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ABSTRACT Invertebrate animal models such as the nematode Caenorhabditis elegans (C.
elegans) are increasingly used in nanotechnological applications. Research in this area covers a
wide range from remote control of worm behavior by nanoparticles (NPs) to evaluation of
organismal nanomaterial safety. Despite of the broad spectrum of investigated NP—bio
interactions, little is known about the role of nanomaterials with respect to aging processes in C.

elegans. We trace NPs in single cells of adult C. elegans and correlate particle distribution with
the worm's metabolism and organ function. By confocal microscopy analysis of fluorescently

labeled NPs in living worms, we identify two entry portals for the uptake of nanomaterials via
the pharynx to the intestinal system and via the vulva to the reproductive system. NPs are localized throughout the cytoplasm and the cell nucleus in single
intestinal, and vulval B and D cells. Silica NPs induce an untimely accumulation of insoluble ubiquitinated proteins, nuclear amyloid and reduction of
pharyngeal pumping that taken together constitute a premature aging phenotype of C. elegans on the molecular and behavioral level, respectively.
Screening of different nanomaterials for their effects on protein solubility shows that polystyrene or silver NPs do not induce accumulation of ubiquitinated

proteins suggesting that alteration of protein homeostasis is a unique property of silica NPs. The nematode C. elegans represents an excellent model to

investigate the effect of different types of nanomaterials on aging at the molecule, cell, and whole organism level.
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he nanoparticle—biological interac-
Ttions are studied using different bio-

logical systems such as mammalian
cells, daphnia, the fruit fly Drosophila mela-
nogaster, the nematode Caenorhabditis ele-
gans, fish and rodents. > C. elegans are
used for studying nanoparticle (NP) trans-
port and interaction with cells and intestinal
organs because they are transparent, allow-
ing optical imaging techniques to visualize
the behavior of the NPs in vivo for hours to
days.5” Metal NPs that accumulate in the
worm's organ for food intake, the pharynx,
have been used as a remote control to induce
retraction behavior through heating.? It has
also been shown that one can monitor
the in vivo temperature of C. elegans after
optical excitation of gold nanoparticles.®
Furthermore, the biological fitness of an
organism can be studied using single and
multigenerational approaches that would
allow the investigation of the effects of
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nanomaterials on survival and progeny pro-
duction.>'® Therefore, C. elegans present a
useful biological model to investigate the
nanoparticle—biological interaction.

C. elegans is a free-living, abundant soil
nematode that is well-characterized from
the molecular to the behavioral level.
Sequencing of the C. elegans genome was
completed in 1998'" and the complete cell
lineage of the worm is defined.'” Adult
worms have about 1000 somatic cells, 302
of which are neurons that are connected by
well-known neural circuits and conduct dis-
tinct behavioral phenotypes.'® Since C. ele-
gans is transparent throughout its 2 to 3
week long life cycle, labeled macromole-
cules are detectable in fixed as well as living
specimen on the tissue, single cell and sub-
cellular level by differential interference con-
trast (DIC) and fluorescence microscopy.'*
Thus, imaging of fluorescently labeled
NPs allows for correlative investigation of
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intracellular particle distribution and accumulation
with molecular, cellular and behavioral phenotypes in
C. elegans.

Currently, the use of system biology techniques such
as mass spectrometry have provided detailed analysis
(e.g., transcriptomes and proteomes) and a better
molecular understanding of the nematode genetics,
neurobiology, and aging. The investigation of aging
mechanisms in C. elegans has revealed common path-
ways that are highly conserved across species. It was
shown that inhibition of the insulin/IGF-1/FOXO signal-
ing pathway plays a major role in extension of
C. elegans lifespan, counteracts aging processes in fruit-
flies and mammals, and is linked to longevity in human
cohorts.'®> Comparative transcriptomes of young versus
old C. elegans have confirmed the importance of
insulin-like signaling while additionally showing that
down-regulation of heat shock proteins and altered
protein homeostasis represent characteristic hallmarks
of aging.'®'” Protein homeostasis that normally is at
equilibrium between protein synthesis, folding, locali-
zation and degradation seems to decline in the aging
nematode. In line with this, mass spectrometry based
analyses showed that the proteome of old C. elegans
contains more insoluble proteins in comparison to
young worms and is characterized by aggregation-
prone proteins.'®

We previously showed by differential interference
contrast and fluorescence microscopy that silica and
polystyrene NPs efficiently translocate to the intestine
of C. elegans via food intake."® Silica NPs induce the egg
laying phenotype of an internal hatch, ie., 'bag of
worms', that normally occurs in old C. elegans at the
end of progeny production and indicates reproductive
senescence.' A reduction of reproduction was like-
wise observed after incubation of C. elegans with Ag
NPs, ZnO NPs, Al,O3 NPs, TiO, NPs or CdTe QDs NPs, >~ 2
yet the underlying mechanisms remain elusive. In this
study, we used fluorescence microscopy to trace the
movements of NPs in the pharynx, intestine, sper-
mathecae and egg laying organ (vulva) of living worms.
We found that the presence of silica NPs in the
respective tissues induces prematurely typical beha-
vioral as well as molecular aging phenotypes of C.
elegans such as reduced pharyngeal pumping, egg
laying and an accumulation of ubiquitinated proteins,
i.e., a decline of protein homeostasis. These premature
aging phenotypes are NP-specific. Our results suggest
that C. elegans can be used as a screening platform for
nanomaterials, and for the rapid investigation of the
nano—bio interactions at the molecular, cellular and
behavioral level.

RESULTS/DISCUSSION

Characterization of Particles. Particle size and zeta po-
tential were measured using the Zetasizer Nano-ZS as
described in Materials and Methods. The mean sizes of
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silica, polystyrene or silver NPs were measured by
dynamic light scattering. The zeta potential was mea-
sured by laser Doppler electrophoresis (Table S1).
Intracellular properties and dynamics of silica and
polystyrene NPs were characterized using fluorescence
correlation microscopy (FCS).>® FCS analyses clearly
showed that intracellular fluorescent signals result
from silica and polystyrene NPs and not from detached
fluorochromes.?®

Silica NPs Induce an Insoluble, SDS-Resistant Fraction of
Ubiquitinated Proteins. We investigated whether NPs
affected age-related changes in the nematode
C. elegans by analyzing the aging phenotype. The life
cycle of C. elegans is subdivided into embryonal and
larval developmental stages followed by an adult stage
of 15—20 days that is characterized by progressive
aging. A prominent aging-related molecular pheno-
type is the increase of insolubility and aggregation of
endogenous proteins in aged adult C. elegans.'® To
monitor the solubility of proteins, wild-type C. elegans
were age-synchronized and grown for 24 h in the
presence or absence of unlabeled silica NPs (Figure 1A).
Filter retardation assays that trap insoluble, SDS-resis-
tant proteins on a cellulose—acetate membrane®*
show that adult C. elegans incubated with silica NPs
significantly accumulate insoluble, ubiquitinated pro-
teins in comparison to controls which were mock-
treated with water only. Quantification of repre-
sentative dot blots indicates a 2- to 3-fold increase
of insoluble, ubiquitinated proteins after 24 h
(Figure 1C). These results were compared with protein
solubility assays in young (1 day), middle-aged (8 days)
and old (12 days) adult C. elegans (Figure 1B). Quanti-
fication of representative filter retardation assays
showed a 3-fold increase of insoluble, ubiquitinated
proteins from young to middle-aged animals, and a
4-fold increase of filter-trapped ubiquitinated proteins
from young to old worms (Figures 1B, 1C). Thus,
exposition of adult C. elegans to silica NPs induces a
fraction of insoluble, SDS-resistant, ubiquitinated pro-
teins after 24 h that resembles the increase of insolu-
ble, endogenous proteins in old worms.

We next analyzed whether the induction of insolu-
ble protein fractions in C. elegans is a NP-specific
interaction or else attributable to silica particles in
general. Age-synchronized worms were left untreated
(H,0) or treated with unlabeled silica NPs or with BULK-
silica (500 nm diameter) for different time periods and
subjected to filter retardation analysis (Figure 1D). In
contrast to silica NPs, BULK-silica particles do not trap
SDS-resistant, ubiquitinated proteins on the filters. The
quantification of a representative filter trap experiment
shows that signals of BULK-silica-treated worms
display similar signal intensities in comparison with
untreated controls, whereas silica NPs induce the
insoluble ubiquitinated protein fraction 3- to 5-fold
after 24 and 48 h (Figure 1E). Thus, the induction of
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Figure 1. Accumulation of SDS-insoluble, ubiquitinated proteins in C. elegans. Filter retardation assays show an accumulation
of SDS-insoluble ubiquitinated proteins in C. elegans (A) treated with 2.5 mg/mL silica NPs for 24 h in comparison with H,0 as
mock-control and (B) with age. As loading controls, total protein extracts were separated by SDS-PAGE, and visualized by
silver staining (input). (C) Respective densitometric quantification of filter retardation assays. Values represent means + SD
(H,0 versus silica NPs, unpaired Student's t test p < 0.05; day 1 versus day 8 versus day 12 worms, one way ANOVA with Tukey
post-hoc test p < 0.05). (D) Filter retardation assay showing accumulation of SDS-insoluble ubiquitinated proteins in C. elegans
incubated for 24 and 48 h with H,0, 2.5 mg/mL silica NPs or 2.5 mg/mL BULK-silica particles (500 nm diameter). (E) Respective
densitometric quantification of the filter retardation assays in (D). Values represent means + SD (24 h H,0, BULK silica versus
silica NPs and 48 h H,0 versus silica NPs, one way ANOVA with Tukey post-hoc test p < 0.05). All filter retardation assays are
representative of at least 3 experiments. (F) Fluorescent micrographs of representative anterior-most intestine nuclei of 4-day
old, adult C. elegans that were mock-treated (H,O) or treated with 2.5 mg/mL silica-NPs from day 1 of adulthood, fixed and
stained with the amyloid-dye Congo red. Congo red staining is shown inverted as gray scale and in pseudocolor as intensity
map. a, anti; a.u., arbitrary units; d, days of adulthood; DIC, differential interference contrast; h, hours; kDa, kilodalton; MW,
molecular weight; no, nucleolus; nu, nucleus. Bar, 7.5 um.

protein insolubility constitutes a specific effect of silica amyloid dye Congo red and observed by confocal

NPs on the molecular level. microscopy (Figure 1F). Detailed inspection of intest-
The identification of aberrant protein aggregation inal cells revealed formation of amyloid-like structures
on the global level prompted us to investigate if in cell nucleoli of silica NP-treated worms, but not in
formation of amyloid-like structures occurs locally. untreated controls. The results show that silica NPs
Adult hermaphrodite worms were labeled with the locally induce fibrillation of endogenous proteins to
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Figure 2. Silica NP- versus age-induced SDS-insolubility of
C. elegans proteins. (A) Total protein extracts or (B) SDS-
insoluble proteins eluted from filter retardation assays were
from C. elegans incubated with 2.5 mg/mL silica NPs or H,O
for 24 h, separated by SDS-PAGE and visualized by silver
staining. (C) SDS-insoluble proteins eluted from filter retar-
dation assays and (D) total protein extract of young (1 d) and
old (12 d) worms were separated by SDS-PAGE followed by
silver staining. The gels are representative for at least 3
independent experiments. d, days; h, hours; kDa, kilodalton;
MW, molecular weight.

amyloid-like aggregates in distinct nuclear microenvi-
ronments and corroborate the results of the filter
trap assays. Notably, this is the first demonstration of
endogenous nuclear amyloid formation in C. elegans.

Previously it was shown that the global cell fraction
of insoluble proteins increases as a hallmark of altered
protein homeostasis in aging C. elegans.'® To further
investigate protein solubility in silica NP-treated
worms, they were left untreated or incubated with
unlabeled silica NPs for 24 h, lysed, and subjected to
protein separation by gel-electrophoresis (Figure 2).
Total cell lysates of untreated and silica NP-treated C.
elegans display the same band intensities and pattern-
ing throughout the complete molecular weight range
(Figure 2A). In contrast, the biochemical fractionation
of insoluble proteins showed an increase of band
intensities of silica NP-treated versus untreated worms
(Figure 2B). The results indicate that silica NPs selec-
tively induce insoluble proteins, while the soluble
protein fraction remains unchanged. This is in line with
silica NP-induced accumulation of ubiquitinated pro-
teins in filter retardation assays (Figure 1), and strik-
ingly resembles the growing fraction of insoluble pro-
teins in aging C. elegans (Figure 2C,D).'® Thus, altera-
tion of protein homeostasis toward protein insolubility
is identified as a hallmark of in vivo interactions be-
tween silica NPs and the nematode C. elegans. Since
protein homeostasis is targeted toward protein inso-
lubility and aggregation similar to aging processes,
silica NPs provoke a premature aging phenotype in an
organism at the molecular level. Notably, induction of
protein aggregation and fibrillation by NPs has been
observed before in vitro® and in cell culture.?%” In line

SCHARF ET AL.

C. elegans + 50nm silica NPs

silica NPs

vul E
™

e > ~ =3 re
silica NPs

Figure 3. Fluorescently labeled silica-NPs translocate to
the pharynx, intestine, spermatheca, and vulva of living C.
elegans. (A—E) Fluorescence micrographs of representa-
tive 2-day old, adult C. elegans that were treated with 2.5
mg/mL rhodamine-labeled silica NPs (red color) for 24 h.
(A) Rhodamine-labeled silica NPs are incorporated by the
worms through the pharynx or the vulva and concentrate
in the intestine and spermathecae, respectively. The inset
shows localization of rhodamine-labeled silica NPs in-
verted as gray scale. Bar, 100 um. (B) A representative
magnified image of the C. elegans head region shows that
rhodamine-labeled silica-NPs are localized in all sections
of the pharynx: in the (1) procorpus, (2) metacorpus, (3)
isthmus, (4) posterior bulb at the grinder, and (5) anterior
intestine. (C, C') Two different lateral sections of the vulva
show that rhodamine-labeled silica NPs translocate into
the cytoplasm and nuclei (nu) of vulval cells vul B, vul D,
and vul E. (D) A representative magnificaton of a sper-
matheca shows that rhodamine-labeled silica-NPs are
localized at single sperms. Bar, 30 um. (E) Representative
inverted light-sheet microscopic cross sections along-
side the dorsal—ventral axis of the pharynx illustrate
the translocation of rhodamine-labeled silica-NPs into
the tissue of the pharynx. Bar, 10 um. DIC, differential
interference contrast; nu, cell nucleus.
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Figure 4. Silica NPs induce a premature decline of pharyngeal pumping. (A) The pharyngeal pumping rate is plotted against
age of adult hermaphrodite C. elegans (in days) showing a premature decline of pumping in worms treated with silica NPs
compared to BULK-silica and H,0. The arrow indicates the time point of H,0 or particle treatments. In contrast, C. elegans that
are left without food (hunger) pump with rates around 50 pumps/min that are independent of the worm's age. (H,0 versus
silica NPs day 4; H,0, silica NPs and BULK silica versus hunger, one way ANOVA with Tukey post-hoc test p < 0.05). (B—D) Box
blots of the pumping rates shown in (A): (B) 3-day, (C) 4-day, and (D) 5-day old adult hermaphrodites. (E, E’) Graphs illustrate

the premature decline of the pumping rate by comparing (E)

the age of the worms at which the average pumping rate

decreases to 143 pumps/min or (E') the pharyngeal pumping rate at day 4. (F, G) The plots show age-related changes in the
quantity ratio of (F) H,O- or (G) silica NP-treated worms that are fast-, slow-, or non-pumpers. Values represent means + SD
from at least 3 independent experiments per treatment (H,0, n = 160; silica NPs, n = 160; BULK-silica, n = 115; hunger, n = 43).

with this, it is hypothesized that unique surface proper-
ties of NPs sustain protein fibrillation.2®

Uptake of Silica NPs to the Pharynx, Intestine, Sperms, and
Nuclei of Single Vulva Cells. Next, the uptake and intracell-
lular accumulation and location of fluorescently la-
beled silica NPs were investigated in living worms to
determine if the effects of the nanomaterial are due to
direct interactions between cellular components and
the NPs. Differential interference contrast and fluores-
cence microscopy was chosen for examination of living
C. elegans to avoid NP wash off due to stringent fixation
procedures. Adult hermaphrodite C. elegans were fed
with rhodamine-labeled silica NPs and observed by
confocal microscopy after 24 h (Figure 3). Labeled-NPs
distribute throughout the intestine of the worm from
the pharynx to the anus, and additionally in the egg
laying organ vulva and in spermathecae (Figure 3A). An
increase in the magnification of the image shows that
silica NPs concentrate and are traceable in the lumen
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and organs. In the pharynx, silica NPs translocate to the
pharyngeal sections procorpus, metacorpus, isthmus,
posterior bulb, and grinder (Figure 3B). In the vulva
of living C. elegans, the distribution of silica NPs is
observable intracellularly in single vulval cells, i.e., vul B,
vul D, and vul E (Figure 3C,C'). Moreover, confocal
sectioning of the lateral view detects labeled silica
NPs within the nuclei of vul B and vul D cells
(Figure 3C/, nu). Notably, nuclear import of NPs has
been observed in cell culture before,*2%?° but is now
being corroborated for silica and polystyrene NPs
in vivo, in a living organism (Figure S2). In spermathecae
of C. elegans, silica NPs label single sperms (Figure 3D).
Light sheet microscopy confirms that labeled silica NPs
translocate to pharyngeal tissue rather than being
confined to the pharyngeal lumen (Figure 3F).

The results of the localization study suggest that the
silica NPs distribute and accumulate through the
entire worm from the tissue to the subcellular level.
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Time kinetic experiments show that this particle dis-
tribution is stable throughout the worm for at least
48 h (Figure S3). Similar stability of nanomaterials in
C. elegans was observed after feeding with fluores-
cently labeled quantum dots.?>3° Interestingly, rhoda-
mine-labeled silica NPs were not detectable in
developing eggs. Rather, the internal hatch of adult
worms with the respective egg laying defect feeds on
silica NPs within the parent (Figure S4, arrows); i.e., the
next generation is likewise mainly exposed via food
intake. Feeding of adult C. elegans with rhodamine-
labeled BULK-silica particles shows that particles with a
diameter of 500 nm efficiently translocate to and
remain within the intestinal lumen of the worms and
coat the extracorporal surface of the vulva (Figure S5).
These results confirm that a mere presence of (nano)-
particles in the intestinal lumen of C. elegans or on the
external surface of the vulva are not sufficient to induce
the molecular phenotype of amyloid-like protein ag-
gregation. Consistent with this, specific biointeractions
of NPs that coat the cuticle, i.e., external surface of the
worms>' are currently unknown.

Silica NPs Induce a Premature Reduction of the Pharyngeal
Pumping Rate. Localization in all sections of the pharynx
as well as pharyngeal tissue raises the probability of
direct interactions between silica NPs and pharyngeal
function, i.e., pumping. Pharyngeal pumping serves
food intake, and the respective pumping rate repre-
sents a sensitive measure to distinguish between con-
ditions such as aging processes that are characterized
by a linear rate reduction over time®*?3* or acute
hunger responses that manifest in an immediate and
significant rate reduction to a low pumping level 34

C. elegans were cultivated with H,0, unlabeled silica
NPs or BULK-silica for up to 7 days, and the pharyngeal
pumping rate determined as pumps/minute each day
(Figure 4). Every experiment additionally contained a
cohort of animals that were left without food as hunger
controls. Quantification of pharyngeal pumping shows
a normal, age-correlated decline of the pumping rate
from values above 200 pumps/min in 2 day-old un-
treated worms to below 150 pumps/min in 7-day old
untreated worms (Figure 4A). This contrasts the hunger
control that is not age-correlated and fluctuates
at around 50 pumps/min from day 2 to day 7
(Figure 4A, black bars). A normal, age-related decline
of pumping values is observed in H,O, silica NP and
BULK-silica-treated animals until day 3; however, be-
tween day 3 and day 4, pharyngeal pumping is sig-
nificantly reduced in silica NP-exposed worms in
comparison with the other cohorts and also declines
faster (Figure 4A—E'). Thus, the lower pumping rate
after silica NP treatment of 143 pumps/minute at day 4
is not reached until day 5, i.e,, 31 h later, in H,0O- and
BULK-silica-treated C. elegans (Figure 4E). Comparison
of the pumping events between the groups shows that
4-day old worms treated with silica NPs perform an
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Figure 5. Silver and polystyrene NPs do not induce aggre-
gation of SDS-insoluble ubiquitinated proteins in C. elegans.
Filter retardation assays were detected with antibodies
against ubiquitin. Accumulation of SDS-insoluble ubiquiti-
nated proteins occurs in C. elegans treated with 2.5 mg/mL
silica NPs for 48 h, in contrast to 2.5 mg/L Ag NPs or 2.5 mg/mL
COOH-polystyrene NPs. Lower panel: as loading control,
total protein extracts were separated by SDS-PAGE and
detected by silver staining. (B) Respective densitometric
quantification of filter retardation assays in (A). Values of
three independent experiments are normalized to the H,0O-
treated worms and represent means + SD (24 h H,0, COOH-
polystyrene NPs and Ag NPs versus silica NPs, one way
ANOVA with Tukey post-hoc test p < 0.05). Ag, silver; a.u.,
arbitrary units; COOH, carboxy; h, hours; kDA, kilodalton;
MW, molecular weight; PS, polystyrene.

average of 38 pumps/min less than their untreated or
BULK-silica-treated counterparts (Figure 4E’). Reduced
pharyngeal pumping of silica NP-treated C. elegans
prevails from day 4 to 7. The results indicate that silica
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NPs interfere with pharyngeal function by premature
initiation of an age-related reduction of pharyngeal
pumping. This response clearly differs from starvation,
due to the lack of similarity to the hunger curve
(Figure 4). It is concluded that although silica NPs are
abundant in the intestine, they do not induce starva-
tion by perturbation of food intake. Rather silica
NPs located in the pharynx have the potential to
directly interfere with pharyngeal function by unti-
mely, premature induction of the age-related decline
of pumping.

To strengthen this conclusion, C. elegans were
divided into different behavioral phenotypes that
account for stochastic aging processes.>> Adult worms
were grouped into fast, low or not pumping, and
pharyngeal pumping was monitored as described.>
Untreated worms show declining numbers of fast-
pumpers from day 2 to day 7, whereas the fraction of
low-pumpers increased over time (Figure 4F). The
curves cross between day 6 and day 7. The number
of non-pumpers increases steadily, but on a lower level.
In comparison, the silica NP-treated cohort loses the
fast-pumpers earlier, and accumulates low-pumpers
significantly (Figure 4G; Figure S6). As a result, both
curves already cross between days 5 and 6 (Figure 4G).
This is consistent with the idea that silica NPs
induce the age-related decline of pharyngeal pumping
prematurely.

The results support the notion that silica NP-treated
worms prematurely develop aging-associated pheno-
types. Notably, respective behavioral phenotypes are
correlated with the local distribution of NPs: silica NPs
accumulate in the pharynx inducing premature reduc-
tion of pharyngeal pumping, and localize in vulval cells
where they increase frequency of the egg laying
phenotype internal hatch, i.e., 'bag of worms'.'” Inves-
tigations are ongoing to identify the underlying
mechanisms. Since adult worms are fully developed
before their exposition with particles, NP-induced fail-
ure of respective organ function due to developmental
defects can be excluded. Rather the results identify
aging processes as targets of NP interactions. The
molecular aging phenotype of altered protein home-
ostasis that occurs as early as 24 h after exposition with
silica NPs is certainly one of several promising path-
ways to follow up on. Pharyngeal pumping and egg
laying are behavioral end points of well-defined neu-
romuscular circuits**3” that might constitute targets
of protein aggregation and neurodegeneration.

MATERIALS AND METHODS

Particles. Silica NPs (50 nm diameter; unlabeled, rhodamine-
labeled or FITC-labeled) and BULK-silica particles (500 nm dia-
meter; unlabeled or rhodamine-labeled) were purchased from
Kisker (Steinfurt, Germany), COOH-polystyrene(PS) NPs (50 nm

SCHARF ET AL.

Consistent with this idea, we showed previously that
the silica NP-induced phenotype of internal hatch can
be rescued by ethosuximide,'® an anticonvulsive drug
that significantly prolongs the lifespan of C. elegans.®

Screening of Different NPs for Their Ability To Induce Protein
Aggregation in C. elegans. Screening of NPs with varying
properties represents another valuable tool to identify
the mechanisms of silica NP biointeraction in the
worm. C. elegans were fed with 2.5 mg/mL unlabeled
silica and carboxylated(COOH)-polystyrene or 2.5 mg/L
silver(Ag) NPs for 48 h, collected, and biochemically
analyzed by filter retardation assays (Figure 5A). While
silica NP-treated C. elegans accumulate SDS-resistant,
insoluble ubiquitinated proteins that are trapped on
the cellulose acetate filters, neither COOH-polystyrene
nor Ag NP-exposed worms show significant signals
(Figure 5A,B). These results together with equal loading
controls (Figure 5A, bottom, silver gel) suggest that
nanomaterials differ concerning their ability to induce
insoluble ubiquitinated proteins or protein aggrega-
tion. An as yet to be defined surface property of silica
NPs facilitates intracellular interactions that are char-
acterized by an increase of protein insolubility, and
aggregation of endogenous proteins.

CONCLUSIONS

In the present study, premature aging phenotypes
are identified as the consequence of exposing the
nematode C. elegans to silica NPs. At the molecular
level, protein homeostasis is altered by a shift of the
equilibrium to more insoluble ubiquitinated proteins
and formation of SDS-resistant protein aggregates.
Presence of silica NPs in tissue and cells of the pharynx
or the vulva is correlated with altered organ function
such as premature reduction of pharyngeal pumping
and egg laying behavior, respectively. While analyses
of NP-related changes alone do not define the under-
lying mechanisms, these analyses are an essential
element of investigations that have the potential to
identify causal relationships and common pathways
which can be tested across species. The model organ-
ism C. elegans has a proven record in this respect.3%4°
As demonstrated here, the transparency of the nema-
tode allows for correlation between single-cell NP load
and phenotypes from the molecular to the behavioral
level. Thus, we introduce molecular and behavioral aging
phenotypes in C. elegans as tools for both (i) further
investigations of the NP biointerface and (i) screening of
engineered nanomaterials, i.e., their properties.

diameter, unlabeled or yellow-orange-labeled) were from
Polyscience (Warrington, PA, USA), and silver NPs (70 nm dia-
meter, unlabeled) were purchased from Particular (Hannover,
Germany). All particles were analyzed by dynamic light
scattering in distilled H,O using the Zetasizer Nano-ZS
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(Malvern Instruments Ltd.) as detailed in Supporting Information
(Table S1).

Animals. C. elegans wild-type N2 were kindly provided by the
Caenorhabditis Genetic Center stock collection, University of
Minnesota, St. Paul, MN, USA.

Worm Cultivation and Particle Treatment. C. elegans were cul-
tured under standard conditions on NGM-agar plates supple-
mented with yeast extract and seeded with a lawn of Escherichia
coli strain OP50 as food source. For all experiments, C. elegans
were synchronized with hypchochlorite and cultured at 20 °C*"*?
Particle treatment including selection of NP concentration was
performed as described previously'® with slight modifications.
Young adults (day one) were transferred onto NGM-plates and
fed on OP50 supplemented with particles, rhodamine B or
distilled H,O as indicated. For filter retardation assays and
Congo red staining, aged worm populations were synchronized
as described above and grown from L4-larval stage on NGM-
agar plates supplemented with yeast-extract and 40 uM FUDR
to maintain synchronization.*® For pharyngeal pumping experi-
ments, the aged worm populations were kept synchronized by
picking the worms onto a new NGM-agar plate every day. Dead
animals and worms with internally hatched larvae were censored.

Filter Retardation Assays. Worms were collected, washed with
M9, and spun down. Pelleted worms were frozen in liquid
nitrogen for a few minutes to break the cuticle. Worms were
resuspended in 1T mL of SDS-lysis buffer (150 mM NaCl, 10 mM
Tris-HCl pH 8, 2% SDS, protease inhibitor), boiled for 10 min, and
subjected to further lysis in a swing rocket with a 7 mm steal
bead for 10 min. The lysate was cleared by centrifugation at
5000g for 5 min, boiled for 2 min, and diluted with SDS-lysis
buffer. The worm extracts were loaded on a dot blot and filtered
through a cellulose acetate membrane with 0.2 um pore size.
The membrane was washed twice in SDS-washing buffer
(150 mM NaCl, 10 mM Tris-HCI pH8, 0.1% SDS), blocked in
PBS/0.25% Tween/5% nonfat milk overnight and incubated
with the indicated antibodies diluted in PBS/0.25% Tween/5%
nonfat milk. Bound antibodies (anti-ubiquitin (Sigma) at 1:50;
anti-ubiquitin (FK1) at 1:500) were detected via horseradish
peroxidase coupled secondary antibodies and the ECL-system
on X-ray-films. Signals on X-ray-films were scanned and inverted
with Photoshop (Adobe), and regions of interest were analyzed
with Metamorph image analysis software package (MSD Analy-
tic Technologies). Mean values and standard deviations were
calculated and plotted with Microsoft Excel. Micrographs were
assembled in Photoshop. Additional specificity controls of filter
retardation assays were performed with aged, rhodamine-
treated and/or starved adult C. elegans (Figure S7).

Purification of SDS-Insoluble Proteins. SDS-insoluble proteins
were isolated via filter retardation assay followed by incubation
of the membrane in 6 M guanidine HCl for 18 h at 18 °C. Eluted
proteins were mixed with 2x loading buffer, boiled, separated
by 4—20% SDS-gradient gels, and subjected to silver staining.

Microscopy. Living C. elegans were transferred to 5% agarose
pads supplemented with 10 uM NaN3 or embedded in agarose
and analyzed at room temperature. For fixation procedures,
worms were transferred onto poly-L-lysine coated objective
slides, prefixed in 8% formaldehyde, subjected to freeze-crack-
ing, and fixed by methanol/acetone. The worms were stained
with 0.7 mg/mL Congo red/PBS to label amyloid proteins and/or
4’ 6-diamidino-2-phenylindole (DAPI) that binds to A-T rich
regions of the DNA helix, mounted with Vectashield (Vector
Laboratories, Burlingame, CA, USA), and imaged. Imaging
was performed using a confocal laser scanning microscope
(Fluoview, IX70, Olympus) with a 60x/1.4NA Plan Apo objec-
tive or a LSM 510 confocal laser scanning microscope with a
40x/1.3NA Plan Neofluar objective (Zeiss). Light sheet micro-
scopy was performed with the Lightsheet Z.1 from Zeiss. Congo
red labeling was recorded with 568 nm excitation and magni-
fications of single intestinal nuclei are presented as inverted
grayscale and pseudocolor intensity map using Metamorph and
Photoshop. Single vulval cells were identified as described
previously.**

Pharyngeal Pumping. For pharyngeal pumping experiment,s
synchronized C. elegans were exposed to particles as described
on day one of adulthood. As positive control (hunger),

untreated worms were placed onto NGM-plates without OP50.
The pharyngeal pumping rate was counted for 15 s by observa-
tion of single worms through a Zeiss stereomicroscope. One
pump was defined as one contraction of the posterior bulb/
grinder.3>** The measured values were extrapolated and pro-
jected to 1 min. Pharyngeal pumping was classified as pre-
viously described3? with slight modifications: fast pharyngeal
pumping (>36 pumps/15 s), slow (2—36 pumps/15 s) and none
(<2 pumps/15 s). The mean values and the standard deviations
were calculated and plotted with Microsoft Excel. The boxplots
for day 3, 4, and 5 were assembled with Origin 8.5 (Origin Lab
Corporation). In at least 3 independent experiments per treat-
ment, a total of 43—160 animals were analyzed (H,O, n = 160;
silica NPs, n = 160, BULK-silica, n = 115; hunger, n = 43). Blind
experiments were performed for all experiments, i.e., without
knowledge of worm treatment.

Statistical Analysis. Statistical significance was determined via
Student's t test (Microsoft Excel) or one way ANOVA with Tukey
post-hoc test (Origin 8.5, Origin Lab Corporation). P-values
below 0.05 are considered as significant.
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