control with NPD 

(without DOM) 

Cocktail of NPD 

and 1 mg/L DOM 

Cocktail of NPD 

and 10 mg/L DOM 

Cocktail of NPD 

and 50 mg/L DOM 

0 97% ± 0.3 98% ± 0.6 300 nm PS-NPD 97% ± 1.2 96% ± 1 98% ± 0.2 96% ± 0.5 

600 nm PS-NPD 98% ± 0.6 97% ± 0.3 94% ± 0.6 97% ± 0.7 

300 nm PE-NPD 95% ± 0.5 96% ± 0.3 97% ± 0.6 95% ± 0.4 

1 98% ± 0.2 b 97% ± 0.5 b 300 nm PS-NPD 64% ± 2.5 a 96% ± 0.8 b 95% ± 0.6 b 97% ± 0.4 b 

600 nm PS-NPD 85% ± 1 a 98% ± 0.3 b 94% ± 0.7 b 98% ± 0.5 b 

300 nm PE-NPD 95% ± 1.5 b 96% ± 0.5 b 97% ± 0.4 b 95% ± 0.8 b 

2 61% ± 11 b 96% ± 0.7 c 300 nm PS-NPD 47% ± 13 a 94% ± 1 c 97% ± 0.4 c 96% ± 0.7 c 

600 nm PS-NPD 69% ± 7 b 95% ± 1.5 c 93% ± 0.9 c 94% ± 0.4 c 

300 nm PE-NPD 63% ± 10 b 96% ± 0.8 c 96% ± 0.6 c 95% ± 0.8 c 

5 0 a 56% ± 14 c 300 nm PS-NPD 0 a 34% ± 17 b 52% ± 10 c 71% ± 13 d 

600 nm PS-NPD 0 a 74% ± 12 d 82% ± 7 d 80% ± 6 d 

300 nm PE-NPD 0 a 38% ± 15 b 47% ± 13 c 74% ± 11 d 

10 0 0 300 nm PS-NPD 0 0 0 13% ± 5 

600 nm PS-NPD 0 0 0 10% ± 4 

300 nm PE-NPD 0 0 0 15% ± 3 

a–d indicate significant differences between the treatments ( P < 0.05). Data are presented as means ± standard deviation (SD) of 15 organisms. 
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ncrease the toxicity of metals due to the Trojan horse mechanism

 Lee et al., 2019 ), our study for the first time shows that the size

nd chemical composition of NPD influence the toxicity of Ag + to

. magna . Overall, our findings not only showed that due to the

rojan horse mechanism, the NPD increased the lethal toxicity of

he Ag + , but also confirmed that the smaller NPD are more haz-

rdous compared to the larger particles of the same chemical com-

osition. 

The presence of DOM at concentrations of 1 mg/L up to 50 mg/L

educed the combined toxicity of Ag-NPD for all the tested NPD

egardless of size and chemical composition. This is in agreement

ith a previous study which showed that NOM decreases the tox-

city of PS-NPD to D. magna ( Fadare et al., 2019 ). DOM binds Ag + 

ons and prevents the ions from binding to the site of toxic action

 Glover et al., 2005 ). In the presence of 5 μg/L Ag + , the DOM could

ot totally inhibit Ag + toxicity and the DOM-coated 300 nm PS-

PS induce higher toxicity compared to the DOM-coated 600 nm

S-NPD. The toxicity of Ag + in the presence of the DOM-coated

PD was not affected by the chemical composition of the NPD,

ecause there was no difference between the toxicity induced by

OM-coated PS-NPD and DOM-coated PE-NPD of the same size. It

s likely that DOM offers a similar surface composition to NPD re-

ardless of the chemical bulk composition of the particles, which

n return determines the interaction of the NPD with organisms.

pparently, DOM decreases the toxicity of metals in aquatic organ-

sms independent of the metals being present in their dissolved

orm or sorbed onto NPD by decreasing their bioavailability to the

rganisms. 

.3.2. Bioconcentration of Ag 

Organisms exposed to 1 μg/L Ag + showed the highest survival

ate compared to other treatments. Thus, we selected 1 μg/L Ag + 

oncentration to investigate the sublethal toxicity in D. magna .

irst, we must understand whether Ag + is taken up and bioconcen-

rate in the organisms from the exposure media and how the pres-

nce of NPD and DOM influences the Ag + uptake. The BCFs of Ag + 

ere calculated in organisms exposed to 1 μg/L Ag + , 6.74 × 10 10 

articles/L NPD, and different concentrations of DOM. The results

 Table 2 ) showed that the BCFs of Ag + in the organisms exposed

o the mixture of NPD and Ag + were significantly higher than the

CFs of the other treatments and higher than the BCF for the or-

anisms exposed to Ag + alone. This is in agreement with a pre-

ious study investigating the mixture effects of Ni and microplas-

ics in D. magna , where the exposure to the mixture of the mi-

roplastics and Ni led to a higher BCF of Ni compared to the
xposure to Ni alone ( Kim et al., 2017 ). This supports our hy-

othesis that NPD increase the uptake of Ag + in daphnids. The

igher BCF observed for 300 nm PS-NPD (0.7) compared to the

00 nm PS-NPD (0.3) confirms that smaller NPD may increase the

ptake of chemicals due to penetration of biological barriers and

ntering organisms in a higher quantity compared to their larger

ounterparts. Although the increase in the uptake of chemicals in

he presence of microplastics has been documented ( Kim et al.,

017 ; Rochman et al., 2013b ), very few studies reported this phe-

omenon for NPD ( Chen et al., 2017 ; Lee et al., 2019 ; Ma et al.,

016 ). For example, Ma et al. ( Ma et al., 2016 ) reported that the

resence of 50 nm NPD significantly increased the bioaccumula-

ion of chemicals in D. magna and increased the BCF over the

ntire exposure period. They suggested that unlike microplastics,

PD can easily accumulate on the thoracopods and in the diges-

ive tract ( Ma et al., 2016 ). The BCF of the Ag + in the presence of

00 nm PE-NPD was similar to the BCFs calculated for 300 nm PS-

PD. This finding showed that 300 nm PE-NPD and PS-NPD have

 similar influence on the uptake of Ag + regardless of the differ-

nce in the chemical composition of the NPD. The NPD of differ-

nt chemical composition, however, had a different influence on

he toxicity profile of Ag + . As described by Ma et al. ( Ma et al.,

016 ), one explanation could be that the Ag-PE-NPD complexes ac-

umulate on the appendages of the organisms ( Ma et al., 2016 ) due

o the hydrophobic surface, which explains the high BCF while no

ethal toxicity is observed. Whilst this accumulation did not occur

n the case of 300 nm PS-NPD because the surface was modified.

he presence of DOM significantly decreases the BCF of Ag + in all

reatments regardless of NPD size and shapes. The high affinity

f DOM for Ag + was reported to be responsible for the observed

rotective effects regarding freshwater organisms in toxicity tests

 Bury et al., 1999a ; Glover et al., 2005 ). 

.3.3. Activities of antioxidant enzymes 

After confirming that NPD can increase the uptake of Ag + in

. magna as a function of NPD size and chemical composition,

e aimed to understand whether the NPD can also influence the

ublethal toxicity of Ag + in the organisms. It is well documented

hat exposure to Ag + induces the production of Reactive Oxy-

en Species (ROS) and, consequently, oxidative stress in organisms

 Gomes et al., 2015 ). Like other organisms, D. magna has also de-

eloped antioxidant defense mechanisms to balance the naturally

ormed ROS ( Kim et al., 2018 ; Poynton et al., 2007 ). Accordingly, D.

agna uses enzymes such as SOD, CAT, and GPx which are directly

nvolved in the removal of ROS to eliminate the oxidative stress in-
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Table 2 

The calculated BCF (L/Kg) of Ag + and antioxidant enzyme activities (SOD, CTA and GPx) in D. magna exposed to 1 μg/L of Ag + , 6.74 × 1010 particles/L of NPD and various concentrations of DOM after 72 h exposure 

followed by 24 h of depuration. The values obtained for the activity of the SOD, CTA and GPx are normalized by the value obtained for control contains no additives (Ag + , DOM and NPD). 

Sublethal 

end points 

Control without 

any additives 

Control with Ag 

(without NPD 

and DOM) 

Control with 

50 mg/L DOM 

(without Ag 

and NPD) 

Control with 

NPD (without 

Ag and DOM) 

Control with 

NPD and DOM 

(without Ag) 

Control with Ag 

and DOM 

(without NPD) NPD (1 mg/L) 

Control with 

NPD and Ag 

(without DOM) 

Cocktail of 

NPD, Ag and 

1 mg/L DOM 

Cocktail of 

NPD, Ag and 

10 mg/L DOM 

Cocktail of 

NPD, Ag and 

50 mg/L DOM 

BCF (L/Kg) 0.1 ± 0.02 b 0.05 ± 0.01 a 300 nm PS-NPD 0.7 ± 0.1 c 0.03 ± 0.01 a 0.06 ± 0.01 a 0.03 ± 0.01 a 

600 nm PS-NPD 0.3 ± 0.06 c 0.05 ± 0.01 a 0.06 ± 0.02 a 0.08 ± 0.01 a 

300 nm PE-NPD 0.6 ± 0.3 c 0.04 ± 0.01 a 0.05 ± 0.02 a 0.04 ± 0.01 a 

SOD 100% a 110% ± 3 b 95% ± 0.5 a 95% ± 0.7 a 97% ± 0.4 a 103% ± 0.6 a 300 nm PS-NPD 125% ± 2.5 c 104% ± 1 a 97% ± 0.8 a 96% ± 0.8 c 

600 nm PS-NPD 122% ± 2 c 105% ± 1.5 a 103% ± 0.6 a 98% ± 0.6 a 

300 nm PE-NPD 127% ± 1.5 c 98% ± 0.7 a 106% ± 0.5 a 105% ± 0.8 a 

CTA 100% a 133% ± 2.5 b 97% ± 0.8 a 102% ± 0.6 a 96% ± 0.5 a 98% ± 0.7 a 300 nm PS-NPD 146% ± 3 c 104% ± 1 a 102% ± 0.7 a 95% ± 1.5 a 

600 nm PS-NPD 137% ± 2 b 102% ± 0.6 a 95% ± 1 a 107% ± 1 a 

300 nm PE-NPD 152% ± 2.5 c 98% ± 0.5 a 107% ± 1.5 a 94% ± 1.5 a 

GPx 100% a 128% ± 5 b 96% ± 1.5 a 104% ± 0.8 a 103% ± 0.3 a 104% ± 1 a 300 nm PS-NPD 141% ± 4 c 106% ± 1.5 a 95% ± 1 a 95% ± 0.8 a 

600 nm PS-NPD 133% ± 2 b 97% ± 0.5 a 103% ± 0.6 a 106% ± 0.9 a 

300 nm PE-NPD 145% ± 3 c 103% ± 0.8 a 107% ± 1 a 98% ± 0.5 a 

a–d indicate significant differences between the treatments ( P < 0.05). Data are presented as means ± standard deviation (SD) of 15 organisms. 
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uced by Ag + . We measured the activities of these enzymes to de-

ermine the oxidative stress induced as a result of exposure to Ag + .
he results ( Table 2 ) showed that the highest biomarker response

as observed in D. magna exposed to Ag + and to the mixture of

g + and NPDs. The increase in the activities of SOD, CAT and GPx

ndicated that the organisms are responding to the increased lev-

ls of ROS. The activities of all analyzed enzymes increased signif-

cantly after exposure to the mixture of NPD and Ag + compared

o Ag + alone. This is an indication that NPD enhance the oxidative

tress of Ag + and the activity of the enzymes increased to elimi-

ate the ROS. 

Our findings showed that the activity of SOD was independent

f NPD size and chemical composition. However, the activity of

AT and GPx in organisms exposed to 300 PS-NPD was signifi-

antly higher than in the organisms exposed to 600 nm PS-NPD.

his further confirms that the size of NPD dramatically influences

heir Trojan horse mechanism, likely due to the higher uptake of

he 300 nm particles compared to the 600 nm particles. The organ-

sms exposed to PE-NPD showed higher activities in the CAT and

Px enzymes compared to organisms exposed to 300 nm PS-NPD.

ur study for the first time documents that the chemical compo-

ition of NPD influences their Trojan horse effect. Interestingly, in

he presence of DOM, the activity of the enzymes was not signifi-

antly different from to the activity measured in control organisms.

revious studies reported that DOM sorbed to particles inhibits the

oxicity of Ag + nanomaterials to organisms ( Collin et al., 2016 ) due

o decreasing the Ag + release from the DOM-coated particles. 

. Conclusions 

In this study, we demonstrated that the size and chemical

omposition of NPD influence the sorption of Ag ions onto the

PD under environmentally relevant conditions. We kept the par-

icle number concentration equal for all treatments. Our findings

howed that the 600 nm PS-NPD ad/absorb a higher quantity of

g + compared to the 300 nm PS-NPD and PE-NPD when the same

article number concentration was used. However, different dose

etrics, such as particle mass and surface area, may result in dif-

erent outcomes. We used particle number as the dose metric be-

ause it was reported to be more suitable for determining the in-

uence of nanomaterial physicochemical properties on their toxic-

ty ( Abdolahpur Monikh et al. 2019b ). However, the toxicity of Ag + 

n the presence of the 300 nm PS-NPD and PE-NPD was higher

han in the presence of the 600 nm PS-NPD. This implies that

maller particles of NPD can be potentially more hazardous than

he larger NPD even if they sorb a lower quantity of contaminants.

S-NPD sorbed a higher quantity of Ag + ions compared to PE-NPD

f the same size. However, the toxicity of Ag + in the presence

f PE-NPD was higher in few cases. This suggests that chemical

omposition can influence the toxicity of NPD. This requires fur-

her research as most of the current publications focus solely on

S-NPD. The presence of DOM decreased the sorption of Ag + onto

00 nm PS-NPD, while it increased the sorption of Ag + onto 300

S-NPD and PE-NPD. Moreover, DOM inhibited the toxicity of Ag-

PD regardless of NPD size. Our findings suggest that the pres-

nce of DOM in natural freshwater may inhibit the Trojan horse

ffects of NPD, however, in some ecosystems, e.g. marine ecosys-

ems, where the concentration of DOM is low, Trojan horse ef-

ects of NPD may become a critical issue. We demonstrated that

he chemical composition and particle size of NPD are fundamen-

ally important factors to determine the Trojan horse effects in or-

anisms. Further studies may focus on how the other environmen-

al parameters such as salinity and pH influence the sorption and

ubsequent Trojan horse effects of NPD following our experimental

etups. 
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