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Nanosafety evaluation is necessary not only for nanomaterials research and development but also as
a cornerstone for legal regulation. In this study, we proposed a non-invasive protocol for nanosafety
evaluation through feces using metagenomics and metabolomics together with metallomics. Male SD
rats were orally exposed to equal amounts of Se (Se®NPs, 3.14 or Na,SeOs, 6.28 pg/kg bw) and were
sacrificed after 24 h. 16S rRNA analysis and LC-MS were used to study the impact of different forms
of Se on intestinal microbiota and metabolites in fecal samples. ICP-MS and synchrotron radiation X-ray

I;:{I:ngs" fluorescence (SR-XRF) and X-ray absorption spectroscopy (XAS) were used to study the concentration and
Feces transformation of Se in gastrointestinal track and feces. It was found that Se?NPs brought less alternation
Intestinal microbiota to the composition of intestinal microbiota and metabolites related to inflammation, immunity and gut-
Metabolites brain axis related responses than Na,SeOs did. Besides, the absorbed Se®NPs could be more efficiently
Metallomics converted to organic Se which explained the comparable bioavailability to Na,SeOs. In all, the proposed
protocol combined with metagenomics, metabolomics and metallomics in this study can be used for
nanosafety evaluation in a non-invasive manner and this may also be used for the screening of the

nanosafety of other nanomaterials.
© 2020 Elsevier Ltd. All rights reserved.
Introduction is necessary not only for nanoscience research and development

Nanomaterials show unique physical and chemical properties,
which have been widely used in electronics, engineering, optics,
environmental remediation and medical systems, etc [1,2]. On the
other hand, safety concerns are also raised about their potential
adverse effects and a new discipline regarding the safety of nano-
materials, i.e. nanotoxicology is formed [3]. Nanosafety evaluation
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but also as a cornerstone for legal regulation [1]. Cellular, tissue
models as well as chemoinformatics like adverse outcome path-
ways can be used for nanosafety evaluation but animal models are
generally required to prove these in vitro results [4]. Nanosafety
evaluation using animal models usually requires the sacrifice of
animals. Non-invasive methods for nanosafety evaluation in animal
models without sacrificing animals are always desired.

Selenium (Se) is an essential trace element for animals and
human beings [5,6]. However, high dose of Se are also toxic [7].
The toxicity of Se depends its chemical form: organic Se such as
selenomethionine (SeMet) is less toxic than inorganic Se such as
selenide (Se2~), selenite (Se032~) and selenate (Se042~) [50]. The
nano-sized elemental Se (Se®NPs) are even less toxic than other
inorganic Se [8]. For example, the median lethal dose (LD50) of
Se®NPs (113.0 mg/kg bw) in mice is seven times lower than that of
selenite (15.7 mg/kg bw), and four times lower than that of SeMet
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(25.6 mg/kg bw) [9]. This has also been found in other animals,
such as rats [10], chickens [11,12] and goats [10,13]. More impor-
tantly, comparable bioavailability of Se9NPs in rats with selenite
was found as indicated through Se-dependent enzymes [8]. Due to
its low toxicity and comparable bioavailability, Se°NPs have been
used in the treatment of many diseases, such as cancers [14] and
Huntington’s disease [15].

The gastrointestinal system is the first physiological barrier to
the circulation of blood, which includes mechanical barriers (made
up of tight junctions between epithelial cells), chemical barriers
(stomach acid, bile, digestive enzymes, lysozyme, etc.), biological
barriers (microecosystems), and immune barriers (gut-associated
lymphoid tissue and associated immunoglobulins) [16]. In recent
years, more and more attention has been paid to intestinal micro-
biota, which play an important role in immune and cognitive
development, metabolic processes and so on. It has been found
that microbiota, such as sulfur-removing Monospora and Vibrio
desulfidum, are directly involved in the oxidation, reduction and
methylation of Se. Therefore, the interaction of Se with the intesti-
nal flora may contribute to its toxicity. In addition, the gut flora
produces half of the body’s dopamine (DA) [17], as well as many
neurotransmitters, such as GABA [18] and short-chain fatty acid
[19], so it is also interesting to study the metabolites of Se after oral
administration.

The distinct difference in toxicity between Se®NPs and other
forms of Se made it an ideal candidate for nanosfety evaluation.
Understanding the low toxicity with comparable bioavailability of
Se®NPs may shed light on finding ways for nanosafety evaluation.
In this study, a non-invasive protocol for nanosafety evaluation
through feces using metagenomics and metabolomics together
with metallomics was proposed using Se?NPs and Na,SeOs3 as
model compounds. Firstly, the changes of intestinal microbial com-
munity structure and metabolic products were studied using 16S
rRNA and LC-MS; Secondly, the pathological morphology of intesti-
nal tract (including large intestine and small intestine) and ADME
were analyzed with ICP-MS, SR-XRF and XAS. Through these efforts,
a non-invasive protocol using fecal samples as the testing matrix
for nanosafety evaluation was developed.

Experimental
Animals and Se exposure

Torule out the sex difference, only male SD rats were used in this
study, which were purchased from Beijing Keyu Animal Breeding
Center (weight 200 + 20 g, 4 weeks old, certificate No.: SCXK-2012-
0004). A total of 15 male rats were raised in 15 metabolic cages (1
rat/cage) with 12:12 h light-dark cycle. The room temperature was
20-23°C with humidity of 40-70 %. The rats were given a stan-
dard diet and tap water ad libitum. The rats were randomly divided
into 3 groups, ie, NaySeO3, SeNPs and the control group with 5
rats in each group. Rats were allowed to acclimatize for one week
before the start of the experiment. Then, the rats in the Se?NPs and
the Na,SeO3; groups were gavaged with Se®NPs (39.2 + 19.2 nm
[20], which was kindly provided by Prof. Xueyun Gao at Institute of
High Energy Physics, CAS, see supplementary materials Fig S1 for
its characterization) and Na,SeOs (Beijing Zhonglian Chemicals) of
equal molar Se at 3.14 and 6.28 .g/kg bw, respectively dissolve in
normal saline, which are much lower than their LD50. The rats in
the control group were given normal saline of the same volume.
After 24 h, rats were euthanized with 1% chloral hydrate and then
necropsied. The brains, kidneys, livers, stomach, small and large
intestines, gastrointestinal contents and fresh fecal samples were
collected and kept in -80°Cbefore further analysis. All procedures
used in this experiment and animal care were conducted following
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the rules of the Animal Ethics Committee of Institute of High Energy
Physics, CAS. All applicable institutional and/or national guidelines
for the care and use of animals were also followed.

16S rRNA analysis in fecal samples

Microbial DNA in fecal samples were isolated and quantified
using a Qubit3.0 DNA Isolation Kit (Life Q10212) according to
the manufacturer’s instructions. The integrity and the size of the
DNA were checked by 1% (w/v) agarose gel electrophoresis. All
DNA samples were stored at —20 °C until further processing.
Bacterial 16S rDNA amplification and library construction were
performed according to the 16S Metagenomic Sequencing Library
Preparation guide from Illumina (Forest City, CA) with minor mod-
ifications. Briefly, 2 L of total DNA was amplified using primers
targeting the 16S V3 and V4 regions (Illumina) [21]. 341F: CCC-
TACACGACGCTCTTCCGATCTG(barcode) CCTACGGGNGGCWGCAG-
805-R:GACTGGAGTTCCTTGGCACCCGAGAATTCCA
GACTACHVGGGTATCTAATCC. Pooled V3-V4 amplicon libraries
were sequenced using the Illumina MiSeq platform with a V3
reagent kit. For the PCR products amplified by bacteria and archaea
and the PCR products whose normal amplified fragments are
above 400 bp, 0.6 times magnetic beads (Agencourt AMPure XP)
are used for treatment. For fungal PCR products and other PCR
products with amplified fragments less than 400 bp, magnetic
beads treatment of 0.8 times is used. The Qubit2.0 DNA detection
kit was used to accurately quantify the recovered DNA, so as
to facilitate sequencing according to 1:1 equal mixing. When
mixing in equal amounts, take 10 ng of DNA per sample, and
the final sequencing concentration on the machine is 20 pmol.
We used AMPure XP beads to purify the free primers and primer
dimer species in the amplicon product. Samples were delivered to
Sangon BioTech (Shanghai, China) for library construction using
universal Illumina adaptor and index. Before sequencing, the
DNA concentration of each PCR product was determined using a
Qubit® 2.0 Green double-stranded DNA assay and it was quality
controlled using a bioanalyzer (Agilent 2100, USA). The amplicons
from each reaction mixture were pooled in equimolar ratios based
on their concentration. Sequencing was performed using the
[llumina MiSeq system (Illumina MiSeq, USA), according to the
manufacturer’s instructions (Please see S2.2 in the supplementary
materials for more details).

Metabolomics profiling in fecal samples

The fresh fecal samples (100 mg) were vortex mixed with 1 mL of
precooled methanol/acetonitrile (Merck, 1499230-935)/aqueous
solution (2:2:1,v/v), and were ultrasonicated at low temperature
for 30 min. After stored at -20°C for 10 min, the mixture were
centrifuged for 20 min at 4°C at 14,000 g (Eppendorf 5430R), and
the supernatant were taken. After vacuum drying, the supernatant
were added with 100 mL acetonitrile solution (acetonitrile: water
= 1:1,v/v), then centrifuged at 4°C for 15 min. The samples were
then analyzed using ultra-high liquid chromatography-Q-TOF MS
(HILIC UHPLC-Q-TOF MS, AB, SCIEX) [22,23]. R XCMS software was
used to convert the mzXML raw data file format, in the original
data. The comparison among metabolites in different groups was
obtained by PCA, PLS-DA and OPLS-DA. The metabolites with p <
0.05 were considered as the significant differential metabolites, and
were clustered with KEGG metabolic pathway analysis.

Histopathological examination in rats’ gastrointestinal track
The stomach, small and large intestines were fixed with 4% for-

malin, then embedded in paraffin, sectioned at 4 pwm and stained
by hematoxylin and eosin (Besso, 719091). The histopathological
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changes were evaluated by a board-certified veterinary pathologist
blinded to the sample identity.

Determination of Se in tissues and fecal samples

About 200 mg freeze-dried samples were weighed into a glass
digestion bottle with 3 mL HNO3 (BV-III) and 1 mL H,0, (MOS), and
predigested at room temperature overnight. Then the glass diges-
tion bottles were put on the electric heating plate for 1 h at 150°C.
After digestion, it was heated at 120°C to remove residual acid until
the left solution in the digestion bottles was about 1 mL, which were
then diluted with 2 % HNO3 to 4 mL. The levels of Se was deter-
mined by ICP-MS (Thermo Elemental X7, USA) [24]. A collision cell
technology (CCT) was employed to avoid the °Ar%0Ar interference.
Indium (SpexCertiprep Corp. USA, 10 mg/L) was used as the internal
standard. The calibrating standards were prepared by diluting the
Se standard stock solution (100 mg/L, Quality Control Standard 21,
SpexCertiprep Co. USA) with 2 % HNOs. A certified reference, bovine
liver CRM (1577a, NBS, USA) with a certified Se value of 0.56 + 0.07
mg/g was used with the Se recovery in the range of 90 %-110 %.

The distribution and chemical forms of Se in small intestine

The mid-ileum of the small intestine was embedded into an
embedding agent (Sakura Tissue-Tek OCT, Japan), frozen at —80 °C,
and then cut into 30 pm slices with a freezing microtome (Reichert-
Jung, Germany). The slices were put on the Mylar membrane
(polycarbonate membrane), which were stored at —20 °C before
analysis. The distribution of Se was studied at BL15U1 beamline at
Shanghai Synchrotron Radiation Facility (SSRF) [25]. Fluorescence
data were collected using a 7-element Si (Li) detector. The beam
size was 5 x 5 pm? and the step size at both horizontal and verti-
cal directions was 50 pwm. After normalization of the experimental
data with the beam intensity (Ip), IGOR Pro was used to draw the
two-dimensional distribution of Se.

The Se K-edge XANES was also recorded at BL15U1 beamline at
SSRF. Na,Se03, Na,SeO4 (Alfa Aesar), selenocystine (SeCys, Sigma),
selenomethionine (SeMet, Sigma) and methylselenocystine (SeMe-
Cys, Sigma) were used as reference materials. The XANES spectra
were analyzed by WinXAS. The least square method was used for
linear fitting of the XANES spectra of the samples to obtain the
corresponding proportion of Se in the samples [26,27].

Statistical analysis

The statistical tests of Se concentration were performed using
the software Origin 9.0, and p< 0.05 was considered to be signif-
icant. t-Test was used to compare groups with control, or among
groups comparison, and then were corrected by bonferroni anal-
ysis. All data were presented as mean + standard deviation. The
detailed statistical analysis of microbial and metabolites data was
listed in corresponding sections.

Results
Perturbance to intestinal microbiota by Se?NPs or Na,SeOs

It was found that 24 h after exposure with equal moles of Se®NPs
and Na,SeOs, rats in the Na;SeO3 group had erected hairs with
about 10 g of weight loss compared to the control group while rats
in the Se9NPs group performed normally.

The changes of intestinal microbiota are shown in Fig. 1. Using
the Wayne diagram to count the number of common and unique
OTUsinthe sample, it was showed that the composition of the num-
ber of OTUs in samples was similar, i.e. SeNPs had 1068 OTUs and
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Na;SeO3 had 1186 OTUs. Fig. 1A shows that Se®NPs was comparable
to Na,SeOs, but was different from the control group.

The sample clustering tree diagram reflects the similarity
between multiple samples through the branch structure. The length
of the branches represents the distance between the samples. The
more similar samples will be closer, and the branches of the same
color are from the same group. As can be seen in Fig. 1B, distinct
difference among the three groups was found.

RDP classifer and Blast performed species classification analysis
on the obtained OTU. According to the results of taxonomy, the
community composition and relative abundance of the samples on
each layer (phylum, class, order, family, genus, and species) were
counted. The results at the phylum and family levels are shown in
Fig. 1C/D.

Fig. 1C shows the difference of ratio abundance of intestinal
microbiota at the phylum level (relative abundance of > 0.05 %) in
Se9NPs, Na,SeO3 and control group. Fig. 1D shows the fold changes
of the intestinal flora at the family level (Se®NPs and Na, SeO3 group
vs control group, fold change > 2 times was considered to be sig-
nificantly different, relative abundance > 0.01 %).

Alterations of metabolites by Se?NPs or Na,SeOs

Fig. 2A/B shows the univariate statistical analysis of metabolites
in feces in the Se®NPs, Na, SeO3 and the control group. In the Se9NPs
group, 192 metabolites were up-regulated and 166 down-regulated
(p < 0.05), while in the Na,SeO3 group, 292 metabolites were up-
regulated and 259 metabolites were down-regulated (p < 0.05). It
showed that Se®NPs induce less number of changed metabolites
than Na,SeOs. Further, qualitative and quantitative analysis of the
types and abundance of metabolites were studied as seen in sup-
plementary materials. The hierarchical clustering of significantly
altered metabolites in different group were compared with KEGG
database [28], as shown in Fig. 5D.

Pathological damage by Se?NPs or Na,SeO3 to gastrointestinal
track

The pathological changes in stomach, small intestine (duode-
num) and large intestine (colon) in rats treated with SeNPs or
Na,SeOs are shown in Fig. 3. Compared with Se?NPs, Na,SeO3
caused severe destruction of the fundus gland structure of the
stomach. In addition, a large number of inflammatory cell clusters
in the lamina propria of the duodenal submucosa, intestinal villi
become latent, etc. were found, destroyed the secretion-related
cups inside stellate cells, M immune cells and colonic mucosal
epithelial cells necrosis, goblet cells, crypts, etc in the Na,;SeO3
group.

Accumulation of Se in gastrointestinal track after exposure to
SeONPs or Na,SeO3

The accumulation of Se in gastrointestinal system was much
higher than organs (Se concentration in liver was only over 40 ng/g
in NaySeOs group as shown in Figure S2), suggesting that the gas-
trointestinal system is the mainly target organ with oral exposure
to Na,SeOs or Se®NPs by 24 h.

Se concentration in the gastrointestinal wall, gastrointestinal
contents and feces of rats is shown in Fig. 4. Lower concentration
of Se was found in the stomach, small and large intestinal wall in
Se9NPs group than that in Na,SeO3 group (p < 0.01). This indicates
that Se9NPs was less absorbed than Na,SeO3 by the gastrointesti-
nal track or Se®NPs may be more easily absorbed into the blood
and quickly transported to other parts of the body. The Se con-
centration in gastrointestinal contents was higher than that in the
gastrointestinal walls, suggesting that Se was not totally absorbed
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Fig. 1. The structural and functional changes of intestinal microbiota in the feces of rats through 16S rRNA sequencing. (A) OTU values; (B) Bray TREE plots; (C) Phylum-level,
**p < 0.01 Se®NPs VS Control, ##p < 0.01, Na,SeOs VS Control, 60p < 001 Na,SeO3; VS Se®NPs; (D) Family-level (Fold change >2, n = 3).

in 24 h. Higher Se was found in feces when exposed to Se®NPs than
Na,SeOs(p < 0.01), which suggests that Se?NPs was less absorbed
than Na,;Se0s3. This was in consistent with the results got by other
researchers [29].

The spatial distribution and chemical forms of Se in small intestine
wall

The duodenum is the main part for Se absorption [30]. The
spatial distribution of Se in duodenum wall was studied using SR-
XRF, which is shown in Fig. 5. The fluorescence intensity has been
normalized, therefore, the fluorescence intensity represented the
relative levels of Se. It can be seen that less Se was found in the duo-
denum wall in the Se®NPs group than that in the Na,;SeO3 group
while higher levels of Se was found in the intestinal content of the
Se9NPs group (Figure 5B1 and B2). This again suggested that Se"NPs
was less absorbed by the intestinal wall than Na,SeO3, which is con-
sistent with the intestinal accumulation of Se as shown in Fig. 4. In
addition, it can be seen that Se in the Se®NPs group was evenly dis-
tributed in the small intestinal wall while many of them were in
the intestine mucosal layers in the Na;SeO5 group (Figure 5B1 and
B2).

The chemical forms of Se in duodenum with high level of Se were
studied using p.-XANES, as shown in Figure 5C1/C2. In the Se®NPs
group as shown in Figure 5C1, Se was may mainly in the form of Se-
C (using SeCys as reference material) and Se®, with the proportion

of 58 % and 42 %, respectively through least-square fitting. Se was
mainly in the form of Se-C (using SeMet as reference material) and
Seb* in the Na,SeOs group, with the proportion of 32 % and 68 %
(Figure 5C2), respectively.

Previous study found that about 20 % of Se was still in the form
of Se® after exposure to Se?NPs, and Se®NPs was less absorbed than
Na,SeO3 [29]. This may also explain the relative low toxicity of
SeONPs and its low perturbance to gut microbiota and metabolites.

Discussion

Different changes in intestinal microbes and metabolites in rats
feces caused by SeNPs and Na»SeO3

Compared with the control group, Na,SeO3; caused the much
decreased abundance of beneficial bacteria than Se®NPs, such as
Proteobacteria (Control 42 %, SeONPs 31 %, Na,SeO3 27 %, Fig. 1C)
[31], and the increased abundance of harmful bacteria, such as
Eluaimicrobia (Control 8%, Se°NPs 40 %, Na,SeO3 52 %) [32], and
the uncalssified (Control 9 %, SeONPs 18 %, Na;SeO3 73 %). SeONPs
induced the increased abundance of beneficial bacteria, such as
Firmicutes (Control 22 %, SeONPs 40 %, Na,SeOs 38 %) [33], Pro-
teobacteria (Control 42 %, Se?NPs 37 %, Na,SeO3; 31 %) [33], and
the decreased abundance of harmful bacteria, such as Verrucomi-
crobia (Control 85 %, Se®NPs 0%, Na,SeO3 15 %) [33], and Tenericutes
(Control 63 %, Se®NPs 13 %, Na,SeO3 25 %) [33]. This indicated that
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Se®NPs caused less toxic effects on intestinal microorganisms than
Na,SeOs.

Fig. 1D shows that Na,;SeOs caused the greater increased abun-
dance of Clostridiales_Incertae Sedis XIll than Se9NPs, which has been
reported to be related to the immune system [34]. This suggests
that Na,SeO3; may disrupt the intestinal immune barrier after oral
exposure to rats. In addition, Na,SeO3 caused the greater decreased
abundance of Prevotellaceae and Bacteroidaceas than Se®NPs, which
participated the synthesis effect in short-chain fatty acids, affected
the intestinal brain axis pathway and regulated the nervous sys-
tem [35]. It was also found that Se®NPs caused a decrease in the
abundance of Vibrio desulfurus, which is an important bacterium in
the Se metabolism, and plays an important role in the conversion
of elemental Se to organic Se [36,37]. Besides, Se°NPs also caused
the up-regulation of Elusimicrobiaceae, Veilonellaceae, Catabacteri-
aceae, Peptococeaceae, and the down-regulation of the abundance
of Coriobactericeae, Ruminococeaceae, Eubactriaceae. Whether these
change of gut microbes participate in the absorption or transform
of Se9NPs is still not clear [38].

Se9NPs and Na,SeO3 bring different changes in the abundance
of rat gut microbes. However, the underlying mechanism for this is
still not clear. One possible reason may be ascribed to the fact that
the toxicity of Na,SeOs is greater than that of Se°NPs. This may
causes the suppression of a large number of beneficial intestinal
microbes when exposed to Na,;SeO3 which then lead to an increase
in the relative abundance of harmful bacteria. On the other hand,
due to the low toxicity of SeNPs while Se is essential to them, it
will facilitate the growth of beneficial intestinal microbes.

It was found that Na,SeOs; caused much more changes of
metabolites relative to gut-brain axis than Se®NPs did (Fig. 2C),
such as the up-regulation of Adenosine [38], Tryptophan [39],
Glutamine [40], L-Leucine [41], Lysine [42], Tagatose [43], Serine
[44], L-aspartate [45], and the down-regulation of L-tyrosine [46],
Tryptophan, Glutathione [47], Glutamate [48]. Se9NPs induced the
down-regulation of Creatine [49], Glutamine, and the up-regulate
of Lysine. It suggested that Na;SeO3; induced the disorders of the
nervous system while Se®NPs did not.

Difference in metabolites related to carbohydrate metabolism,
digestive system, amino acid metabolism, and lipid metabolism
was also found. It showed that Na,;SeO3; caused the changes of
metabolites related to immune system, and neuro-degenerative
diseases, etc. These metabolic pathways are related to the occur-
rence of the immunity and neurotrophic responses, while Se®NPs
induced the changes of metabolites related to the nucleotide
metabolism, cellular processes and signaling, signal transduction
and membrane transport. These results further showed the distinct
difference between Na,SeO3; and Se®NPs.

The pathological damage to the intestines, and the absorption and
transformation of Se?NPs and Na,SeOs3 confirm the changes of gut
microbiota and metabolites

From the above results, Se?NPs brought less damage to the
mucosal barrier and was less absorbed by the intestinal wall than
Na,SeOs_This may be a reason for different toxicity between Se?NPs
and Na,SeOs. Further, Se is usually absorbed by firstly being con-
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Fig. 3. Pathological changes of stomach(A-C), small intestine (ileum) (D-F) and large gut (colon)(G-I) in rats treated with Se®NPs or Na;SeO; by H&E staining (40X, left,
400X, right). The red arrows in B, C, F and I showed the pathological changes. i.e., compared with Se°NPs, Na,SeO3; caused severe destruction of the fundus gland structure
of the stomach(C), and induce a large number of inflammatory cell clusters in the lamina propria of the duodenal submucosa, intestinal villi become latent, etc. were found,
destroyed the secretion-related cups inside stellate cells, M immune cells and colonic mucosal epithelial cells necrosis, goblet cells, crypts, etc (F, I).

[ ]Control

Se concentration(ng/g)

Feces

Content Wall Content Wall Content Wall
Stomach

Small intestine  Large intestine

Fig. 4. Se concentration in the gastrointestinal wall, contents and feces of rats. ** p
<0.01, ### p < 0.001 Se®NPs or Na,Se0; group compared with the control group;
06 p <0.01, Na,SeO3 group compared with Se°NPs group (n = 5).

verted into selenides and then converted into organic selenium for
biological use. Se®NPs was more easily be transformed to organic
Se like SeCys while most of the Na,;SeO3; was oxidated to Na;SeOg,
which is more toxic than the former [50]. This may explain although
Se®NPs was less intestinal absorbed than Na,SeOs while still have
comparable biavailability [51]. In addition, compared with Se9NPs,
alarge number of inflammatory cell clusters in the lamina propria of
the duodenal submucosa, intestinal villi became latent, destroyed
the secretion-related cups inside stellate cells, M immune cells and
colonic mucosal epithelial cells necrosis, goblet cells, crypts, etc in

the Na,SeOs3 group. This directly confirms its destruction of inflam-
matory, immune and nervous system caused by Na,SeO3 other than
by Se9NPs.

Conclusion

In all, through the proposed method combined with metage-
nomics, metabolomics and metallomics in this study as illustrated
in Fig. 6, the two forms of Se could be distinctively differentiated: 1)
Through 16S rRNA sequencing in feces, it was found that Na,;SeO3
was more toxic than Se®NPs on gut microbial barrier with a large
number of bacteria involved in the reduction of Na,SeO3 increased;
2) Through metabolomics study on fecal samples, it was found
that Na,;SeO3 brought more disrupted metabolites related to gut-
brain axis etc than by Se®?NPs; These results were further proved
through 3) metallomics study, which found the absorption effi-
ciency of SeONPs in the intestine was lower than Na,SeOs3, while
the absorbed Se®NPs was more easily converted into organic Se;
and 4) pathological analysis further proved that Na;SeO3 brought
more damage to gut intestinal mucosal barrier, and triggered a lot
of stomach necrosis of secretory and immune cells in the intestine.
Although we have analyzed the difference between the two forms
of selenium on the intestinal microbes and metabolites of rats and
their transformation in the intestinal tract, it is not possible to get a
definite conclusion on how and why the intestinal microbes were
regulated. Further studies are necessary to explore the underly-
ing mechanism for the distinct differences between Se®NPs and
Na,SeOs.

Our proposed protocol can be used for nanosafety evaluation in
a non-invasive manner and this may also be used for the screening
of the nanosafety of other nanomaterials.
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Fig. 5. The spatial distribution of Se in small intestine wall (A1/A2 bright field, 40X; B1/B2 fluorescence intensity). Se was found in the duodenum wall in the Se°NPs group
than that in the Na,SeOs group while higher levels of Se was found in the intestinal content of the Se°NPs group. The chemical forms of Se in the small intestine walls as
pointed by black arrows in B1/B2 were studied by p-XANES (C1/C2). Se was mainly in the form of SeCys and Se® in the Se®NPs group while it was SeMet and Se®* in the

Na,SeOs group.
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Fig. 6. The working scheme of the proposed method combined with metagenomics, metabolomics and metallomics.
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