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For environmental studies assessing uptake of
orally ingested engineered nanoparticles (ENPs), a key step in
ensuring accurate quantification of ingested ENPs is efficient
separation of the organism from ENPs that are either
nonspecifically adsorbed to the organism and/or suspended
in the dispersion following exposure. Here, we measure the
uptake of 30 and 60 nm gold nanoparticles (AuNPs) by the
nematode, Caenorhabditis elegans, using a sucrose density
gradient centrifugation protocol to remove noningested
AuNPs. Both conventional inductively coupled plasma mass
spectrometry (ICP-MS) and single particle (sp)ICP-MS are
utilized to measure the total mass and size distribution,
respectively, of ingested AuNDPs. Scanning electron micros-
copy/energy-dispersive X-ray spectroscopy (SEM/EDS) imag-
ing confirmed that traditional nematode washing procedures were ineffective at removing excess suspended and/or
adsorbed AuNPs after exposure. Water rinsing procedures had AuNP removal efficiencies ranging from 57 to 97% and 22
to 83%, while the sucrose density gradient procedure had removal efficiencies of 100 and 93 to 98%, respectively, for the 30
and 60 nm AuNP exposure conditions. Quantification of total Au uptake was performed following acidic digestion of
nonexposed and Au-exposed nematodes, whereas an alkaline digestion procedure was optimized for the liberation of
ingested AuNPs for spICP-MS characterization. Size distributions and particle number concentrations were determined for
AuNPs ingested by nematodes with corresponding confirmation of nematode uptake via high-pressure freezing/freeze
substitution resin preparation and large-area SEM imaging. Methods for the separation and in vivo quantification of ENPs
in multicellular organisms will facilitate robust studies of ENP uptake, biotransformation, and hazard assessment in the
environment.
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he rapid development of the nanotechnology industry

has led to the increased incorporation of engineered

nanoparticles (ENPs) into industrial materials and
consumer products. As the manufacturing, use, and disposal of
ENPs and ENP-enabled products expands, there is an increased
likelihood that ENPs will be released into the environment (air,
water, soils/sediments) and potentially affect ecologically
relevant organisms. Hence, there is an urgent need to better
understand the interaction between ENPs and environmental
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and biological systems. Accurate methods are necessary to
quantify, characterize, and understand the interaction of ENPs
with the environment and organisms.1 Organisms such as cells,

plants, aquatic species, and rodents are widely used in research
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Table 1. Techniques and Washing Procedures Used in C. elegans Nanomaterial Uptake Studies

quantification of

ENPs rinse procedure uptake
AgNPs rinsed three times with M9 buffer total Ag via ICP-
MS
AgNPs depuration followed by two rinses with EPA  total Ag via ICP-
water MS
AgNPs rinsed two times with water NA
CuONPs rinsed five times with water total Cu via ICP-
MS
AuNPs rinsed three times with water NA
CeO,NPs  rinsed three times with moderately hard NA
water
FeOx no rinsing performed; 2 or 8 h depuration ferrozine assay
colloids and molting
AgNDPs 2 h depuration, followed by three rinses total Ag via ICP-
with EPA water MS

approximate concentration

visualization of uptake found ref
confocal microscopy 700—800 ng Ag/10000 C. Hunt et
elegans al®
hyperspectral imaging, EDS ~300 ng Ag/mg C. elegans Meyer et
analysis al®
TEM/EDS, SEM, high-resolution =~ NA Kim et al.*
microscopy
SRXRF 522 + 0.63 ug Cu/g dry Gao et al™*
weight
optical microscopy NA Kim et al.'®
hyperspectral imaging NA Amcikd et
al.
NA 0 h: 2.0 ug Fe/mg C. elegans ~ Hoss et al."”

2 h: 1.0 ug Fe/mg C. elegans
8 h: 0.25 ug Fe/mg C. elegans
NA N2 wild-type: %40 ng Ag/mg  Meyer et
C. elegans al®
rme-1 strain: 75 ng Ag/mg C.
elegans
rme-6 strain: 220 ng Ag/mg C.
elegans
rme-1 strain: 30 ng Ag/mg C.
elegans

efforts designed to study potential toxic mechanisms related to
ENPs. These model systems facilitate critical hazard/risk
assessments that can inform sustainable production, use, and
disposal of ENPs.”

Caenorhabditis elegans (C. elegans), a globally distributed, soil-
inhabiting nematode species,” is a widely used multicellular
organism model in multiple areas of biology® and is now
becoming an important model in environmental toxicology®
and in the chemical sciences.” This is attributed, in part, to its
short maturation time (4 days), the large number of eggs/adult,
well-defined cell lineage, availability of several genetically
modified versions of the species, and its optical transparency.’
Exposing C. elegans to environmental contaminants permits the
observation of changes in physiology and behavioral effects,
such as alterations in diet, locomotion, lifespan, reproduction,
and morphology, allowing them to serve as a sentinel species
for toxic substances.”"’

C. elegans has been extensively utilized in ENP-related
toxicological studies'' to investigate the potential biological
effects of ENP exposure on organism health and behavior.
Reported studies to date have mainly focused on metal and
metal-oxide-based ENPs, which include studies on zinc
oxide,"*"® aluminum oxide,"’ titanium dioxide," copper
oxide,'* silver (AgNPs),lS’16 iron oxide,"” and gold
(AuNPs)."® In addition to toxicity measurements, there have
also been several studies focused on characterizing the
biodistribution of ingested ENPs."*~'>'7 This is important
because the ENP concentration internalized by the organism
may be a more relevant indicator of toxicity than the
concentration in the exposure medium.'” A wide range of
approaches have been used to detect the uptake of ENPs in C.
elegans including X-ray fluorescence'* and dark-field hyper-
spectral imaging.'® Within nanotoxicity studies, exposure
concentrations of the ENPs often exceed environmentally
relevant concentrations in order to induce a toxic
response.”’">* These high doses often hinder postexposure
separation of organisms from exposure media, which hampers
the acquisition of accurate quantitative information concerning
ENP uptake. This fact is reflected in current C. elegans research

approaches where only qualitative information on ENP uptake
(e.g, hyperspectral imaging, confocal imaging)'*'>'® is typically
reported. One technique that has been used to obtain both
quantitative measurements of ENPs in suspension and uptake
of metal and metal-oxide ENPs is inductively coupled plasma
mass spectrometry (ICP-MS) because of its ability to provide
total elemental mass concentrations and ENP size distribution
measurements when operating in single particle ((sp)ICP-MS)
mode.”>™*” Single particle ICP-MS has recently been used in a
limited number of studies to measure the length of silver
nanowires in Daphnia magna (D. magna) hemolymph,*® the
size of AuNPs in tomato plants,” and to size and quantify
AgNPs in chicken meat,”” ground beef,**** and in the sediment
oligochaete, Lumbriculus variegatus.33’34 However, spICP-MS
has not yet been applied to C. elegans for quantitative analysis,
and it is unclear if NP extraction procedures from the
aforementioned studies will work with C. elegans because of
the tough nematode cuticle.”

In order to quantitatively measure and characterize uptake of
ENPs, noningested ENPs must be separated from C. elegans.
However, this separation process is complex, and to the best of
our knowledge, there is no accepted or validated reference
procedure describing how this separation should be performed.
Procedures for removing excess ENPs from the nematode
cuticle typically describe the use of either water or M9 (a buffer
solution commonly used for C. elegans maintenance) rinses,
followed by centrifugation to allow C. elegans to settle. Table 1
provides a comprehensive list of C. elegans uptake studies that
have employed either a water or M9 washing procedure to rinse
samples following exposure to ENPs. In each case, measure-
ments were not provided describing the efficiency of the ENP
removal process. Therefore, it is possible that the ENPs were
nonspecifically attached to the nematodes’ cuticles and/or
associated with the C. elegans pellet throughout the washing
process and not inherently ingested by the nematodes (i.e.,
artifactual uptake).

Density gradient centrifugation has been widely employed as
an ENP separation tool. 3% During centrifugation, high-
density ENPs sediment at a rate faster than that of lower-
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Scheme 1. Water Rinse Protocol: (A) C. elegans Exposed to AuNPs, (B) Sample Transfer, (C,D) Centrifugation, (E) Removal of
Supernatant, (F) Three Water Rinses Followed by Centrifugation, and (G) Sample Transfer Followed by Lyophilization
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density ENPs, thus promoting localized separation of the ENPs
within different density layers of the gradient. Recently,
researchers in the Whitesides group™” utilized isopycnic density
gradient centrifugation with Percoll centrifugation medium to
quantitatively measure mass density distributions in C. elegans
populations. In addition, conventional sucrose density gradient
centrifugation protocols are commonly used for separatin

viable C. elegans from bacteria, dead nematodes, and debris.***

However, to our knowledge, density gradient centrifugation has
not been developed nor applied toward the quantitative
separation of multicellular organisms, such as C. elegans, from
ENPs.

The objective of this work was to develop and optimize a
robust methodology for quantifying and characterizing the total
ingested mass and particle size distribution (PSD) of metallic
ENPs internalized by C. elegans. To accomplish this, we
employed a multidisciplinary approach which involved the
development of a procedure based on isopycnic sucrose density
gradient centrifugation to quantitatively separate the nematodes
from AuNPs in an aqueous exposure model in concert with
total Au mass analysis and AuNP PSD measurements via ICP-
MS and spICP-MS analyses, respectively. We demonstrate that
water rinsing alone followed by centrifugation of nematode
samples is quantitatively inefficient for removing AuNPs
remaining in the exposure suspension and/or from the C.
elegans’ cuticle. Sucrose density gradient centrifugation
separations, on the other hand, were demonstrated to be
analytically robust, reproducible, and quantitative for the
removal of suspended or adsorbed ENPs.

RESULTS AND DISCUSSION

Comprehensive experiments were performed using National
Institute of Standards and Technology (NIST) Reference
Materials (RMs) 8012 and 8013 (nominally 30 and 60 nm
AuNPs with mean diameters of 27.6 and 56.0 nm, respectively,
as measured by transmission electron microscopy, TEM). Both
RMs consist of aqueous suspensions of negatively charged,
citrate-stabilized, monodispersed AuNPs with approximately
spherical shape. An extensive characterization of the
physicochemical properties of these AuNPs can be found in
the NIST Reports of Investigation including analysis by TEM,
scanning electron microscopy (SEM), nanoparticle tracking
analysis, ICP-OES, and dynamic light scattering.***’ The major
points of discussion will focus on the 60 nm AuNP-exposed
samples, and 30 nm AuNP exposure data will be presented
when relevant for experiment interpretation. C. elegans were
exposed to both low and high AuNP concentrations, designated
as LEx (40 ng/mL for 30 nm AuNPs and 333 ng/mL for 60 nm
AuNPs) and HEx (100 ng/mL for 30 nm AuNPs and 835 ng/
mL for 60 nm AuNPs), respectively. These concentrations were
determined by a recent study which determined the annual
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predicated environmental concentrations of AuNPs in surface
waters for the UK and US as 4.68 and 4.7 X 107° ng/mlL,
respectively.”® The concentrations used in this study were
several orders of magnitude higher than those predicted but still
substantially lower than those often used in other nano-
ecotoxicology studies which typically utilize concentrations near
or above 1 mg/L.*’ Scheme 1 illustrates the traditional protocol
for C. elegans AuNP exposure and postexposure sample
processing. This approach utilizes water rinsing between
centrifugation steps in an effort to remove cuticle-adsorbed
AuNPs and AuNPs freely suspended in dispersion media. By
following this scheme, the total ingested Au mass is
overestimated due to incomplete removal of AuNPs in the
suspension and/or to AuNPs nonspecifically adhered to the
nematode cuticle. Figure 1A displays a SEM image of 60 nm
AuNP-exposed nematodes (LEx) after sample processing via
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Figure 1. (A) Scanning electron microscopy image of adult C.
elegans following exposure to 60 nm citrate-coated AuNPs (NIST);
samples were acquired by Scheme 1. The area in the red inset is
highlighted in (B). (B) Higher-magnification image of red inset in
(A) revealed clusters of AuNPs on C. elegans cuticle. (C,D) Size
analysis of cuticle-adsorbed particles found in the red inset in (B).
Scale bars: (A) 50 um, (B) 2 um, (C) 300 nm, and (D) 400 nm.
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Scheme 1. Higher-magnification images shown in Figure 1B—
D, as well as in Figure 2, confirmed the presence of AuNPs on
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Figure 2. (A) High-magnification SEM image of the cuticle of the
nematode in Figure 1. Sample was acquired by Scheme 1. (B) High-
magnification of the high-contrast area in the red inset of (A). EDS
analysis was performed on the area in red inset in (A). (C) Energy-
dispersive X-ray spectrum of the area in the inset of (A). Note two
peaks at 2.12 and 9.6 keV associated with the presence of elemental
Au. Scale bars: (A) 4 pm and (B) 500 nm.

nematode cuticles. The red inset in Figure 1B, with size analysis
shown in Figure 1C,D, displays individual AuNPs. Energy-
dispersive X-ray spectroscopic (EDS) analysis, displayed in

Figure 2C, of clusters of NPs on the cuticle of water-rinsed
nematodes (similar to the clusters shown in Figures 1B and 2A)
confirmed the presence of elemental Au. Note the presence of
tight clusters of AuNPs (~30 NPs) in a small area on the
nematode cuticle (Figure 1B) with measured sizes (46.7—60.0
nm) consistent with the size distribution of NIST RM 8013
(47.0—65.4 nm; the spICP-MS measured size distribution of
RM 8013 is shown in Figure S1).*

Additional SEM evidence demonstrating the ineffectiveness
of water rinsing for the removal of AuNPs from nematode
cuticles is also shown in Figures S2 and S3. SEM imaging
employing a 0 and 15° stage tilt (Figure S3, with EDS analysis
to confirm the presence of Au) provides a clearer view of
cuticle-adsorbed AuNPs on two distinct sites of a rinsed
nematode (Scheme 1). Commonly used analytical approaches,
such as confocal microscopy (in scenarios where fluorescent
particles are employed), and spICP-MS are not able to
effectively discriminate whether AuNPs are internalized or
surface-adsorbed. These results reflect the complexity and
necessity of separating freely suspended ENPs from organisms
after exposure and the critical need for the development of
improved separation procedures.

Cuticle-adsorbed (not ingested) AuNPs would contribute a
positive bias to the ICP-MS measurement of AuNP uptake by
nematodes. Scheme 2 presents an alternative organism rinsing
protocol, based on isopycnic sucrose density gradient
centrifugation, for the quantitative separation of nematodes
from AuNPs, which was specifically optimized to remove
cuticle-adsorbed AuNPs and AuNPs suspended in culture
media. A similar protocol, recently developed by our group, has
been successfully applied for the separation of mixtures of
AuNPs (varying sizes) in concert with spICP-MS.” This
scheme facilitates the quantification and characterization of
ENPs that are solely ingested by nematodes. The design of the
sucrose density gradient layers within a centrifuge tube is
illustrated in Figure S4 and constructed (from top to bottom of

Scheme 2. Sucrose Density Gradient Centrifugation Protocol: (A) C. elegans Exposed to AuNPs, (B) Sample Transfer, (C,D)
Centrifugation, (E) Removal of Supernatant, (F) Two M9 Rinses Followed by Centrifugation, (G—I) Removal of Excess NPs by
Sucrose Gradient Separation, (J) Three Water Rinses Followed by Centrifugation, and (K) Sample Transfer Followed by

Lyophilization
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Figure 3. Distribution of Au from the sucrose density gradient centrifugal separation of C. elegans and 60 nm AuNP samples (n = 3) following
24 h exposure to 60 nm AuNPs (NIST). The nematode symbol depicted on the graph between the horizontal blue bars represents the
nematode migration layer that was extracted after centrifugation (individual replicate data traces are represented by the colored lines where

magnenta is sample 1, green is sample 2, and blue is sample 3).

the conical, plastic tube) as follows: 2 mL of AuNP-exposed
nematode sample pellet, 2 mL of 100 gmol/L NaCl + [4 mL of
20% (w/v), 3 mL of 40% (w/v), and 2 mL of 50% (w/v)]
sucrose. After centrifugation, nematodes in all sample treatment
conditions settled between two interfaces: the interfaces
between the NaCl layer (density 1.006 g/cm®) and the 20%
(w/v) sucrose layer and between the 20% (w/v) sucrose layer
(density 1.081 g/cm’) and the 40% (w/v) sucrose layer
(density 1.176 g/cm?®). Nematodes may have separated into
two layers via age (mixed-stage cultures were used for all
exposure conditions) as the density of nematodes in a previous
study ranged from 1.091 g/cm?® for L1, L2, and L3 larvae to
1.074 g/ cm? for adults.®® The nematodes in these two layers
were collected and processed completely via Scheme 2.

Three parallel experiments were devised to further character-
ize and also demonstrate the reproducibility of the sucrose
density gradient separation mechanism (Scheme 2). In the first
experiment, 2 mL aliquots of a nanosuspension containing both
the 30 and 60 nm AuNPs (both at ~100 ng/mL) were
transferred into centrifuge tubes containing sucrose gradients
(n = 4). Following centrifugation, 1 mL aliquots of the gradient
solution were successively removed, digested with 1 mL of aqua
regia (HCI/HNO;, 3:1, v/v), and analyzed for total Au content
by conventional ICP-MS.** Total ICP-MS of the individual
sucrose layers (data exhibited in Figure SSA and Table S1)
revealed a swift decrease in Au concentration from the top to
the bottom of the gradient. In fact, in reference to the colored
gradient regions in Figure S4, an average sum of 1.8 + 0.17, 2.3
+ 0.17, 15.7 £ 0.86, and 80.3 + 0.96% of the Au measured was
found in the 50% (w/v) sucrose section (indicated in red), 40%
(w/v) sucrose section (indicated in yellow), 20% (w/v) sucrose
section (indicated in purple), and the salt section (indicated in
green), respectively.

In the second experiment, an equal volume fraction of
nematodes (~50000 nematodes/gradient) was added to an
equal volume fraction of the nanosuspensions described in the
first experiment, mixed for approximately S s, and 2 mL aliquots
of this mixture were transferred into centrifuge tubes containing
sucrose gradients (n = 4). Following centrifugation, 1 mL
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aliquots of the gradient solution were successively removed and
processed as described in the first experiment. The nematodes
in this gradient accumulated between gradient layers 4 and 6
(4—6 mL; Figure SSB and Table S2) in the centrifuge tube. An
average sum of 83.6 &+ 0.02% of the Au measured within the
gradient was found between gradient layers 10—13 and an
average sum of 2.4 + 0.002% of the Au measured within the
gradient was in the nematode migration layers (gradient layers
5—6).

In the third experiment, ~50 000 nematodes were exposed to
60 nm AuNPs (LEx) for 24 h (n = 3). Samples were processed
from step A through step I of Scheme 2, after which 1 mL
aliquots of the gradient solution were successively removed and
processed for total Au content as described in the first
experiment. An average sum of 88.7 + 1.14% (Figure 3 and
Table S3) of the Au measured within the gradient was found in
gradient layers 9—13 (sample layer + salt layer). The
nematodes in this experiment were found distributed across
layers 6—8 (6—8 mL in the centrifuge tube; 20% (w/v) sucrose
layer). The average sum of Au found in the nematode
migration layers was 2.77 + 0.21%, which represents the
percentage of Au relative to the total Au mass fraction added to
the gradient. Similar to the first two experiments, free AuNPs
were predominately retained in the sample (gradient layers 11—
13) and salt layers (gradient layers 9—11) of the gradient
(Figure 3), while the nematodes moved down the gradient until
they encountered the level of the sucrose density gradient that
inhibited further movement (the average density of the
nematodes closely matched the density of the 20% (w/v)
sucrose layer in the sucrose gradient).”

It is reasonable to conclude that the AuNPs are retained in
the sample and salt layers, as indicated in Figure SSA,B as well
as in Tables S1—S3. It is also reasonable to conclude that the
applied speed and time of centrifugation did not facilitate
particle migration (to lower layers in the gradient), which
allowed the separation of the nematodes from the AuNPs. In
the proceeding steps of Scheme 2, following the separation of
the nematodes from the AuNPs, the sucrose density gradient
region in the centrifuge tube containing the live nematodes was
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collected and rinsed with three additional aliquots of water to
remove any residual Au. This additional washing step was also
beneficial for removing excess sucrose from the nematode pellet
prior to electron microscopy image analyses (below) and/or
mass spectrometric elemental Au measurements. It is important
to highlight that the relative contributions of the different steps
in Scheme 2 were not quantified and that Scheme 2 did contain
two additional washing steps compared to Scheme 1 in addition
to the sucrose gradient centrifugation step.

SEM/EDS characterization was performed on the isolated 60
nm AuNP LEx nematode samples (see Exposure of Nematodes
to AuNPs in the Experimental Section for details) to evaluate
the efficiency of AuNP removal from the cuticle (Scheme 2).
Two microliter nematode aliquots of the processed nematode
pellet (each aliquot contained ~40—50 nematodes) were
transferred onto a Si wafer and allowed to air-dry overnight.
Figure 4A shows a representative packet of dried nematodes,

Figure 4. (A) Representative SEM image of a nematodes on a Si
wafer following 24 h exposure to 60 nm AuNPs at 333 ng/mL with
sample cleanup by sucrose density gradient centrifugation (scale
bar: 300 ym). (B) High-magnification image of nematode in the
red inset of (A) (scale bar: 40 uym). (C) Representative high-
magnification image of the cuticle of a nematode exposed to 60 nm
AuNPs (scale bar: S pm). The bright objects in (C) were presumed
to be residual AuNPs on the surface of the nematode, which were
subsequently analyzed by EDS (D). EDS did not reveal the
presence of Au. A signal at 2.12 keV would indicate the presence of
Au. C, O, Si, and S represent peaks for carbon (0.26 keV), oxygen
(0.52 keV), silicon (1.75 keV), and sulfur (2.31 keV), respectively.

and Figure 4B is a magnified image of a single nematode shown
in the red box inset in Figure 4A. Figure 4C displays a higher-
magnification image of a representative nematode cuticle. A
number of bright areas were observed on several nematode
cuticles, and these were initially suspected to be adsorbed
AuNPs. However, in all cases, EDS analyses of these bright
spots (Figure 4D) could not conclusively confirm the presence
of elemental Au. If Au was present, confirmatory signals would
have been detected at 2.12 keV, but no signal was observed at
this energy. More than 50 nematodes were surveyed and
thoroughly inspected; neither the images nor EDS analyses
indicated the presence of AuNPs. The bright spots observed on
the nematode cuticles may instead be due to inorganic salt
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crystallites or organic deposits. Thus, the absence of AuNPs on
the surveyed nematode cuticles confirmed the high separation
efficiency of the sucrose gradient density centrifugation
protocol.

Uptake of AuNPs. In order to quantitatively characterize,
evaluate, and compare the efficiencies of the water rinsing
(Scheme 1) and sucrose density gradient centrifugation
procedures (Scheme 2), parallel 0 and 24 h AuNP uptake
experiments were performed. These two time points represent
the interaction period between AuNPs and nematodes in the
exposure medium; the 0 h exposure period interaction was no
longer than 10 s and accounts for immediate interaction
between the nematodes and ENPs and takes into account the
number of AuNPs that were either nonspecifically adsorbed
onto the nematode cuticle or entrained within the sample pellet
and not removed by the applied separation procedures
(Scheme 1 or Scheme 2). During the sample cleanup process,
the nematodes were kept at 4 °C (nematodes are largely
immobilized at this temperature),” and so it is unlikely that the
nematodes ingested significant amount of AuNPs. Additionally,
it is highly improbable that AuNPs penetrated (absorbed) or
were transported through the nematode cuticle as the cuticle is
composed of heavily cross-linked collagens, insoluble cuticlins,
glycoproteins, and lipids that make the cuticle impervious to
the environment.>> On the other hand, AuNP uptake data
collected at the end of the 24 h exposure period are mainly
representative of AuNPs specifically ingested by the nematodes,
with a contribution from the AuNPs nonspecifically adsorbed
onto the nematode cuticle at the 0 h time point. The relative
contribution from nonspecific AuNP adsorption to the
measured amount of AuNPs ingested depends upon which
nematode processing scheme is applied to the sample.

Figure S shows the resulting ICP-MS uptake data from the 0
and 24 h (30 and 60 nm LEx and HEx exposure conditions)
parallel uptake studies after nematode processing via Scheme 1
(Figure SA,C) and Scheme 2 (Figure SB,D), respectively. Au
was not detected in nematodes processed by either scheme in
the control exposure condition at either the 0 or 24 h time
points. As shown in Figure SA, nematode samples across all
AuNP exposure conditions exhibited measurable amounts of
Au at 0 h when Scheme 1 was utilized for postexposure
nematode processing. In contrast, similar to control samples,
nematodes from the 0 h exposure period for both the 30 nm
LEx and HEx experiments were void of detectable Au when
processed via Scheme 2 (Figure SB). AuNPs were not
completely removed by the sucrose density gradient process
for the 60 nm LEx and HEx conditions, but Scheme 2 was far
more efficient than Scheme 1 (95 and 85% reductions in Au
mass, respectively) at removing nonspecifically cuticle-adsorbed
and/or pellet-entrained AuNPs. After the 24 h exposure period,
the amount of Au detected by ICP-MS increased considerably
for both cleaning procedures (Figure SA,B). Welch’s unequal
variance t test analyses were performed for each data set pair for
each experiment (0 h versus 24 h exposure, water versus sucrose
nematode processing). These analyses revealed the existence of
an obvious dose—response trend for all of the nematode
samples processed via Scheme 2 that is not evident for the
nematodes exposed to the 60 nm LEx and HEx AuNP
concentrations and processed via Scheme 1 (Figure SA) at the
24 h time point. In particular, there is an unexpectedly low
amount of Au uptake measured for the 60 nm HEx exposure
sample that may be due to a measurement artifact; there exist
no clear signs of measurement artifacts for samples processed
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Figure S. Uptake of AuNPs (reported as total ng Au/g C. elegans via ICP-MS analysis) in nematodes following 0 and 24 h exposure periods.
Nematodes were exposed with media-only (control; no AuNPs), 30 nm AuNPs at 40 ng/mL (LEx) or 100 ng/mL (HEx), and 60 nm AuNPs at
333 ng/mL (LEx) or 835 ng/mL (HEx). (A,C) Total Au and the average calculated number of particles per C. elegans following postexposure
sample cleanup by water rinsing (Scheme 1) and (B,D) postexposure sample processing by sucrose density gradient centrifugation (Scheme
2). Stars (*) indicate statistically significant increases in measured Au uptake levels after 24 h of AuNP exposure compared to 0 h of AuNP
exposure using Welch’s ¢ test. One or two stars indicate p < 0.05 or 0.01, respectively. If no bar is shown in A or B, the Au signal was below the
detection limit for the ICP-MS instrument and is recorded as a zero. All data points represent the mean of three independent measurements.
Uncertainties (error bars) are 1 standard deviation, and horizontal bars in C and D are the means of the data points.

via Scheme 2. On the basis of the specified measurand (ng Au/
g C. elegans), the lower than expected Au uptake for the 60 nm
HEx condition could arise from either the measured Au uptake
mass being too low, the measured nematode mass being too
high, or a potential combination of these two factors. Of these,
the measured nematode mass being too high is the most likely
source of the measurement artifact. The 60 nm AuNPs are less
stable in pure water than in the sucrose solution, meaning they
are more likely to rapidly settle to the bottom of the centrifuge
tube during the water washing/centrifugation steps (see
Scheme 1, steps E and F, and compare to Scheme 2, sucrose
separation steps I and J), where they can become entrained
within the nematode pellet. This would result in the measured
nematode mass being larger than its actual value (the measured
nematode mass would be artifactually increased), resulting in a
lower Au/nematode ratio. The 60 nm LEx condition would be
less prone to this artifact due to the decreased amount of Au
present in the system. Likewise, the 30 nm HEx condition
would also be less prone to measurement error as the 30 nm
AuNPs are less likely to settle to the bottom of the tube and
become entrained within the nematode pellet compared to the
60 nm AuNPs.

The superior performance of the sucrose density gradient
nematode processing method in comparison to the water-
rinsing procedure can also be quantitatively described in terms
of the absolute number of AuNPs accumulated by the
nematodes. Using the total Au concentrations found in the 0
and 24 h experiments, and assuming a spherical particle shape
and a defined particle diameter (TEM diameter of 27.6 + 2.1
nm for the 30 nm AuNPs and 56.0 + 0.5 nm for the 60 nm
AuNPs listed in the NIST Reports of Investigation),***” the
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average number of 30 and 60 nm AuNPs per nematode for all
exposure conditions was calculated (see egs 1, 2, and 3 in the
Supporting Information for the calculation of these values) and
illustrated in Figure SC,D for Scheme 1 and Scheme 2,
respectively. After correcting each 24 h AuNP/nematode result
(subtracting the average number of AuNPs nonspecifically
adsorbed to the cuticle or entrained within the sample pellet
during the 0 h exposure period from the average number of
AuNPs nominally ingested during the 24 h exposure period),
we found that the AuNP/nematode results for the nematodes
processed via Scheme 1 (41, 1387, and 239 AuNPs/nematode
for the 30 nm LEx, 30 nm HEx, and 60 nm LEx AuNP
exposures, respectively) were all higher than the average
AuNP/nematode results calculated after processing the
nematodes via Scheme 2 (78, 299, and 100 AuNPs/nematode
for the 30 nm LEx, 30 nm HEx and 60 nm LEx AuNP
exposures, respectively). The only exception to this pattern of
uptake was the 60 nm HEx AuNP nematode exposure
condition which had a lower average AuNP/nematode result
for nematodes processed via Scheme 1 (49 AuNPs/nematode)
in comparison to Scheme 2 (261 AuNPs/nematode). The
singular 60 nm HEx AuNP/nematode finding using Scheme 1
may be a measurement artifact as alluded to previously. The
uptake data obtained for the nematode samples processed via
Scheme 2 did not show any obvious signs of measurement
artifacts, and in fact, the data exhibited a clear dose—response
trend (ie, concentration-dependent ENP uptake) in terms of
AuNP uptake across all of the 30 and 60 nm AuNP exposure
conditions (Figure SD).

The measurement accuracy of the AuNP/nematode ICP-MS
uptake data (Figure SD) following postexposure sample
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processing via Scheme 2 was independently evaluated by
performing the same measurements using spICP-MS (Figure
6). Comparison of the indirect ICP-MS particle number
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Figure 6. Comparison of the average number of particles per C.
elegans as calculated by total Au analysis and spICP-MS following
postexposure sample processing by sucrose gradient density
centrifugation (Scheme 2). Welch’s t test comparing the two
independent analytical techniques found no significant difference
between the means across all exposure conditions. A significant
difference was found in the variances of the means for the 30 nm
AuNP/HEx condition (p < 0.05; p = 0.011). Large horizontal bars
are representative of the mean of the data points (n = 3 for total; n
= 4 for spICP-MS), and the vertical lines with the short horizontal
bars represent the standard deviations of the means.

measurements (total Au measurements converted to particle
numbers) with the direct spICP-MS particle number measure-
ments clearly demonstrated (Welch’s unequal variances t test)
that both instrumental methods measure equivalent levels of
AuNPs/nematode and show the same increasing dose—
response trends for the AuNP LEx and HEx exposure
concentrations. However, data for samples in the 30 nm
AuNP HEx condition had large variability, which precluded
statistical significance. The reason(s) for the high variability in
this one particular exposure condition is/are unclear. It is
possible that a nonsystematic sample handling issue affected
one of the three sample replicates (contamination within the

digestion process or incomplete removal of the sucrose solution
prior to sample lyophilization, etc.). However, further
inspection of the data (comparison of 30 nm AuNP LEx versus
60 nm AuNP LEx and 30 nm AuNP HEx versus 60 nm AuNP
HEx) suggests that the nematodes do not have a AuNP uptake
size preference for particles at the nanoscale, at least for the
AuNP range utilized in the present study. This is a key finding
for future environmental nanotoxicology studies.

The results of the 0 h experiments and SEM analysis strongly
suggest that the conventional practice of utilizing water rinsing
followed by centrifugation to separate ENPs from nematodes,
such as C. elegans, may not be an appropriate strategy for
accurate measurements. Typically, sub-milligram/L ENP
concentrations are used for nanouptake and nanotoxicity
studies, but at the environmentally relevant exposure
concentrations used for this study (sub-microgram/L), we
found that a significant amount of nonassociated AuNPs was
not adequately removed over the number of rinses typical for a
C. elegans uptake study, and that the resulting data were of an
unreliable quality. The use of sensitive analytical tools (such as
ICP-MS or other techniques with excellent detection limits for
metallic ENPs, but that are nonspecific in nature—i.e., unable
to visualize particulate matter) for whole-organism metrology
requires that nonspecific adsorbance of ENPs to organism
exoskeletons or cuticles be taken into account; otherwise,
incorrect quantification of the ENP uptake is likely to occur. In
the present study, AuNPs were not completely removed by the
sucrose density gradient process for the 60 nm LEx and HEx
conditions, but Scheme 2 was far more efficient than Scheme 1
in removing the nonspecifically adsorbed particles. Overall,
internalized Au overestimations of 2 and 7% occurred for the
60 nm LEx and 60 nm HEx exposure condition when sucrose
density gradient separation was employed as a washing step.
This contrasts with the internalized Au overestimations of 43,
10, 17, and 78% that occurred for the 30 nm LEx, 30 nm HEx,
60 nm LEx, and 60 nm HEx exposure conditions, respectively,
when water rinsing was employed to remove ENPs from
nematode cuticles.

splCP-MS Analysis: Size Distributions of AuNPs in
Water, Tetramethylammonium Hydroxide (TMAH), and
Nematodes. Particle size distributions calculated from spICP-

Table 2. spICP-MS Measured Mode, Median, And Mean Particle Size of 30 and 60 nm AuNPs in Water, TMAH, and TMAH-

Treated C. elegans Samples after 24 h Exposure

nanoparticles
sample TEM diameter (nm)“ matrix mode (nm) median (nm) mean (nm)” width (nm)©
30 nm AuNPs, 276 + 2.1 water 28.0 27.6 27.7 + 2.0 (0.05) 29
NIST a TMAH 27.3 27.6 272 + 3.7 (0.05) 4.6
60 nm AuNPs, $6.0 4 0.5 water 56.0 56.0 56.0 + 3.8 (0.09) 4.6
NIST = TMAH 56.0 5.6 559 + 6.4 (0.09) 8.0
C. elegans samples
sample TEM diameter (nm)“ matrix mode (nm) median (nm) mean (nm)” width (nm)“
30 nm LEx 34.8 35.0 38.4 + 13.0 (0.44) 11.07
276 + 2.1 B
30 nm HEx IMAKL 333 352 38.5 + 117 (0.14) 114
60 nm LEx 60+ 05 67.5 662 63.8 + 11.7 (021) 6.7
60 nm HEx = 692 67.1 659 + 102 (0.16) 62

“Uncertainty values are the expanded uncertainties that account only for measurement replication. Expanded uncertainty values for TEM were
determined in the NIST Reports of Investigation. Differences in expanded uncertainty could be attributed to different models used for each
measurement technique and the number of particles analyzed. YValues are expressed as the calculated average, and the uncertainty, in parentheses,
corresponds to one standard deviation (16) of the mean. “The width of the size distribution is defined as the distance between the 75th and the 25th

percentiles of the particle diameters.”” “B
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imodal distribution as indicated in Figure 7.
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Figure 7. Overlayed PSDs of AuNPs extracted from nematodes using TMAH digestion after a 24 h exposure to NIST 30 nm AuNPs at (A) LEx
exposure (n = 4) and (B) HEx exposure (n = 4) conditions, and NIST 60 nm AuNPs at (C) LEx exposure (n = 4) and (D) HEx exposure (n =
4) conditions. Mean diameters and standard deviations are given in Table 2.

MS measurements of AuNP suspensions in water showed good
agreement with the particle sizes determined by TEM and
reported on the Reports of Investigation for NIST RM 8012
and RM 8013 (data shown in Table 2 and Figures S6 and
§1).>**%*" The details of the optimization of the TMAH
digestion of AuNPs and biological tissues are discussed in the
Supporting Information. Histograms exhibiting the size profiles
of NIST RM 8012 and RM 8013 following treatment with
TMAH are shown in Figure S7A,B. Similar to results previously
reported by Gray et al,’”>* TMAH treatments did not have a
substantial impact on the mean particle size for either AuNP.
As shown in Table 2, the sizes (mean + SD) were 27.7 + 2.7
and 27.2 + 3.6 nm, and 56.0 + 4.0 and 55.9 + 6.3 nm for the
nominal 30 and 60 nm AuNPs in water and TMAH,
respectively. However, there was a significant broadening in
the width of the PSDs where the relative width increased by
52% for the 30 nm AuNPs and 74% for the 60 nm AuNPs
when transitioning from analyzing the AuNPs in water to
analyzing the AuNPs in TMAH. While we do not have a
complete explanation for this phenomenon, we believe this
broadening effect may be caused by the following factors:
matrix effects>’ resulting from the 0.07% (w/w) TMAH and
dissolution and subsequent recombination of NPs. Additional
research to more fully understand this phenomenon is
warranted.
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Representative spICP-MS '*’Au time-resolved intensity data
for nematodes in the control samples (data not shown) were
similar to the time-resolved intensity data obtained for
deionized water with an average detector response of 1.40 +
0.12 counts (confirming that C. elegans are composed of little to
no elemental Au). Nematodes were exposed for 24 h to 30 and
60 nm AuNPs using both LEx and HEx exposure conditions,
processed via Scheme 2, and the ingested AuNPs were
extracted from the nematodes using TMAH digestion. The
PSD profiles for AuNPs extracted from the nematodes are
presented in Figure 7 (AuNPs were detected for all exposure
conditions). The AuNPs that were extracted from nematode
samples were larger in diameter and had larger size distribution
widths than the average PSD for pristine AuNPs. Notably, the
AuNPs that were extracted from the 30 nm LEx and 30 nm
HEx nematodes exhibited a bimodal PSD (Figure 7A,B). As
shown in Table 2, the mean particle size increased from 27.2 to
384 and 38.5 nm for the 30 nm LEx and HEx exposure
conditions, respectively, and from 55.9 to 63.8 and 65.9 nm for
the 60 nm LEx and HEx exposure conditions (Figure 7C,D),
respectively, when transitioning from analyzing pristine AuNPs
in pure TMAH versus analyzing the AuNPs extracted from
nematodes using TMAH tissue digestion. Note the broad PSDs
for the AuNPs extracted from exposed nematodes in
comparison to the PSDs for AuNPs in water or in TMAH.
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Figure 8. (A) Large-area SEM image of nematodes exposed to 60 nm AuNPs. Samples were acquired by Scheme 2. (B) Higher-magnification
SEM image of blue inset highlighted in (A). (C) Higher-magnification SEM image of red inset highlighted in (A) displaying a AuNP adsorbed
to C. elegans cuticle. (D) Energy-dispersive X-ray spectrum of four high-contrast areas (pink, white, yellow, and green circles) and a
background reference area (red) (B) within the nematode sample. (E) Energy-dispersive X-ray spectrum of the high-contrast area on the
nematode cuticle highlighted in (C). Note the high keV peaks at 2.12 associated with the presence of elemental Au. Scale bars: (A) 20 gm, (B)

1 ym, and (C) 1 gm.

The presence of significant levels of larger AuNPs in the PSD
after nematode ingestion could be due to AuNP biotransfor-
mation through several different pathways. One pathway
involves AuNP gut compaction and subsequent interaction
with physiological fluid. Alternatively, the AuNPs could
potentially aggregate in the intestine during the nematode’s
normal digestion process. The pH of the intestinal lumen
ranges from pH ~6 in the anterior pharynx to pH 3.6 in the
posterior intestine. The citrate coating that stabilizes the
AuNPs may be stripped off in the acidic pH conditions during
digestion, thus resulting in the occurrence of aggregation (as
illustrated in Figure S8B).>>*® Recently, Scanlan et al.*
demonstrated that surface modifications to silver nanowires
(AgNWs) occurred within the model organism D. magna, as
AgNWs found in the hemolymph of D. magna were missing the
oxide shell surrounding the silica coating. In all exposure cases,
the finding of AuNPs larger than 45 nm for the 30 nm AuNP
exposure conditions and 80 nm for the 60 nm AuNP exposure
conditions was attributed to NP aggregation in the nematode
gut tract. However, further experimental investigations are
warranted in order to support this hypothesis. There is also
potential evidence of digestion of the AuNPs within the C.
elegans intestine as there is a large contribution of particles in
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the range of 15—40 nm for both the 60 nm LEx and HEx
exposure conditions.

Large-Area SEM/EDS Imaging of AuNP-Exposed
Nematodes. Visualization and confirmation of AuNPs within
the digestive tract of the nematodes (i.., internalized AuNPs)
were not feasible using conventional resin sample preparation
techniques and SEM image analysis. Therefore, AuNP-exposed
nematode samples processed via Scheme 2 were prepared for
SEM imaging using high-pressure freezing and freeze
substitution protocols. The resulting resin blocks were
microtomed into 500 nm thin slices and subjected to large-
area SEM imaging. The resulting images indicated that the
ingested AuNPs were located primarily in the nematode
intestine and intestinal lumen. Figure 8 shows characteristic
SEM images of 60 nm AuNP LEx nematodes, where Figure 8A
represents a large-area image. Figure 8B is a higher-
magnification image of the blue box highlighted area in Figure
8A. Note the five circular spots, located in the C. elegans
intestine, indicating four high-contrast areas and one back-
ground reference area. Figure 8C shows the occurrence of a
AuNP adsorbed to a nematode cuticle (high-contrast area
located in the red box in Figure 8A). EDS analysis confirmed
the presence of Au in the four high-contrast areas in the
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intestine (Figure 8D), as well as the AuNP on the nematode
cuticle (Figure 8E).

The particle sizes for the AuNPs found in these characteristic
samples ranged from 65 to 78 nm in diameter. Figure S8
displays evidence of AuNP aggregation (see Figure S8B, with
EDS analysis, shown in Figure S8C, confirming the presence of
Au in the red inset in Figure S8B) due to gut compaction of
ENPs in the intestinal tract. This key finding strongly correlates
with the spICP-MS data (Figure 7) showing broadened PSDs
and larger mean particle sizes for AuNPs ingested by
nematodes. This may also be evidence that the rigorous nature
of TMAH digestion leads to disaggregation of particles that
were potentially aggregated in the intestine of the nematodes.
Figure S9 shows characteristic SEM images of 30 nm AuNP-
HEzx-exposed nematodes, and Figure S9A presents a large-area
image. Figure S9B shows a higher-magnification area of the
nematode intestine in Figure S9A. Only a single area of high
contrast was found near the microvilli of the intestine, and it
was later confirmed to be a AuNP by EDS analysis (Figure
S9C). It is conceivable that this dearth of internalized 30 nm
AuNPs is due to the NPs having been dislodged during the
microtoming procedure. Additional evidence of internalized
AuNPs, with elemental Au confirmation via EDS, is provided in
Figure S10. Translocation of AuNPs from the intestine to other
cellular compartments was not observed in the present
exposure study, and this may be due to the relatively short
(24 h) incubation period.

CONCLUSION

Invertebrate model organisms, such as C. elegans, are
increasingly utilized as alternative in vivo systems to vertebrate
model organisms, such as rodents, to investigate the uptake,
translocation, transformation, and potential toxicity of ENPs in
the environment. Thus far, no standardized protocols exist for
evaluating the uptake of ENPs in whole organisms. Stand-
ardized protocols are essential for establishing the validity and
reproducibility of ecotoxicity and/or risk assessments. The
present research describes a quantitative protocol for evaluating
the uptake of AuNPs in C. elegans, with particular emphasis on
mitigating the effects of measurement artifacts such as ENP
cuticle adsorption that naturally occur during nematode
exposures and that may occur during sample preparation.
The development and optimization of the sucrose density
gradient centrifugation protocol for the specific removal and
separation of cuticle-adsorbed AuNPs permitted reliable
quantitative measurement of 30 and 60 nm AuNP uptake
and potential biotransformation (gut tract aggregation) within
live nematodes using spICP-MS. Limitations of this method
that could lead to underestimations in the number of particles
ingested by nematodes include factors such as (1) the potential
for organisms to excrete ingested particles during the separation
process after the exposure period and (2) the presence of dauer
nematodes (that do not ingest NPs) that arise from culturing in
non-optimal liquid media conditions adding to the nematode
mass. Also, the sucrose density gradient centrifugation protocol
as currently implemented cannot be easily utilized to separate
ENPs from organisms exposed to exceedingly high amounts of
ENPs (eg, >24 X 10° 60 nm AuNPs/L) without applying
multiple cycles of the sucrose density gradient or scaling up
Scheme 2 (i.e, size of the centrifuge tubes, volume of sucrose,
etc.). spICP-MS analysis of AuNPs currently has a size detection
limit of approximately 10 nm>* that restricts its utility in
nanouptake studies for AuNPs smaller than 10 nm. Further
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instrumental improvements will extend its applicability to
smaller NP sizes. In the present study, there was no significant
change in the PSD of AuNPs after TMAH treatment, thus
changes in the PSDs of the ingested AuNPs can reasonably be
attributed to transformations of bioaccumulated AuNPs after
digestion by the nematodes. It is also possible that TMAH
could disaggregate AuNPs previously ingested by nemato-
des,*** but this was not clear in our investigation. In summary,
the newly developed ENP/whole-organism separation method-
ology, in combination with single particle uptake measure-
ments, merits consideration as a standardizable platform for
reducing the measurement variability and sampling bias that
can occur in environmental nanotoxicology studies. The
techniques described in this report should be immediately
beneficial for improving ENP hazard and risk assessments in
the environment.

EXPERIMENTAL SECTION

Nematode Maintenance. C. elegans nematodes (wild-type, Bristol
strain, N2) and Escherichia coli (E. coli) OPSO were purchased from the
Caenorhabditis Genetics Center (CGC, University of Minnesota).
Nematodes were cultured on NGM plates seeded with E. coli (OPS0)
at 20 °C. Once the bacterial lawn was cleared, gravid nematodes were
washed off plates and cultured in S-basal liquid media (S-basal
complete/S00 mL: contains 0.5 mL of cholesterol in ethanol (S mg/
mL), a mineral mixture, 1.5 mL of 1 M MgSO,, 1.5 mL of 1 M CaCl,,
5 mL of penicillin—streptomycin, and 2.5 mL of amphotericin B).***!
Live/viable nematodes were then separated from bacteria, dead
nematodes, and debris by a sucrose density gradient centrifugation
protocol described by Lewis and Fleming,w’41 resulting in L3, L4, and
adult nematodes. Briefly, nematodes were resuspended in 15 mL of
cold 100 pmol/L NaCl and mixed by inversion. An equal volume
fraction of cold sucrose (60%, w/v) was then added to the tube
(without any additional agitation), and finally, an additional S mL of
NaCl was gently added to the top of this mixture. The nematode/
bacteria mixture was then transferred to a swinging bucket centrifuge
and spun for S min at 72g. Nematodes at the interface of the salt and
sucrose mixture were transferred to a centrifuge tube, and excess salt
and sucrose were rinsed by centrifugation. Mixed-stage nematodes
were resuspended, and the number of nematodes in twelve 2 uL
droplets were counted under a light microscope and averaged for an
estimation of total population density.

Exposure of Nematodes to AuNPs. Using approximately
250 000 nematodes/exposure condition, the required dilutions in S-
basal complete were prepared with a target total volume of 50 mL/
replicate (nematodes + exposure media + AuNPs). S-basal complete
media and nematodes were distributed into 25 cm? tissue culture flasks
(n = 3 for nonexposed, 30 nm AuNP, and 60 nm AuNP exposure
conditions). The appropriate volumes of stock AuNPs were pipetted
into flasks, capped and inverted three times, and mixed gently with an
electronic pipet for S s (to ensure complete dispersion of the ENPs),
and then 25 mL of the nematode/media/AuNP mixture was
immediately transferred to a centrifuge tube and placed on ice.
These replicates were regarded as the “0 h exposure” conditions and
were cleaned by the protocols stated below. The remaining 25 mL
sample in the tissue culture flask was placed on a shaker in an
incubator at 20 °C for 24 h and then processed by the sample cleanup
protocols described below. These samples are designated as the “24 h
exposure” condition. For nonexposed nematodes (controls), 1 mL of
deionized water was added to . Two concentration levels were chosen
and were designated as the “low concentration exposure, LEx” and
“high concentration exposure, HEx” level, respectively. For each
exposure level, equal particle number concentrations of 30 and 60 nm
AuNPs were used. For the LEx condition, Au concentrations of 40 ng/
mL (30 nm AuNPs) and 333 ng/mL (60 nm AuNPs) corresponded to
a particle number concentration of 1.9 X 10'" per exposure. For the
HEx condition, Au concentrations of 100 ng/mL (30 nm AuNPs) and
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835 ng/mL (60 nm AuNPs) corresponded to a particle number
concentration of 4.7 X 10" particles per exposure.

Postexposure Sample Treatment and AuNP Cleanup. Two
different nematode cleanup procedures were employed for the
separation of nematode populations from nonassimilated AuNPs: a
traditional water rinse (Scheme 1) and sucrose density gradient
centrifugal separation (Scheme 2). In cleanup Scheme 1, control and
AuNP-exposed samples were transferred into centrifuge tubes and
spun at 1870g for S min. The supernatant was removed by vacuum
filtration, and the remaining nematode pellet was rinsed three times
with 50 mL of 4 °C deionized water followed by centrifugation at
1870g for each rinse. The remaining pellet was transferred into a 1.5
mL microcentrifuge tube and lyophilized for 24 h. For Scheme 2, 20,
40, and 50% sucrose solutions were made by dissolving the appropriate
amount of sucrose in deionized water. Sucrose solutions were gently
heated, stirred until completely dissolved, and stored at 4 °C. Food
coloring was added as a visual aid to discriminate the different
concentrations of sucrose as well as to better visualize nematode layers
after centrifugation. The sucrose density gradient separation column
was carefully constructed from top to bottom, using a 15 mL plastic
centrifuge tube as follows: 2 mL of 100 ymol/L NaCl, 20% sucrose (4
mL, w/v), 40% sucrose (3 mL, w/v), and 50% sucrose (2 mL, w/v).
Control and AuNP-exposed nematode samples were rinsed twice with
25 mL of M9 buffer (3 g of KH,PO,, 6 g of Na,HPO,, 5 g of NaCl,
and 1 mL of MgSO, in 1 L) and kept in an ice bath until the sucrose
density gradient centrifuge columns were prepared. The nematode
samples (~1.5 mL) were gently added, using a pipet, to the top of the
gradient. Centrifugal separation of nematodes from AuNPs was
performed at 4 °C in a swinging bucket centrifuge under the following
conditions: S min at 172¢ immediately (ie, without interruption)
followed by S min at 1254g. Figure SSB is representative of nematode
samples within the gradient prior to and after centrifugation. Prior to
centrifugation (denoted by the “pre-centrifugation” label), nematodes
rest on top of the interface between the salt layer and the 20% sucrose
layer immediately after the nematodes are added to the gradient. After
centrifugation (denoted by the “post-centrifugation” label), nematodes
in all sample treatment conditions settle between two interfaces: the
interfaces between the NaCl layer (density = 1.006 g/cm®) and the
20% (w/v) sucrose layer and between the 20% (w/v) sucrose layer
(density = 1.081 g/cm®) and the 40% (w/v) sucrose layers (density =
1.176 g/cm®). The nematodes were removed by pipet from the
gradient and rinsed an additional three times (spun at 1870g for S
min) with SO mL of ice-cold deionized water to remove excess sucrose
prior to 24 h lyophilization. Lyophilized samples were stored in a
desiccator prior to digestion and subsequent analysis.

Three parallel experiments were designed to investigate the efficacy
of the AuNP/C. elegans separation. In the first experiment, 2 mL of a
nanosuspension containing 30 and 60 nm AuNPs (both at ~100 ng/
mL; citrate-stabilized, NIST) was transferred into centrifuge tubes
containing sucrose gradients (n = 4). In the second experiment, an
equal volume fraction of nematodes (~50000 nematodes/gradient)
was added to an equal volume fraction of the aforementioned
nanosuspension, mixed for approximately S s, and 2 mL of this mixture
was transferred into centrifuge tubes containing sucrose gradients (n =
4; construction of the gradient is illustrated in Figure S4). In the third
experiment, nematodes (~50 000 nematodes) were exposed to 60 nm
AuNPs (LEx) for 24 h. Samples were then processed from step A
through step I of Scheme 2. After step I, 1 mL aliquots (out of a total
of 13 mL) of the gradient solution were successively removed. For
total Au analysis of all sucrose gradient layers, these 1 mL aliquots
were digested with 1 mL of aqua regia (HCI/HNO;, 3:1, v/v), and
analyzed for total Au content by conventional ICP-MS.

Total Au Uptake in Nematode Samples. Total Au concen-
trations were measured in lyophilized control and exposed nematode
samples after acid-assisted microwave digestion. Samples (~2.0 mg of
nematode or 1 mL of deionized water (calibration blank)) were
weighed into prerinsed aluminum mini cups (~18.0 mg). The cups
were sealed by pressing them closed and then transferred into Teflon
vessels with the addition of 7 mL of concentrated HNO; (Fisher
Scientific Optima grade) and 3 mL of HCl (30—35%, Veritas grade,
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double-distilled). Samples were digested using a Mars Xpress
microwave system under the following temperature programs: ramped
to 180 °C over 15 min and then held at 180 °C for 20 min. The vessels
were allowed to vent for 20 min, and the digests were quantitatively
transferred to preweighed narrow-mouth low density polyethylene
plastic bottles with an additional 10 mL of 1.5% (volume fraction)
HNO;. A 2 mL portion of this mixture was then diluted to 15 mL with
an internal standard solution containing platinum (NIST SRM 3140)
and indium (NIST SRM 3124a) in 2% (volume fraction) HNOs.
Calibration blanks and Au calibration standards (NIST SRM 3121:
Gold (Au) Standard Solution) were prepared by serial dilution with
the indium internal standard. Calibration blanks (10 in total),
calibration standards, and sample digestions were analyzed by ICP-
MS under the following conditions: 90 s sample uptake; five replicate
measurements at m/z 115, 195, and 197; 0.45 mL/min flow rate.

Extraction of AuNPs from Biological Tissue. In order to
liberate ingested particles from the nematodes, 0.1 mg samples of
lyophilized nematodes were treated with 1 mL of 7% (w/w) TMAH;
this TMAH concentration was optimized from preliminary experi-
ments that examined the capacity of a range of TMAH concentrations
to fully dissolve the nematodes yet not impact the size distribution of
the AuNPs (complete details are provided in the Supporting
Information). Samples were vortexed for 30 s and then allowed to
digest at room temperature for 2 h. After 2 h, the samples were diluted
with deionized water by a factor of ~6 X 10° and bath-sonicated for 4
min for the detection of single particle events by spICP-MS.

TMAH Treatment of AuNPs. To test the effect of the TMAH
digestion on the AuNP size distribution, a parallel study was
performed to mimic the conditions of the TMAH digestion in the
presence of biological material. AuNPs were treated with a TMAH
concentration corresponding to the dilution factor utilized for
lyophilized nematode samples, vortexed for 30 s, allowed to digest
at room temperature for 2 h, diluted with deionized water, bath-
sonicated for 4 min, and measured by spICP-MS. Further optimization
of this strategy is described in the Supporting Information.

spICP-MS for AuNP Characterization. Single particle ICP-MS
measurements of all samples were conducted using a Thermo Fisher X
series VII quadrupole ICP-MS system (Waltham, MA, USA) with a C-
type nebulizer (0.5 mL/min) and an impact bead spray chamber
cooled to 2 °C. The instrument was tuned daily to a minimum
156CeQ/"0Ce oxide level (<2%) and a maximum 1S sensitivity. The
sample flow rate was set to approximately 0.45 mL/min, and the
uptake rate was measured daily, in triplicate, by weighing the water
uptake after 5 min of aspiration. AuNP suspensions were prepared by
serial dilution of stock suspensions with deionized water to an
approximate particle number concentration of 15000 particles/mL.
The instrument was calibrated using a blank (deionized water) and at
least five soluble Au standards ranging from 0 to 10 ng/g Au in a
thiourea solution (0.1% thiourea (w/v), 2.4% HCI (v/v), and 0.5%
HNO; (v/v)). For the parallel study, all dissolved standards and AuNP
suspensions were prepared in 0.07% TMAH (w/w) to compensate for
possible matrix effects. A dwell time of 10 ms was selected for all
spICP-MS measurements. For spICP-MS measurements of AuNPs,
the signal for '”’Au was recorded using time-resolved analysis mode
with Thermo Fisher Plasmalab software. Data were exported to
Microsoft Excel for data processing, wherein the transport efficiency
was calculated using a method detailed by Pace et al>> Standard
solutions were analyzed for 180 s, while AuNP suspensions and
nematode digestions were measured three times for 360 s. All data
were converted to counts/event and plotted against a time scale. A
threshold of particle intensities five standard deviations above the
mean signal intensity was chosen as the criteria for distinguishing
between ‘s‘inS%le particle events and the signal from dissolved ions in
solution.” ™’ Particle sizes were calculated for all single particle
events, and size distribution histograms were generated with a bin
increment size of 1 nm.

High-Pressure Freezing/Freeze Substitution of Nematode
Samples. Nematode samples in the 30 nm HEx and 60 nm LEx
exposure conditions were resuspended in 20% bovine serum albumin
(w/v) and cryo-immobilized by high-pressure freezing on gold carriers
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(EMPact 2, Leica Microsystems GmbH, Wetzlar, Germany).
Subsequently, the nematodes were freeze-substituted with acetone in
combination with 1% OsO, and 0.1% uranyl acetate for approximately
4 h following the quick freeze substitution method detailed by
McDonald.*® After the samples were washed with acetone, the
specimens were gradually infiltrated in Spurr’s resins at room
temperature followed by polymerization at 60 °C overnight. Ultrathin
sections of embedded samples were collected on uncoated copper
grids for SEM imaging. The 500 nm thick sections of embedded
samples were mounted on carbon-coated glass coverslips for large-area
SEM imaging.

Scanning Electron Microscopy of Nematode Cuticles. SEM/
EDS analysis on whole nematodes and ultrathin sections was
conducted with a Nova NanoLab 600 focused ion beam scanning
electron microscope (FIB SEM) (FEI Company, Hillsboro, OR)
equipped with a 100 mm?® XMax silicon drift detector (SDD) and
AztecEnergy (Oxford Instruments, Abingdon, UK) EDS system. EDS
analysis was conducted at 10 and 20 kV using a beam current of 16—
24 nA to collect the elemental maps and spot analysis. SEM image
analysis was performed on nematodes exposed to 30 nm AuNPs at 100
ng/mL and on nematodes exposed to 60 nm AuNDPs at 333 ng/mL Au
mass fraction. After exposure and removal of excess AuNPs (by both
Scheme 1 and Scheme 2), the nematodes were pipetted onto 5 mm X
5 mm Si wafers in 2 L aliquots. The wafers were allowed to dry under
a hood over a 2 day period. Initially, SEM analysis of sucrose-rinsed
samples was hampered by extensive precipitation (salt crystal
formation from buffers and media; data not shown). Therefore,
those wafers were dipped in deionized water for 30 s and dried. Based
on this procedure, the salt crystals were removed.

For additional confirmation that AuNPs were located on the
nematode cuticle, SEM analysis and the EDS measurements of the
whole nematodes were conducted with a Helios NanoLab 660 FIB
SEM (FEI Company, Hillsboro, OR) equipped with a 30 mm? octane
SDD and TEAM (EDAX, Mahwah, NJ) EDS system. Imaging and
EDS analysis were conducted at S kV and 0.8 nA electron beam
conditions. Au nanoparticle imaging was performed at 0 and 15° stage
tilts. Images were collected in secondary electron and backscattered
electron (BSE) modes.

Large-Area Scanning Electron Microscopy of Microtomed
Nematode Slices. Large-area SEM imaging/EDS analysis was
performed using the same Helios NanoLab 660 FIB SEM EDS
system described above. Large-area imaging of the thick sections was
performed using an automated tile imaging application MAPS (FEL
Company, Hillsboro, OR). MAPS enables an automated imaging of N
X M image tiles at user-specified imaging conditions such as pixel
resolution, pixel dwell time, and tile overlap. Multiple large-area image
tile sets were collected from the thick sectioned nematode samples.
BSE imaging with immersion mode at 5 kV with a beam current of 800
PA was used to facilitate the detection of AuNPs in the nematode cross
sections. Horizontal field width of 6 ym (3 nm pixel resolution) was
used for each SEM image tile. A typical tile set consisted of 50 rows
(x) and S0 columns (y) of image tiles with 10% image overlap in the x
and y directions. A pixel dwell time of 3 ms was used for a relatively
robust signal-to-noise ratio. Images from each tile set were manually
inspected for the occurrences of high intensity punctate features, and
EDS spot analysis was performed on each of these candidate features
to determine whether they were AuNPs. The EDS confirmation of
elemental constituents was necessary because the resin-embedded
nematodes were osmicated, and as a result, many of the lipid-rich
cellular components exhibited similar contrast as AuNPs. The EDS
analysis was performed at 5 kV with an 800 pA beam current for
effective excitation of Au X-ray M-lines (M at 2.123 keV and Mf at
2.204 keV).

Statistical Analysis. Microsoft Excel and GraphPad Prism 5.0
software were utilized for statistical analyses. Significant differences
(95% confidence level, p < 0.0S) between experimental conditions
(water versus sucrose, 0 h versus 24 h exposure) were determined by
Welch’s unequal variances ¢ test. The F tests (95% confidence level, p
< 0.05) were performed on the compared conditions to determine if
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they had significant (unequal) variances. All data are expressed as
mean +1 standard deviation (SD).
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