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Nanosilver

ABSTRACT Due to its antimicrobial activity, nanosilver (nAg) has become the most widely

used nanomaterial. Thus far, the mechanisms responsible for nAg-induced antimicrobial
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properties and nAg-mediated toxicity to organisms have not been clearly recognized. Silver
(Ag) ions certainly play a crucial role, and the form of nanoparticles can change the dissolution
rate, bioavailability, biodistribution, and cellular uptake of Ag. However, whether nAg exerts
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administration of nAg in mice caused profound reduction of hemoglobin content in embryonic erythrocytes, associated with anemia in the embryos.

direct “particle-specific” effects has been under debate. Here we demonstrated that nAg exhibited

a robust inhibition on RNA polymerase activity and overall RNA transcription through direct Ag

binding to RNA polymerase, which is separated from the cytotoxicity pathway induced by Ag ions.
nAg treatment in vitro resulted in reduced hemoglobin concentration in erythroid cells; in vivo

Embryonic anemia and general proliferation deficit due to the significant inhibition on RNA synthesis, at least partially, accounted for embryonic
developmental retardation upon nAg administration. To date, there is no conclusive answer to the sources of nAg-mediated toxicity: Ag ions or “particle-
specific” effects, or both. We here demonstrated that both Ag ions and nAg particles simultaneously existed inside cells, demonstrating the “Trojan horse”
effects of nAg particles in posing biological impacts on erythroid cells. Moreover, our results suggested that “particle-specific” effects could be the
predominant mediator in eliciting biological influences on erythroid cells under relatively low concentrations of nAg exposure. The combined data

highlighted the inhibitory effect of nAg on RNA polymerase activity through a direct reciprocal interaction.
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ith the explosive growth of nano-
Wtechnology, nanosilver (nAg) has
become the most widely used

nanomaterial.’? Due to its novel properties,
in particular, its intrinsic antimicrobial activ-
ity, nAg has been applied to diverse
fields with significant advantages, such as
medicine and personal care.>~7 To date, the
mechanisms underlying nAg-mediated
antimicrobial activity have not been fully
characterized. Meanwhile, large-scale appli-
cations of nAg-related products pose
potential risks to the environment and
health.2? A number of studies have docu-
mented the toxicities of nAg in a variety of
cells and organisms.’®~ "2 There is also pos-
sible interruption of genetic integrity,'> '
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because nAg could be readily taken up into
cells and even the nuclei.'*'® However,
studies on nAg-mediated genotoxicity are
still limited; thus far, there has been scarce
investigation on the effect of nAg exposure
on RNA polymerase activity and RNA poly-
merase-conducted transcription.

Until now, the sources of nAg-mediated
toxicity have not been clearly determined
and are without conclusive answer. In other
words, the mechanism of nAg-mediated
toxicity is not clear: ion effects, particle
effects, or both. Previous studies have de-
monstrated that nAg has the potential to
release Ag ions, and Ag ions could surely
exert significant toxicity to cells and organ-
isms.>"7"'® However, whether nAg conducts

voL.7 = No.5 = 4171-4186 = 2013 ACNJANIC)

* Address correspondence to
sjliu@rcees.ac.cn.

Received for review February 4, 2013
and accepted April 9, 2013.

Published online April 09, 2013
10.1021/nn400594s

©2013 American Chemical Society

=
WWwWWw.acsnano.org

4171



110 nm nanospheres

45 nm nanoplates

Figure 1. Representative TEM images of nAg used in the current study. The scale was 50 nm and the original magnification

was x400000.

direct particle effects has been in issue. In the current
report, we employed a panel of nAg of different sizes
and shapes, and their detailed properties are described
in Table S1, with the representative TEM images shown
in Figure 1. We studied the mechanisms responsible
for nAg-induced cytotoxicity from the perspective of
nAg's interference on RNA polymerase activity and
the interaction between Ag and RNA polymerase in
erythroid cells. We here chose erythroid cells because
hemoglobins are the predominant proteins produced
by these cells and, thus, it is relatively easy to study the
regulation of mRNA transcription for globin genes.
We demonstrated that nAg conduced a significant
suppression on RNA polymerase activity and overall
RNA transcription through direct Ag binding to RNA
polymerase, and this effect was separated from the
cytotoxicity pathway induced by Ag ions. Our results
suggested that the particle effects could be the pre-
dominant mediator in inhibiting RNA transcription in
erythroid cells under relatively low concentrations
of nAg exposure. Our combined data confirmed the
“Trojan horse” effects of nAg in exerting biological
effects on erythroid cells.

RESULTS AND DISCUSSION

We first surveyed the potential influence of nAg
treatment on globin mRNA transcription by exposing
mouse erythroleukemia (MEL) cells to nAg. MEL cells
are erythroid progenitor cells at the stage of proery-
throblast, and these cells continue to differentiate
upon induction with DMSO.' As shown in Figure S1,
the gRT-PCR analysis reflected a large reduction for
both a-globin and -globin mRNA concentrations in
MEL cells treated with 10, 25, 40, or 110 nm spherical
nAg, or 45 nm plate-like nAg, at a concentration of
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1ug/mL (P < 0.001), compared to those in control cells.
It should be noted that all types of nAg used here
caused no decrease in cell viability for MEL cells at
1 ug/mL (data not shown). Bioavailability of nano-
materials largely depends on their shape, size, and
other properties such as surface charge. Regarding
nAg, the particles could be readily taken up into cells
through endocytosis,'*'® and nAg particles in spheri-
cal shape have greater capability to cross the plasma
membrane compared to other shapes. For example,
a recent study by George et al. showed that Ag
nanoplate had less cellular uptake by cells than spheri-
cal nAg particles.®® In agreement with this finding,
we observed greater inhibitory effect on o-globin and
B-globin expression for nAg in spherical shape (i.e., 10,
25, 40, and 110 nm spherical nAg particles), compared
tonAgin plate shape (Figure S1, P < 0.05). Furthermore,
the size of nAg is also a crucial determinant for its
bioavailability, and nAg particles with smaller size
often revealed greater uptake by cells than those with
larger size.?" In the current study, among spherical nAg
particles, nAg with the size of 10 or 25 nm showed
greater inhibition on globin expression, especially for
a-globlin (Figure S1, P < 0.05), than nAg with the size of
40 or 110 nm. Of 10 and 25 nm nAg, no significant
difference was found in eliciting repression of globin
mRNA levels (Figure S1, P > 0.05). Because small-size
nAg (<10 nm) tends to have a greater rate of dissolu-
tion than large-size nAg (>10 nm),'®?° we embarked
on an investigation of the mechanisms underlying
nAg-mediated inhibition on globin gene transcription
by selecting 25 nm spherical nAg in the follow-up
experiments.

To substantiate the above observations, we further
assessed the levels of hemoglobin mRNAs in MEL cells
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Figure 2. Decreased RNA transcription upon nAg exposure. (A) Expression of globin mRNAs in erythroid cells. MEL cells were
cultured with DMSO for 3 d and then exposed to nAg at various concentrations for an additional 3 d. DFO was used as a
positive control at 4.6 ug/mL. The qRT-PCR analysis was performed with RNAs from these cells (n = 4). (B) Quantitative
distribution of nAg. MEL cells were similarly treated with nAg as described above. Total cell lysates and fractions of cytoplasm,
nucleus and cell membrane were separated, digested and quantified for Ag content using the method of ICP-MS (n = 4). (C)
Autoradiogram of overall RNA synthesis. MEL cells were treated with 8 «g/mL nAg as described above. Total RNAs (20 ug)
labeled with 32P were separated by agarose formaldehyde gel followed by autoradiography. The arrows indicate the
positions of 28S and 18S rRNAs, respectively. The quantification of autoradiography for total RNAs was performed with the
software Image J (NIH, U.S.A.), and the relative values are shown above the image.

treated with 25 nm spherical nAg at 1, 4, and 8 ug/mL.
As shown in Figure 2A, there was a significant decline
in both a-globin and f-globin mRNA levels at all
concentrations of nAg treatment compared to the
control (P < 0.05). We did not see a clear dose response
for a-globin in comparison to 3-globin, and in fact, at
1 ug/mL it already reached the highest level of inhibi-
tion for a-globin. The reason for this difference is likely
that o-globin is more sensitive to Ag treatment than
p-globin, which needs further investigation in future
studies. Our recent study demonstrated that iron is
necessary for erythropoiesis and hemoglobin produc-
tion, and iron deficiency leads to impaired erythroid
differentiation and reduced hemoglobin content
linked to microcytic anemia.?> We used an iron chelator
desferrioxamine (DFO) as a positive control to repress
globin expression with about 50% reduction (Figure 2A,
P < 0.001). To exclude the potential effect of nAg
treatment on intracellular iron availability, we measured
the intracellular liable iron pool (LIP) with FACS. As
shown in Figure S2, the intracellular iron level reflected
by the LIP value was not significantly affected in MEL
cells upon exposure to nAg, compared to control cells,

WANG ET AL.

suggesting that nAg treatment elicited little effect on
iron homeostasis in MEL cells. Thus, DFO could here
serve as an ideal positive control, indicating repression
of globin expression.

Biological effects of nanoparticles are closely related
to their cellular transportation and intracellular locali-
zation. To understand the quantitative distribution of
nAg inside cells, we then looked into Ag content in the
whole cell lysates, and the fractions of cytoplasm,
nucleus and cell membrane. Based on the ICP-MS
results (Figure 2B), the total intracellular Ag content
was approximately 1,000 ng per 1.0 x 107 MEL cells
with exposure to 8 ug/mL nAg for 3 d, and the Ag mass
greatly reduced with the decrease of nAg concentra-
tion to 4 and 1 ug/mL (P < 0.05). The Ag content in
nuclear fraction accounted for >25% of the total
intracellular Ag in the whole cell lysates from cells with
the treatment of nAg (Figure 2B). The Ag content in
cytoplasmic fraction was greater than that in nucleus,
and nAg localized within plasma membrane was much
less than that in cytoplasm or nucleus (Figure 2B,
P < 0.05). These findings indicated that nAg could
enter MEL cells and locate in cytoplasm and nucleus;
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Figure 3. Inhibition of RNA polymerase activity by nAg. (A) Autoradiogram of mRNA transcripts from the in vitro runoff
experiments. RNAs with 32P labeling were extracted from runoff transcription systems, and were then used to hybridize with
the plasmid DNA fragment on a membrane. The number above each band indicates the corresponding concentration of nAg
used in the assays. (B) Autoradiogram of the nuclear run-on assay. The experimental schematic for nuclear run-on assay is
shown on the left panel. MEL cells with or without nAg exposure were cultured for 4 d in the presence of DMSO. RNAs with
32p |abeling were purified from the same number of nuclei and were then used for hybridization with globin cDNAs on a

membrane.

however, the form of Ag (nanoparticle or Ag ions) is
unclear. Because there is a significant amount of Ag
present in the nucleus, we hypothesized that the
massive nuclear accumulation of Ag might interrupt
the transcription machinery within the nucleus and,
consequentially, impede RNA transcription. To validate
this hypothesis, we assayed the overall efficacy of
global RNA synthesis by labeling nascent RNAs with
32p in MEL cells with or without nAg treatment. The
autoradiography of total RNAs extracted from MEL
cells revealed that the overall synthesis of RNAs was
hampered upon nAg exposure, as a large reduction of
the intensity of total RNAs including 18S and 28S rRNAs
from 8 ug/mL nAg-treated cells was observed com-
pared to the control (>30% reduction, Figure 2C). These
results together suggested that the accumulation of
Ag in MEL cells substantially inhibited overall RNA
transcription.

RNA polymerase (RNAP) is an enzyme that uses DNA
as a template to produce RNA in the nucleus, and
reduced polymerase activity leads to a decrease in RNA
synthesis.”> To determine whether the activity of RNA
polymerase was affected by the presence of nAg, as
manifested by the diminished globin mRNA concen-
trations in MEL cells described above, we evaluated the
synthesis of nascent transcripts with autoradiography
through an acellular runoff transcriptional assay. As
shown in Figure 3A, the band intensity in the image of
autoradiography was largely reduced in the presence
of nAg in a dose-dependent manner. More than a 50%
reduction of RNA synthesis was observed when the
concentration of nAg reached 8 ug/mL (Figure 3A).
Thereafter, a cellular nuclear run-on assay was per-
formed in MEL cells to validate the results of the runoff
assay (schematic shown in Figure 3B), where nuclear
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RNAs with 32P-labeling were isolated from control cells
or cells treated with nAg, and hybridized to o-globin
and S-globin cDNAs on a membrane. The synthesis
of both o-globin and S-globin was reduced >2-fold
in nAg-treated cells at 1 and 8 ug/mL (Figure 3B).
These findings demonstrated that RNA polymerase-
mediated transcription machinery was attenuated due
to nAg treatment and nAg inhibited RNA polymerase-
conducted transcriptional activity. However, these
effects could be due to nAg particles or dissolved
Ag ions.

Transformations of nanomaterials in biological en-
vironments would potentially change the rate of ion
dissolution, behaviors, and even toxicological charac-
teristics of nanomaterials.>*~2% We thus determined
the size, zeta potential, and UV—uvisible spectrum of
nAg in culture medium. We first characterized the size
of nAg in ultrapure H,O at 8 ug/mL using a Zetasizer.
An exclusive peak indicated that the hydrodynamic
diameter of nAg was about 60 nm in H,O (Figure S3A).
In order to find out whether proteins from FBS affected
the hydrodynamic size of nAg, we assessed the hydro-
dynamic diameter of nAg at 8 ug/mL in medium with
10% FBS (@ normal percentage for cell culture).
As shown in Figure S3A, the hydrodynamic diameter
of nAg in culture medium in the presence of 10% FBS
kept similar to that of nAg in H,0. When calculating the
hydrodynamic diameter of nAg, we measured the
predominant peak only and excluded the minor peak
around 8 nm which presumably represented proteins
(Figure S3A). Furthermore, we performed this experi-
ment with different concentrations of FBS (5, 10, 15,
and 20%) in medium with nAg at 8 ug/mL, and then
the hydrodynamic diameter was determined at 0 and
24 h. As shown in Figure S3B, the increase of FBS
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Figure 4. Characterization of nAg in culture medium. Culture medium was collected at 0, 24, and 48 h from plates after MEL
cells were exposed to 8 ug/mL nAg. After centrifugation to pellet cells, the supernatants were subject to the analyses of
hydrodynamic diameter (A), zeta potential (B), and UV—visible spectrum (C) of nAg. A dominant absorption peak of nAg is at
400 nm, and the peak at 550 nm represents the absorption of phenol red.

concentration did not significantly alter the hydro-
dynamic diameter of nAg at 0 and 24 h. These results
together demonstrated that proteins from the FBS had
little influence on the hydrodynamic diameter of nAg
in medium. As the data of the hydrodynamic diameter,
zeta potential, and UV—visible spectrum of nAg in
medium for 0, 24, and 48 h revealed (Figure 4A—C),
nAg particles were stable with a slight agglomeration
in cell exposure conditions at concentrations used in
our experiments.

To interpret the influence of nAg exposure on cell
growth and viability of MEL cells, we employed two
methods, that is, direct cell number counting and
the Alamar Blue assay. As the results of cell number
counting indicated in Figure 5A, the half maximal
inhibitory concentration (ICsg) was around 12 ug/mL
for MEL cells upon exposure to nAg for 24 h. nAg at
8 ug/mL had no effect on cell number, while the
number was reduced by approximately 40% when
nAg reached 10 ug/mL (Figure 5A, P < 0.01). Alamar
Blue assay is an ideal approach to quantitatively
measure proliferation and metabolic status of cells,
especially for cells cultured in suspension (such as MEL
cells used in the current study).>’*® Similar to the
results of cell number counting, the Alamar Blue assay
suggested that the concentration of half maximal
inhibition on cell viability was greater than 10 ug/mL
(Figure 5B, P < 0.01). In contrast to nAg, MEL cells are
fairly vulnerable to Ag ions (in AgNOs) at even very low
concentrations (0.08 ug/mL), with significant reduction
in cell viability in comparison to the control (Figure 5C,
P < 0.05), and cell viability was dramatically impaired
by Agions at 1.2 ug/mL (Figure 5C, P < 0.001). Although
Ag ions could impair cell viability at concentrations of
0.08 and 0.8 ug/mL, globin gene transcription was not
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significantly affected compared to nAg at 8 ug/mL
(Figure 5D), suggesting that nAg-induced inhibition
of RNA transcription could be separated from the
cytotoxicity pathway triggered by Ag ions, and the
localization and the intracellular concentration of Ag
should play a major role in conducting these effects
in MEL cells.

There has been much discussion on the sources
of nAg-mediated biological effects from Ag ions, “par-
ticle-specific” effects, or both; no conclusive answer is
reached to date. The addition of Ag ions could be
quickly precipitated by ample Cl ions in the in vitro
transcriptional system (as described in the Methods).
We therefore could not perform experiments such as
runoff and run-on assays with AgNOs. However, we
circumvented this issue by looking at the portions of
Ag ions and nAg particles inside the cells using the
technique of cloud point extraction.?® We followed this
optimized method of cloud point extraction for separa-
tion of nAg particles and Ag ions in mammalian cells
(a schematic diagram described in Figure 6A), as pre-
viously described.?® We demonstrated that over 82.1%
of Ag existed in the form of nanoparticles, with less
than 17.9% as Ag ions inside MEL cells (Figure 6B).
Similar to our finding, Yu and colleagues documented
that about 10.3% of Ag presented as ions in exposed
Hep G2 cells. The slight difference in the ratio of Ag
dissolution might be due to different physiochemical
properties of nAg used in these two studies and
different cell type. Nonetheless, our finding confirmed
that nAg provided “Trojan horse” effects that could
conduct either ion effects or particle effects, or both,
and both nAg particles and Ag ions might potentially
exert influences on cells, consistent with recent find-
ings that nAg particles and Ag ions together contribute
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Figure 5. Cell growth and viability assessments and globin expression upon Ag ions and nAg at various concentrations. (A)
Cell growth was determined by cell counting in MEL cells upon exposure to nAg for 24 h (n = 4). (B) Cell viability was assessed
with the Alamar Blue assay in MEL cells upon exposure to nAg for 24 h (n = 6). (C) Cell viability was evaluated with the Alamar
Blue method in MEL cells treated with Ag ions for 24 h (n = 6). (D) Relative expression of a-globin and -globin mRNAs
determined by gRT-PCR in cells upon Ag ions and nAg for 24 h (n = 4).
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to the overall cytotoxicity.'®3° =32 “Trojan horse” means
a vehicle or carrier to transport ions/particles or other
toxic substances through membrane barrier, and then
releases these substances inside cells or organisms.>
In the field of nanoscience, nanomaterials such as ZnO
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and CuO nanoparticles could enter cells through endo-
cytosis, and nanomaterials inside cells could undergo
dissolution and release their corresponding ionic
species.>*** In contrast, the ionic forms of these mate-
rials could not enter the cells freely due to the presence
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Figure 7. A direct interaction between RNA polymerase and nAg. (A) Pull-down assay of nAg with Sp6 RNA polymerase or
DNA template. The level of Sp6 RNA polymerase distributed in the two fractions of supernatants and pellets was assessed by
SDS-PAGE followed by coomassie blue staining (the upper panel). The amount of DNA distributed in the two fractions was
determined using agarose gel electrophoresis (the lower panel). The mass of linearized pGEM plasmid used in the assay is
marked as 1 cross (-, 0.5 1g), 2 crosses (-++, 1 «g), and 3 crosses (+-+-+, 2 ug). (B) Binding of RNA polymerase to nAg in MEL
nuclear extracts. Nuclear extracts from MEL cells were incubated with or without nAg. After centrifugation, the concentrations
of RNA polymerase in supernatants and pellets were determined by Western blotting. (C) Inmunoprecipation assessment of
the binding between nAg and RNA polymerase in MEL cells. After dialysis, the nuclear extracts were immunoprecipitated with
an anti-RNA polymerase Il Ab. RNA polymerase Il was evenly distributed in nuclear extracts, and the anti-RNA polymerase II
Ab could potently precipitate RNA polymerase Il into the immunoprecipitates (the upper panel). The mass of coimmuno-
precipitated nAg on RNA polymerase Il was quantified using the ICP-MS assay (the bar graph). Normal IgG was used as a

negative control.

of membrane barrier.® The “Trojan horse” model there-
fore delineates the potential mechanisms and possi-
ble sources responsible for the cytotoxicity of nano-
materials3”~3°

In an attempt to further elucidate the molecular
basis of the inhibitory effect of nAg on RNA polymer-
ase-conducted transcription, we teased apart a poten-
tial interaction between nAg and RNA polymerase in
an acellular system and in cells. We first carried out a
pull-down assay of nAg with Sp6 polymerase, and the
coomassie blue staining of SDS-PAGE gels showed that
a large amount of Sp6 RNA polymerase was precipi-
tated in the pellets, whereas fewer proteins were left
in the corresponding supernatants from the reaction
system with nAg at 1, 8, and 10 ug/mL, particularly at
the latter two concentrations (Figure 7A). In contrast,
no template DNA was precipitated in the pellets;
all DNA templates remained in the supernatants
(Figure 7A). These observations indicated that nAg
could potentially bind to RNA polymerase but not to
DNA in the in vitro transcriptional system, leading to
impaired Sp6 RNA polymerase activity and reduced
RNA synthesis as a result (Figure 3A,B). We there-
after addressed a possible interaction of nAg with
RNA polymerase in erythroid cells by performing a
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pull-down assay with nuclear extracts from MEL cells in
the presence of nAg. The Western blot analysis showed
that RNA polymerase Il was precipitated into the pellets
by nAg at 1 and 10 ug/mL, especially at 10 xg/mL, with
reduced RNA polymerase Il concentrations in super-
natants compared to the control (Figure 7B). Further-
more, to confirm the finding that nAg binds to RNA
polymerase, we studied the in situ interaction between
nAg and RNA polymerase using immunoprecipitation
with an anti-RNA polymerase Il antibody (Ab). The
Western blot analysis indicated that RNA polymerase
Il was successfully precipitated by the Ab from the
nuclear extracts in all groups with or without nAg
treament; however, the ICP-MS assay showed that Ag
was present only in the coimmunoprecipitated pro-
teins from nAg-treated cells but notin control cells, and
the Ag amount extracted from the coimmunoprecipi-
tated proteins significantly increased from 1 to 4 and
8 ug/mL in a dose-dependent manner (Figure 7C,
P < 0.05). The known pathways for cellular uptake of
Ag ions rely on limited transport through the copper
transport protein and sodium channels,***' and no
interruption of Ag ions has been demonstrated on
other ion channels, such as magnesium, which is
required for polymerase activity. Together, these
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results demonstrated that nAg could directly bind to
RNA polymerase, which resulted in a robust inhibition
of RNA polymerase activity.

In fact, inhibition of microbial or viral RNA polymer-
ase activity has long been used as a strategy against
invading pathogens.**>*3 For example, the antibacterial
agent rifamycin predisposes bacterial cells to death by
binding to the active center of bacterial RNAP and
repressing RNA elongation.** We also looked into
the effect of nAg on mRNA transcription in E. coli cells,
and to better elucidate the potential inhibitory effect,
we avoided dramatic cell death and chose nAg con-
centration of 2.4 ug/mL, at which nAg caused no great
toxicity to cell growth after treatment for 9 h (i.e,
at sublethal concentrations; Figure 8A). As shown in
Figure 8B and Table S2, nAg suppressed the transcrip-
tion of many vital genes in E. coli cells, such as lacA, ndh,
icd, ompC, ompF, lamB, hypB, hybO, rpsE, and rpiO, as
the mRNA levels of these genes were decreased by
0.5—1.0-fold in cells treated with nAg at 2.4 ug/mL for
9 h (P < 0.05). Rifampicin is a clinically applied antibiotic
belonging to the rifamycin group, which was used here
as a positive control and exerted substantial inhibition
on cell growth and gene expression (Figure 8 and
Table S2, P < 0.05). Although Ag ions at 0.2 ug/mL
could diminish cell growth greater than nAg at 2.4 ug/mL
(Figure 8A), no significant repression on transcription
for these genes was found (Figure 8B and Table S2).
These data suggested that Ag ions induced a different
pathway, a cytotoxicity pathway, instead of transcrip-
tion inhibition, and nAg-dependent suppression of
RNA transcription could be separated from Ag ion-
mediated toxicity to E. coli cells. To this end, the
antimicrobial properties of nAg might also be attribu-
ted to its binding to RNA polymerase and consequen-
tial suppression of RNA polymerase-dependent RNA
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transcription; however, this finding has not yet been
reported previously.

A recent study from our research group demon-
strated that nAg exhibited a robust ability to cross
the placental barrier, and a substantial amount of Ag
accumulated in the embryonic hematopoietic organ
fetal liver at E14.5 from mice treated with nAg.*
Erythroid progenitor cells are the predominant cells
in fetal liver around E14.5, and it is an optimal model for
the study of embryonic definitive erythropoiesis.?>4®
To closely evaluate the inhibition of nAg on RNA
transcription in erythroid cells in vivo, we assessed
the biological performances of nAg in fetal liver cells.
We administrated male and female mice with nAg or
AgNOs via intraperitoneal injection, and after exposure
for 4 weeks, mice were mated as previously des-
cribed.* Embryos were separated, and fetal livers
and embryonic blood were collected on E14.5. We
observed pronounced embryonic developmental re-
tardation in embryos from 22 ug/kg nAg-treated mice,
with nearly 40% reduction of embryonic weight com-
pared to those from the other groups (Figure 9A,
P < 0.001). The number of embryos per litter was not
significantly changed among these groups (data not
shown). Similar to our results, recent studies also
demonstrated that nAg could significantly impede
larvae development of Chironomus riparius and em-
bryonic development of zebrafish.*’*® When dissect-
ing the embryos, we observed pale fetuses from mice
treated with 22 ug/kg nAg, indicative of anemia in
these fetuses, compared to those from the control
mice (Figure 9B). No significant phenotypes were
observed in embryos from 108 ug/kg nAg-treated
mice, supporting our previous finding that nAg admin-
istration in mice at 22 ug/kg had a greater ability
to cross the placental barrier, while nAg at a higher
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Figure 9. nAg repressed hemoglobin transcription in fetal livers at E14.5 in mice. (A) Representative images of embryos from
mice with or without nAg treatment (22 ug/kg body weight). Embryo weights are shown in the bar graph (n = 36—40). (B)
Representative images of fetuses from mice treated with 22 ug/kg body weight nAg in comparison to the control. The white
ovals indicate fetal livers. The bar graph shows the ratio of fetal liver weight/embryo weight (n = 18—34). (C) Expression of
globin mRNAs in fetal livers. The mRNA levels were assessed by qRT-PCR and were normalized to elF2c. (D) Concentrations of
globin proteins in fetal liver. Protein levels were assayed by SDS-PAGE with coomassie blue staining. (E) Blood smears of
embryonic peripheral blood stained with alizarin red S and Giemsa solutions. Blue arrows indicate nucleated primitive yolk
sac-derived erythrocytes. The original magnification, x400. (F) Ratio of ennucleated and nucleated erythrocytes in embryonic
peripheral blood (n = 6—9). (G) Hemoglobin content in embryonic peripheral blood from mice with or without nAg treatment
(22 ug/kg body weight). Protein concentrations were determined by SDS-PAGE with coomassie blue staining. (H) Numbers of
viable fetuses per litter after birth. Male and female mice were mated after exposure to nAg, and fetuses were given birth. The
baby mice were counted if they survived (n = 6—9). The intensity of protein bands was quantified with the software Image J,
and the hemoglobin concentration in the PBS group is defined as 1. The normalized values are shown above the images.

concentration could diminish their own ability to
translocate from maternal blood into embryonic blood
via the placental barrier, presumably due to agglom-
eration under the biological setting.*> In agreement
with this finding, high concentrations of nAg could
significantly agglomerate and aggregate in the MEL
cell exposure system, as the hydrodynamic diameter
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greatly expanded after nAg concentration reached
22 ug/mL (Figure S4, P < 0.001). We further examined
the weight of fetal livers and found that the relative
weight of fetal liver normalized to fetal body weight was
largely diminished in 22 ug/kg nAg-treated mice com-
pared to the other groups (Figure 9B, P < 0.05). These
observations suggested that in vivo nAg exposure led
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(A) (B)

Gene symbol Gene Description Fold change
Erythroid genes
Upregulated Acadm Acyl-Coenzyme A dehydrogenase, medium chain 202
- g enes Acoxl Acyl-Coenzyme A oxidase 1, palmitoyl -2.60
Apoc2 Apolipoprotein C-II -2.15
(n=37) Aqpl Aquapain 1 227
Agps Aquaporin 8 -10.91
Agpll Aquaporin 11 -2.75
A5 Activating transcription factor 5 -2.51
Cdhl Cadherin 1 -2.25
Cir Complement component 1, r subcomponent -2.95
Coll5al Procollagen, type XV 272
Col6al Procollagen, type VI, alpha 1 -2.32
Cyp2al2 Cytochrome P450, family 2. subfamily a, polypeptide 12 -7.94
Dffa DNA fragmentation factor, alpha subunit -6.28
Estra Estrogen related receptor, alpha -2.09
Gamt Guanidinoacetate methyltransferase -2.46
Gegr Glucagon receptor -2.56
Gpld1 Glycosylphosphatidylinositol specific phospholipase D1 -3.81
Downregulated [Eo Haptoglobin 274
Lipocalin 2 -2.06
- gen es Lgals% Lectin, galactose binding. scluble 9 -2.49
( n =264) Rab3d RAB3D, member RAS oncogene family -2.49
Sct Secretin -2.44
Ton tramsport
H|gh (65000) Fxydl FXYD domain-containing ion transpert regulator 1 -235
Fxyd3 FXYD domain-containing ion transport regulator 3 -5.49
Slc36a2 Solute carrier family 36, proton/amino acid symporter -3.61
Slc38a3 Solute carrier family 38, member 3 -6.29
Sle39as Solute carrier family 39, metal ion ransporter -3.00
Sled44a3 Solute carrier family 44, member 3 -2.22
Tmprss6é Transmembrane serine protease 6 -2.81
Iron and heme genes
Hpxn Hemopexin -3.32
Ltf Lactotransferrin -2.16
Low (20) Antioxidant genes
Hspbs Heat shock protein 8 -4.84
Selenbpl Selenium binding protein 1 -2.33

Figure 10. Microarray analysis of gene expression changes in fetal liver cells in embryos from 22 ug/kg nAg-treated mice
compared to those in embryos from the control mice. (A) Heat map representing the differentially expressed genes upon nAg
exposure. (B) Representative differentially expressed genes with functional descriptions.

to a significant impairment of embryonic development
coupled with fetal anemia. We thereafter surveyed
hemoglobin concentrations in fetal liver cells, and
the gqRT-PCR analysis showed a significant decline of
both a-globin and 3-globin mRNAs in fetal liver cells
from 22 ug/kg nAg-treated mice, compared to those
from the control mice (Figure 9C, P < 0.05). Consistent
with the gRT-PCR results, the globin protein concen-
tration was greatly reduced in fetal liver cells from the
mice treated with 22 ug/kg nAg compared to that from
the other groups (Figure 9D). The staining of embryo-
nic peripheral blood smears indicated that the majority
of E14.5 peripheral red blood cells were enucleated
erythrocytes in the embryos from control mice and
108 ug/kg nAg-treated or AgNOs-treated mice; in stark
contrast, a great proportion of peripheral red blood
cells were larger nucleated primitive yolk sac-derived
erythrocytes in embryos from 22 ug/kg nAg-treated
mice (Figure 9E). The ratio of enucleated erythrocytes
to nucleated erythrocytes decreased significantly in
embryos from mice with 22 ug/kg nAg treatment,
compared to that in the other groups (Figure 9F, P <
0.05), suggesting that the definitive erythropoiesis was
attenuated and the primitive erythropoiesis was pro-
longed to compensate. Moreover, the hemoglobin
content in embryonic peripheral blood evidenced by
coomassie blue staining was reduced by about 25% in
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embryos from 22 ug/kg nAg-treated mice compared
to that in embryos from control mice (Figure 9G).
Additionally, the microarray analysis revealed that a
number of genes were repressed in fetal liver cells in
embryos from 22 ug/kg nAg-treated mice compared
to that in embryos from the control mice. There were
a total of 301 differentially expressed genes with
37 upregulated genes and 264 downregulated genes
and, of these downregulated genes, many are involved
in the regulation of erythropoiesis, such as Agp1, Cdhi,
and Hpxn***° (Figure 10), suggesting a significant
inhibition on transcription of a variety of vital genes
in fetal liver cells upon exposure to nAg. This observa-
tion was similar to the finding from a previous study
that demonstrated the downregulation of many genes
in fish cells treated with nAg through the microarray
analysis.>® These results collectively suggested a large
reduction of erythropoiesis in fetal livers in embryos
upon exposure to nAg, and the prominent repression
of gene transcription in erythroid cells was likely the
molecular basis for nAg-induced fetal anemia and
developmental retardation.

Previous studies have indicated that nanomaterials,
such as carbon nanotubes, TiO,, and SiO, nanoparti-
cles and quantum dots, are able to transport through
the placental barrier and accumulate in the fetus,®' >3
and developmental toxicity of nanomaterials might
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stem from the nanoparticle-stimulated oxidative stress
to placenta and fetus and the released metal ion-
mediated detrimental effects as well.'”>' 3> Our re-
cent study demonstrated that no significant histologi-
cal alterations were observed in the placentas from
mice treated with 22 ug/kg nAg,*® suggesting that the
embryonic impairment did not result from damage in
the placenta. We here demonstrated that nAg reduced
hemoglobin content in erythroid progenitor cells by
directly inhibiting globin gene transcription coupled to
embryonic anemia (Figure 9), which, at least partially,
accounted for developmental retardation of the em-
bryos. Meanwhile, nAg-mediated overall inhibition on
RNA transcription would lead to general cell prolifera-
tion deficit, which should also contribute to the dimin-
ishment of embryo development. To follow the fate
of fetuses with developmental impairments upon nAg
exposure, we carried out in vivo nAg exposure in
another group of mice that were allowed to give birth
to babies. The average number of viable babies per
litter was significantly reduced in mice upon 22 ug/kg
nAg exposure compared to control mice (8.0 vs 4.8;
Figure 9H, P < 0.05), confirming the finding of embryo-
nic developmental impairments as described above.
No abnormal developmental parameters (such as
activity, diet, and complete blood count indexes) were
observed in those surviving mice from the parental
mice with 22 ug/kg nAg administration, and no Ag was
detected in a wide spectrum of organs when mice were
8 weeks old (data not shown), likely due to a growth-
induced dilution of nanomaterials.>®

Embryonic development, hemoglobin content in
fetal liver cells and the constituents of peripheral red
blood cells were not significantly changed in embryos
from 108 ug/kg nAg-treated mice or AgNOs-treated
mice compared to control mice (Figure 9). In terms
of Ag ions, because they can bind to thiol groups in
proteins and chloride (which are plenty inside body
fluid and blood) to form a silver-thiol complex and
undissolvable AgCl, most Ag ions will quickly lose its
ionic effects. In contrast, Ag in nanoparticle form can
constantly dissolve and travel to the other places.
Additionally, it is rather difficult for Ag ions to cross
cellular membrane and the biological barriers,***' and
our recent study also demonstrated that the bio-
availability of Ag ions is minimal to mammalian cells
in mice.** Nonetheless, a mild embryonic toxicity was
observed in mice challenged by nAg or Ag ions both at
108 ug/kg, as the numbers of viable babies in these two
groups were reduced compared to the control, despite
the absence of statistical significance (Figure 9H,
P > 0.05). This suggests some Ag could still gain access
to the embryos through the placenta.

Additionally, previous studies have demonstrated
that nAg could enter cells and induce intracellular
reactive oxygen species (ROS) generation.'®>”*® ROS
might then cause secondary injuries, such as a
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blockade of signal transduction cascades, protein de-
gradation, and cytoskeleton disruption.>>®° In the
current study, we did not observe significant ROS
induction in MEL cells upon nAg treatment at various
concentrations over time (Figure S5A); however, there
was still significant inhibition on globin transcription
(Figure S5B, P < 0.05), suggesting the inhibition of nAg
on RNA polymerase activity is independent of ROS.
To date, the mechanisms responsible for nAg-in-
duced antimicrobial properties and nAg-mediated
toxicity to organisms keep elusive. Overall, studies
support that both the “nanoparticle-specific” effects
and toxicity of Ag ions are involved in incurring
damage to cells;'®" however, regarding the relative
contribution of “nanoparticle-specific” effects and toxi-
city of Ag ions to the overall toxicity, it is rather difficult
to conclude. Release of Ag ions under biological set-
tings could account for the majority if not all of the
toxicity of nAg to cells,'’*%® whereas whether nAg
per se exerts direct “particle-specific” effects remains
inconclusive, and there is always intense debate on
whether the toxicity of nAg is due to Ag ion-mediated
effects or particle-stimulated effects. Since the release
of Ag ions from nAg behaves in a dynamic fashion,
which can happen outside cells and inside cells and
also closely relies on the environment,%* =5 it is hard to
differentiate these two sources of effects. Some studies
indicated that nAg was more toxic than equivalent
concentrations of Ag ions due to the release of Ag ions,
and nAg particles and Ag ions together contributed to
cytotoxicity.?*%” Meanwhile, other studies also demon-
strated that nAg particles revealed greater toxicity due
to shape- and surface-reactivity, despite lower rates of
dissolution.?® In contrast, there are also studies demon-
strating that the toxicity of nAg is solely due to released
Agions. For example, a recent study demonstrated that
the antimicrobial activity primarily derived from re-
leased Ag ions, and ruled out the direct contribution of
“particle-specific” effects in E. coli cells.’® Nonetheless,
the size, shape and other properties such as agglom-
eration and surface coating have been demonstrated
to play an important role in executing nAg's antimi-
crobial actions and cellular toxicity.>2%°7%97° Thus, the
relative contribution of released Ag ions and “particle-
specific” effects largely relies on the physicochemical
properties of nanomaterials, the exposure environ-
ment, and types of organisms used in studies,>®*”!
and it is rather complex to dissect the relative con-
tribution of “nanoparticle-specific” effects and toxicity
of Ag ions. In the current study, we demonstrated that
nAg exhibited a robust inhibition on RNA polymerase
activity and RNA transcription through direct Ag bind-
ing to RNA polymerase, which could be an alternative
pathway in addition to the effects of Ag ions. Without
particle formulation, Ag ions could not get inside
of cells freely, and therefore, in this regard, the “Trojan
horse” effects make the responses much stronger
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Figure 11. Schematic diagram depicting nAg-induced RNA
polymerase-silver binding and RNA transcription inhibition
in erythroid progenitor cells.

because of the great bioavailability of nAg and the
toxicity of dissolved ions. Our data in the current
study suggested that the particle effects could be

MATERIALS AND METHODS

Characterization of nAg. Polyvinylpyrrolidone (PVP)-coated
nAg particles were either purchased from Shanghai Huzheng
Nanotechnology Co., Ltd., China, or nanoComposix, Inc., U.S.A.
nAg solution was purified by centrifugation and redispersion in
deionized H,0 to remove Ag ions followed by storage in the
dark at 4 °C. Purified particles were characterized by transmis-
sion electron microscopy (TEM, Hitachi H-7500, Japan). Hydro-
dynamic diameter and zeta potential were determined using a
Zetasizer (Malvern Nano series, Malvern, U.K.), and the absorp-
tion spectrum was measured by a UV—vis spectrometry
(Beckman coulter, US.A.).

Cell Culture, nAg Treatments, and Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) Analysis. MEL cells were purchased from the
Cell Resource Center of the Institute of Basic Medical Sciences
(CAMS), China. Cells were cultured in suspension in RPMI 1640
medium (Gibco) supplemented with 10% fetal bovine serum
(FBS; Hyclone), 2 mM t-glutamine and 100 U/mL penicillin/
streptomycin (Hyclone). To initiate differentiation, MEL cells
were induced with 1.5% dimethyl sulfoxide (DMSO; Solarbio,
China). Cell growth and viability were determined by direct cell
number counting and the Alamar Blue assay, respectively.
Briefly, after induction for 3 d, MEL cells were seeded into
24-well plates with 8.0 x 10 cells/well or 96-well plates with
3.0 x 10* cells/well. Cells were then treated with nAg or Ag ions
at various concentrations for 24 h, followed by cell number
counting for 24-well plates or the Alamar Blue assay for 96-well
plates, respectively. Cell numbers were counted with a cyt-
ometer. Regarding the Alamar Blue assay, after 24 h treatment,
resazurin (Sigma) was added into culture media at a final
concentration of 10% (V/V). Cells were cultured for another
2 h at 37 °C, and thereafter, fluorescence intensity was assessed
at an excitation wavelength of 530 nm with an emission
wavelength of 590 nm.

With respect to detection of intracellular Ag content and
assessment of globin gene transcription, MEL cells were cul-
tured with DMSO for 3 d and then exposed to nAg for an
additional 3 d. Regarding nuclear run-on assay and immuno-
precipitation experiment, nAg was added at the beginning
when MEL cells were induced to differentiate with DMSO, and
culture continued for 4 d prior to collection for experiments. Ag
mass inside cells was assessed using the ICP-MS (Agilent 7500)
method according to the protocol as previously described.”?

Radioactive Labeling of RNAs and qRT-PCR Analysis. After induction
with DMSO for 3 d, MEL cells were exposed to nAg at various
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the predominant mediator in conducting biological
influences under relatively low concentrations of nAg
exposure to erythroid cells.

CONCLUSIONS

This report overall confirms the indisputable effects
of nAg-induced inhibition on transcription through
direct Ag binding to RNA polymerase in erythroid cells,
which is novel and different from the cytotoxic effects
of Ag ions. As to the relative contribution of particle or
ion effects, it is still debatable; however, nAg provides
“Trojan horse” effects that could execute either ion
effects or particle effects, or both, on cells after cellular
uptake, as illustrated in Figure 11. The combined data
from the current study would subserve the under-
standing of nAg's cellular toxicity and antimicrobial
properties, and also provide additional insights into
the mechanisms underlying the developmental toxi-
city of nanomaterials.

concentrations for 48 h and then labeled with 3P according to
the protocol as described previously.”® Briefly, culture medium
was first replaced with phosphate-free Dulbecco's modified
Eagle's medium (Hyclone) supplemented with 10% FBS,
and cells were cultured for 1 h. [32P]orthophosphate was then
added at a final concentration of 20 uCi/mL, and cells were
incubated for an additional 2 h. Culture medium was replaced
with nonradioactive RPMI 1640 medium supplemented with
10% FBS, and cells were further incubated for 2 h before
collection. Total RNAs were purified from these cells with TRIzol
reagent (Invitrogen). Thereafter, 20 ug of total RNAs from
each sample were run in a 1% agarose formaldehyde gel, and
radioactive bands were detected by autoradiography. gRT-PCR
was performed to assess relative expression of globin genes
as described previously.74 Here, elF2a. was used as an internal
control. Primers for PCR are provided in Table S3.

Run-Off Transcription Assay and Nuclear Run-On Assay. Run off
transcription assay was carried out using an in vitro transcription
system according to the manufacturer's instructions (Promega).
RNA synthesis was initiated with the addition of 4 uCi [0->2P]
UTP into the transcription buffer (40 mM Tris-HCl, pH 7.9, 6 mM
MgCly, 2 mM spermidine, 10 mM NaCl) with or without nAg at
various concentrations. Reaction lasted for 3 h at 37 °C, and DNA
template was digested using 1 U RNase-free DNase (Promega).
Radio-labeled nascent transcripts were quantified by slot blot
hybridization.

Nuclei were prepared from 1.0 x 10’ MEL cells for each
sample using a PROteoJET cytoplasmic and nuclear protein
extraction kit (Fermentas). Nuclear run-on assay was performed
essentially as described previously with some modifications.”®
Briefly, crude nucleus suspension was gently added into run-on
buffer (40 mM Tris-HCl, pH 7.9, 6 mM MgCl,, 2 mM spermidine,
10 mM NadCl, 0.4 mM each of ATP, GTP, and CTP, 10 mM DTT)
with 200 uCi [oa->2PJUTP (10 uCi/ul) and 15 uL ribonuclease
inhibitor (40 U/uL, Promega). Reaction mix was incubated for 2 h
at 30 °C. Thereafter, 60 uL RNase-free DNase (1 U/uL, Promega)
was added to digest genomic DNA for 20 min at 37 °C. Run-on
reaction was terminated by mixing with an equal volume of
TRIzol reagent (Invitrogen). RNA purification was then per-
formed with TRIzol reagent followed by isopropanol precipita-
tion according to the manufacturer's instructions. RNAs were
resuspended in RNase-free H,0 and quantified by slot blotting
and autoradiography.

Slot Blot Hybridization. Nitrocellulose membranes (Pall) were
floated on RNase-free H,O for 5 min and soaked in 20 x SSC for
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20 min. Membranes were then inserted into a convertible
filtration minifold system (Beijing Popular Science Instrument,
China). Each well was washed once with 200 uL 20x SSC
immediately before sample loading. Linearized plasmid DNA
or PCR products were directly loaded onto membranes. There-
after, membranes were dried at room temperature (RT) for
30 min and baked at 80 °C for 2 h.

Nascent RNAs with [a->2P] UTP labeling transcribed from
runoff or run-on assay were used as hybridization probes. Prior
to hybridization, membranes containing multiple DNA tem-
plates were cut into small sections with only one type of DNA
template on each section. These membranes were prehybri-
dized in 10 mL of hybridization buffer (50% formamide,
5% Denhardt's solution, 0.5% SDS, 5x SSPE and 100 ug/mL
denatured herring sperm DNA) for 3 h at 42 °C, and thereafter
hybridized with each RNA probe overnight in 10 mL of hybridiza-
tion buffer at 42 °C. The membranes were washed twice with 2x
SSC/0.1% SDS at RT for 5 min, and twice with 0.1x SSC/0.1% SDS
at 68 °C for 15 min. Autoradiograph was visualized by exposing
membranes to X-ray films at —20 °C with an intensifying screen.

Interaction between nAg and Sp6 RNA Polymerase or DNA. nAg at
various concentrations and Sp6 RNA polymerase (4 uL, 20 U/uL,
Promega) were mixed into transcription buffer (as described
above) and incubated at 37 °C for 2 h. Mixtures were then
centrifuged for 40 min at 20000 g. Pellets were washed twice
with PBS, and bound proteins were dissolved in 20 uL PBS,
subject to SDS-PAGE analysis. Interaction between nAg and
DNA fragment was similarly assessed with various concentra-
tions of DNA template.

Interaction between nAg and RNA Polymerase Il from MEL Cells. MEL
cells were cultured for 3 d in the presence of 1.5% DMSO.
Nuclear extracts were prepared from 5.0 x 10% cells as pre-
viously described.”® Briefly, crude nuclei were resuspended and
mixed in Buffer 1 (20 mM HEPES, pH 7.9 at 4 °C, 25% [v/v]
glycerol, 1.5 mM MgCl,, 20 mM KCl, 0.2 mM EDTA, 0.2 mM
PMSF). Homogenates were gently vortexed, followed by the
addition of Buffer 2 (the same as Buffer 1 except 1.2 M KCl), and
were shaken for 30 min at 4 °C. Homogenates were finally
centrifuged for 30 min at 25000 g. The resulting clear super-
natants were dialyzed against Buffer 3 (20 mM HEPES, pH 7.9
at 4 °C, 20% [v/v] glycerol, 100 mM KCl, 0.2 mM EDTA, 0.2 mM
PMSF) overnight. Dialysates were centrifuged at 25000 g for
40 min and supernatants were carefully removed and placed
into new tubes. Nuclear extracts were added into the binding
buffer (20 mM HEPES, pH 7.9 at 25 °C, 20% [v/v] glycerol,
100 mM KCI, 0.2 mM EDTA) in a final volume of 500 uL.
Thereafter, nAg was added and tumbled at 30 °C for 2 h. The
total reactions were centrifuged for 40 min at 20000 g. Pellets
were washed twice with 1 mL of PBS, and bound proteins were
dissolved in 20 uL of 1x SDS sample buffer followed by Western
blotting. An anti-RNA Polymerase Il Ab (1:200, Santa Cruz
Biotechnology) was used.

Immunoprecipitation. MEL cells treated with or without nAg
were cultured for 4 d in the presence of DMSO. Nuclear extracts
from these cells were prepared according to the protocol
described above and then incubated with 2 4g RNA polymerase
I Ab or normal IgG. Thereafter, immunoprecipitates were
collected with Gamma-Bind A Sepharose beads (GE Healthcare).
Immunoprecipitated proteins were assessed by Western blot
analysis, and coimmunoprecipitated nAg was quantified using
ICP-MS. To avoid precipitation of nAg, speed of centrifugation
for immunoprecipitation was lower than 3000 g.

Bacterial Culture and Gene Expression Evaluation. DH5a. E. coli cells
were purchased from Beijing Bomai De Technology Co., Ltd.,
China. A single colony from a Luria—Bertani (LB) agar plate was
inoculated in LB broth and cultured for 1 h at 37 °C with shaking
at 180 rpm. Culture was suspended in fresh LB broth and then
treated with nAg at final concentrations of 1.2 and 2.4 ug/mL or
rifampicin at 2.5 ug/mL. Thereafter, bacterial culture was mon-
itored by assessing absorption at 600 nm (OD 600 nm). Total
RNAs from E. coli cells were extracted using TRIzol reagent, and
gRT-PCR was performed to assess gene expression. PCR primers
are provided in Table S3.

Animal Experiments and Blood Smear Staining. All animal care and
experimental protocols were approved by the Committee of
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Animal Care at the RCEES, Chinese Academy of Sciences. Male
and female BALB/c mice (6 weeks old) were purchased from the
Vital River Laboratories (China) and housed under sterile con-
ditions. Animals were allowed to acclimatize for 7 d before
experimentation. Mice were injected intraperitoneally with
nAg at 22 ug/kg (in 200 uL) or 108 ug/kg (in 200 uL), or Ag ions
at 108 ug/kg in AgNOs (in 200 L) three times a week for 30 d.
The blank control mice received PBS only. Male and female mice
were mated immediately after the final injection. For timed
pregnancies, animals were mated overnight, and female mice
were examined for vaginal plugs the next morning. Noon of
the day of vaginal plug appearance was considered to be day
0.5 postcoitum (EOQ.5). Pregnant mice were anaesthetized and
embryos were dissected from uteri and weighed on day 14.5 of
pregnancy (E14.5). Thereafter, E14.5 fetal livers were carefully
removed from each embryo. Levels of globin mRNAs in fetal
livers were analyzed by qRT-PCR. Hemoglobin concentrations
in fetal livers were assessed by coomassie blue staining of SDS-
PAGE gels. Meanwhile, embryonic peripheral blood was col-
lected from embryonic carotid for blood smear and SDS-PAGE
analyses. With respect to the work of the survival rate of
embryos, fetuses were given birth.

Blood smears were prepared on slides with 2 uL embryonic
peripheral blood and dried at RT for 2 h. Smears were fixed with
methanol for 5 min, washed in H,0, and stained with preheated
hemoglobin working stain (10% phosphomolybdic acid: 7.7%
alizarin red S, 1:3) for 10 min, followed by washing with H,0.
Slides were counterstained with Giemsa working stain and
finally washed with H,0. Slides were dried at RT and examined
under a microscope. Numbers of enucleated and nucleated
erythrocytes from each visual field were counted.

Microarray Analysis. Total RNAs were extracted from E14.5
fetal livers in embryos from 22 ug/kg nAg-treated mice and
the control mice. The 32k mouse Genome Array microchips,
containing 32256 probes representing about 25000 genes,
were used. Microarray experiments and data analysis were
performed at the CapitalBio, China, and the experimental pro-
cedure was similar to that as previously described.”” Signifi-
cance analysis of microarrays (SAM, version 3.02) was employed
to determine the differentially expressed genes, which were
defined by fold changes at either 2-fold greater or fewer than
0.5-fold in the nAg-exposed cells compared to the control with
FDR < 0.01. These microarray data are available at NCBI GEO
(accession no. GSE43331).

Cloud Point Extraction of nAg Particles. We recently established a
customized protocol of cloud point extraction for separation of
nAg particles and Ag ions in mammalian cells, and this method
was successfully used to quantify nAg particles and Ag ions in
Hep G2 cells.?® We thus followed this method to quantify nAg
particles and Ag ions in MEL cells with modifications.?® To avoid
possible dissolution of nAg by HNOs during pH adjustment,
we prepared tubes with 9 mL of ultrapure H,O at pH 3.4
supplemented with 0.2 mL of Na,S,03 and 0.3 mL of Triton
X-114 (TX-114) prior to collection of cells. After exposure to nAg
at 8 ug/mL for 24 h, MEL cells were collected after a 3x wash
with PBS, and lysed in 1 mL of ultrapure H,O, followed by
incubation in ice for 15 min. Thereafter, cell lysates were quickly
added into the prepared tubes with 9 mL of H,0 and incubated
for 10 min in ice, followed by incubation in a water bath for
30 min at 40 °C. These tubes then were centrifuged at 3000 g
for 5 min to facilitate phase separation. Finally, nAg particles
were concentrated into TX-114-rich phase, and Ag ions were left
in the aqueous phase. The mass of nAg particles and Ag ions
was determined by ICP-MS.

To evaluate the possible dissolution of nAg by HNO3 during
the experiment of cloud point extraction, we determined the
concentrations of Ag ions in the stock solution before and after
cloud point extraction. Briefly, nAg from the stock solution was
diluted in H,O to a concentration of 1 ug/mL, and then three
aliquots of the diluted stock solution were immediately tested
for Ag ion concentrations, and another three aliquots were
subject to cloud point extraction. Concentrations of released Ag
ions in the diluted nAg stock solution were measured using
a silver/sulfide ion selective electrode (Van-Landon pHoenix,
Houston, TX) as previously described.”® Various concentrations
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of Ag ions (in AgNOs) were used to conduct a standard curve.
Based on this standard curve, the concentrations of released
Ag ions in the diluted nAg stock solution were determined.
The proportion of Ag ions of the total Ag was about 11.6% in the
diluted nAg stock solution. Meanwhile, the proportion of Ag
ions was 12.2% of the total Ag with 87.8% of nAg for the diluted
nAg stock solution after cloud point extraction, similar to that in
the initially prepared diluted nAg stock solution before cloud
point extraction, suggesting no significant dissolution of nAg
during cloud point extraction.

Detection of Reaction Oxygen Species (ROS) Production. Generation
of ROS was assessed by DCF staining. After DMSO induction for
3 d, MEL cells were cultured in 96-well plates and treated with
nAg for 1, 3, 6, 12, and 24 h, followed by incubation with 10 uM
DCF (Sigma-Aldrich) for 30 min at 37 °C. Thereafter, cells were
subject to fluorescence analysis on a plate reader at the excita-
tion wavelength of 488 nm and the emission wavelength of
525 nm.

LIP Measurement by FACS. The intracellular LIP level was de-
termined as previously described.”® Briefly, cells were collected
and washed twice with PBS, followed by incubation with 0.5 M
CA-AM (calcein acetoxymethyl ester; Sigma-Aldrich) for 15 min
at 37 °C. Thereafter, cells were washed twice with PBS and then
equally divided into two parts with one treated with 100 uM
DFO (Sigma-Aldrich) for 1 h at 37 °Cand the other left untreated.
Calcein was excited at 488 nm and measured at 525 nm with
a flow cytometer (BD, FACS Calibur). Intracellular LIP value was
calculated after deduction of the cellular fluorescence in DFO-
treated cells by that in untreated cells.

Statistical Analysis. All results were presented as means +
SEM. The difference between two groups was assessed using
an independent t test. One-way analysis of variance (ANOVA)
was used to analyze the mean differences among groups
compared to the control group. P < 0.05 was considered
statistically significant.
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