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stress and lethality in Caenorhabditis elegans: a model system
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Abstract
Nanomaterials have revolutionized many scientific fields and are widely applied to address environmental problems and to
develop novel health care strategies. However, their mechanism of action is still poorly understood. Several nanomaterials
for medical applications are based on quantum dots (QDs). Despite their amazing physico-chemical properties, quantum dots
display significant adverse effects. In the present study, the effects of QDs on the motor nervous system of nematodes
Caenorhabditis elegans have been investigated as a non-mammalian alternative model. We also explored the possibility of
modifying the toxicity of QDs by coating with a cell-penetrating peptide gH625 and thus we analysed the effects determined
by QDs-gH625 complexes on the nematodes. With this work, we have demonstrated, by in vivo experiments, that the
peptide gH625 is able to reduce the side effects of metallic nanoparticle making them more suitable for medical applications.
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Introduction

Development of nano-technological materials has produced
significant advances in several scientific fields such as
biomedical research. As a matter of fact, many nanoma-
terials, such as metallic nanoparticles, are engineered and
used in numerous studies with diagnostic or therapeutic
purposes (Wu et al. 2019; Pellico et al. 2019). The major
advantages of using nanoparticles are the small size (less
than 100 nm), the improved tissue diffusion, the lower
sedimentation rates, the high effective surface areas, and the
possibility to modify the surface and attach different cargos
or moieties for a selective delivery (Martin-Serrano et al.
2019; Galstyan et al. 2019).

Despite these advantages, the use of nanoparticles also
presents several drawbacks. Indeed, one of the main con-
sequences of the increased use of nanoparticles is correlated
to their environmental impact even after a short-term
exposure (Khosravi-Katuli et al. 2018).

Quantum dots (QDs) are metal nanoparticles, which
represent an increasingly important class of nanomaterials
widely used in electronics, biomedical imaging, biosensors
and drug delivery (Gao et al. 2005; Medintz et al. 2005;
Jamieson et al. 2007). QDs are nanocrystal solids consisting
of a semiconductor core often composed of cadmium-
selenium (CdSe); previously reported in vivo and in vitro
studies, showed that exposure to this nanoparticles could
cause several toxic effects both to the environment and
target organisms (McMahan et al. 2014; Ulusoy et al.
2016). Toxicity is associated with intracellular aggregation,
accumulation into endo-lysosomal vesicles and release of
cadmium ions (Cd2+). The exposure to QDs and its ions
produces reactive-oxygen species (ROS) which induce
membrane lipid peroxidation as well as other significant
cellular damages such as apoptosis and necrosis (Cho et al.
2007; Chen et al. 2012; Winnik and Maysinger 2013).
Thus, it is highly important to develop strategies which are
able to reduce toxicity of QDs in living organisms and
surrounding environment for safe applications. Size, shape,
dose, route of administration, and exposure time are key
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factors that affect the degree of toxicity. Over the years,
these parameters have been analysed and modulated to find
out the best conditions for a safe administration; moreover,
many other strategies such as coating of the nanoparticles
have been developed. Mostly, nanoparticles have been
modified on their surface by conjugation of PEG or other
different biomolecules (Li et al. 2019).

In our laboratory, the peptide gH625 was developed as a
cell penetrating peptide (Galdiero et al. 2015; Falanga et al.
2015). It belongs to the glycoprotein H of Herpes simplex
virus type I, and has proved exceptional vector properties
(Galdiero et al. 2015; Falanga et al. 2015; Valiante et al.
2015) being essentially internalized by a non-endocytic
pathway also at the level of the Blood Brain Barrier (BBB)
both in vitro and in vivo (Valiante et al. 2015; Iachetta et al.
2019). gH625 is therefore a very good delivery vector and
its coupling to nanoparticles can be exploited to escape the
entrapment in endocytic vesicles (Carberry et al. 2012;
Guarnieri et al. 2015) and reduce their toxicity (Galdiero
et al. 2017). In previous in vivo studies on the aquatic biota,
we have showed that the functionalization of QDs with
gH625 can not only improve their delivery properties but
also reduce their toxicity (Galdiero et al. 2015; 2017, 2012;
Falanga et al. 2011; 2009).

Literature is overloaded of examples of in vitro experi-
ments and in vivo experiments with embryonic zebra fish,
Xenopus laevis, and Drosophila melanogaster as models.
However, there are few studies on toxicity in terrestrial
organisms such as Caenorhabditis elegans that is a repre-
sentative species in the nematode phylum with great eco-
logical relevance.

Nematode C. elegans is a popular animal model that has
been used to study the eco-toxicological impact of various
nanomaterials such as silica, silver, titanium NPs (Wang
et al. 2009; Roh et al. 2010; Ma et al. 2009). C. elegans has
been used for toxicity assessment and eco-toxicological
studies in vivo for heavy metals, organic compounds, drugs
and engineered nanomaterials (ENMs) (Li et al. 2013).

It is a choice organism as animal model because of its
properties such as small dimensions (about 1 mm), simple
anatomy, short life cycle, short lifespan, easy handling, low
cost and its genome is well documented. Furthermore, the
worm is transparent, allowing monitoring in vivo and has a
defense system highly homologous to mammalian innate
immunity signaling pathways crucial for host defense such
as p38 Mitogen-activated Protein Kinase (p38 MAPK), the
Insulin Growth Factor (IIS) and Transforming Growth
Factor-β (TGFβ) (Mallo et al. 2002; Troemel et al. 2006;
Garsin et al. 2003). Altogether these advantages make C.
elegans an ideal model organism for studies concerning
drug discovery and delivery. Compared to other animal
models, C. elegans gives a real-time toxicity information on
nanomaterials so that researchers can obtain rapid relevant

conclusions for their biosafety. Several authors have
reported on QDs toxicity in C. elegans affecting growth,
reproduction, neuronal development and function, lifespan
(Qu et al. 2011; Hsu et al. 2012; Contreras et al. 2013; Zhao
et al. 2015; Qu et al. 2011).

In this study, we investigated other biological effects
induced in C. elegans by QDs and the possibility to reduce
the biological risks by functionalization with gH625.

Materials and methods

Synthesis of gH625 and QD-gH625

The peptide gH625 was synthesized by a standard solid
phase protocol using Fmoc chemistry, previously reported
(de Alteriis et al. 2018). The crude peptide was precipitated
with ethyl ether 4 times and freeze-dried. The purification
was performed by preparative high-performance liquid
chromatography (HPLC) on reversed-phase column with
good yields (~70%).

Subsequently, the carboxylic group of the peptide was
pre-activated in a buffered solution (PBS pH 7.4 for 30 min)
of 1-ethyl-3(3-dimethylamino-propyl)-carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) with a molar ratio of
peptide:EDC:NHS 4:4:1. The pre-activated peptide was
added into a solution of QDs with amino groups on the
surface (QDs525NC) in order to promote the reaction
between the pre-activated carboxylic and amine groups. The
mixture in the ratio of NH2:COOH= 1:200 was allowed to
react in MES buffer pH 5.8 for 3 h. The final solution
obtained was 117 nM QDs and 500 μM gH625. QD-gH625
were previously characterized (Galdiero et al. 2017).

Synchronization of nematodes and toxicity assays

C. elegans strains N2 was cultured in Petri-dishes contain-
ing 15 ml of growth medium agar (NGM) seeded with
Escherichia coli OP50 at 20 °C in our laboratory according
to the ASTM E2172 – 01 Standard Method (2014) (Guar-
nieri et al. 2015; Oral et al. 2019). C. elegans N2 was used
for initial testing and as a control in all assays.

To have synchronized C. elegans, gravid adult worms
were lysed with a solution containing 10 g/L NaOH, 10.5 g/
L NaOCl. The obtained eggs were washed by centrifugation
in M9 Buffer (2.2 mM KH2PO4, 4.2 mM Na2HPO4,
85.6 mM NaCl, 1 mM MgSO4) and allowed to stay over-
night in NGM plates with OP50 food source. Standard
methods were then used to analyze the reproductive sche-
dule and lifetime fecundity (Hodgkin and Doniach 1997).

Toxicity tests in C. elegans, were performed using syn-
chronized L1-larval nematodes injected into 24-well tissue
culture plates. About 20-25 worms were transferred by
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pipetting 5 µL into each well containing 0.5 mL test solu-
tions at different concentrations (0.4, 0.8, 1.6, 3.2, 6.4, 12.8,
25 µM) and 0.5 ml K-medium (2.36 g KCl and 3.0 g NaCl
in 1 L of distilled water) was used as negative control. All
treatments were done in triplicate and without feeding the
worms for 96 h at 20 °C. The toxicity and lifespan of worms
were determined every day until the death. Worms were
considered as dead when they no longer respond to gentle
prodding with a platinum wire. The reproduction was
assessed by counting the number of offspring after 96 h of
incubation.

Oxidative stress assays: determination of ROS level
and evaluation of CAT and SOD activity

The amount of reactive oxygen species (ROS), the enzy-
matic activity of superoxide dismutase (SOD) and catalase
(CAT) were assayed according to protocols designed in our
laboratory (Galdiero et al. 2017) and adapted for tests on
nematodes. Alive nematodes were suspended in cold
50 mM PBS buffer pH 7.8, homogenized using a glass
homogenizer for 6 min on ice; then the mixture was cen-
trifuged (20,800 × g, 10 min) at 4 °C. The supernatant was
transferred into 1.5 mL EP tube and used to evaluate ROS
amount and enzyme activities. The total protein content was
determined according to the Bradford method Bradford
(1976). The fluorescence of H2DCFDA was recorded after
30 min at 37 °C using a fluorescence plate reader (Victor
3TM Multilabel Counter; Perkin Elmer, Shelton, CA, USA)
with excitation wavelength set at 485 nm and emission
wavelength at 530 nm. The intracellular reactive oxygen
species levels (ROS) was expressed as relative fluorescent
units (RFU). Superoxide dismutase (SOD) and Catalase
(CAT) activities in worms were measured using commercial
chemical assay kits purchased from Sigma-Aldrich
according to the manufacturer’s instructions.

Microscopy and imaging analysis

The uptake of QDs and QDs-gH625 by C. elegans was
evaluated by a fluorescence microscope. In detail, nema-
todes were treated with 25 µM QDs and QDs-gH625 for 6 h
then observed under microscope (Nikon Eclipse E 1000,
equipped with a digital camera Nikon DXM1200F) and data
were analyzed with the software Nikon ACT-1 (Acosta
et al. 2018).

Data analysis

Results of bioassays are given as mean ± standard error and
toxicity was expressed both as percentage of effect and
median effective concentration (EC50) if calculable. EC50
values and its 95% confidence intervals were calculated by

linear regression. For single-dose tests, differences between
samples and control group were determined by two-tailed
Student’s t test. For dose-response tests, after the verifica-
tion of homoscedasticity (F test, p < 0.05) of data, the sig-
nificance of differences between average values of different
experimental treatments was assessed by the analysis of
variance (ANOVA) with a 0.05 significance level. When
ANOVA revealed significant differences among treatments,
post-hoc analysis was carried on with Tukey’s test (p <
0.05).

Results and discussion

In this study, the peptide gH625 was synthesized with the
addition of the small sequence GGG at the C-terminus of
the peptide which was used for the coupling to QDs. In
particular, the peptide was coupled to QDs from its C-
terminus in order to allow the N-terminus to mediate the
internalization process as we previously reported Galdiero
et al. 2010). The obtained complexes were analysed to
determine their physico-chemical properties as previously
reported (Galdiero et al. 2017).

In Fig. 1 we reported the mortality of nematodes at dif-
ferent concentrations of QD and QD-gH625 and clearly we
observe a lower percentage of mortality when QDs are
functionalized with gH625. Remarkably, at concentrations
below 1.6 µM, it seems that the exposure to QD-gH625
does not affect nematode mortality, while a minimal lethal
effect on C. elegans only occurs at higher concentrations;
nonetheless, the percentage of mortality does not reach the
value of 40% even at 25 µM. Nude QDs display a more
toxic effect than QDs functionalized with the peptide;
indeed, mortality occurs, although low, already at doses in
the range 0.4–3.1 µM and increases above 60% at 25 µM.

Fig. 1 QDs and gH625-QDs effects on C. elegans at 24 h. Mortality
percentage of C. elegans exposed to different concentration of QDs
and gH625-Qds, data with different letters (a–d) are significantly
different (Tukey’s, p < 0.05)
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These results suggested a dose-dependent lethal effect of
QDs compared with QDs-gH625.

The mortality data have been fitted in order to calculate
the EC50 values. For QDs, the EC50 is 15.3 µM with the 95%
confidence interval ranging from 12.8 to 18.8 µM while for
QD-gH625 it has not been possible to determine the value as
the mortality caused by QD-gH625 was not significantly
different from the control (untreated C. elegans). However,
from our predictive calculation we estimate a probable
EC50 value of 45.1 µM with the 95% confidence interval
ranging from 33.8 and 70.4 µM. The peptide gH625 alone
was also tested and showed to be not toxic for C. elegans
(data not shown).

In general, several physiological parameters, apart from
mortality, can be accounted as a measure of the toxic effect
of a material; in particular, reduced fertility and survival
should also be considered as a progression of toxicity. For
this reason, we decided to analyse the effects on C. elegans
after prolonged exposure (only at one concentration). In
details, we observed the reproduction capacity and lifespan
over 96 h. Prolonged exposure to QDs at the sublethal
concentration of 6.3 µM significantly decreased lifespan of
worms (Fig. 2a). These data are consistent with previous

works, (Qu et al. 2011) which report that treatment with
QDs induces toxicological effects in a shortened lifespan.
On the other hand, we found that QD-gH625 do not affect
lifespan of the worms at the concentration tested and the
results are very similar to the control. Not only we observed
a normal survival trend but also we noticed that nematodes
exposed to QDs-gH625 have a normal reproductive capa-
city. Instead, when C. elegans is exposed to QDs, the
reproductive capacity is reduced. Our results further con-
firmed that the functionalization of QDs with the peptide
gH625 is effective in protecting worms and avoiding the
toxic effect caused by nude QDs.

The relationship between nanotoxicity and oxidative
stress is a mainstay and evidences suggest that oxidative
damages may be caused in species ranging from C. elegans
to Drosophila to humans (Finkel and Holbrook 2000;
Hekimi and Guarente 2003). ROS (reactive oxygen spe-
cies), such as superoxide, hydrogen peroxide, hydroxyl
radical and others are produced as toxic byproducts of
normal cellular metabolism and damage all cellular mac-
romolecules, such as lipids, nucleic acids, carbohydrates
and proteins. Level of ROS is surely an indicator of oxi-
dative stress.

In this work, we evaluate ROS level in nematodes which
have been exposed to QDs and QDs-gH625 both at all
concentrations used in acute tests. We observe that after
24 h a significant enhancement of ROS production in
nematodes treated with QDs. An enhancement of ROS level
is also observed in nematodes treated with QDs-gH625 but
this increase is less significant in comparison with the
treatment with nude QDs (Fig. 3a). The exposure was
prolonged to 48 h and again ROS was present in C. elegans
at higher concentrations of QDs compared to QDs-gH625
(data not shown). These data clearly show the effectiveness
of gH625 coating in reducing the toxic effect. This pro-
tective action has been observed with low dose treatments
as well as at the highest doses tested; indeed at all con-
centrations we observed a ROS production higher than the
control but ROS level is always lower with QDs-gH625
than QDs.

Among the most important defenses against oxygen
radicals are the superoxide dismutase (SOD) and catalase
(CAT) enzymes (Fridovich 1995). SOD generally exists in
several forms in the cytoplasm of eukaryotic cell and in
mitochondria and catalyzes the dismutation of the super-
oxide radical O2.− into either ordinary molecular oxygen
O2 and hydrogen peroxide H2O2. Instead, CAT is an
enzyme involved in oxygen metabolism and catalyzes the
decomposition of hydrogen peroxide H2O2 to water H2O
and oxygen O2.

Usually, in the organisms SOD level increases in
response to the increase of ROS level, and also in nema-
todes after the treatment with QDs or QDs-gH625 SOD is

Fig. 2 Cumulative parent survival subjected to a chronic toxicity test
for 96 h. Data are given as mean values ± SD (a). Total number of live
offspring per 10 nematodes after 96 h of exposure to sublethal con-
centration of QDs and gH625-QDs (b). Asterisks indicate the differ-
ence compared to the control (Student t test): *p < 0.05; **p < 0.01;
***p < 0.001
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activated. The experiment to evaluate SOD activity is
reported in Fig. 3c as percentage of inhibition of the
enzymatic activity. We observed that SOD activity is
slightly dependent from the particle concentration; in par-
ticular, the enzymatic activity is more inhibited at high
concentrations of both QDs-gH625 and QDs as expected
and is less inhibited with QDs-gH625 than nude QDs,
confirming the importance of the coating and the effec-
tiveness of gH625 in reducing the toxic effect of the metal
particles.

Moreover, we evaluated catalase activity as well (Fig. 3b).
CAT displays a constant activity over the tested con-
centration in nematodes exposed to QDs while its activity is
more intense with QDs-gH625. The higher CAT activity in
presence of QDs-gH625 is reasonable as it is a natural
consequence of the increase of ROS level; however, we
observed a constant and less intense activity of this enzyme
with QDs. The nude QDs may be able to inhibit the activity
of this enzyme being another reason of toxicity.

C. elegans are good laboratory model also for their
transparent body which allows a direct visualization of live
worms without any specific pre-treatment. Fluorescence
images were obtained (Fig. 4) after the administration of
QDs or QDs-gH625 to visualize distribution of the nano-
particles in the body of our model. As shown in Fig. 4b,
QDs could accumulate in several organs, both primary and
secondary organs. The random accumulation of QDs in the
body of small animals was also demonstrated in other sci-
entific articles. The distribution changes when QDs-gH625
are administrated (Fig. 4c). The presence of QDs-gH625 in
C. elegans is not homogeneous, rather the particles are
significantly located in neurologic organs showing a pre-
dilection for these organs or, in other words, gH625 allows
a greater internalization and also favors uptake by the brain.
This was also demonstrated in previous works (Galdiero
et al. 2017; Falanga et al. 2018) where gH625 was shown to
change the internalization mechanism and distribution of
the cargo. These results may be very significant for the
design and development of appropriate molecules for drug
delivery.

Fig. 3 ROS production by dichlorofluorescein fluorescence. Data are
given as fluorescence values (mean ± SD) after normalization on
control group (a). CAT activity is expressed as units mg−1 of protein
mean ± SD (b). SOD activity is given as percentage of SOD inhibition
compared to the control mean ± SD (c). Letters (a– i) indicate sig-
nificant differences between treatments (Tukey’s, p < 0.05)

Fig. 4 Fluorescence image of C. elegans after 6 h of exposure to QDs
and gH625-QDs (25 µM): a control, b QDs, c gH625-QDs
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Conclusion

We have focused on quantum dots and their application as
nanomaterials for healthcare. Well-known are the amazing
physico-chemical properties of this nanoparticles as well as
their human and environmental toxicity. In this study, we
have explored the possibility of coating QDs with a cell-
penetrating peptide gH625 and investigated the effects
caused on the motor nervous system in C. elegans used as
non-mammalian model.

In particular, we have previously identified gH625, a
viral peptide with challenging delivery properties. Here, we
explored the possibility to use this peptide for the coating of
metallic nanoparticles. Through different biological assays,
we have shown that the coating with our cell-penetrating
peptide is a promising strategy to make quantum dots more
suitable for medical treatments and to modify their
mechanism of internalization; indeed, gH625 is also able to
reduce the side effects, as well as the tropism, of metallic
nanoparticles. Furthermore, as there are similarities between
nematodes and higher vertebrates at all levels, we think it
may be possible to translate our results collected on C.
elegans to more complex living beings.
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