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ARTICLE INFO ABSTRACT

Keywords: Bioaccumulation is a key factor in understanding the potential ecotoxicity of substances. While there are well-
Trophic transfer developed models and methods to evaluate bioaccumulation of dissolved organic and inorganic substances, it
Nanoparticles is substantially more challenging to assess bioaccumulation of particulate contaminants such as engineered
Nanotechnology

carbon nanomaterials (CNMs; carbon nanotubes (CNTs), graphene family nanomaterials (GFNs), and fullerenes)
and nanoplastics. In this study, the methods used to evaluate bioaccumulation of different CNMs and nano-
plastics are critically reviewed. In plant studies, uptake of CNMs and nanoplastics into the roots and stems was
observed. For multicellular organisms other than plants, absorbance across epithelial surfaces was typically
limited. Biomagnification was not observed for CNTs and GFNs but were observed for nanoplastics in some
studies. However, the reported absorption in many nanoplastic studies may be a consequence of an experimental
artifact, namely release of the fluorescent probe from the plastic particles and subsequent uptake. We identify
that additional work is needed to develop analytical methods to provide robust, orthogonal methods that can

Engineered nanomaterials

measure unlabeled (e.g., without isotopic or fluorescent labels) CNMs and nanoplastics.

1. Introduction

Bioaccumulation is a key indicator of potential adverse environ-
mental effects given that persistence in an organism can lead to chronic
toxicity. Moreover, understanding the bioaccumulation of substances
supports the interpretation of toxicity test results: if substances are not
bioavailable or do not accumulate, then any toxicity in internal organs
may be indirect and a consequence of disruption of external tissue sur-
faces (e.g., disruption of respiratory, digestive system processes, or
behavior/feeding).

Understanding the bioaccumulation of dissolved substances has well
developed models and methods. In contrast, understanding the bio-
accumulation of nano-sized particles is still under development. Engi-
neered nanomaterials (ENMs) have a size in one dimension between
1 nm and 100 nm, (ASTM (American Society for Testing Materials) In-
ternational, 2006; ISO (International Organization for Standardization),
2010) while nanoplastics are defined in a recent ISO standard (ISO,
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2020) and have one size from 1 nm to 1000 nm. ENMs can and are being
used in a wide range of potential commercial products (Burschka et al.,
2013; Halamoda et al., 2019; Petersen et al., 2012; Sun et al., 2017), but
their small size may also lead to environmental or human health risks
upon release into the environment or exposure during product usage
(Elliott et al., 2017; Hanna et al., 2016,2018; Klaine et al., 2008;
Petersen et al., 2020; Roesslein et al., 2013). Important engineered
carbon nanomaterials (CNMs) include carbon nanotubes (CNTs), ful-
lerenes (and derivatized versions of them such as fullerenols), and gra-
phene family nanomaterials (GFNs), and also incidental particles such as
nanoplastic particles formed as the result of the breakdown of plastic
debris in the environment. Fullerenes typically consist of 60 or 70 sp>-
hybridized carbon atoms arranged in a series of hexagons and pentagons
to form a spherical structure, whereas CNTs have long tubular struc-
tures. GFNs, which include graphene, reduced graphene (rGO), few
layer graphene (FLG), and graphene oxide (GO), consist of a single layer
or a few layers of sp>-hybridized carbon with a sheet-like structure.
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Traditional approaches for estimating the bioaccumulation of
organic chemicals, such as partitioning coefficients, have been shown to
not be applicable to CNMs (Bjorkland et al., 2017; Petersen et al., 2010;
Praetorius et al., 2014). Another substantial difference between the
bioaccumulation behaviors of CNMs and nanoplastics and dissolved
organic chemicals is that the larger size of CNMs and nanoplastics may
not enable their passage across epithelial surfaces of organisms
(Petersen et al., 2019b). In a review of CNT bioaccumulation studies
published in 2017 (Bjorkland et al., 2017), a systematic trend was
observed across a broad range of multicellular organisms (excluding
plants): there was a lack of detectable absorption of CNTs across
epithelial surfaces. In the few studies that evaluated trophic transfer of
CNTs, biomagnification was not observed (Mortimer et al., 2016b; Parks
et al., 2013; Schierz et al., 2014). Similarly, a recent evaluation of the
bioaccumulation of microplastic particles found that >99 % of the par-
ticles observed in field studies were in the organism gut tracts and not
absorbed into their tissues (Gouin, 2020). However, it is not yet clear
whether this trend would hold true across a broader range of CNMs and
nanoplastics.

In this study, we have critically reviewed bioaccumulation studies of
arange of CNMs and nanoplastics to evaluate the quality of the methods
used and whether there are consistent trends. Given the range of
different quantification approaches used among studies, the analytical
methods for the different types of particles are then evaluated and re-
sults obtained using different analytical methods are compared. The
methods for detecting the bioaccumulation of CNMs and nanoplastics
are evolving, and the findings could be impacted by the method selected
and its detection limit. Because bioaccumulation terminology can differ
among studies, specific terminology from a recently published study on
making robust nanoparticle (NP) bioaccumulation methods will be used
(see the Supporting Information). Lastly, the bioaccumulation studies
for each type of CNM and nanoplastics are critically evaluated with a
focus on the use of control measurements to avoid potential artifacts.
Our hypothesis is that the particle size of CNMs and nanoplastics will be
more important for their bioaccumulation than the underlying chemical
structure. In other words, similarly-sized nanoplastics and CNMs will
have similar bioaccumulation behaviors. This is the reason why both
CNMs and nanoplastics are evaluated here.

2. Methods for bioaccumulation evaluation

To identify publications on the bioaccumulation of CNTs (published
since 2017), GFNs, fullerenes, and nanoplastics, we used an approach
similar to that of a prior study (Bjorkland et al., 2017) by searching the
Web of Science using a range of search terms, including, for example,
“nanotube” and “bioaccumulation.” The most recent searches were
performed in August 2021. We also sought out relevant review papers on
the ecological risks of CNMs and nanoplastics, and reviewed the man-
uscripts cited in all papers for other potentially relevant studies. Papers
were not removed from further analysis if they lacked key control ex-
periments given the limited number of relevant studies, but these limi-
tations were discussed in the text for selected papers that provided
quantitative bioaccumulation values.

The methods used in bioaccumulation studies for the different types
of CNMs and nanoplastics have been evaluated in terms of their fre-
quency of use (Table 1 and Fig. 1). Information that might impact the
bioaccumulation (e.g., detection method, particle size, exposure con-
centration, assay duration, test taxa and species) were extracted from
the papers and organized into Tables 2-5. The presented CNT data in
Table 2 only includes papers published after 2017 since a previous paper
reviewed all 42 studies up that point (Bjorkland et al., 2017), although
the new data was compared to that from the previous CNT bio-
accumulation studies.
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Table 1
The frequency of the main analytical techniques for different carbon nano-
materials and nanoplastics.

Particle type Method used in Percentage of studies using method
study (% (number using technique/total

number of studies))

Carbon nanotubes TEM 36 (18/50)
14C labeling 34 (17/50)
Raman 24 (12/50)
spectroscopy

Graphene Family 14C labeling 53(9/17)

Nanomaterials TEM 24 (4/17)

Raman 24 (4/17)
spectroscopy

Fullerenes TEM 52 (14/27)
UV/vis 26 (7/27)
spectroscopy
Light microscopy 26 (7/27)

Nanoplastics Fluorescence 73 (22/30)
Light microscopy, 7 each (2/30)
TEM, SEM

The studies analyzed are those in Fig. 1. Abbreviations: scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM).

3. Analytical methods

A primary challenge in understanding the bioaccumulation behav-
iors of CNMs and nanoplastics is that the analytical methods for quan-
tifying their concentration in different tissues are still being developed
and vary among studies (Fig. 1 and Table 1). However, comprehensive
reviews of analytical methods for quantifying CNTs (Petersen et al.,
2016), GFNs (Goodwin et al., 2018), fullerenes (Isaacson et al., 2009),
and nanoplastics (Nguyen et al., 2019) have been published. Overall,
quantitative measurements (measurements that can yield a concentra-
tion value and uncertainty) are superior to qualitative measurements
(measurements that yield a “yes” or “no” answer), because they better
enable comparisons among studies and use in risk assessment criteria.
Some techniques yielded a relative concentration that enabled com-
parison among samples within the study (detected pixels corresponding
to polystyrene (PS) particles in fish brain (Mattsson et al., 2017) or
relative radioactive intensity (Soubaneh et al., 2020)) but cannot be
readily linked to a concentration in units (e.g., mg/L) that enable
comparisons to other studies. Such measurements are more limited than
other quantitative measurements. Nevertheless, qualitative measure-
ments using orthogonal methods can help confirm quantitative results
(Petersen et al., 2019b). For example, detection of CNMs or nanoplastics
in a tissue using a quantitative technique (e.g., quantification of the 14C
label) can be supported by an qualitative analysis (e.g., Raman micro-
scopy) (Lu et al., 2017).

When feasible, it is best to analyze samples using orthogonal
methods (i.e., those based on different measurement principles such as
transmission electron microscopy (TEM) and detection of a radioactive
label), because similar interferences or biases are less likely to impact
orthogonal methods (Petersen et al., 2016). Unfortunately, few studies
have been performed that directly compare orthogonal quantitative
methods in complex matrices (e.g., comparing C'* labeling and near IR
fluorescence (NIRF) approaches to quantify single-wall CNTs
(SWCNTS)) (Schierz et al., 2012). If differing results are obtained among
orthogonal methods, efforts should be made to identify and resolve the
cause of the disagreement. Depending upon the purpose of the study, it
may be important to use multiple techniques that yield different infor-
mation or multiple time points to assess gut voidance and the elimina-
tion rate (Petersen et al., 2019b). The use of reference materials can help
determine instrument or method performance for more mature research
areas (e.g., metal concentration in a tissue such as NIST SRM 1566b
(NIST, 2019)), but these are not yet available for emerging topics such as
the bioaccumulation of CNMs and nanoplastics.

Bioaccumulation studies can have varying valid objectives and
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Fig. 1. Frequency of different detection methods used in bioaccumulation studies by year for (A) carbon nanotubes, (B) graphene family nanomaterials, (C) ful-
lerenes and fullerenols, and (D) nanoplastics. Abbreviations: coherent anti-Stokes Raman spectroscopy (CARS), Fourier transform infrared spectroscopy (FTIR), high
performance liquid chromatography (HPLC), inductively coupled plasma-mass spectrometry (ICP-MS), liquid chromatography-mass spectrometry (LC-MS), matrix
assisted laser desorption/ionization-time of flight-mass spectrometry (MALDI-TOF-MS), near infrared fluorescence (NIRF), scanning electron microscopy (SEM),
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), transmission electron microscopy (TEM), X-ray diffraction (XRD). This figure includes all
studies described in tables 2 through 5 in addition to references from a prior publication on CNT bioaccumulation studies.(Bjorklandet al., 2017) In some studies,
multiple techniques were used. The total number of studies was 50, 17, 27, and 30 for CNTs, GFNs, fullerenes and fullerenols, and nanoplastics, respectively.

strategies for making robust and reproducible bioaccumulation studies
with ENMs (Petersen et al., 2019b). A primary focus on bioaccumulation
studies in this paper is the extent to which absorption across epithelial
tissues occurs and the concentration in tissues other than the digestive
tract, because this would yield results most similar to bioaccumulation
studies for dissolved contaminants (Bjorkland et al., 2017). In the
following sections, the advantages and limitations of the most
commonly used techniques and potential artifacts (Petersen et al.,
2019b) during their usage are briefly discussed. The most commonly
used techniques for CNTs, GFNs, and nanoplastics do not require
extraction from the biological matrix, while this is needed in only one of
the three most common techniques for fullerenes (i.e., UV/vis spec-
troscopy). This topic is not thoroughly addressed here, because it has
been investigated in depth in prior reviews (Petersen et al., 2016; Pycke
et al., 2011,2012).

3.1. Carbon nanotubes (CNTs)

Unless the technique measures something unique to the type of CNT
(e.g., NIRF analysis of SWCNTs (Petersen et al., 2016; Schierz et al.,
2012)), the analytical technique can be used with different types of
CNTs. The most frequently used method in studies with CNTs is TEM (35
% of the compiled studies; Table 1). This is a powerful technique that
can theoretically identify a single nanoparticle in an entire organism.
However, this technique can be challenging to use in practice with CNTs
for many reasons. For example, there may be artifacts when attempting
to distinguish between CNTs and other organic material. In one early

study, apparent absorption of CNTs into systemic circulation in Daphnia
magna observed by TEM was determined to be an artifact based on
subsequent analyses using high resolution TEM (HRTEM) and selected
area electron diffraction (SAED) microscopy (Edgington et al., 2014).
When electron microscopy is used to evaluate the bioaccumulation of
CNMs or nanoplastics, it is important to carefully interrogate the par-
ticles observed using methods such as HRTEM to evaluate the material
fine structure, SAED to evaluate the diffraction patterns, or electron
energy loss spectroscopy (EELS) to evaluate the particle electronic
structure (Edgington et al., 2014). These results can then be compared to
analysis of the CNMs or nanoplastic after suspension in the test media to
confirm that the bioaccumulated particles are those used in the experi-
ment (Edgington et al., 2014). It is also important to evaluate if the
sectioning process may have inadvertently removed CNTs that were in
the tissue by evaluating if the cross-sections had any tears or if the
diamond knife was damaged (Kgbler et al., 2014). While electron mi-
croscopy (EM) is typically used to provide definitive CNT identification
as a qualitative, confirmative method, there is an American Society of
Testing and Materials (ASTM, 2015) method for quantifying asbestos
that could be used for quantitative analysis. However, this method has
not yet been used to evaluate CNM or nanoplastic bioaccumulation to
our knowledge.

14¢ labeling followed by quantification of the C label (e.g., using
autoradioagraphy (Al-Sid-Cheikh et al., 2020) or liquid scintillation
counting (LSC) potentially after biological oxidation (Petersen et al.,
2008a,b; Zhang et al., 2011,2012a)) is the second most commonly used
method in studies on the bioaccumulation of CNTs (33 % of the



Table 2
Summary of CNT bioaccumulation results published since 2017.
Type Size Functionalization Detection Exposure Concentration Maximum Taxon Species Factor Results Reference
method Duration
MWCNT  4nm (inner); 14¢ labeling 14G labeling Aqueous media (BG 122pg L1 96h Algae Chlamydomonas BCF: 13700 L Quantitative (Politowski
5nm to 20 nm 11) and algal reinhardtii kg! Maximum body burden: et al.,
(outer); >1 culture medium 1.6 + 0.4 pg “*C-MWCNT 2021)
um (avg. mg~ ! (dry mass)
length)
MWCNT 4 nm (inner); 14C Jabeling 14C labeling Algal culture 123pg L7! 9h Algae Raphidocelis BCF: 6800 L kg ™! Quantitative (Politowski
5nm to 20 nm medium subcapitata Maximum body burden: et al.,
(outer); > 0.7 + 0.3 ug 1*C-MWCNT 2021)
1um (avg. mg ! (dry mass)
length)
MWCNT  110nm to 4G labeled 4G labeling Filtered (0.2 um) 160 mg L} 3h Fish Salvelinus Qualitative (Soubaneh
170 nm outer ethanolamine freshwater alpinus Radioactivity pattern etal,
diameter, showed accumulation 2020)
5um to 9 um in head bone canals; in
length contrast, free ['*C]-labeled
ethanolamine accumulated
in the olfactory bulb, gills,
liver, and
pyloric caeca and not in
head bones
MWCNT  30nm to 14C labeled 14C labeling Filtered (0.2 um) 90mg L~! 3h Fish Salvelinus Quantitative (Soubaneh
50 nm outer ethanolamine freshwater alpinus There was less accumulation et al.,
diameter, of ['*C]-labeled 2020)
10 um to ethanolamine than with the
20 pm length shorter, thicker MWCNTSs
MWCNT 20 nm to None Microwave Dietary (D. magna 0.1mgL! 7d Fish Pimephales BAF: 2.7 Lkg ! Quantitative (Cano
30 nm, outer method fed CNTs stabilized promelas Fathead minnow MWCNT et al.,
diameter in SDBS) accumulation was 2018)
0.04+0.11pgg %
distribution throughout the
fish was not determined
MWCNT  8nm to None Microwave Dietary (D. magna 0.1mg L} 7d Fish Pimephales BAF: 19.2 L kg ! Quantitative (Cano
15 nm, outer method fed CNTs stabilized promelas Fathead minnow MWCNT et al.,
diameter in SDBS) accumulation was 2018)
0.81+0.19ugg™};
distribution throughout the
fish was not determined
MWCNT  36.5nm 14C labeling 14¢ labeling Aqueous (Hoagland 2.25mg L} 24h Legumes Glycine max Quantitative (Zhao
diameter; media) MWCNTs translocated to et al.,
353nm above-ground tissue, up to 2017b)
length 76.6 mgkg™ ! (in soybean
root); highest levels were
found in root tissue.
MWCNT  36.5nm 14C labeling 14G labeling Aqueous (Hoagland 2.25mg L~} 24h Monocot Oryza sativa L. Quantitative (Zhao
diameter; media) The MWCNTS content in rice et al.,
353 nm root was approximately 2017b)
length 22.5mgkg ™, two-fold the

amount in the sheath; rice
was found to translocate
more MWCNTs to the above
ground tissues (leaf and
sheath) as compared to
Arabidopsis, maize, and corn

(continued on next page)
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Table 2 (continued)

Type Size Functionalization Detection Exposure Concentration Maximum Taxon Species Factor Results Reference
method Duration

MWCNT  36.5nm 14C labeling 14C labeling Aqueous (Hoagland 2.25mg L™} 24h Monocot Zea mays Quantitative (Zhao
diameter; media) MWCNTs translocated to et al.,
353 nm above-ground tissue, 2017b)
length (0.53mg kg™ 1); highest

levels were found in root
tissue

MWCNT  4nm inner 14C labeled 14C labeling Released material 0.838 g 48h Oligochaete Lumbriculus BSAF: Quantitative (Hennig
diameter; from irradiated and released variegatus 0.020 +0.010 66% of the MWCNTs was et al.,
5nm to 20 nm mechanically MWCNT in 8¢g eliminated again after 24 h 2019)
diameter, stressed epoxy quartz sand and after exposure to released
outer, > 1u nanocomposite in 24 mL particles from a
length quartz sand and reconstituted nanocomposite

reconstituted water water
medium

MWCNT 4 nm inner 14C labeling 4G labeling MWCNT mixed in 845ng L' sand 48h Oligochaete Lumbriculus BSAF: Quantitative (Hennig
diameter; reconstituted water and 24 mL variegatus 0.003 +0.001. 96% of the ingested material et al.,
5nm to 20 nm which was poured reconstituted was eliminated after 24 h 2019)
diameter, over quartz sand water
outer, > 1 um
length

MWCNT 4 nm inner 14¢ labeling 14G labeling MWCNT mixed in 845ng L ! sand 48 h Oligochaete Lumbriculus BSAF: Quantitative (Hennig
diameter; quartz sand, which and 24 mL variegatus 0.020 +0.018 75 % of the ingested et al.,
5nm to 20 nm was overlaid with reconstituted material eliminated after 2019)
diameter, reconstituted water water 24h
outer, > 1 um
length

MWCNT 8nmtol5nm  None, but CNTs Microwave Aqueous media 0.1mgL™! 3d Planktonic Daphnia magna BCF: 0.24 L kg ™! Quantitative (Cano
(outer stabilized in sodium  method (MHW) crustacean and 0.55 L kg’1 D. magna MWCNT et al.,
diameter), dodecyl for the narrower accumulation was 2018)
10 um to benzenesulfonate and larger 0.02pgg ' and 0.06 ugg !
50 pm (SDBS) diameter for the narrower and larger
(length) MWCNTs, diameter MWCNTs,
or respectively respectively
20nm to
30 nm (outer
diameter),
10 ym to
30 um
(length)

MWCNT  8nm to 15- None, but CNTs Microwave Aqueous media 0.1mgL! 3d Planktonic Daphnia magna Quantitative (Cano
nm (outer stabilized in SDBS method (MHW and HW) crustacean Higher concentrations of et al.,
diameter), MWCNTSs accumulated in D. 2017)
10 ym to magna exposed in hard
50 um length freshwater; however, no
or significant differences were
20 nm to observed between
30 nm (outer bioaccumulation of
diameter), MWCNTs with varying
10 ym to diameter sizes
30 um length

MWCNT  4nm (inner);  '*C labeling 14¢ labeling, Weathered 100 pg 14C- 72h Planktonic Daphnia magna BCF: 140 000 Quantitative (Politowski
5nm to 20 nm light In aqueous media WMWCNT L~? crustacean BAF: 120 Maximum body burden: et al.,
(outer); >1 microscopy 0.07 ug MWCNT mg ' dw™!  2021)

(continued on next page)

‘1D 32 Uasualod H

0S9£01 (£20Z) €41 [PUOIDUIIU] TUSULOLAUT



Table 2 (continued)

Type Size Functionalization Detection Exposure Concentration Maximum Taxon Species Factor Results Reference
method Duration
um (avg. (M4 media) (with and 7.1 pg *C-MWCNT
length) and without algae) mg~'dw™! (with algae and
without, respectively);
complete elimination
observed after exposure
through algae
MWCNT 4nm (inner); 14c labeling 4c labeling Weathered (w) 28d Planktonic Daphnia magna BAF: Quantitative (Politowski
5nm to 20 nm In aqueous media crustacean 6700 + 2900 L Maximum body burden of et al.,
(outer); >1 (M4 Media) kg~ ! 0.7pgmg dw ! 2021)
um (avg.
length)
MWCNT 21 nm (avg. Suspended in Light Dryl’s medium 10mg L1 1h Protozoa Tetrahymena Calculated BCF: Quantitative (Mortimer
diameter); alginic acid microscopy Thermophila 755 Lkg™! Significant uptake during et al.,
10 um to 1 h exposure; complete 2021)
20 um (avg. elimination occurred by
length) 24h
MWCNT  36.5nm (avg.  '*Clabeling 14C labeling Aqueous (Hoagland ~ 2.25mg L' 24h Rosid Arabidopsis Quantitative (Zhao
diameter); media) thaliana The MWCNT content in et al.,
353 nm (avg. Arabidopsis leaf 2017b)
length) (13.0mgkg™ ') was the
highest among four plants
MWCNT 5nmto 15nm Oxidized, Light Filtered natural sea 50mg L 1 48h Zooplanktonic Artemia salina Quantitative (Zhu et al.,
(outer fluorescein microscopy, water (FNSW) crustacean newly hatched O-MWCNTs 2017)
diameter), isothiocyanate fluorescent larvae distributed in phagocyte,
3nmto 10 nm (FITC)-labeled labeling, TEM lipid vesicle and intestines;
(inner MWCNT the majority of the
diameter), MWCNTS were excreted
10 ym to after 72 h in FNSW
30 um length
SWCNT 279 nm, avg. Oxidized (O- Light Filtered natural sea 25mg L™! to 48h Zooplanktonic Artemia salina Quantitative (Zhu et al.,
length SWCNT) microscopy, water (FSNW) 600mg L1 crustacean O-SWCNT content increased ~ 2018)
TEM, Raman from 1 h to 48 h followed by
spectroscopy a decrease from 48 h to 72h

O-SWCNT accumulated in
the gut tract, lipid vesicles
and phagocytes; body
burdens were in the range
from 0.08 to 5.7mg g~ %;
incomplete elimination after
a 24 h in FSNW

Abbreviations: bioaccumulation factor (BAF), bioconcentration factor (BCF), biota sediment accumulation factor: (BSAF), filtered natural sea water (FNSW), fluorescein isothiocyanate (FITC), hard water (HW),
moderately hard water (MHW), multiwall carbon nanotubes (MWCNT), single-walled carbon nanotubes (SWCNT), transmission electron microscopy (TEM).
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Table 3
Summary of graphene family nanomaterial bioaccumulation results.

Type Size Functionalization =~ Detection Exposure Concentration Maximum Taxon Species Factor Results Reference

method Duration

FLG 60 nm to 14C labeling, ~ Aqueous media 0.1mgL™}, 1mgL™! 24h Algae Scenedesmus Quantitative (Su et al.,
590 nm; height TEM, Raman (artificial freshwater) obliquus Maximum 2018b)
of 1 nm to 4 nm spectroscopy concentration

associated with cells
was 320 ng/10° cells;
graphene was
detected outside and
inside cells

FLG Peaks of 300 nm 14 labeling Aqueous media (Luria ~ 0.05mg L' to 1 mg 2h Bacteria Escherichia coli BCF: 2198 Quantitative (Dong
and 2000 nm broth medium) L Maximum uptake was et al.,
(hydrodynamic 0.952 ng/cell 2018)
diameter);
height of
mainly 4 layers

FLG Peaks of 300 nm 14C labeling Aqueous media 0.001 mg L1, 28d Fish Danio rerio BBF’: ~32;  Quantitative (Dong
and 2000 nm (artificial freshwater; 0.05mmg L' (water BMF: 0.014 Maximum uptake was et al.,
(hydrodynamic direct exposure in exposure); 10 D ~16mgkg ! (trophic ~ 2018)
diameter); water or trophic magna (1.38 gkg ! transfer) and ~
height of transfer via D. magna)  daily for trophic 8mgkg ! (water
mainly 4 layers transfer) exposure)

FLG 60 nm to Suspended with 14C labeling, Aqueous media 0.061 mg L™! (no 48h Gastropod Cipangopaludina BCF*:: 20to  Quantitative (Suet al,,
590 nm; height or without algae TEM, Raman (artificial freshwater; algae), 0.046 mg LY, mollusc cathayensis 200 (no Maximum uptake for 2018b)
of 1 nm to 4 nm spectroscopy ~ with and without 0.035mg L™ (with algae), the whole body was ~

algae) algae) BAF: 2700 16 mgkg ! (with
(with algae; dry mass);
algae) uptake was highest in
the intestine; in algae
exposure, 1.3 % of
FLG mass was in the
liver

FLG 60 nm to With or without 14¢ labeling, Aqueous media 0.158 mg L™! 72h Gastropod Cipangopaludina Quantitative (Su et al,,
590 nm; height alginate present TEM, Raman (artificial freshwater) mollusc cathayensis Maximum uptake for 2018a)
of 1 nm to 4 nm spectroscopy whole body was ~

16 mgkg ™! (dry
mass); uptake was
highest in the
intestine and gills;
FLG observed in
intestinal epithelial
cells

FLG 60 to 120 nm; 14Clabeling; with ~ '*C labeling, ~ Aqueous medium (25 0.05mgL't00.5mg 21d Monocot Oryza sativa L. Quantitative (Huang
height of and without TEM % nutrient solution) Lt (rice) Highest uptake etal.,
1.05nm natural organic amount in roots was 2018)

matter (NOM)

695mg kg ! and in
shoots was
54mgkg'; full
removal of the FLG in
the shoots and leaves
occurred after 75 d in
soil; for FLG wrapped
in NOM during the
uptake period, only 15
% remained in the

(continued on next page)
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Table 3 (continued)

Type

Size

Functionalization

Detection
method

Exposure

Concentration

Maximum Taxon

Duration

Species

Factor

Results

Reference

FLG

FLG

FLG

FLG

FLG

FLG

60 nm to
590 nm; height
of 1 nm to 4 nm

60 nm to
590 nm; height
of 1 nm to 4 nm

60 nm to
590 nm; height
of 1 nm to 4nm

Peaks of 300 nm
and 2000 nm
(hydrodynamic
diameter);
height of 4
layers

60 nm to
590 nm; height
of 1 nm to 4 nm

60 nm to
590 nm; height
of 1 nm to 4nm

Uncoated, or
coated with BSA

Uncoated, BSA-
coated, or coated
from proteins
after exposure
with

L. hoffmeisteri

¢ labeling

4G labeling

14¢ labeling

Uncoated, BSA-
coated, or coated
from proteins
after exposure

¢ labeling

14C labeling

14C labeling

14C labeling

14C labeling

14G labeling

Aqueous media
(artificial freshwater)

Topsoil (Nanjing,
China)

Aqueous media
(artificial freshwater)

Aqueous media
(artificial freshwater)

Aqueous media
(artificial freshwater)

Aqueous media
(artificial freshwater)

0.1mgL ' to1mg
L—l

1mgkg !

0.5mg L~! (with and
without Fenton
reaction)

0.025mg L' to
0.25mg L!

0.25mg L' (with
and without
peroxidase catalyzed
reaction with
tetrabromobisphenol
A)

0.1mg L}

48h Oligochaete

21d Oligochaete

24h Planktonic
crustacean

48h Planktonic
crustacean

48h Planktonic
crustacean

48h Planktonic
crustacean

Limnodrilus

hoffmeisteri

Eisenia foetida

Daphnia magna

Daphnia magna

Daphnia magna

Daphnia magna

BAF
(protein
coated): ~
0.125; BAF
(uncoated)
~ 0.05

stem and leaves after
45 d of elimination
Quantitative
Maximum uptake for
uncoated FLG was
60mgkg ! (dry
mass); uptake was
approximately a
factor of ten greater
for BSA-coated FLG;
after 12 h elimination
in clean freshwater,
the remaining
concentration was
1.54mgkg™! (>90 %
elimination)
Quantitative

BAF values for
uncoated FLG were
similar to those for a
non-bioaccumulating
substance only in the
earthworm gut tract;
protein-coated FLG
was greater than this
amount

Quantitative

Highest uptake
amount was 17 gkg ™!
(dry mass; 24 h) for
unreacted FLG; FLG
after Fenton reaction
had values that were
nearly 2 orders of
magnitude lower
Quantitative

Highest uptake was
7.8 gkg™! (dry mass;
24 h); elimination was
complete after 1 h to
4 h if algae feeding
was available
Quantitative

Highest uptake
amount was

7.5mgkg ! for the
unreacted FLG; uptake
was approximately a
factor of two less for
the reacted FLG
Quantitative
Maximum uptake was
4.8 gkg™! (dry mass);
uptake of protein-

(Mao
et al.,
2016)

(Mao
et al.,
2016)

(Feng
et al.,
2015)

(Guo
et al.,
2013)

(Lu et al.,
2015)

(Mao
etal.,
2016)

(continued on next page)
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Table 3 (continued)

Type Size Functionalization =~ Detection Exposure Concentration Maximum Taxon Species Factor Results Reference
method Duration
with coated and BSA-
L. hoffmeisteri coated FLG was
typically a factor of 2
less
FLG Peaks of 300 nm 14¢ labeling Aqueous media 0.0025mg L7}, 20h Planktonic Daphnia magna BBF’: 7783;  Quantitative (Dong
and 2000 nm (artificial freshwater; 0.25mg L~ (water crustacean BMF: 0.013 Body burden values et al.,
(hydrodynamic direct exposure in exposure); 0.0245 mg were higher for 2018)
diameter) water or trophic L' (tropic transfer) trophic transfer than
height of transfer via for direct exposure for
mainly 4 layers T. thermophila) a similar suspended
FLG concentration;
however,
biomagnification was
unlikely to have
occured
FLG Peaks of 300 nm 14¢ labeling Aqueous media (1 % 0.1mg L}, 0.25mg 22h Protozoa Tetrahymena BCF®: Quantitative (Dong
and 2000 nm SSP media; exposed L1 (water only); thermophila 126,000; Uptake was higher for  etal.,
(hydrodynamic by E. coli and water 0.137 mg L™? BMF: 8.57 the direct exposure 2018)
diameter); only) (trophic transfer) (0.1 mg L) than for
height of trophic transfer
mainly 4 layers 0.0137mg LY
Graphene 1225nm (avg. Suspended in Light Dryl’s medium 10mg L7t 1h Protozoa Tetrahymena Calculated Quantitative (
nanoplatelets diameter); 5nm  alginic acid microscopy Thermophila BCF: 287 L Significant uptake Mortimer
(avg. thickness) kg! during 1 h exposure etal.,
(body burden 2021)
3800 mgkg ™! dw); ~
99 % elimination
occurred by 24 h
GO 200 nm to Light Aqueous media 0.05mg L~! to 50 mg 12d Amphibian Xenopus laevis Qualitative (Lagier
8000nm; 1 to 5 microscopy (added nutritive salts) L~ GO agglomerates etal.,
layers thick observed in the larvae ~ 2017)
gills and digestive
tract in a dose-
dependent manner
GO 500 nm to Light Aqueous media 10mg L1 48h Brachiopod Artemia salina Qualitative (Mesaric
5000 nm; microscopy, (filtered natural sea crustacean GO was visually et al.,
predominately SEM water) observed in the gut 2015)
single layer tract and also on the
membrane surface,
gills, and abdomen
using electron
microscopy
GO Unclear 13¢C Jabeling 13C labeling,  Aqueous medium 0.6mgL~! 20 d Legumes Pisum sativum L. Quantitative (Chen
IRMS (Hoagland nutrient (peas) Highest amount of et al.,
solution) uptake in any tissue 2019)
was in the roots
(1299 mgkg™);
maximum uptake in
leaves was
approximately a
factor of 4 lower
GO Unclear length Acid washing, 13¢ labeling, Aqueous medium 1mgL! 15d Monocot Triticum 0.71 % of Quantitative (Chen
and width; sonication; 13C IRMS (Hoagland nutrient (wheat) aestivum exposed Uptake detected into et al.,
labeling solution) dosage per roots; uptake 2017a)

(continued on next page)
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Table 3 (continued)

Type

Size

Functionalization

Detection
method

Exposure

Maximum
Duration

Concentration

Taxon

Species Factor

Results Reference

GO

GO

Graphene

Large FLG

GO

height of
roughly 0.9 nm

106 nm
hydrodynamic
diameter;
height of 1 nm

200 nm to
300 nm; height
of 1 nm

0.5um to 2 um;
height of
0.76 nm

300 nm to
700 nm; height
of 1.4 nm

Unclear

Coated with
FITC/PEG/poly-
L-lysine

None

None

14C labeling; with
and without
NOM

Reduction
performed using
vitamin C; 3¢
labeling

Laser
scanning
confocal
microscopy

Elemental
analysis

SDS-Page,
micro-
Raman
microscopy

14G labeling,
TEM, Raman
spectroscopy

13C labeling,
IRMS

Aqueous media

Aqueous media
(daphnia culture
medium)

Aqueous medium
(SM7 with
polyvinylpyrrolidone
added as a surfactant)

Aqueous media
(freshwater)

Aqueous medium
(Hoagland nutrient
solution)

20mg L! 4h

5mgL~}, 10mg L} 24h

0.1mgL™'to1mg 21d
L—l

0.05mg L' to 72h
0.25mg L}

0.66g L' 20 d

Nematode

Planktonic
crustacean

Planktonic
crustacean

Fish

Legumes
(peas)

gram in
roots (7 d)

Caenorhabditis
elegans

Daphnia magna BCF (5mg
L)
23,280;
BCF (10 mg
LM
13,002

Daphnia magna

Danio rerio

Pisum sativum L.

concentration
decreased with
exposure time; uptake
into stem and leaves
was not statistically
different from control
Qualitative

GO was observed
along the length of the
worm’s body and also
in the anterior part of
the intestine
Quantitative

Highest uptake
amount was
113.9gkg™! (dry
weight); almost all GO
was removed during
24 h elimination
period

Quantitative (Fan
Uptake was etal.,
90.7 mg kg’1 (wet 2016)
mass; 1mg L~!
exposure
concentration); below
detection limit

(0.15 pg) for the

0.1 mg L' and 0.5 mg
L~! exposure
concentrations
Quantitative

Highest uptake
amount was ~
100mgkg ! (dry
mass) with NOM;
uptake was less
without NOM;
complete elimination
observed after 12 h for
FLG without NOM,
while elimination was
92 % for FLG with
NOM after 72 h;
dissection revealed
FLG only in the gut
tract and gills
Quantitative

Highest amount of
uptake in any tissue
was in the leaves
(1822 +95mgkg™");
uptake was not
observed in stems or

(Zhang
et al.,
2012b)

(Lv et al.,
2018)

(Lu et al.,
2017)

(Chen
et al.,
2019)

(continued on next page)
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Table 3 (continued)

Type Size Functionalization Detection Exposure Concentration Maximum Taxon Species Factor Results Reference
method Duration
leaves at 10 d, but
higher amounts were
observed at 15 d and
20d
Small FLG 20nmto70nm;  '“Clabeling; with  *C labeling, Aqueous media 0.05mg L7! to 72h Fish Danio rerio Quantitative (Lu et al.,
height of and without TEM, Raman  (freshwater) 0.25mg L™! Highest uptake 2017)
1.05nm NOM spectroscopy amount was ~

1

5mgkg~! (dry mass)
with NOM; uptake
was up to two orders
of magnitude less
without NOM; only 30
% was depurated after
68 h for FLG without
NOM and up to 80 %
removed for FLG with
NOM,; dissection
revealed detectable
FLG in the gut and
liver

a: The authors call this BAF although this is done in a liquid media with and without food. Also, units are converted from L g~ to L kg™
b: The authors refer to these as body burden factors but were calculated similarly to traditional BCF factors.

Abbreviations: bioconcentration factor (BCF), biomagnification factor (BMF), bovine serum albumin (BSA), fluorescein isothiocyanate (FITC), few layer graphene (FLG), graphene oxide (GO), isotope ratio mass spec-
trometry (IRMS), natural organic matter (NOM), polyethylene glycol (PEG), reduced graphene oxide (rGO), scanning electron microscopy (SEM), sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE),

transmission electron microscopy (TEM).
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Table 4
Summary of fullerene and fullerenol bioaccumulation results.
Type Average Size Dispersion Detection Exposure Concentration Maximum Taxon Species Factor Results Reference
method method Duration
Fullerene 565 nm (Ceo), Water stirring Light Synthetic 5mg L~! to 50 mg 21d Planktonic Daphnia magna Qualitative (Moore et al.,
(Cep and 6459 nm (Cy0) microscopy freshwater L! (acute toxicity crustacean and Daphnia Observations for darkening ~ 2019)
C70) test), 7mg L1 (21- pulex of the carapace and gut.
d exposure)
Fullerene 208 nm or Toluene-water UV/vis Waterborne 2mgL~! 24 h uptake, Algae Scenedesmus Quantitative (Chen et al.,
(Ce0) 179 nm with or exchange method  spectrocopy, exposure (SE and 24h obliquus Body burden of 2016)
without humic TEM medium) with elimination 227 mgkg ™! or
acid, respectively and without 246 mg kg ! (wet weight)
humic acid without or with humic
acid, respectively; nearly
complete elimination (up
to 94 %); using TEM,
particles were observed on
and in cells
Fullerene 162 nm (t=0d), Water stirring HPLC-MS Waterborne 1.0pg L7? 72h Biofilm Biofilm BCF: 1.34 Quantitative (Sanchis
(Co0) 215nm (t=94d) exposure (dry mass) Similar BCF values for et al., 2020)
fullerenes and one of their
degradation products
Fullerene 40 nm to 600 nm Water stirring HPLC-MS Algal 19ngL'to5.1ng 21dof Bivalve Mytilus Quantitative (Sanchis
(Co0) suspension L! exposure and mollusc galloprovincialis Maximum uptake was et al., 2018)
7 (marine) 12.1 ugkg ™! (wet weight);
d elimination after 7 d elimination, it
decreased to 9.3 ugkg !
Fullerene 490 nm Water stirring TEM Settling from 0.36 mg cm™2 to 10-d Dipterid Chironomus Qualititative (Waissi-
(Ce0) overlying water  0.55 mg cm ™2 riparius Agglomerates were Leinonen
onto sediment (mass/sediment observed in the gut, butno et al., 2012)
surface) absorption into the gut
epithelial cells was
detected
Fullerene 515nm Water stirring TEM Spiked 0.0004 mgkg ™! to 10-d chronic Dipterid Chironomus Qualitative (Waissi-
(Ce0) sediment 80mgkg ™! test and riparius Agglomerates were Leinonen
emergence observed in the gut, no et al., 2015)
test absorption into the gut
epithelial cells
Fullerene Approximately Water stirring UV/vis Settling from 0.025 mg em ™2 to 28d Dipterid Chironomus Quantitative (Waissi et al.,
(Ce0) 500 nm to spectroscopy, overlying water  0.48 mg cm 2 riparius Maximum uptake is 2017a)
1000 nm TEM onto sediment (mass/sediment 4.85mg kg’1 (wet mass);
surface) decreased concentrations
with longer exposure
periods; absorption into
the gut epithelial cells was
not detected
Fullerene 367 nm to Water stirring TEM Spiked 0.5mgkg! to 34d Dipterid Chironomus Qualitative (Waissi et al.,
(Ce0) 515nm sediment 40mgkg ™! (dry riparius Agglomerates known to be  2017b)
mass) observed in the gut, but
absorption into the gut
epithelial cells was not
detected
Fullerene NA 40 mg of Cgo HPLC Soil 1000 mg Lt 20d Eudicot Solanum Quantitative (De La Torre-
(Co0) fullerenes were Lycopersicum L. Fullerenes were detectedin ~ Roche et al.,

added to 12 g of
vermiculite

the roots (1760 ugkg™1)
but were not detected in
the shoots

2012)

(continued on next page)
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Table 4 (continued)

Type Average Size Dispersion Detection Exposure Concentration Maximum Taxon Species Factor Results Reference
method method Duration
Fullerene 50 % were less Solvent exchange  C-14 labelling Addition to 8.44mg L! 16d Eudicot Raphanus sativus Quantitative (Avanasi
(Ce0) than 100 nm with sand or (radish) Plant uptake was ~7% et al., 2014)
while 40 % tetrahydrofuran hydroponic with similar uptake for
were>1500 nm exposure sand and hydroponic
exposure; most
accumulation was in the
roots (40 % to 47 %) with
smaller amounts in the
tubes, stems, and leaves
Fullerene 139 nm (DLS); Solvent exchange UV/vis Artificial 0.2mg L}, 2mg 3 d uptake Fish Danio rerio Quantitative (Chen et al.,
(Ce0) 57.6 nm (TEM) method with spectroscopy freshwater with L! and 48 h Modeled maximum body 2014)
toluene and and without elimination burden: 222 + 30 mgkg™%;
ethanol humic acid approximately 30 %
remaining after
elimination
Fullerene 162nm (t=0d), Water stirring HPLC-MS Waterborne 1.0pg L7? 21d Gastropod Radix sp. BCF: 17.9 Quantitative (Sanchis
(Co0) 215nm (t=94d) exposure mollusc (dry mass) A much higher value was et al., 2020)
observed for the
degradation product (2670
Lkg™! dw)
Fullerene NA 40 mg of Cgo HPLC Soil 1000 mg L} 21d Legumes Glycine max L. Quantitative (De La Torre-
(Cs0) fullerenes were Fullerenes were detected in Roche et al.,
added to 12 g of the roots (218 000 ugkg 1)  2012)
vermiculite but were not detected in
the shoots
Fullerene n/a Dissolved in 14¢ labelling, Spiked soils 0.25mgkg ! to 14 d uptake Oligochaete Eisenia fetida BSAF: 0.42 Quantitative (Li et al.,
(Ce0) toluene HPLC 300mgkg ! (dry and 7 BSAF for low dose soil: 2010)
mass) d elimination 0.42, and for high dose
soils: 0.065 to 0.13
Fullerene 285nm Water stirring TEM Spiked 50mgkg ! (dry 28dand 6h Oligochaete Lumbriculus Qualitative (Pakarinen
(Ce0) sediment mass) elimination variegatus Agglomerates observed in et al., 2011)
the gut tract but not
absorption into gut
epithelial cells
Fullerene 208 nm or Toluene-water UV/vis Algae 15mgkg ! to 96 h uptake Planktonic Daphnia magna Quantitative (Chen et al.,
(Ce0) 179 nm with or exchange method  spectrocopy, (Scenedesmus 65mgkg " and 36 h crustacean Uptake after 48 h was 2016)
without humic TEM obliquus) or elimination approximately
acid, respectively algal after 600 mg kg~ and
subcellular 414 mg kg~ in without or
fractionation with humic acid,
respectively
Fullerene 280 nm to Ultrasonication UV/vis Clean tap water ~ 1mg L' to 10 mg 72h Planktonic Daphnia magna Quantitative (Lv et al.,
(Ce0) 420 nm spectrocopy, L! crustacean Maximum body burden 2017)
TEM, light 614 mgkg~! wet mass;
microscopy particles observed attached
to gut tissue; after 72h
elimination, body burden
decreased from
413mgkg ! to
172mgkg ™!
Fullerene 139 +10nm Solvent exchange  UV/vis Artificial 0.2mg L7}, 2mg 48 h uptake Planktonic Daphnia magna Quantitative (Chen et al.,
(Ce0) (DLS). method with spectroscopy, freshwater with L and 24h crustacean Model maximum body 2014)
57.6 +26.1 nm toluene and light and without elimination burden: 2268 mgkg™;
(TEM) ethanol microscopy humic acid approximately 20 %

(continued on next page)
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Table 4 (continued)

Type Average Size Dispersion Detection Exposure Concentration Maximum Taxon Species Factor Results Reference
method method Duration
remaining after
elimination
Fullerene 10 nm to 200 nm Water stirring UV/vis Waterborne 30mgL! 4d Planktonic Daphnia magna Quantitative (Oberdorster
(Ce0) (with sunlight) spectroscopy exposure crustacean Maximum body burden: et al., 2006)
2mgkg !
Fullerene 99 nm Water exchange UV/vis Waterborne 0.2mg L1 48h Planktonic Daphnia magna BCF: Quantitative (Tao et al.,
(Ce0) from spectroscopy exposure crustacean 437 500 (dry  BCF: 15 000 and 437 500 2009)
tetrahydrofuran mass) for mother and baby
daphnia, respectively
Fullerene 235nm Water stirring UV/vis Artificial 0.5mg L}, 2mg 24 h uptake Planktonic Daphnia magna BCF: Quantitative (Tervonen
(Ces0) spectroscopy, freshwater L and 48h crustacean 95 000 (dry 24 % remained after 48 h et al., 2010)
TEM, light elimination mass) elimination
microscopy
Fullerene 210 nm to Water stirring TEM Waterborne 40mgL! 24h Planktonic Daphnia magna Qualitative (Seke et al.,
(Ce0) 1520 nm followed by exposure crustacean Agglomerates observed in 2017)
sonication midgut lumen and
epithelial cells
Fullerene 210 nm to Sonication in Light Aerated tap 0.1mg L}, 1mg 21d Planktonic Daphnia magna Qualitative (Wang et al.,
(Ce0) 280 nm water microscopy water L! crustacean Accumulated in gut tract 2019)
Fullerene 500 nm Water stirring LC-MS MHW 3mgL !, 6mgL™?! 1h Planktonic Thamnocephalus Quantitative (Patra et al.,
(Ces0) crustacean platyurus Observed in gut tract; no 2011)
absorption into the gut
epithelial cells was
detected; maximum body
burden of 6.8 ug/mg wet
mass
Fullerene NA 40 mg of Ceo HPLC Soil 1000 mg L~! 19d Rosid Cucurbita pepo L. Quantitative (De La Torre-
(Ces0) fullerenes were Fullerenes were detectedin ~ Roche et al.,
added to 12 g of the roots (33.7 mgkg™1), 2012)
vermiculite and in the shoots
(61pgkg™ to
4.49 mgkg™! (dry weight))
Fullerene n/a Probe sonication Light Rice 20mg L™}, 800 mg 9d Monocot Oryza sativa Qualitative (Lin et al.,
(Cy0) microscopy, germination L! (rice) Uptake was observed to 2009)
TEM, FTIR buffer occur simultaneously with
the uptake of water and
nutrients
Fullerenols 174.6 nm Sonicated in 13C labeling, Aqueous 1mg L™ 36h Algae Scenedesmus BCF: 2170 Quantitative (Shi et al.,
water IRMS, TEM exposure obliquus Particles observed inside 2020b)
the cells
Fullerenols 200 nm to Sonicated in 13C labeling, Water exposure 0.1 mg L™}, 1 mg 24h Algae Scenedesmus Quantitative (Wang et al.,
300 nm (TEM) water TEM or fed algae L' obliquus Maximum body burden: 2018)
1.95 gkg ! dry mass;
uptake into cells observed
Fullerenols 174.6 nm Sonicated in 13¢ labeling Feeding with 0.01 g wet weight 28 d uptake Fish Danio rerio BMF: 0.54 Quantitative (Shi et al.,
water D. magna of D. magna per fish  and 15 Half-life for elimination is 2020b)
daily (fullerene d elimination 10.35 d; mainly located in
concentration was intestine and liver but also
6.93gkg ™! dry detectable in gills, brains,
weight) and muscle
Fullerenols 264.0 nm Sonicated in 13C labeling, Feeding with 0.01 g wet weight 28 d uptake Fish Danio rerio TTF: 0.49 Quantitative (Shi et al.,
water TEM D. magna of D. magna per fish  and 15 TTF for different tissues 2020c¢)

daily (fullerene
concentration was

d elimination

ranged from 0.26 to 0.49;
highest concentrations

(continued on next page)
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Table 4 (continued)

Type Average Size Dispersion Detection Exposure Concentration Maximum Taxon Species Factor Results Reference
method method Duration
31.2gkg ™! dry were observed in the
weight) intestine and liver but also
in the gill, muscle and
brain; 60 % elimination
within 3 d
Fullerenols 50 nm to 200 nm Unclear MALDI-TOF- Waterborne 10mg Lt 15d Fish Danio rerio Qualitative (Shi et al.,
MS exposure Fullerenol detected in the 2020a)
intestinal wall and all other
tissues analyzed (brain,
gills, intestines, muscle)
Fullerenols 264.0 nm Sonicated in 13C labeling, Artificial 2.5mg L} 72h Fish Daphnia magna Quantitative (Shi et al.,
water TEM freshwater D. magna steady state body ~ 2020c)
burden:
31.20+1.59 gkg ' dry
weight
Fullerenols 95 nm Sonicated in 3¢ labeling, Aqueous 2.5mg L 'to 7d Monocot Triticum aestivum Quantitative (Wang et al.,
water SEM exposure 10mgL~! (wheat) L. Concentrations in roots 2016a)
were much higher than
those in shoots and leaves
Fullerenols 30 nm to 200 nm Sonicated in 13¢C labeling, Waterborne 0.1mgL}, 1.0mg 48 h uptake Planktonic Daphnia magna BCF Quantitative (Du et al.,
water TEM, light exposure Lt and 48h crustacean 5.51 x 10° Maximum body burden 2016)
microscopy elimination 13.66 gkg ™! dry mass;
excreted up to 97 %;
accumulated fullerenols in
gravid D. magna was
transferred to the next
generation of neonates
Fullerenols 200 nm to Sonicated in 13¢ labeling, Water exposure ~ 0.1mg L™, 1 mg 24h Planktonic Daphnia magna BMEF: 0.20; Quantitative (Wang et al.,
300 nm (TEM) water TEM or fed algae L~! (aqueous crustacean BAF: 39 Maximum modeled BAF 2018)
exposure) or algal (aqueous exposure): 39;
exposure (unclear maximum modeled BAF
concentration) (feeding exposure) 17
Fullerenols 174.6 nm Sonicated in 13¢ labeling Feeding with 1 x 108 cells L™! 48h Planktonic Dapnia magna BMEF: 3.20 Quantitative (Shi et al.,
water algae (fullerenol crustacean (without Body burden: 6.93 gkg ™ 2020b)
concentration elimination) dry mass
unclear

2.17mgg ! dry
mass)

Abbreviations: bioconcentration factor (BCF), biomagnification factor (BMF), biota-soil accumulation factor (BSAF), dynamic light scattering (DLS), Fourier transform infrared spectroscopy (FTIR), high performance
liquid chromatography (HPLC), isotope ratio mass spectrometry (IRMS), liquid chromatography-mass spectrometry (LC-MS), matrix assisted laser desorption/ionization-time of flight-mass spectrometry (MALDI-TOF-

MS), scanning electron microscopy (SEM), transmission electron microscopy (TEM), trophic transfer factor (TTF), ultraviolet/visible (UV/vis).
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particles; 50 nm particles were

Table 5
Summary of nanoplastic bioaccumulation results.
Type (shape) Average Detection Exposure Concentration Maximum Taxon Species Factor Results Reference
Size method Duration
Polyacrylonitrile 227.6 nm ICP-MS Dutch Standard 0%to 3% plasticin 28 d Amphipod Gammarus pulex Quantitative (Redondo-
with palladium Water (DSW) sediment dw Bioaccumulation of NPs positively ~ Hasselerharm
doping, correlated with NP concentration etal, 2021)
polystyrene shell in sediment
(core-shell particle
with a raspberry-
shaped shell)
Polystyrene 390 nm SEM F/2 medium Opg L™ to 5000 pg 48h Algae Tisochrysis lutea Qualitative (Lebordais
(sphere) Lt Particles adsorbed onto surface of etal, 2021)
microalgae at all concentrations;
lower adsorption at lower
concentrations
Polystyrene (sphere) 50 nm, Fluorescence Filtered seawater 10mg L! 24h Bivalve mollusc Mytilus Quantitative (Sendra et al.,
100 nm, (marine) galloprovincialis All particles were observed in the 2020a)
and gills, stomach, and muscle
1000 nm
Polystyrene (sphere) 200 nm, Fluorescence Distilled water 1x10 2 mol L! 24h Bivalve mollusc ~ Dreissena Quantitative (Merzel et al.,
1000 nm (marine) rostrformis 1000 nm particles move through 2020)
bugensis gills through ciliated grooves in
similar pathway to food particles;
all bead sizes found in digestive
tract; beads concentrated in
siphons
Polystyrene (sphere) 24 nm, 14C labeling Seawater 15ug L7} 6 h uptake and  Bivalve mollusc Pecten maximus Quantitative (Al-Sid-Cheikh
250 nm 48 (marine) 250 nm particles were only in et al., 2018)
d elimination intestine, while 24 nm particles
were also in other tissues; complete
elimination of 24 nm particles in
14 d while some 250 nm particles
still detected after 48 d
Polystyrene (sphere) 50 nm and Molecular rotor Aqueous media 1.25mg L' to 96h Cnidarian Hydra attenuata Quantitative (Auclair et al.,
100 nm probe (hydra test media) 80mgL! Hydra internalized 100-nm 2020)
methodology NPs>50 nm NPs; a fraction of the
NPs were still present after 24 h
elimination
Polystyrene (sphere) 100 nm Fluorescence Artificial substitute 5mg L~ ! to 50 mg 72h Diatom Phaeodactylum Quantitative (Sendra et al.,
ocean water L! tricornutum Attachment onto the surface and 2019)
potential internalization observed
Polystyrene (sphere) 20 nm TEM, Microinjection 1 % solid particle 120h Fish Danio rerio Qualitative (Sokmen et al.,
fluorescence injection content, Bioaccumulation detected in brain 2020)
0.027% nanoplastic
in yolk sac
Polystyrene (sphere) 25nm Fluorescence Aerated egg water 10mg L' to 120h Fish Danio rerio Qualitative (Brun et al.,
100 mg L Accumulation of PS in intestine, 2019)
pancreas, gall bladder
Polystyrene (sphere) 100 nm Fluorescence De-chlorinated tap 1pgL~' to 14d Fish Oreochromis Quantitative (Ding et al.
water 100 pgL7! niloticus Higher accumulation in gut and 2018)
gills; lower accumulation in liver
and brain
Polystyrene (sphere) 50 nm, Fluorescence Aqueous medium 0.1mgL! 24h Fish Danio rerio Quantitative (Lee et al.,
200 nm, (egg water and Highest fluorescence intensity 2019)
500 nm distilled water) observed in embryos for 50 nm

(continued on next page)
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Table 5 (continued)

Type (shape) Average Detection Exposure Concentration Maximum Taxon Species Factor Results Reference
Size method Duration
observed throughout eggs while
larger particles were mostly on
chorion
Polystyrene (sphere) 50 nm, Fluorescence Dulbecco’s modified 10 mg L! 24 (cells); 5 Fish Danio rerio (ZF4 Quantitative (Sendra et al.,
1000 nm Eagle’s medium d (fish) cells and whole 50 nm particles were internalized 2021)
(DMEM) with 10 % fish) by cells>1000 nm particles; uptake
fetal bovine serum observed most clearly in the gut
(cells) with detection in the skin, caudal
fin and eyes for the 50 nm particles
Polystyrene (sphere) 100 nm Fluorescence Dechlorinated 10ugL! 28d Fish Danio rerio Quantitative (Zhou et al.
carbon-filtered Particles detected in adult zebra 2021)
water and in the next generation
Polystyrene (sphere) 25nm, Fluorescence Egg water with 60 pg mL ! 48h Fish Danio rerio Qualitative (van Pomeren
50 nm, purchased stock Main uptake pathway through oral et al., 2017)
250 nm, route compared to chorion and
700 nm dermal uptake; 25 nm and 50 nm
particles found in eye
Polystyrene (sphere) 700 nm Fluorescence Injection 5mgmL ! 5d Fish Danio rerio Qualitative (Veneman et al.,
Some particle migration to heart 2017)
and bloodstream
Polystyrene (sphere) 25nm to Hyperspectral Trophic transfer via 0.005g L™! to 67 d Fish Carassius carassius Quantitative (Mattsson et al.,
330 nm imaging Daphnia magna 0.150g L™t Nanoparticles accumulated in 2017)
brains
Polystyrene (sphere) 42nm Fluorescence Added to fish food 10 % (by mass of 7d Fish Danio rerio Quantitative (Pitt et al.,
fish food) Parental transfer to embryos and 2018)
larvae observed with detection in
the liver, pancreas, yolk sack and
GI tract
Polystyrene (sphere) 50 nm Fluorescence Artificial freshwater 1mgL! 72h Fish Danio rerio Quantitative (Chen et al.,
Bioaccumulation observed in 2017b)
zebrafish larvae
Polystyrene (sphere) 5nm Fluorescence Filtered natural 10mg L1 2h Mysid Neomysis japonica Qualitative (Wang et al.,
seawater crustacean PS detected in stomach tissue 2020)
Polystyrene (sphere) 100 nm Fluorescence K media 1 ug L' to 10,000 45d Nematode Caenorhabditis Quantitative (Zhao et al.
ugL7! elegans Particles detected in the intestine 2017a)
and gonads; some trophic transfer
was observed
Polystyrene (sphere) 30nm Fluorescence Aqueous media 34 ugL™! 48h Odonate insect Aphylla BAF: Quantitative (Guimaraes
(naturally williamsoni 134,260 Bioaccumulation observed et al., 2021)
dechlorinated
water)
Polystyrene (sphere) 200 nm Light Artificial freshwater 150mgL~},250mg  24h Planktonic Thamnocephalus Qualitative (Saavedra et al.,
microscopy L! crustacean platyurus Dose-dependent accumulation in 2019)
the gut tract
Polystyrene (sphere) 25 nm Fluorescence Aqueous media 6.48 x 10*° 3d Planktonic Daphnia magna Qualitative (Brun et al.,
(Elendt M4 media) particles mL ™! crustacean NPs not observed to cross intestinal ~ 2017)
epithelium or in lipid droplets
surrounding the gut after 2
d exposure; NPs located in fat
droplets of embryos in brood
pouch
Polystyrene (sphere) 200 nm Light Artificial freshwater 50mg L}, 100 mg 48h Planktonic Daphnia magna Qualitative (Saavedra et al.,
microscopy L! crustacean Dose-dependent accumulation in 2019)

the gut tract

(continued on next page)
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Table 5 (continued)

Type (shape) Average Detection Exposure Concentration Maximum Taxon Species Factor Results Reference
Size method Duration
Polystyrene (sphere) 50 nm, Light M4 medium 2.5% w/v (weight 48h Planktonic Daphnia magna Qualitative (Maetal., 2016)
500 nm microscopy by volume) crustacean Accumulation of 50 nm particles
on surface of thoracopods
Polystyrene (sphere) 568 nm Fluorescence Artificial seawater 0.4mgL™? 96 h Polychaete Perinereis BCF: 2 Quantitative (Jiang et al.,
(after digestion aibuhitensis Bioaccumulation observed 2019)
procedure)
Polystyrene (sphere) 200 nm Fluorescence, Half-strength 50mg L~} 7d Rosid Arabidopsis Qualitative (Sun et al.,
TEM Murashige and (fluorescence), thaliana Negatively charged particles were 2020)
Skoog (MS) basal 100 mg L~ (TEM) observed on the root tip and in the
medium stele of the maturation zone;
positively charged particles were
mainly on the root hair with little
in the root tissue; dialysis
performed prior to testing
Polystyrene (sphere) 200 nm Light Artificial freshwater 50mg L7}, 150 mg 24h Rotifer Brachionus Qualitative (Saavedra et al.,
microscopy L calyciflorus Dose-dependent accumulation in 2019)
the stomach
Polystyrene (sphere) 100 nm Raman Filtered natural 4.55 x 10° particles ~ 2h Tunicate Ciona Robusta Quantitative (Valsesia et al.,
spectroscopy, seawater mL ! to0 4.55 x 10*! (marine) Low retention of PS particles; 2021)
SEM particles mL ™! higher retention at lower particle
concentration
Polystyrene (sphere) 100 nm Fluorescence Artificial substitute 0.006 mg L%, 24 h uptake Zooplanktonic Artemia Quantitative (Sendra et al.,
ocean water (with 0.6mgL~? and 24h crustacean franciscana A high fraction of the particles was ~ 2020b)
and without elimination ingested (60 % to 90 %)
feeding)
Polystyrene and 41 nm PS, Fluorescence Filtered tap water 100 mg L ™! plasma 1h Fish Pimephales Qualitatitive (Greven et al.,
polycarbonate 159 nm PC promelas Neutrophil phagocytosis of larger 2016)
(round spherule polystyrene nanoparticle
agglomerates) agglomerates
Terephthalate 20 nm, Fluorescence Aqueous medium 10mg L1 168h Fish Danio rerio Quantitative (Ji et al., 2020)
(randomly-shaped 80 nm, (medium unclear) Control groups with free dye
pieced and 800 nm showed limited uptake; uptake
agglomerates) occurred in a size-dependent

manner with 20 nm being the
highest; particles observed in the
yolk and on the chorion

‘1D 32 Uasualod H

Abbreviations: bioaccumulation factor (BAF), polycarbonate (PC), polystyrene (PS), scanning electron microscopy (SEM), transmission electron microscopy (TEM),
bioconcentration factor (BCF), biomagnification factor (BMF), biota-soil accumulation factor (BSAF), dynamic light scattering (DLS), Fourier transform infrared spectroscopy (FTIR), high performance liquid chroma-

tography (HPLC), isotope ratio mass spectrometry (IRMS), liquid chromatography-mass spectrometry (LC-MS), matrix assisted laser desorption/ionization-time of flight-mass spectrometry (MALDI-TOF-MS), trophic
transfer factor (TTF), ultraviolet/visible (UV/vis).
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compiled studies; Table 1). The use of 1*C labeling has many advantages
in that low detection limits can often be measured and definitive iden-
tification of the CNTs in complex matrices can be achieved as long as the
14C marker remains associated with the nanomaterial (Petersen et al.,
2016). However, this approach does have disadvantages such as the
cost, special synthesis required, safety concerns, and that its use is
limited to laboratory studies (Petersen et al., 2016). It is also important
to verify that all of the *C label is associated with the CNT and not
potential carbonaceous impurities such as amorphous carbon or hy-
drophobic organic contaminants that may have been formed during the
CNT synthesis process or during suspension of the sample using ultra-
sonication (Petersen et al., 2016). The potential for the 14C label to be
associated with hydrophobic organic contaminants can be assessed by
performing leaching procedures with the particles and then testing for
radioactivity by filtering a suspension and assessing if radioactivity is
associated with the filtrate (Guo et al., 2013). Assessing whether the l4c
label is associated with amorphous carbon is more challenging but can
be evaluated by assessing non-'*C labeled CNTs synthesized using the
same process and evaluating the abundance of amorphous carbon
(Petersen et al., 2008a,b).

Raman spectroscopy has also been extensively used in CNT bio-
accumulation studies (24 % of the compiled studies). This approach can
detect the unique spectral features of CNTs and identify them in complex
matrices such as organism tissues (Edgington et al., 2014; Zhu et al.,
2018) or nanocomposites (Piao et al., 2021). It is a promising orthogonal
approach to confirm the presence of CNTs in organisms but is generally
not used quantitatively. Another challenge with this technique is that it
is sensitive to agglomerates versus individually dispersed CNTs which
hinders assembly of calibration curves by adding varying CNT mass
fractions to a specific matrix. Extraction of the CNTs prior to quantifi-
cation may also induce changes to the CNT structure that can impact
their Raman signal and therefore is typically not performed.

Two additional techniques that have been used in many CNT quan-
tification studies are NIRF and the microwave method. NIRF has a low
detection limit (62 ug/kg) but it can only detect individually dispersed
semi-conducting SWCNTs and not bundles or metallic SWCNTS
(Petersen et al., 2016). The microwave method is another promising
technique for CNT bioaccumulation studies, but it uses a custom-built
instrument that has only been used in a limited number of labora-
tories (Cano et al., 2016,2018; He et al., 2017).

3.2. Graphene family nanomaterials

Similar to CNTs, the most commonly used techniques in bio-
accumulation studies of GFNs are 1*C labeling, Raman spectroscopy, and
EM (Tables 1 and 3). These techniques have similar strengths and lim-
itations for GFNs as described above for CNTs (Goodwin et al., 2018).
Briefly, the strengths and limitations for detection of }*C-labeled GFNs
are the same as those for CNTs, because this technique is independent of
what molecule or nanomaterial is labeled as long as the label remains
associated (Guo et al., 2013). However, it is important to assess in-
terferences, such as self-quenching, using LSC by comparing the radio-
activity of compounds after direct addition to liquid scintillation media
compared to combustion using a biological oxidizer and then LSC; lower
values after direct addition to LSC cocktail suggest an interference
(Goodwin et al., 2018; Guo et al., 2013). Raman spectroscopy can be
used to investigate the same spectral features as when used with CNTs
(e.g., the D and G bands) (Goodwin et al., 2018). Electron microscopy
analysis has similar issues as with CNTs of identifying a CNM in a carbon
matrix, and therefore, confirmatory techniques such as HRTEM and
SAED should be used (Lu et al., 2017).

3.3. Fullerenes

The most commonly used techniques in bioaccumulation studies
with fullerenes are TEM, light microscopy, and UV/vis spectroscopy
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(Table 1). The challenges related to the use of TEM are similar to those
for CNTs and GFNs, namely identifying a carbonaceous material in a
carbon matrix (Waissi-Leinonen et al., 2012). Light microscopy is pri-
marily used to identify the presence or absence of particles in the gut
tract or attached to organism surfaces (Lin et al., 2009; Moore et al.,
2019; Wang et al., 2019) and is thus typically used qualitatively.

In fullerene bioaccumulation experiments with relatively small or-
ganisms such as D. magna, UV/vis spectroscopy is often used to quantify
the extracted fullerenes (Oberdorster et al., 2006; Tervonen et al., 2010).
However, this approach only works when there is a sufficiently small
amount of interfering material after the extraction process (Isaacson
et al., 2009). When larger organisms are evaluated, mass spectrometry
can be used to distinguish the fullerenes from interfering cellular ma-
terial released during the extraction process (Isaacson et al., 2009; Wang
et al,, 2011). Using mass spectrometry has advantages over UV/vis
spectroscopy such as more definitive quantitative analysis including the
analysis of fragments (Reipa et al., 2018), quantitative analysis of
different types of fullerenes, and more accurate analysis in the presence
of interferences (Wang et al., 2010).

3.4. Nanoplastics

The most common method for analyzing nanoplastics is using
fluorescently-labeled particles (72 % of studies; Table 1). However,
there may be artifacts when using this method since some of the fluo-
rescent label may not be associated with the particles (Catarino et al.,
2019; Petersen et al., 2022a; Schiir et al.,, 2019). An unsuccessful
attempt to reproduce earlier published results on the uptake of plastic
particles by D. magna was likely a result of the fluorescent probe
leaching from the particles (Schiir et al., 2019). Thus, studies with
fluorescent probes sorbed to particles should be interpreted with caution
since changes in the pH and ionic strength that can occur within the
organism gut tract may lead to probe desorption in addition to the po-
tential for desorption in the test media (Catarino et al., 2019). If the
probe is attached to the particle through covalent bonding, the likeli-
hood of release is much lower (Catarino et al., 2019). One promising
technique for determining if the probe fluorescent molecule remains
attached to the plastic particle is time-correlated single photon counting
fluorescence lifetime imaging; this technique has recently been used
with nanocellulose particles (Patel et al., 2021) and should be investi-
gated for usage in nanoplastic bioaccumulation studies.

Several other techniques have been recently developed and used in a
limited number of studies (Blancho et al., 2021; Mitrano et al., 2019;
Redondo-Hasselerharm et al., 2021; Valsesia et al., 2021). For example,
using nanoplastic particles with a metal core could enable analysis by
single particle inductively coupled plasma-mass spectrometry (spICP-
MS) or ICP-MS contingent upon metal ions not being released by the
particles during the course of the study (Mitrano et al., 2019; Redondo-
Hasselerharm et al., 2021). This technique is similar to using 1*C labeled
particles, an approach that has also been successfully used in a nano-
plastic bioaccumulation study (Al-Sid-Cheikh et al., 2018), in that both
labeling techniques are not applicable to field studies. In addition, py-
rolysis gas chromatography/mass spectrometry (pyrGC/MS) was used to
identify nanoplastics in water with natural organic matter (NOM) and
algal cells (Blancho et al., 2021). Additional work to evaluate the use of
this method in organism tissues after digestion and extraction would be
valuable.

4. Bioaccumulation results
4.1. Exposure concentration

The selected exposure concentration can be influenced by many
factors such as environmental relevance, the detection limit(s) of the

analytical technique(s), and adherence to standardized methods with a
specified test concentration. Thus, it is unsurprising that they vary
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broadly among the different studies. The exposure concentration would
typically not be expected to impact some bioaccumulation results (e.g.,
bioaccumulation factors) because the concentration in the organism is
normalized by the exposure concentration. However, it would impact
the body burden, which is not normalized, with higher body burdens
expected at higher exposure concentrations. One difference between
testing dissolved chemicals and CNMs or nanoplastics is that higher
particle concentrations could lead to increased particle sizes through
homoagglomeration and potentially also increased settling (Su et al.,
2017). If homoagglomeration occurs, the organism would be exposed to
different sized agglomerates depending upon the exposure concentra-
tion, which could influence uptake and absorption across epithelial
surfaces.

4.2. Exposure methods

All of the different bioaccumulation studies were assessed to deter-
mine what exposure conditions were used (Table S1). Overall, most
studies were performed with aqueous exposures instead of using soil or
sediment. The particles most frequently tested in soil or sediment were
fullerenes and fullerenols (29 % of studies), while there was only a single
sediment bioaccumulation study (3 %) with nanoplastics. In addition,
most studies were conducted without feeding exposure (80 % to 90 % of
studies). Testing particle uptake with feeding exposure is more complex
because the analytical method needs to be able to detect the carbona-
ceous particle in this matrix. In addition, measurements may be needed
to confirm that the particles are associated with the food source and not
freely suspended in the test media to distinguish between uptake from
freely available particles and those associated with food (Mortimer
et al., 2016a,2016b). Density gradient centrifugation may be needed to
separate cells or small organisms (e.g., Caenorhabditis elegans) and sus-
pended particles (Johnson et al., 2021,2017; Mortimer et al.,
2016a,2016b).

4.3. Carbon nanotubes

Forty-two qualitative and quantitative CNT bioaccumulation studies
(Bisesi et al., 2015,2014; Cano et al., 2016; Chen et al., 2015; Edgington
et al., 2014; Ferguson et al., 2008; Galloway et al., 2010; Ghafari et al.,
2008; Gogos et al., 2016; Hanna et al., 2014; Kennedy et al., 2008;
Lahiani et al., 2013; Lahiani et al., 2016; Larue et al., 2012; Leeuw et al.,
2007; Li and Huang 2011; Li et al., 2013; Lin et al., 2009; Liu et al., 2009;
Maes et al., 2014; Martinez-Ballesta et al., 2016; Mortimer et al., 2016b;
Mouchet et al., 2011,2010,2008,2007; Mwangi et al., 2012; Parks et al.,
2014,2013; Petersen et al., 2009,2008a,b,2010,2011a,2011b; Rhiem
et al., 2015; Roberts et al., 2007; Schierz et al., 2014; Smirnova et al.,
2012; Smith et al., 2007; Wang et al., 2016b; Yang et al., 2011; Zhai
et al., 2015; Zhu et al., 2006) were reported in a previous publication
(Bjorkland et al., 2017). While plant uptake of CNTs was often observed
(Khodakovskaya et al., 2011; Larue et al., 2012; Zhai et al., 2015), 13
quantitative bioaccumulation studies (Bisesi et al., 2015; Bisesi et al.,
2014; Ferguson et al., 2008; Leeuw et al., 2007; Li et al., 2013; Maes
et al., 2014; Mortimer et al., 2016b; Parks et al., 2013; Petersen et al.,
2008a,b,2010,2011b; Schierz et al., 2014) in a wide range of multicel-
lular organisms other than plants showed low absorption across
epithelial surfaces and low persistence in the organism. In many studies,
the concentration measured could be attributed to soil or sediment
present in the gut tract (Li et al., 2013; Petersen et al., 2008a,
b,2010,2011b). In a study with fruit flies (Drosophila melanogaster), ab-
sorption across the gut tract was observed, but the concentration outside
of the gut tract was only 1078 of the total dose (Leeuw et al., 2007).
Studies using fish did not detect CNTs outside of the gut tract using NIRF
(Bisesi et al., 2015,2014), while a study using 14C labeled multiwall
CNTs (MWCNTs) did detect low concentrations: 0.07 % and 0.04 % of
the body burden in the blood and fillet, respectively, after exposure for
168 h. Biomagnification was also not observed in three quantitative
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studies (Mortimer et al., 2016b; Parks et al., 2013; Schierz et al., 2014).
Studies that performed qualitative measurements, such as with TEM or
Raman spectroscopy, of absorption across epithelial surfaces in multi-
cellular organisms other than plants also did not observe uptake (Edg-
ington et al., 2014; Mouchet et al., 2011,2010,2008,2007). In aggregate,
these results led to the overall conclusion that bioaccumulation of CNTs
in multicellular organisms other than plants was likely to be low.

In this study, eight new CNT bioaccumulation studies were identified
(Cano et al., 2018; Cano et al., 2017; Hennig et al., 2019; Politowski
et al., 2021; Soubaneh et al., 2020; Zhao et al., 2017b; Zhu et al.,
2018,2017), covering a broad range of organisms including plants,
zooplankton, fish, and oligochaetes (Table 2). Similar to some earlier
studies on plant uptake of various types of CNTs (Khodakovskaya et al.,
2011; Larue et al., 2012; Zhai et al., 2015), three additional studies re-
ported uptake into plant food crops and leaves under hydroponic
exposure conditions (McGehee et al., 2017; Zhao et al., 2017b) and after
addition to soils (Cano et al., 2016). Similar to two previous studies with
oligochaete Lumbriculus variegatus (Petersen et al., 2008b,2010), an
additional study with oligochaete L. variegatus exposed to raw MWCNTSs
and MWCNTs released from a polymer nanocomposite after aging, biota
sediment accumulation factors were less than 1 (Hennig et al., 2019).
This result indicated that the concentration in the organism was less
than that in the sediment, a finding similar to previous bioaccumulation
studies with L. variegatus (Petersen et al., 2008b,2010). D. magna were
shown to ingest large quantities of CNTs leading to high body burden
values (Cano et al., 2017). Trophic transfer of MWCNTs was observed
from D. magna to fathead minnows (Cano et al., 2018). However, the
limited number of fish tested (n =5 fish for each treatment), the high
standard errors (= 30 % or greater), and the low concentration of
MWCNTs in the D. magna (close to the detection limit), hinder drawing
firm conclusions about the biomagnification trends. In addition, the fish
did not have their gut tract voided and thus it was not possible to
distinguish between CNTs in the gut tract and those absorbed into other
tissues. Since previous studies have shown a lack of CNT distribution in
fish (Bisesi et al., 2015,2014; Maes et al., 2014), it is probable that the
CNTs in this study were held within the gut lumen of one organism and
transferred to the gut lumen of the higher trophic level without ab-
sorption or tissue bioaccumulation.

However, one recent study showed radioactively-labeled ethanol-
amine-functionalized CNTs present in the head bone canals of a fish
species (Salvelinus alpinus) after aqueous exposure to a CNT dispersion,
suggesting that absorption and distribution throughout the fish body
had occurred, with accumulation primarily occurring in the head
(Soubaneh et al., 2020). It is unclear if these differing results, compared
to three other fish bioaccumulation studies that did not detect CNTs in
fish brains after exposure (Bisesi et al., 2015,2014; Maes et al., 2014),
could stem from the different CNT coatings used. In addition, the CNTs
were detected using autoradiography of the radioactive probe. The
presence of CNTs in the head tissues was not directly confirmed using an
orthogonal method (e.g., TEM); the concentration of CNTs in these tis-
sues was not quantified; and a mechanistic explanation for these results
was not provided. Control experiments conducted with the radioactive
ethanolamine coating to evaluate its bioaccumulation showed a
different distribution within the organism which suggests that these
results do not stem from uptake of the freely available “C label. Another
possible explanation is that the 1#C label associated with impurities
present in the CNTs (e.g., catalyst impurities or amorphous carbon),
which then were absorbed into the fish.

4.4. Fullerenes

Twenty-seven studies were found on the bioaccumulation of fuller-
enes or fullerenols by different organisms (Table 3). Uptake of fullerenes
and fullerenols into the shoots and leaves was observed in exposed
plants in hydroponic studies (Avanasi et al., 2014; Lin et al., 2009; Wang
et al., 2016a) and also in studies with vermiculite (De La Torre-Roche
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et al.,, 2012) or sand (Avanasi et al., 2014). This finding is similar to
studies with CNTs (Cano et al., 2016; Khodakovskaya et al., 2011; Larue
et al., 2012; Zhai et al., 2015).

Most fullerene uptake studies were performed using D. magna. In
some studies, several percent of the total organism mass was fullerenes
(Tervonen et al., 2010). A wide range of different D. magna ages and
exposure conditions were tested (Chen et al., 2014; Pakarinen et al.,
2013), hindering comparison among studies. It is probable that the or-
ganism size impacted the body burden values, at least in the absence of
gut voiding, with larger organisms having smaller body burden values
since the gut tract is a smaller fraction of the total organism size
(Petersen et al., 2019b).

Trophic transfer of fullerenols was evaluated from algae to D. magna
and from D. magna to zebrafish (Shi et al., 2020b,2020c). In the study
evaluating trophic transfer from algae to D. magna, trophic transfer was
observed for fullerenols (biomagnification factor (BMF) value of 3.2)
and 59 % of the fullerenols associated with algae were transferred to
D. magna in the presence of humic acid (Shi et al., 2020b). However,
studies evaluating trophic transfer of fullerenols from D. magna to
zebrafish did not show trophic transfer (BMF<1) (Shi et al.,
2020Db,2020c). One explanation for this finding is that the fullerenols
associated with the D. magna may have been largely in the organism’s
digestive tract, which would indicate a lack of trophic transfer even for
BMF values >1. Nevertheless, the zebrafish did show apparent absorp-
tion of fullerenols across the gut tract and into different tissues such as
the brain and liver (Shi et al., 2020a; Shi et al., 2020b; Shi et al., 2020c).

The findings related to the absorption of fullerenols across the
zebrafish gut tract largely differ from the findings of fish studies with
CNTs and of FLG, which showed limited absorption (Bisesi et al., 2015;
Bisesi et al., 2014; Lu et al., 2017; Maes et al., 2014). However, one study
with small FLG particles (lateral diameter of 20-70 nm and a thickness
of 1 nm) did show absorption into the liver through the intestines (Lu
et al., 2017). There are several potential explanations for the fullerenol
findings. These authors measured the fullerenols in these tissues with
either isotope-ratio mass spectrometry (IRMS) measuring '3C labeled
particles, matrix-assisted laser desorption/ionization (MALDI), or TEM.
However, the TEM measurements performed did not conclusively
confirm the particle identity using HRTEM, SAED, or EELS. It is
important to note that the authors did sonicate the fullerenols to suspend
them. This process may have caused fragmentation of these particles,
resulting in smaller particles or molecules that could then be absorbed
by the organisms; while fragmentation of fullerenols after ultra-
sonication has not been evaluated to our knowledge, this process was
shown to degrade CNTs (Heller et al., 2005), which would likely be more
chemically stable than fullerenols. Particle fragments would not be
distinguished from intact particles using IRMS, and as stated above, TEM
analysis did not conclusively confirm the particle identity. While the
suspension was characterized using dynamic light scattering (DLS), this
technique is known to potentially miss smaller particles (Petersen et al.,
2019a) because the sensitivity is proportional to the diameter to the
sixth power (Stetefeld et al., 2016).

It may be that individual fullerenol particles or small agglomerates
were suspended, and that these small particles had different uptake
patterns than larger CNT and FLG particles. Interestingly, a study using
14C labeled fullerenes in a toluene suspension added to soils (Li et al.,
2010) did find higher bioaccumulation factor (BAF) values by earth-
worms than studies using FLG, SWCNTs, or MWCNTs (Mao et al., 2016;
Petersen et al., 2008a,b,2010). This may be due to the presence of in-
dividual fullerene particles given their ability to be individually sus-
pended in toluene (Pycke et al., 2011) and due to their smaller size
compared to larger fullerene agglomerates that could lead to higher
uptake. The BAF values measured for some conditions in this study (Li
et al., 2010) were beyond the range that could be explained by soil
remaining in the organism gut tract after the gut voidance process (prior
to bioaccumulation measurements, earthworms are typically allowed to
eliminate approximately 95 % of the soil in the gut tract). This suggests
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that individual fullerene, and likely also fullerenol, particles may have
different bioaccumulation behaviors than larger CNMs, agglomerated
CNMs, and nanoplastics.

4.5. Graphene

Sixteen studies were identified that evaluated the bioaccumulation
of GFNs using 11 different species and 9 different taxa (Table 4). The
bioaccumulation results differed among the taxa tested. For the plant
species, there was GFN uptake measured using 13C or '*C labeling into
the roots for all plants (rice, wheat, and peas) (Chen et al., 2017a; Chen
et al., 2019; Huang et al., 2018). Uptake into the roots and leaves was
observed for rice (Huang et al., 2018) and peas (Chen et al., 2019), but
not for wheat-exposed to GO (Chen et al., 2017a). Single-celled species
had high bioconcentration factor (BCF) values such as 126,000 for
Tetrahymena thermophile (Dong et al., 2018). Within the same study
(Dong et al., 2018), substantially smaller BCF factors were calculated for
D. magna (7783) and Danio rerio (= 32), indicating lower bio-
accumulation with increasing organism size. High body burdens were
observed for some multicellular organisms such as D. magna (e.g.,
7.8 mgkg™1), but elimination was often fairly quick (within 24h to
48 h), especially in the presence of algae (Guo et al., 2013).

Trophic transfer among single-celled species (T. thermophila fed
Escherichia coli that had bioaccumulated FLG) showed biomagnification
with a maximum BMF of 8.57 (Dong et al., 2018). At higher trophic
levels there was a decrease in the graphene concentration indicated by
BMF values below 1: maximum BMFs of 0.013 and 0.014 were observed
for D. magna that were fed T. thermophila and for D. rerio that were fed
D. magna, respectively (Dong et al., 2018). These results suggest an
overall lack of biomagnification for multicellular species although bio-
magnification may occur among single-celled species (e.g., bacteria to
protozoa).

Detectable concentrations of FLG passed across the digestive tract for
some organisms such as for D. rerio (Lu et al., 2017) and the mollusc
Cipangopaludina cathayensis (Su et al., 2018b) where FLGs were detected
in the liver. In both studies, the presence of the FLG was quantified using
14C labeling, while the presence of FLG in the hepatocytes was
confirmed using HRTEM and Raman spectroscopy. Nevertheless, the
FLG concentrations observed in the livers of D. rerio and C. cathayensis
were only 1.1 % (Lu et al., 2017) and 1.3 % (Su et al., 2018b), respec-
tively, of the total body burden.

4.6. Nanoplastics

Thirty different laboratory studies have evaluated the bio-
accumulation of nanoplastics using a wide range of organisms (Table 5).
While there is a broad range of plastic products in commerce, >90 % of
these studies evaluated uptake of PS particles. It appears that the prev-
alence in use of PS in these studies is because of the availability of
fluorescently-labelled nanoplastic PS particles from commercial sup-
pliers (e.g., (Catarino et al., 2019)), and developed methods to prepare
14C.labeled PS (e.g., (Al-Sid-Cheikh et al., 2020)) or inorganic metal (e.
g., Pd) labeled PS particles (e.g., (Redondo-Hasselerharm et al., 2021)).
Analysis of nanoplastics in biological tissues to confirm absorption and
quantify accumulation has required detection of these labels by various
methods, each with their own limitations. In one study that used
hyperspectral imaging and suggested that nanoplastic particles had been
transferred to fish brains, relevant control data were not included to
conclusively identify the particles such as the spectra of the particles by
themselves, or of the particles after being directly added to fish brains
(Mattsson et al., 2017). In addition, an orthogonal approach was not
used to confirm the results.

Seventy-two percent of nanoplastic bioaccumulation studies used
fluorescently labeled particles, which as described earlier, may have
significant issues with artifacts if the fluorescent probe is released from
the particles (Blancho et al., 2021; Petersen et al., 2022a; Valsesia et al.,
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2021). However, some studies have performed control experiments to
assess bioaccumulation of the probe by itself (e.g., Ji et al., 2020) or
dialyzed the particles prior to the experiments to remove the free probe
(e.g., Sun et al., 2020). In studies that evaluated nanoplastic bio-
accumulation using fluorescence, many observe absorption across
epithelial surfaces using fluorescent labeling (e.g., Ding et al., 2018; Ji
et al., 2020; Sendra et al., 2020a), but a robust orthogonal method was
typically not used to confirm the result. Given the lack of orthogonal
measurements (e.g., HRTEM) and the necessary control experiments, it
is challenging to draw firm conclusions from these studies. Furthermore,
the frequent observance of absorption across epithelial surfaces con-
trasts with studies performed using other CNMs which typically are not
absorbed.(Bisesi et al., 2015; Bisesi et al., 2014; Ferguson et al., 2008;
Leeuw et al., 2007; Li et al., 2013; Lu et al., 2017; Maes et al., 2014;
Mortimer et al., 2016b; Parks et al., 2013; Petersen et al., 2008a,b,2010;
Petersen et al., 2011b; Schierz et al., 2014; Su et al., 2018b).

Nevertheless, absorption of nanoplastics across epithelial surfaces
has also been observed in studies using alternative approaches. In one
study, preparation of *C-labeled PS particles (Al-Sid-Cheikh et al.,
2020) has enabled detection of particles in soft tissues after digestion
process and via autoradiography in the scallop Pecten maximus (Al-Sid-
Cheikh et al., 2018). While the method of 14C labeled PS indicated
translocation across epithelial membranes in P. maximus, the best evi-
dence of translocation appears to be the presence of the nanoplastics
within the adductor muscles of the scallops. Within the adductor muscle,
the particles appear uniformly distributed throughout the tissue at low
concentrations and agglomerated together as accumulations consistent
with the size of haemocytes (10-30 um diameter). It was suggested in
this paper (Al-Sid-Cheikh et al., 2018) that the labeled nanoplastics
became associated with haemocytes when haemocytes were located on
external tissues surfaces and subsequently brought into the interior of
the adductor muscle by these cells rather than by direct absorption of the
particles across tissue membranes. In addition, a sediment-exposure
study using metal-doped particles observed that approximately 1 % of
the nanoplastics absorbed by amphipod Gammarus pulex were located in
a body compartment from which depuration was minimal after 28
d (Redondo-Hasselerharm et al., 2021). It was unclear if this fraction
was adsorbed to an epithelial surface such as microvilli or was absorbed
across an epithelial surface.

5. Discussion

For all of the engineered CNMs described in this study, there were no
bioaccumulation results from field studies, in part because the expected
concentration of fullerenes, CNTs, and GFNs in organism tissues would
be below the detection limits of available analytical techniques (Good-
win et al., 2018; Petersen et al., 2016). In a bioaccumulation screening
framework developed during a Pellston workshop, the greatest weight of
evidence was placed on food web biomagnification derived from field
data (Gobas et al., 2009). Unlike the information available for many
chemicals from field studies, the assessment of bioaccumulation po-
tential for engineered CNMs is limited to laboratory studies. In contrast,
there are a multitude of field studies measuring microplastics in or-
ganisms. In these studies, >99 % of all particles, identified using a range
of methods, were located in the organisms’ gut tract (Gouin 2020). As a
result of a lack of robust analytical methods for quantifying nanoplastics
in field organisms, there are not yet studies on this topic, but work is
ongoing (Blancho et al., 2021).

Extremely high bioaccumulation metrics (e.g., BCF values) have
been observed for many of the CNMs and nanoplastics described in this
study with particles accounting for several percent of the organism dry
mass (including particles contained in gut tracts that had not been
voided) (Petersen et al., 2009). However, these values differ from those
observed for dissolved hydrophobic organic chemicals that have ready
passage across the gut tract: most quantitative studies of engineered
CNMs have shown limited absorption (e.g., approximately 1 % or less of
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the body burden in fish (Bisesi et al., 2015; Bisesi et al., 2014; Lu et al.,
2017; Maes et al., 2014)) across the gut tract of multicellular organisms
other than plants (Bisesi et al., 2015; Bisesi et al., 2014; Ferguson et al.,
2008; Leeuw et al., 2007; Li et al., 2013; Lu et al., 2017; Maes et al.,
2014; Mortimer et al., 2016b; Parks et al., 2013; Petersen et al., 2008a,
b,2010; Petersen et al., 2011b; Schierz et al., 2014; Su et al., 2018b);
there are some studies that have shown different results, but methodo-
logical issues hinder understanding if those results stem from testing
different types of particles (e.g., fullerenols) (Shi et al., 2020a; Shi et al.,
2020b; Shi et al., 2020c) or CNTs with different surface coatings (Sou-
baneh et al., 2020). This suggests that the BAF values observed for CNMs
and nanoplastics may not be directly comparable to those for other types
of contaminants that are readily absorbed across the gut tract and
transported throughout the organism, and should be interpreted
differently.

In addition to studies on uptake by a single organism, it is also
important to assess whether CNMs and nanoplastics can be biomagnified
at higher trophic levels. Overall, trophic transfer studies suggest a lack of
biomagnification among multi-cellular organisms. While bio-
magnification factor values >1 (indicative of trophic transfer) have been
observed for transfer among single-celled organisms (e.g., bacteria to
protozoa) in one study (Dong et al., 2018) but not in another (Mortimer
et al., 2016b), biomagnification factors have consistently been less than
1 for larger organisms (e.g., D. magna and D. rerio) (Dong et al., 2018)
except for studies with fullerenols (Shi et al., 2020b; Shi et al., 2020c).
This suggests that, while trophic transfer may occur, it is unlikely that
significant absorption across the gut tract will occur in higher trophic
level organisms.

Gaining a definitive understanding of the bioaccumulation potential
of CNMs and nanoplastics requires better analytical methods, especially
for nanoplastics. Many of the nanoplastic studies rely solely upon fluo-
rescent labeling which has been demonstrated to be vulnerable to arti-
facts from probe molecules separated from particles (Catarino et al.,
2019; Petersen et al., 2022b; Schiir et al., 2019). Several recent studies
have focused on method development for quantifying nanoplastics in
tissues or cells, and more work is needed on this topic (Blancho et al.,
2021; Valsesia et al., 2021). However, all methods have potential limi-
tations, and many studies have revealed potential artifacts. Therefore,
careful experimental design is needed to rule out alternative hypotheses
(e.g., that a probe is separated from the CNM or nanoplastic) when
performing bioaccumulation studies. This is critical when the results
show absorption across epithelial surfaces by CNMs or nanoplastics,
which has typically not been observed. Orthogonal measurements are
essential to confirm results obtained. Additional analytical method
development and careful bioaccumulation studies are needed to
improve clarity about the potential for carbon nanomaterials to be
biodistributed throughout organism tissues and the ecological risks
these particles may pose a return.
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Definitions for bioaccumulation terms used throughout this manu-
script and a table summarizing an evaluation of exposure conditions in
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