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ABSTRACT: A multistep sample preparation method was
developed to separate metal-based engineered nanoparticles
(ENPs) from biological samples. The method was developed
using spiked zebraﬁsh tissues and standard titanium dioxide (TiO2)
and cerium dioxide (CeO2) ENPs. Single-particle inductively
coupled plasma mass spectrometry was used to quantify the
separated particles in terms of number concentration. This method
demonstrated mass recoveries of more than 90% and did not
strikingly alter the median particles size. High number recoveries
were calculated for CeO2 ENPs (>84%). Particle number
recoveries were poor for TiO2 ENPs (<25%), which could be
due to the interference of 48Ca with the measured isotope 48Ti.
The method was veriﬁed using zebraﬁsh exposed to CeO2 ENPs to
test its applicability for nanotoxicokinetic investigations. Total mass of Ce and particle number concentration of CeO2 ENPs
were measured in diﬀerent tissues. Notably, the mass-based biodistribution of Ce in the tissues did not follow the number-based
biodistribution of CeO2. Moreover, the calculated mass-based bioconcentration factors showed a diﬀerent pattern in
comparison to the number-based bioconcentration factors. Our ﬁndings suggest that considering mass as the sole dose-metric
may not provide suﬃcient information to investigate toxicity and toxicokinetics of ENPs.

■

INTRODUCTION

as particle size, number, volume-speciﬁc surface area, and
composition;6 that may aﬀect their toxicokinetics.
However, nanotoxicokinetics remains an under-explored and
challenging area. This is mostly due to limitations in
characterizing and quantifying ENPs in biological media.7
Some techniques have recently been introduced and used to
characterize8 and quantify9 ENPs. Most of these techniques are
limited when applied to ENPs in biological media due to the
complex and polydisperse matrices encountered there.10

Applying engineered nanoparticles (ENPs) for commercial
purposes has raised concerns that these materials may be
released into the environment. A growing body of evidence
shows that some ENPs are taken up by organisms, distributed
in their bodies, and consequently accumulated in various
tissues.1,2 Most of these studies have been performed by
exposing organisms to diﬀerent mass concentrations of ENPs
and assessing the mass-based concentration of the particles
accumulated in tissues.3 The toxicokinetics of ENPs, which
also are known as nanotoxicokinetics,4 cannot be described
solely on a mass basis as is the case of classical chemicals.5
Unlike chemicals, ENPs have such physicochemical properties
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Moreover, the low particle concentrations of ENPs in tissues
restrict the direct application of these techniques. Alternatively,
a method is required to extract or separate ENPs from
biological media in order to decrease the complexity of the
media.11 At the heart of the challenge lies the development of a
generic sample preparation method capable to separate ENPs
from biological matrices while not altering such properties of
interest as particle size and number.7,12
Metal-based ENPs cannot be separated from biological
samples using the aggressive chemical treatments commonly in
use for isolating metal ions (e.g., acid digestion). These
approaches lead to dissolution of ENPs and, therefore,
substantial alteration in particle size and number. Very
recently, Deng et al.13 reported that they successfully extracted
TiO2 from plants using an acid digestion approach. The
literature oﬀers a few reports on the development of methods
for separation of metal-based ENPs from consumer products.14−16 Recent studies have presented methodologies to
separate and quantify metal-based ENPs in biological samples
using alkaline digestion e.g., tetramethylammonium hydroxide
(TMAH)11,17 and enzymatic digestion.17,18 Little attention has
been given, however, to optimizing the method to maximize
particle recoveries. Particle solubility makes extraction and
separation of metal oxide ENPs (e.g., copper oxide [CuO],
titanium dioxide [TiO2], and cerium dioxide [CeO2])
challenging under the extremely alkaline conditions of, for
example, a TMAH solution.19 Moreover, digestion of tissues to
extract and separate ENPs may inﬂuence coating agents used
on the particles12 and, consequently, lead to particle
aggregation/agglomeration11 and artifacts. Previous studies
have been directed to isolating particles from tissues using
density gradients and/or direct ﬁltration.18 These techniques
are reported to result in low mass recovery because particles of
interest are lost.19
In this study, we present a generic multistep method for
extraction of metal-based ENPs from biological matrices that
can be applied for metal and metal oxide ENPs. We must
mention that this method was developed for ENPs which do
not dissolve or particles with a low dissolution rate. We ﬁrst
optimized and evaluated the method using spiked samples and
standard TiO2 and CeO2 ENPs. Then, we quantiﬁed and
characterized the separated ENPs in terms of particle number
and median size using single-particle inductively coupled
plasma mass spectrometry (sp-ICP−MS) and a transmission
electron microscope (TEM). As is often the case in
nanotoxicity studies, the low detection levels for number
concentration make sp-ICP−MS very promising for the
quantiﬁcation of environmentally relevant particle number
concentrations and highly diluted samples.20,21 Nevertheless,
very few studies have applied this technique for toxicological
purposes.13,22,17 Finally, the developed method was veriﬁed
and tested using zebraﬁsh. The separated particles from
zebraﬁsh were quantiﬁed in terms of particle number
concentration and median size to present the number-based
biodistribution and number-based bioconcentration factors
(NBCFs) of the ENPs in the ﬁsh. This study’s speciﬁc
objectives were to (1) develop a generic sample preparation
method for extraction and quantiﬁcation of metal-based ENPs
in biological media, and (2) verify that method using exposed
zebraﬁsh to test applicability of the method for nanotoxicity
investigations and in particular nanotoxicokinetic studies.
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EXPERIMENTAL SECTION

Reagents and Chemicals. The TiO2 (NM-104) and
CeO2 (NM-211) ENPs, which are powders, were acquired
from the Nanomaterials Repository at the European
Commission’s Joint Research Centre (JRC).23 Dispersions of
the particles were provided in Milli-Q ultrapure (MQ) water as
stock dispersions for diﬀerent purposes during the study. The
dispersions were sonicated before use and only used for a
maximum of 24 h. Proteinase K was obtained from Fermentas
(Fisher Scientiﬁc, Landsmeer, Netherlands). Optima grade
hydrochloric acid (HCl, 30%) and nitric acid (HNO3, 65%)
were purchased from Merck (Suprapure, U.S.). Sodium
bicarbonate (NaHCO3), sodium hydroxide (NaOH), sodium
dodecyl sulfate (SDS), and hydrogen peroxide (H2O2) (30%)
were purchased from Sigma-Aldrich (Sigma-Aldrich Corp., St.
Louis, MO). Ionic Ti and Ce standards with concentrations of
1000 mg/L were obtained from Merck (Darmstadt, Germany).
We must emphasize that there is no unexpected, new, and/
or signiﬁcant hazards or risks associated with the reported
work.
Characterization of TiO2 and CeO2 ENPs. An extensive
characterization of the physicochemical properties of CeO2
(NM-211)24 and TiO2 (NM-104)25 can be found in JRC
reports. In this study, TEM images of CeO2 and TiO2
dispersions in MQ water were obtained using a JEOL 1010
TEM operated at 70 kV accelerating voltage. About 200 μL of
the dispersion of the particles were pipetted onto cupper grids.
The grids were kept in darkness at room temperature for 24 h
allowing the samples to dry. Hydrodynamic size and zeta
potential measurements were made by dynamic light scattering
using a Zetasizer Nano device (Malvern Panalytical, Netherlands and UK).
Zebraﬁsh Exposure and Tissue Dissection. Adult
zebraﬁsh (Danio rerio) were held in the laboratory within the
exposure medium for acclimatization. Exposures were conducted in 5 L glass aquariums by introducing a quantity of
CeO2 or TiO2 ENPs from a 1000 mg/L stock solution to reach
ﬁnal concentrations of 0.5 and 1 mg/L for CeO2 and TiO2
ENPs, respectively. The concentrations used in this study were
several orders of magnitude higher than those predicted in the
environment but still substantially lower than the concentrations reported to be lethal for zebraﬁsh.26,27 These
concentrations facilitate the measurement of the accumulated
particles in the tissues, if accumulation took place. Fish were
exposed for 21 days and were fed every 3 days. We replaced
the exposure media with fresh media every 36 and 24 h for
CeO2 and TiO2, respectively. The stock solution was prepared
immediately before the exposure test and sonicated using a
SONOPULS ultrasonicator (BANDELIN electronic. Berlin,
Germany) for 10 min at a delivered power of 40 W. The
stability of the particles in the exposure media containing the
zebraﬁsh was monitored by measuring the particles concentration, hydrodynamic size over time and TEM measured size.
The results were similar to those observed for the media
without zebraﬁsh (data not included). After exposure, the
intestine, liver, gills, and brain of the ﬁsh were immediately
dissected and kept frozen for particle extraction. The intestine
was divided into three segments including rostral intestinal
bulb (RIB), midintestine (MI), and caudal intestine (CI) and
were identiﬁed in this study as intestine-RIB, intestine-MI, and
intestine-CI.
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Particle Extraction and Method Optimization. Spike
recovery experiments were conducted at 0.1 mg/kg wet weight
for CeO2 and TiO2 by addition of the ENPs dispersions from
stock solution into intestine, liver, gills, and brain samples
(presented in this study as spiked tissues). Extraction of CeO2
and TiO2 ENPs from tissues consisted of ﬁve steps (Figure 1).

obtained suspensions were dispersed using 5 mL of 0.05% SDS
solution, followed by sonication for 1, 5, 10, and 20 min at a
delivered power of 40 W. We adjusted the pH of the dispersion
to 8−8.5 using NaOH.
The total mass recovery (Supporting Information (SI)
Formula S1) was calculated to evaluate any losses in the
quantity of the particles after each step. Median size was
measured after steps 1, 3, 4, and 5 to assess any variation in the
median size of the particles during the sample preparation
procedures. To achieve the assessment of even minimal
alterations of the particle size and number, we evaluated the
extraction method using dispersions of standards CeO2 (NM211) and TiO2 (NM-104) ENPs with known primary particle
sizes in MQ water. We determined and compared the particle
number and median size of the samples before and after
particle extraction.
Total Mass Concentration. The samples (tissues and
water) were placed into glass tubes and digested for 30−60
min with HNO3 (65%) at 100−130 °C followed by 2 h of
additional digestion with HClO4 at 170 °C in an aluminum
heating block. After digestion, we hydrolyzed the samples with
5 mL of water for 2 h at 100 °C. The total mass concentrations
of Ce and Ti in the solutions thus obtained were measured
using ICP−MS (Triple Quad 8800, Agilent Technologies).
The isotopes 47Ti and 140Ce were measured with a plasma ﬂow
of 15.0 L/min and nebulizer gas ﬂow of 1.0 L/min in He mode
with integration time of 0.3 s.
Quantiﬁcation of Median Size and Particles Number
Concentration Using sp-ICP−MS. The operational parameters of sp-ICP−MS are summarized in Table 1. Gold (Au)
Table 1. Inductively Coupled Plasma Mass Spectrometry
(ICP−MS) Settings for Single Particle Analysis

Figure 1. A generic stepwise procedure for developing and evaluating
a sample preparation method to separate and quantify metal-based
ENPs from biological matrices. The black, red, and blue arrows show
the procedure for separating ENPs from spiked tissues, standard CeO2
and TiO2 ENPs in MQ water, and tissues of exposed zebraﬁsh,
respectively.

ICP−MS Parameters
radio frequency power
nebulizer type
spray chamber type
plasma gas ﬂow
nebulizer gas ﬂow
auxiliary gas ﬂow
isotopes

Step 1: The ﬁsh tissues were homogenized separately using a T
10 basic ULTRA-TURRAX homogenizer (IKA. Staufen,
Germany) with a stator diameter of 8 mm, rotor diameter of
6.1 mm, and maximum circumferential speed of 9.6 m/s. To
obtain suﬃcient amounts of sample, tissues of 10 adult
zebraﬁsh were homogenized for 1, 5, and 10 min in 1 mL MQ
water. Step 2: The homogenized tissues were diluted with 1
mL of MQ water and sonicated using a model P30H
Elmasonic bath sonicator (Elma Schmidbauer, Singen,
Germany) for 10 min to aid in breaking down tissue. Step
3: The resulting samples were digested using enzymatic
digestion. Accordingly, 5 mL of enzyme solutions (containing
0.05% [w/v] proteinase K, 50 mM ammonium bicarbonate as
a buﬀer, and 0.05% [w/v] SDS) was added to the samples and
gently stirred at 50 °C in a water bath. The duration of sample
digestion was varied among 2, 10, and 24 h. Step 4: Additional
post-treatment of the sample was carried out using H2O2 at
alkaline pH (7.5−8) in a water bath at 90 °C. Temperatures
above 65 °C inhibit the activity of proteinase K,28 thus
diminishing the possibility of enzyme−H2O2 interactions. The
duration of sample digestion was 1 h, while the ratio of H2O2
to sample was varied among 1:1, 1:2, 1:3, 1:4, and 1:5
(H2O2:sample). This process was repeated three times to
maximize removal of the biological residuals. Step 5: The

1400 W
conical glass concentric
quartz impact bead spray
13 L/min
1.1 L/min
0.7 L/min
140
Ce and 48Ti

Single-Particle ICP−MS Parameters
dwell time
3 ms
acquisition time
1 min
replicates per sample
1

ENPs (RM-8013), consisting of a suspension of spherical 60
nm Au ENPs with a mass concentration of 50 mg/L stabilized
in a citrate buﬀer, were obtained from NIST (Boulder, CO)
and used as reference materials. A 50 μg/L stock standard was
prepared by diluting 50 μL of RM-8013 with 50 mL of MQ
water (Millipore A10 system, Millipore, Burlington, MA, USA)
and stored at room temperature in amber glass screw-neck
vials. Prior to use, the standard was sonicated for 10 min using
a bath sonicator. We must mention that in sp-ICP−MS only
one isotope can be monitored at a time because of the high
time resolution used. Therefore, no internal standards are used.
In addition, in sp-ICP−MS a high dilution of the prepared
sample suspension is almost always required. As a
consequence, matrix eﬀects are limited. Calibration was
performed by determining the nebulization eﬃciency and by
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recovery and median particle size were the parameters chosen
for evaluating each step of the method, whereas homogenization time, digestion times, H2O2 concentration, and
sonication time were the optimized factors. Optimizing these
conditions increases the mass and number recoveries and
minimizes the inﬂuence of the extraction method on particle
size.
The optimal homogenization time was 5 min. After Step 1,
the calculated total mass recoveries were between 83% and
113% for Ce and 76% and 107% for Ti. The homogenization
step was followed by sonication because the use of sonication
is reported to enable more particles to be extracted from their
background matrices than is possible without sonication.19
The optimal enzymatic digestion time of 10 h was chosen
for further experiments with all tissues. The total mass
recoveries (data mean ± SD) of Ce were 93 ± 5%, 105 ±
9%, 97 ± 3%, and 93 ± 8%, and the total mass recoveries of Ti
were 86 ± 8%, 112 ± 9%, 87 ± 5%, and 106 ± 8% for
intestine, liver, gills, and brain, respectively. This was at least
5−10% greater than when applying a 2 h enzymatic digestion.
A possible explanation for this is that 2 h of digestion is not
suﬃcient for the enzyme solutions to digest large amounts of
the tissues and to liberate particles. The particles which remain
attached to organic residual in the sample are lost due to
adsorption of the organic residual to the tubes during sample
preparation and sample handlings.31 No signiﬁcant diﬀerence
was observed in the total mass recoveries between 10 and 24 h
of digestion. The obtained recoveries were higher than those
reported in previous studies using enzymatic digestion to
separate TiO2 ENPs31,32 and aluminum-containing ENPs16
from biological samples and consumer products. Our method
provided total mass recoveries similar to those reported by
Gray et al. for silver (Ag) and Au ENPs in Daphnia magna and
Lumbriculus variegatus.17
It is possible that after enzymatic digestion biological
residues remain in the samples and interfere with particle
quantiﬁcation and characterization33 (see SI Figure S2a). The
calculated total mass recoveries after H2O2 treatment to
remove the organic residual were >91% for Ce and >93% for
Ti. Adding H2O2 after the enzymatic digestion signiﬁcantly (P
< 0.05) improved the CeO2 particle number recoveries. The
ratio of 1:1 was selected as the optimal amount. Although high
total mass recoveries were calculated for TiO2 ENPs after
extraction from the spiked samples, we obtained poor number
recoveries for these particles. As reported in the literature, it is
possible that the selected analytical method, sp-ICP−MS, has
limitations in measuring TiO2 ENPs with sizes smaller than
100 nm.34,29 Reed et al. reported that the larger TiO2 ENPs
(∼100 nm diameter) yield far fewer pulses above background
than do the smaller (∼50 to 80 nm diameter) CeO2 ENPs.35
Another possible explanation is that 48Ca of the biological
samples interferes with the measured isotope, 48Ti, thus
causing an elevated background signal. Donovan et al. used
47
Ti to avoid 48Ca interference with 48Ti, but the lower
abundance of 47Ti results in less intense pulses.36
The high number recoveries obtained for CeO2 can be
explained by the fact that H2O2 possibly cleaves the bonds
between biological residuals and ENPs, which are resistant to
enzymatic attack,37,28 thus resulting in particles liberation.
Particles liberation increases the eﬀectiveness of introducing
the sample into the spray chamber of the ICP−MS and
consequently greatly improves the particle number recoveries.
Combination of H2O2 with enzymatic digestion28 and such

the analysis of ionic analyte standards to determine the mass of
individual analyte particles. There are no reference tissues
available so far for nanomaterials in general. Therefore, we
have applied spiked samples using the standard particles to
evaluate the recovery of the extraction method.
Determination of the transport eﬃciency was carried out
according to the method reported by Peters et al.29 Stock
standards of Ti and Ce (100 μg/L) were prepared using MQ
water. Calibration standards in the concentration range of 0.2−
10 μg/L were prepared by diluting the corresponding ionic
stock standards further in MQ water. Protected from light,
these standards are stable at room temperature for at least 1
week.29
Particle sizes, particle numbers, and mass concentrations
were calculated from the results of the instrumental analysis
using a single particle calculation tool developed in house
(https://www.wageningenur.nl/en/show/Single-ParticleCalculation-tool.htm). This tool has been described in detail
and validated in previous work.29,30
Data Analysis and Calculation. Data was evaluated
statistically for normality using a Kolmogorov−Smirnov test in
SPSS version 23.0. One-way analyses of variance (ANOVA)
was performed to determine statistically signiﬁcant diﬀerences
(α = 0.05) between the samples. This was followed by
Duncan’s post hoc test. Diﬀerences between means for two
groups were calculated using the t-test.
The methods used for calculation of particles size, number
concentration and mass concentration using sp-ICP−MS data
are described in the Supporting Information. Median size
Particle number recoveries were calculated using a formula
described in SI Formula S2. NBCFs were calculated for each
tissue (wet weight) as follows:
NBCF(L/kgww) =

■

number of particles in tissue (particles/kgww)
number of particles in water at 0 h (particles/L)

RESULTS AND DISCUSSION
Particle Characterization. In this study, the Representative Test Materials (RTMs) CeO2 (NM-211) and TiO2 (NM104) ENPs were used and characterized to support the
repository for RTMs launched by the European Commission’s
JCR. The very low solubility of these particles,24,25 moreover,
serves to separate particle uptake from the uptake of dissolved
particle components. The hydrodynamic size measurements
for the particles dispersed in MQ water showed the CeO2 and
TiO2 to be near those sizes stated by the JRC (SI Table S1).
The TEM images of the particles (SI Figure S1) showed good
agreement between the experimentally determined particle size
and the reference values reported by JRC (SI Table S1) for
CeO2 and TiO2 ENPs.
Method Development. Evaluation of the Method Using
Biological Tissues. One of the challenges in developing a
method for separating ENPs from complex matrices lies in the
limited availability of representative materials that actually
contain the analyte of interest.29 In this study, spiked samples
were used as an alternative in the absence of reference
materials. It is possible that during sample preparation, a
portion of the particles is lost. Moreover, the background
matrix (texture of the tissues) where the particles are
accumulated may inﬂuence the sample preparation method
by altering particle size and number. Thus, the extraction
process was evaluated using diﬀerent spiked tissues, including
intestine, liver, gills, and brain. The total element mass
949
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Table 2. Total Mass Recoveries, Number Recoveries, And Size of CeO2 and TiO2 Engineered Nanoparticles (ENPs) Separated
from Spiked Tissuesa
ENP

tissue

total mass recovery (%)
mean ± SD

CeO2

intestine
liver
gills
brain

95 ± 5
98 ± 2
102 ± 5
94 ± 4

84
86
90
87

TiO2

intestine
liver
gills
brain

98
95
93
98

±
±
±
±

<25
<25
<25
<25

3
1
3
5

particle number recovery
(%) mean ± SD

hydrodynamic
size (nm)

±
±
±
±

275−301
229−287
215−306
256−283

51−57
48−56
53−58
47−58

9−10
8−10
9−10
7−10

293−371
281−346
311−357
248−391

103−310
136−247
111−272
110−237

40−100
40−100
60−130
40−110

6
3
4
3

median size measured by spICP−MS (nm)

primary particle size (nm)
measured by TEM

a

The results shown for mass and number recoveries were calculated as means of three independent experiments.

other treatments as tetraacetylethylenediamine37 and alkaline
wet oxidation38 to remove organic residuals from samples has
been tried previously. These studies reported that H2O2 at
alkaline pH plays an important role in removing biological
debris and liberating ENPs.
Particle stability is a prerequisite for further precise
measurement of ENPs’ size and number concentration.15
Enzymatic digestion followed by H2O2 treatment of tissues
may inﬂuence particle stability due to removal of coating
agents on the particles, thereby making the bare particles prone
to aggregation/agglomeration (see SI Figure S2b and d). After
H2O2 treatment, therefore, we stabilized the separated particles
using a 0.05% SDS solution followed by ultrasonication for 1,
5, 10, and 20 min. As reported in the literature, SDS is a
suitable dispersant for stabilizing some metal-based ENPs,
including TiO2 ENPs,39 and it is widely used as a dispersant in
many industries.40 The zeta potential and particle sizes of the
stabilized particles, after adjusting the pH (8−8.5) of the
dispersion, are reported in SI Table S2. Particle stability was
assessed by measuring hydrodynamic particle size changes
within 1 h after the stabilization. After 10 and 20 min of
ultrasonication, the particle size of both ENPs was stable for 1
h and in good agreement with that obtained for standard CeO2
and TiO2 dispersions in MQ water (SI Figure S2c). Less than
10 min of sonication resulted in larger sizes of both particles.
Thus, 10 min of sonication was chosen as optimal.
The ﬁnal results obtained after quantiﬁcation and characterization for diﬀerent spiked tissues were compared and are
summarized in Table 2. The calculated mass recoveries were
between 93% and 102%. No signiﬁcant diﬀerence was
observed among the tissues in the total mass recoveries of
Ce and Ti. The median size measured by sp-ICP−MS,
hydrodynamic size, and TEM-measured particle size were in
good agreement with those obtained for standard CeO2 and
TiO2 dispersions in MQ water. The comparison results also
showed there to be no signiﬁcant diﬀerence (P < 0.05)
between tissues in CeO2 number recoveries.
Evaluation of the Method Using Standard CeO2 (NM-211)
and TiO2 (NM-104) in MQ Dispersions. To understand
whether the presented sample preparation method inﬂuences
the particle size and number, we separated TiO2 (TiO2
standard NM-104) and CeO2 (CeO2 standard NM-211)
ENPs from MQ dispersion samples according to the developed
method. The calculated total mass recoveries were 98% and
91% for Ce and Ti, respectively (Table 3). The sp-ICP−MS
calculated median sizes for the CeO2 and TiO2 of 47−57 nm
and 148−310 nm, respectively, which is in good agreement

Table 3. Results Obtained for Total Mass Recoveries,
Particle Number Recoveries, And Particle Sizes of the
Standard CeO2 and TiO2 ENPs Dispersed in MQ Watera

ENP

total mass
recovery
(%)
mean ±
SD

particle
number
recovery
(%) mean
± SD

CeO2
TiO2

98 ± 4
91 ± 7

91 ± 3
<25

hydrodynamic
size (nm)

median size
(nm)
measured
by sp-ICP−
MS

primary
particles size
(nm)
measured by
TEM

243−281
289−352

47−57
103−310

8−10
18−215

a

The results shown for mass and number recoveries were calculated
as means of triplicate extractions.

with the median sizes measured in the same samples prior to
particle extraction. The method did not lead to observable
alterations in the size of either CeO2 (<15 nm hydrodynamic
size and <5 nm TEM measured primary particle size) or TiO2
(<3 nm TEM measure primary particle size) ENPs when
compared to ENPs analyzed in MQ water prior to extraction.
The particle number recoveries for CeO2 and TiO2 were
91% and <25%, respectively. We tested the hypothesis that the
low particle number recovery observed for TiO2 ENPs is
related to the limitation of sp-ICP−MS in measuring TiO2
ENPs and not to the presented extraction method. We
measured the particle number of TiO2 ENPs dispersed in MQ
before particles extraction using sp-ICP−MS. The results (data
not included) conﬁrmed that the sp-ICP−MS is not able
eﬀectively to measure TiO2 ENPs smaller than ∼100 nm, even
in the absence of 48Ca.
Another issue is that sp-ICP−MS cannot diﬀerentiate
primary ENPs from aggregated ENPs, and thus the sample
preparation method becomes critical.34 To test whether the
extraction method inﬂuences the particle size (e.g., due to
aggregation) and thus the particles number, we observed the
separated TiO2 ENPs using TEM. The results were in good
agreement with those obtained for the same ENPs prior to
extraction (SI Figure S3).
Performance of the Method. Because spike recovery
experiments do not reﬂect the natural conditions, additional
experiments with exposed organisms were conducted to verify
and test the method’s applicability. Because we did not obtain
good particle number recoveries for TiO2 ENPs, we discuss
only CeO2 ENPs in the following sections.
Mass-Based versus Number-Based Biodistribution. The
number-based and mass-based biodistribution of CeO2 ENPs
in the intestine-RIB, intestine-MI, intestine-CI, liver, gills, and
brain samples of the zebraﬁsh are summarized in Table 4.
Table 4 also shows the measured particle sizes of CeO2 in
950
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Table 4. Results Obtained for Total Mass of Ce, Particle Number of CeO2 ENPs, and Median Particle Size of CeO2 ENPs
Accumulated in Tissues of Exposed Zebraﬁsha
tissue
intestine-RIB
intestine-MI
intestine-CI
liver
gills
brain

particle mass (mg/kg ww)
mean ± SD
f

4.7
1.6
c
0.68
b
0.02
e
1.14
a
0.001
d

±
±
±
±
±
±

1
0.4
0.3
0.005
0.5
0.0008

particle number (mean ± SD)
(particles/kg)
e

4.5
2.1
c
5.5
b
3.6
d
5.4
a
2.6
d

hydrodynamic
size (nm)

median size measured by spICP−MS (nm)

primary particle size (nm)
measured by TEM

242−307
289−314
292−301
ND
201−286
ND

54−55
50−53
47−51
45−48
48−52
52−57

8−10
8−10
9−10
8−10
9−10
7−10

(±1.7) × 1012
(±0.03) × 1011
(±0.08) × 1010
(±0.09) × 105
(±0.01)× 1011
(±0.04)× 103

a
The results shown were calculated as means of three independent experiments. ww, wet weight. Diﬀerent letter superscripts indicate signiﬁcant
diﬀerences between tissues (P < 0.05); same letter indicates no signiﬁcant diﬀerence (P > 0.05). ND, not detected. Concentrations of particles in
liver and brain were below the detection limit for the dynamic light scattering method.

tissues. The median size measured by sp-ICP−MS was 45−57
nm, which is in good agreement with the size reported for the
CeO2 dispersion in MQ water. The dynamic light scattering
and TEM measured particle sizes for CeO2 were 201−314 nm
and <25 nm, respectively, indicating good agreement with
those measured in MQ dispersion and reported by JRC.
Statistically signiﬁcant diﬀerences were observed in the total
mass of Ce and number concentrations of CeO2 ENPs
between tissues (p < 0.05). The mass-based biodistribution of
Ce in zebraﬁsh did not follow the number-based biodistribution of CeO2. Regarding the total mass concentration,
there was signiﬁcant diﬀerences between all tissues, with the
highest concentration observed in intestine-RIB followed by
intestine-MI > gills > intestine-CI > liver > brain. Regarding
the particle number concentration, the pattern of CeO2
accumulation in zebraﬁsh was intestine-RIB > intestine-MI =
gills > intestine-CI > liver > brain. There was no signiﬁcant
diﬀerence between intestine-MI and gills. The largest number
of CeO2 particles observed in the intestine and in the gills
suggests that these tissues are the major end-points of the
CeO2 in this study. This observation could be explained by
gastrointestinal uptake or/and a direct contact of the
gastrointestinal tract and gills with CeO2 ENPs in the exposure
media as reported in the literature.41−43 Our ﬁndings also
showed that CeO2 ENPs accumulate in intestine-RIB to a
signiﬁcantly higher level than in intestine-MI and intestine-CI.
This observation can be explained by the diﬀerences in
structure and function of these three sections of intestine.44
The presence of CeO2 ENPs in liver and brain conﬁrmed that
these particles are transported to internal organs. According to
the TEM- and sp-ICP−MS-measured particles sizes, transport
of CeO2 into internal tissues occurred without any striking
shift in median particle size. Geraets et al. had reported that
CeO2 can be distributed to internal tissues other than lung,
such as liver, kidney, spleen, brain, and testis, after a single 6 h
exposure.45
Mass-Based versus Number-Based Bioconcentration
Factor. Results for mass-based bioconcentration factors
(MBCFs) of Ce and NBCFs of CeO2 in zebraﬁsh tissues are
summarized in Table 5. The MBCFs of Ce in intestine-RIB
were higher than those in other tissues and were followed by
intestine-MI > gills > intestine-CI. Low MBCFs were
calculated for liver (0.05 L/kg) and brain (0.002 L/kg). The
NBCFs showed a diﬀerent pattern in comparison to MBCFs,
with the highest level being that for intestine-RIB, followed by
the gills. Interestingly, comparing MBCF and NBCF values
shows that the MBCFs values are higher in all tissues except
for the intestine-RIB. The amount of ionic Ce measured by sp-

Table 5. Calculated MBCFs of Ce and NBCFs of CeO2
ENPs in Tissues of the Exposed Zebraﬁsh
tissue

MBCFs (L/kg) ± SD

NBCFs (L/kg) ± SD

intestine-RIB
intestine-MI
intestine-CI
liver
gills
brain

10 ± 0.9
3 ± 0.3
1 ± 0.16
0.05 ± 0.003
2 ± 0.24
0.002 ± 0.0004

19 ± 0.67
0.89 ± 0.15
0.02 ± 0.003
1 × 10−6 ± 4 × 10−7
2 ± 0.46
9 × 10−9 ± 9.6 × 10−10

ICP−MS was 1.2, 0.4, and 0.2 mg/kg for intestine-RIB,
intestine MI and intestine-CI, respectively, whereas it was
lower than the detection limits in the liver, brain and gills.
Although we have assumed that the CeO2 particles remain
stable throughout the process of applying the method, it is
likely that some degree of particle dissolution does occur
within cell and tissues. Similar ﬁndings have been reported
from previous studies, suggesting that a small fraction of CeO2
taken up by plants undergoes dissolution despite particle
stability in the exposure media.46,47 This leads to a decrease in
the number of particles within tissues and can explain the
diﬀerences observed between MBCFs and NBCFs in intestine
MI and intestine-CI. It is also possible that the size of the
particles in the tissues is lower than the detection limit in terms
of size of the instrument (30−40 nm) for CeO2. Smaller
particles were thus not detected while still present. Further
investigation of this issue is out of the scope of this study and
needs to be performed in future studies. As measured by
MBCFs, our results show that bioconcentration took place in
intestine-RIB, intestine-MI, intestine-CI, and gills. As measured
by NBCFs, bioconcentration was observed only in intestineRIB and gills. This ﬁnding suggests that to consider mass as the
sole dose-metric does not provide the proper information to
investigate nanotoxicokinetics. This is as predicted in the
literature,48,49 and it is a key ﬁnding for future environmental
nanotoxicology studies.
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