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Abstract

Nematode Caenorhabditis elegans,(C.+elegans) was used to investigate the impact of silver
nanoparticles (SNP), multiwalled carbon nanotubes (MWCNT) and polyamidoamine
dendrimers (PAMAMY used in concentration of 10 particle/mL. Population based
observations and gene expression analysis were employed in this study. SNP and PAMAM
caused decreaseé in the number of live nematodes and their body length, but MWCNT did not
affect the population of nematodes. Gene expression analysis revealed significant changes
caused by the presence of all studied nanomaterials, and the results strongly suggest a specific
metabolic response of the nematode organism to exposure to various nanomaterials. It was

shown that C. elegans is a very sensitive organism capable to respond specifically to the


http://crossmark.crossref.org/dialog/?doi=10.1080/15376516.2018.1449277&domain=pdf

exposure to some nanomaterials and therefore could be considered as a possible biosensor for

early warning of presence of some nanoparticles.
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Introduction

Products of nanotechnology<help overcome the shortcomings of traditional materials and
therefore their production”and use are the subject of intensive research and industrial
activities. Unfortunately;” with the intensive development of nanotechnology there is
increasing threatwto living organisms exposed to nanoparticles. Toxicology studies of
engineered nanoparticles are well documented at least for simple homogenous silicone,
metallic, metal oxide or carbon based nanoparticles (Bahadar et al. 2016) (Srivastava, Gusain,
and Sharma 2015). Some reviews were made for selected nanoparticles, for example graphene
(Ou et al. 2016) or dendrimers (Kaur et al. 2016). Considering the above, it is important to be

aware of the necessity of monitoring of the presence of free-living nanoparticles in our



environment. A good example of the possibility of selective monitoring of the presence of
nanoparticles is the report by J.H. Kim (Kim et al. 2017) showing the feasibility of
implementing the C. elegans nematode as a biosensor selective for silver nanoparticles. The
use of the model organism of nematode in nanoparticle toxicological studies is described in
several papers, for example it was found, that graphene oxide, but not reduced graphene, can
cause reproductive failure (Eom et al. 2015). Another set of reports describes the use of C.
elegans for study of impact of other forms of carbon based nanomaterials (Chen, Hsiao, and
Chou 2013) (Eom et al. 2015) (Chatterjee et al. 2014) (Miyako et al. 2015) (Cha, Lee, and
Choi 2012) or silver (Luo et al. 2017) (Soria et al. 2015) and gold (Tsyusko. etial: 2012)
nanoparticles. Most of reports concern engineered nanoparticles especially prepared for the
designed study, while in our environment usually are present various.commercially available
nanoparticles. The present study is devoted to evaluate the response of C. elegans to exposure
to three commercially available nanparticles, i.e. multiwalled\carbon nanotubes (MWCNT),
silver nanoparticles (SNP) and poly(amidoamine) . dendrimers (PAMAM). These samples
represent groups of carbon, metal and polymer nanematerials investigated for potential use of
the nematode as a selective biosensor useful for monitoring the presence of nanoparticles. The
nematode population was characterized-by the number of live and dead animals and by the
length of their bodies. Additienally an oligonucleotide microarray technique was used to

evaluate changes in nematode‘gene expression.

Materials and.Methods

Nanoparticles:
Multiwalled carbon nanotubes (MWCNT) (CAS Number 308068-56-6), Silver nanoparticles

(SNP) as a powder with grain size below 100 nm, containing PVP as a dispersant (CAS

Number 7440-22-4) and PAMAM dendrimers of fourth generation with ethylenediamine core



and surface amino groups (CAS Number 163442-67-9) were purchased from Sigma —

Aldrich.

Biological materials:
Nematode C. elegans, strain N2, was used for the study. Bacteria E. coli, strain OP50 were

used for breeding nematodes. Both, nematodes and bacteria were obtained from the
Caenorhabditis  Genetic  Center, USA, program number P40 0ODO010440

(“Https://cbs.umn.edu/cgc/home.” 2016).

Chemicals:
Magnesium sulphate, sodium hypochlorite and nickel sulphate were purchased from Chempur

Poland. Agar, yeast extract and peptone were delivered by BTL Poland./Potassium chloride,
sodium chloride, isopropanol, dipotassium phosphate, monopotassiumsphosphate, disodium
phosphate, potassium permanganate and potassium sulphate were® from POCH Poland.
Guanidine hydrochloride, cholesterol, glucose, sodiumshydroxide, propidium iodide and
Triton X-100 were from Sigma-Aldrich Poland, and “TRIzol was from Thermo Fisher
Scientific USA. High quality water (Milli. Q system) was used for buffers and other liquids

preparation.

Characterization of nanoparticles:
Size of multiwalled carbon nanotubes and silver nanoparticles were determined with the use

of Quanta 250 (FEl).scanning electron microscope. Size of PAMAM dendrimers was
estimated with Zetasizer Nano-ZS90 (Malvern) instrument based on the phenomenon of
dynamic light_scattering and using the Stokes-Einstein formula (Frisken 2001) for size
calculation. Elemental composition of nanoparticles was assessed with EDS (EDAX)
spectrometer equipped with detector OCTANE PRO series and TEAM software. The

spectrometer was an integral part of Quanta 250 system.



Culture of nematodes C. elegans:
Optical microscope GX 71 (Olympus) equipped with CCD camera and Stream Essentials

software was used for observation of cultured nematodes C. elegans. All operations with the
nematode culture were carried out in accordance with the procedures described in WormBook
(Stiernagle 2006). The culture was run in 6-wells microplates (NUNC) containing Nematode
Growth Medium (NGM- consisting of 1.7% agar, 0.25% peptone, 50 mM NaCl, 1 mM CacCl,,
25 mM KHPOy, 5 mg/l cholesterol, 1 mM MgSQO,).The NGM was supplemented with E. coli
cells (suspension with OD=1 at 620 nm applied in 14 ul volume), and preincubated for24 h at
20°C before nematode seeding. Nematodes were then applied onto the NGM surface (about
40 animals per well), were cultivated for 48 hours and then used for.synehronization of
breeding. For experiments with nanoparticles, the NGM surface was supplemented with E.
coli cells (as above) and with the required amount of nanoparticles of interest and then
cultivated for 48 hours before application of synchronized animalsin L1 form.

Synchronization of nematode culture started from'extraction of eggs from adult animals by
treatment with sodium hypochlorite in combinatien with sodium hydroxide (Porta-de-la-Riva
et al. 2012). The collected eggs were then suspended in M9 buffer (0.3% KH,PO,, 0.6%
Na,HPQ,4, 0.5% NaCl, 1mM MgSOjs)‘and incubated overnight at 20°C with fairly vigorous
shaking to obtain starved L&l animals. After that worms were pelleted and supernatant,
containing dauer pheromone accumulated during starvation, was removed, and the animals

were applied in egual velumes onto NGM surfaces containing nanoparticles.

Population-based studies:
An effect of ‘the presence of nanoparticles on the nematode C. elegans population was

examined for three kinds of nanoparticles: MWCNT, SNP and PAMAM, each used in
concentrations of 10'° particles per mL. Every experiment was accompanied by two controls.
The first one was carried out under standard culture conditions (Control) in the absence of any

additional stress factor. The second, referred to as the positive control (Control+), was carried



out in the presence of nickel sulphate used at a concentration of 1 mM. At this concentration
nickel sulphate does not cause bacteria mortality higher than 30%. In separate experiments
the effect of nanoparticles on the survival of bacteria was also examined and for the used
concentrations we found them less toxic than nickel sulphate. The nematodes were exposed to
nanoparticles up to 72 hours, but 24 and 48 hours’ time points were also used for the
inspection of animal’s population. The inspection was done by recording short movies (1
min.) with the use of GX 71 microscope and HyperCam2, free software program
(“Https://hypercam.en.softonic.com” 2012). The movie was then edited with VirtualDub
(“Http://www.virtualdub.org” 2011), free software program, to obtain separate frames and
analyse the pictures in respect to the number of alive and dead animalsfand the size of live
animals, with the use of Image J software (“Https://imagej.nih.gov/ij#”” 2012). Additionally
staining of dead nematodes with propidium iodide was employed. (Ferreira et al. 2015). For
this purpose after 72 hours of the culture propidium iodide, (20, uM) was applied and after 15
minutes of incubation in the dark dead nematodes were observed with fluorescence

microscope GX 71.

RNA isolation and characterization:
To analyze the nematodes C. elegans.transcriptome, the animals were collected from the

surface of the NGM after_72 hours of the culture. Nematodes were collected using M9
buffer/0.1% Triton-X;~and..then were washed three times with M9 buffer and after
centrifugation were subjected to lysis with TRIzol (commercially available mixture of phenol
and guanidine sothiocyanate and other compounds that lead to lysis of the cells and inactivate
endogenous RNase)(Chomczynski and Sacchi 1987) .

In the next step chloroform was added to extract proteins and to separate DNA from RNA.
Centrifugation in the presence of chloroform resulted in the formation of 3 layers, and thus

the separation of the lysate components (RNA, DNA, proteins). The upper aqueous fraction



was RNA. This fraction, after harvesting, was treated with isopropanol to precipitate the RNA
and its concentration. The final step of RNA isolation was drying the precipitate to remove
chloroform and then dissolving in RNAse free water. The isolated RNA was then analyzed in
respect to its purity and integrity with 2100 type Bioanalyzer (Agilent) according to the
manufacturer procedure with the use of Agilent RNA 6000 Nano Kit. Only high quality RNA

samples were used for transcriptome analysis.

Transcriptome analysis:
Changes in gene expression of the whole body of nematode C. elegans were analysed, using

oligonucleotide microarrays for double colour labelling of RNA probes (C.«elegans (V2)
Gene Expression Microarray, 4x44 K - Agilent). The array comprises four identical sections
containing 43,803 oligonucleotides representing the whole genome) in duplicate and
additionally selected oligonucleotides used as markers for. control of the hybridization
process. The preparation of RNA molecular probes, hybridization procedure and subsequent
washing of microarrays was performed using dedicated chemicals according to the manual
supplied by Agilent. The hybridized micrearrays were visualized for analysis with SureScan
Agilent scanner and analysed with GeneSpring 12.5 software, both products of Agilent.

Genes with altered expression level and.eorresponding metabolic pathways were identified as
a result of the analysis. The results are presented as the fold change of expression of the

particular gene in respect to.the expression of this gene in control animals.

Statistical analysis:
All experiments on nematode population were repeated at least six times and the results are

presented as the mean + standard deviation of mean followed by statistical analysis performed
with ANOVA test with Bonferroni correction for multiple comparisons. The difference
between mean values was considered as statistically relevant with significance level of

p<0.05.



Results

Quality of commercially available nanoparticles:
The size of silver nanoparticles (SNP) and diameter of multiwalled carbon nanotubes

(MWCNT) were estimated with the use of scanning electron microscopy (FEI Quanta 250),
whereas the size of PAMAM dendrimers was determined by dynamic light scattering
(Zetasizer Nano-ZS90 (Malvern)).

The SEM images for MWCNT and SNP are presented on Figure 1 a and b respectively:

a b

Figure 1 The SEM images for: A- MWCNT and B - SNP

The obtained results are gathered in the Table 1 in comparison with the data provided by the
supplier.

Elemental composition of the nanoparticles was assessed by X-ray spectrometry with EDS
spectrometer (see Table 2)..Having regard to the contribution of the material of SEM mount
specimen holder to the Kind and amount of detected elements, results of our analysis were in

good agreement with the chemical composition and purity declared by the supplier.

Population-based studies:
Three parameters were employed for evaluation of the nematode population. These are:

increments of the nematodes number and the number of dead animals, as well as the length of
the body of living animals. The nematode population was inspected immediately after start of

the synchronized breeding and after 24, 48 and 72 hours. The positive control in the presence



of 1 mM nickel sulphate reduced the animals number and size very significantly, and induced
very significant increase in the number of dead animals. This results were not considered

within the below presented statistical analysis.
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Figure 2 Analysis of the number of animals in populations

The first parameter characterizing population of nematodes was expressed as the number of
alive animals at each time point in respect to the time Ow(Figure 2). The dead animals were
also identified by staining with propidium_iodide (Figure 3).

a b

Figure 3 Animals seen in A - the bright field of view and B - propidium iodide stained dead animals seen with
fluorescence microscope



The statistical analysis of obtained results implemented with one-way analysis of variance
ANOVA showed that the differences between mean values were statistically significant with
the level of significance p< 0.0106 and p<0.0001 for 48 and 72 hours, respectively. Using
Bonferroni correction for multiple comparisons we found, that the difference was statistically
relevant for comparison of control and SNP after 72h (p<0.01), and control and PAMAM
after 48h (p<0.05) and 72h (p<0.01). MWCNT nanoparticles did not significantly affect the

animals number.
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Figure 4 Analysis of the number of dead animals in“‘populations

The next parameter described the number of dead nematodes during the time course of
experiment. We did not-find any dead animals in control and MWCNT treated populations,
but in contrast tothat SNP and PAMAM treated population presented singular dead animals.
In this cases it was between 2 and 5 percent of initial number of animals, whereas for positive

control animals, treated with nickel sulphate, it was between 10 and 50 percent.
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Figure 5 Daily increase in the body length in populations

The third parameter characterizing the nematodes populations was animal’s body length
expressed in micrometers. The Figure 5 presents the daily “increase in the body length
observed in the populations. When nickel sulphate was usedy(positive control) no increase in
the body size was observed. All other cases showed an ‘increments in the body length in the
subsequent days, but the presence of MWCNT did " not affect this process when compared
with control population, while treatment with,SNP and PAMAM resulted in very relevant
reduction in this process. The statistical analysis showed no difference after 24 hours and very
significant differences between control and SNP and PAMAM treated populations after 48
and 72 hours (p<0.0001 fer bath)."Using Bonferroni correction for multiple comparisons we
found, that the differencewas statistically relevant for comparison of control and SNP treated
animals after 48h,and 72h (p<0.01 and p<0.05, respectively), and control and PAMAM
treated animals after 48h (p<0.01) and 72h (p<0.01). MWCNT nanoparticles did not affect

significantly the body length increase.

Transcriptome analysis:
The transcriptome analysis showed that all investigated nanoparticles induced changes in

expression of genes of nematodes (see table 3). In the case of MWCNT we found changes in



expression of 16 genes (9 up regulated and 7 down regulated) representing 7 metabolic
pathways. It makes about 7 percent of active genes in these pathways. In the case of SNP we
observed changes in expression of 43 genes (34 over expressed and 9 suppressed) of 9
pathways, and it represents about 12 percent of the active genes of these pathways. Finally in
the case of PAMAM changes in expression of 47 genes (29 up regulated and 18 suppressed)
of 6 pathways were recorded, and it is about 27 percent of active genes of these pathways. It
is worth to note, that no one pathway with altered gene expression was common for exposure
to the investigated nanoparticles, although some genes were common for_pairs of

nanoparticles (see Table 4):

Discussion

In the present study the multicellular organism C. elegans was used. to.observe a toxic effect
of commercially available nanoparticles i.e. multiwalled carbonwnanotubes (MWCNT), silver
nanoparticles (SNP) and poly(amidoamine) dendrimers (PAMAM). The nanoparticles have
been tested for their size and chemical composition.and the results were compared with those
provided by the manufacturer or distributer.,It was found that MWCNT were slightly larger
(medians: 10.4 nm vs 6.6 nm declared by the manufacturer). In the case of SNPs our results
also show that silver nanoparticles ‘are slightly larger than those declared by the supplier,
while the PAMAM dendrimers, fit well with the declared size. Having regard to the
contribution of the material of SEM mount specimen holder to the kind and amount of
detected elements,, results of our analysis were in good agreement with the chemical
composition and purity declared by the supplier.

Taking into account the size, structure and density of the investigated nanoparticles, we
calculated their number in suspension per volume unit, and the nematodes were exposed to

nanoparticles present in the constant concentration of 10*° particles/mL.



The use of SNP and PAMAM nanoparticles in such a low concentration, however, resulted in
statistically significant differences in the behaviour of the nematode population compared to
the control culture. For PAMAM dendrimers both the number of live nematodes and the
increase of their body length in consecutive days were lower than in control after the second
day of culture. For SNP the number of live nematodes was lowered after the third day,
although the body length was lowered after the second day. This changes were well correlated
with the observed number of dead animals. Similar results have been recently reported for
silver nanoparticles (Luo et al. 2017). The surprising result is the lack of an analogous\effect
of MWCNT on nematode population, but it is in good agreement with recently published data
(Eom et al. 2015) where MWCNT used in concentration below 500 mg/L did not affect
mortality of wide type C. elegans. The positive control, presence of.nickel sulphate at 1mM
concentration, always inhibited the development of the nematede population.

In addition to observation of the development of the“nematode population, changes in
expression of genes induced by exposure to. the ‘nanomaterials were analysed. The total
transcriptome of whole animals after 72 hours of exposure to MWCNT, SNP or PAMAM was
analysed in respect to control animals,.and,it was found that all nanoparticles caused changes
in gene expression. Despite the “fact, that carbon nanotubes have a minor or no effect on
nematode’s population, 16.genes of 7 metabolic pathways were affected. It makes about 7%
of all active genes belonging to these metabolic pathways. In contrast, silver nanoparticles
triggered changes in 43 genes of 9 pathways while PAMAM dendrimers were responsible for
changes in expression of 47 genes belonging to 6 pathways. It makes about 12% and 27% of
all active genes in respective pathways for SNP and PAMAM respectively. It is worth noting
that none of the pathway with altered genes was common for expression to all three kinds of
nanoparticles, but some genes were similarly altered by pairs of nanoparticles (see table 4).

These initial observations of the transcriptome strongly suggest a specific metabolic response



of the nematode organism to exposures to various nanoparticles, although at this stage of the
study we cannot unambiguously assess the weight of changes in the level of gene expression
and their effect on the development of the nematode population. It seems that the obtained
results confirm our earlier observations regarding the specific cell response to contact with
nanoparticles (Walkowiak, Komorowski, and Walkowiak-Przybyto 2012). Unfortunately, it is
not possible to compare the results of changes in gene expression caused by nanoparticle
interaction with previously published results since the only currently available report (Eom et
al. 2015) concerns only MWCNT but used at several times higher concentration (1 mg/L vs.
0.025 mg/L). Considering, however, the similarity between changes in nematode’s population
caused by the exposure to SNP and PAMAM and the fact that expressions of the same genes
in the glycolysis pathway are altered in both cases, it can be argued.that this pathway has a

significant impact on the correct functioning of the organism,

Conclusions
Summing up, nematode C. elegans is a very_sensitive organism capable of indicating the

presence of some of nanoparticles even,in a Very low concentration (for example 10%°
particles/mL for SNP and PAMAM) and ‘could'thus be used as a biosensor for early warning
about the presence of these nanoparticles. Unfortunately, as our research shows, the
universality of such a biosensor.is limited, because not all nanoparticles have similarly strong
influence on the nematode population. On the other hand, this model organism can serve as a
convenient tool( for .studying the effects of nanoparticles on the functioning of the
multicellular.organism, and specificity of metabolic response to exposure to nanoparticles is

an interesting finding with potential use to in identification of nanoparticles (Kim et al. 2017).
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Table 1. Obtained mean values of diameter of MWCNT, SNP and PAMAM with the data given by the suppliers.

MWCNT SNP PAMAM
Manufacturer's SEM Supplier (Sigma) data SEM Manufacturer's DLS
(SouthWest measur (“http://www.sigmaaldrich.com/catalog/product measur (Dendritech Inc.) measur
Nanotechnologies  ements /aldrich/576832?lang=pl&region=PL” 2015) ements data ements
Inc. data data data (“Http://www.den data
(“Https://www.ch dritech.com/”
asmtek.com/” 2015)
2015)
Rang (diameter of 75% 19+ diameter of 99% of SNP< 100 nm 22.8 + Lack of data 4+6
e of MWCNT <9 39 123.3
[nm] nm;
diameter of 90%
MWCNT < 12.2
nm

Lack of data 123+ Lack of data 59.9 + 4.5 5+1
mean 7.7 19.4
+stan
dard
devia
tion
[nm]
Medi 6.6 10.4 Lack of data 55.3 Lackof data 4.9

an

[nm]

Table 2. Elemental composition of the nanoparticles assessed with EDS spectrometer (EDAX OCTANE PRO).

MWCNT SNP \ N PAMAM
Element Mass Error Element Mass Error Element Mass Error
concentration [%] concentration [%] concentration [%]
[%] [%] [%]
C 58.98 9.6 Ag 100 1.25 C 36.03 6.18
Al 38.77 2.32 N 28.38 13.14
Cu 2.25 14.43 0 35.59 11.82




Table 3. List of genes with altered expression and corresponding metabolic pathways. The value of fold change is
given in brackets, where negative value corresponds to gene suppression.

genes with genes with genes with
changed changed changed
expression expression expression
(fold change) (fold change) (fold change)
daf-2 (3.18)
daf-16 (1.01) - -
smk-1(-2.13)
rpl-6 (3.11)
rpl-10 (3.11)
rpl-13 (-4.93)
bet-1 (2.48)

rpl-31 (-6.50)
rpl-33 (1.01)
ubg-2 (-2.08)
rps-14 (1.01)
rps-20 (1.01)

:
- O -43 (-7.90)

rps-4 (2.25)

rps-5 (5.42)

rps-9 (-3.38)
rps-12 (2.12)
rps-13 (-5.57)
rps-14 (1.04)
rps-17 (2.06)

rps-30 (-2.98)
.18) age-1(1.03)
dafe16 (1.01) | daf-16 (1.03) )
daf-2 (3.18)
daf-12 (-5.15) - -
daf-16 (1.01)
daf-2 (3.18) daf-16 (1.03)
daf-16 (1.01) | ©t4(-1.08) )
sop-1 (-2.44) atf-7 (-7.08)
lys-7 (1.03)
cwn-1 (3.25)
par-1(1.01) cwn-2 (2.13)
lin-45 (1.01) | dsh-2(71.43)
daf-2 (3.18) | par-1(-63,35)
daf-12 (-5.15) | let-23(-2,14) -
daf-16 (1.01) glp-1(1.03)
lag-1 (1.01) dlk-1 (1.03)
daf-16 (1.03)
age-1(1.03)
hsp-60 (-2.17)
dnj-10(2.12) i i
plk-1 (2.01)
arp-1(1.03)
” atad-3 (-2.06) i

mel-28 (1.03)




rbx-1 (5.96)
dnc-1(1,13)

kle-1 (1.03)
knl-3 (-1.06)
ndc-80 (1.03)
rod-1 (1.03)
mfd-1 (-1.10)
unc-59 (1.03)
mlic-4 (1.03)
him-1 (1.03)
pyc-1(2.01)
17 acly-1 (1.03) )
ech-6 (1.03)
unc-11 (1.03)
tpi-1 (7.04) \'
ech-1.2 (1.03)
21 ech-6(1.03) |
atol-1 (1.03)
sur-2 (1.0
18 sur-6 (1.0 -
let-23((-
let-92 (-6.01)
21 -1(2.16) -
(1.01)
hxk-1 (3.07)
fbp-1 (1.03) ]f;;_‘; ((_i;g))
25 tpi-1 (7.40) aldo-2 ( 4'. 10)
pyc-1(1.03) pye-1 (3.07)
pck-1(2.27)
orc-1(-4.99)
mcm-3 (3.17)
mcm-2 (-18.54)
- arpa (2.06)
rfc-1 (-1.04)
f10c2.4 (2.69)
cdc-6 (2.04)
let-23 (2.04)
Ist-2 (2.89)
15 - dpy-23 (2.19)
mpk-1 (2.79)
unc-101 (2.02)
sex-1 (-2.89)
sea-1(7.70)
17 - sdc-3 (1.04)
fem-1 (3.00)
sel-10 (2.03)
eif-3.H (-2.08)
31 i eif-3.G (-5.72)
ife-3 (2.67)

eef-1g (-2.13)




eft-2 (-7.23)
eif-2a (-2.03)
eif-3b (2.20)

16 (+9, -7)

43 (+34, -9)

47 (+29, -18)

Table 4. Genes with altered expression and corresponding metabolic pathways common for pairs of MWCNT, SNP
and PAMAM. The value of fold change is given in brackets, where negative value corresponds to gene suppression.

daf-16 (1.01)

daf-16 (1.03)

N

par-1(-63.3 0

par-1(1.01) -
daf-16 (1.01) ) -
rps-14 (1.01) @ ; rps-14 (1.04)
fbp-1 (1.03) fbp-1 (-3.61)
i pyc-1 (1.03) pyc-1(3.07)
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