Use of Synchrotron Radiation-
Analytical Techniques To Reveal
Chemical Origin of Silver-Nanoparticle
Cytotoxicity

Liming Wang," Tianlu Zhang,™® Panyun Li,*® Wanxia Huang,* Jinglong Tang," Pengyang Wang," Jing Liu,"
Qingxi Yuan,* Ru Bai," Bai Li," Kai Zhang,* Yuliang Zhao," and Chunying Chen*'

TCAS Key Laboratory for Biomedical Effects of Nanomaterials and Nanosafety, National Center for Nanoscience and Technology of China and Institute of High Energy
Physics, Chinese Academy of Sciences, Beijing, China and *Beijing Synchrotron Radiation Facility, Institute of High Energy Physics, Chinese Academy of Sciences,
Beijing, China. SThese authors contributed equally.

ABSTRACT To predict potential medical value or toxicity of nanoparticles
(NPs), it is necessary to understand the chemical transformation during
intracellular processes of NPs. However, it is a grand challenge to capture a
high-resolution image of metallic NPs in a single cell and the chemical
information on intracellular NPs. Here, by integrating synchrotron radiation-
beam transmission X-ray microscopy (SR-TXM) and SR-X-ray absorption near
edge structure (SR-XANES) spectroscopy, we successfully capture the 3D

distribution of silver NPs (AgNPs) inside a single human monocyte (THP-1), "
associated with the chemical transformation of silver. The results reveal that " Apoptosis
the cytotoxicity of AgNPs is largely due to the chemical transformation of particulate silver from elemental silver (Ag”),, to Ag™ ions and Ag—0—, then
Ag—S— species. These results provide direct evidence in the long-lasting debate on whether the nanoscale or the ionic form dominates the cytotoxicity of
silver nanoparticles. Further, the present approach provides an integrated strategy capable of exploring the chemical origins of cytotoxicity in metallic

nanoparticles.
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ecently, critical reviews have com-
Rmented on the significant weakness

of the nanotoxicity studies in the past
decade and suggested fields to improve
in the future."” One of the most important
aspects is to elucidate the underlying
chemical mechanisms of nanotoxicity and
clarify whether the nanoscale size of parti-
cles or their decomposition products
mediate the cytotoxicity observed.' Silver
nanoparticles (AgNPs) have been broadly
used in industry, daily life, and healthcare
fields.>~ However, reactivity of AGNPs and
their potential degradation raise concerns
about their biological and environmental
safety.5° Exposure to AgNPs in vivo may
cause circulatory translocation and induce
cytotoxic risks to monocytes, macrophages,
and other blood cells,® 8% which govern
both the clearance of NPs and the immune
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responses to them."> 2% AgNPs can induce
oxidation stress, immune effects, genotoxi-
city, and apoptosis to cells,”~'>?'22 possibly
due to the changes in physicochemical
properties accompanying the degradation
of AgNPs.> %> Due to the lack of in situ
information, how AgNPs induce these re-
sponses is still unclear. The debate is
whether the AgNP toxicity mainly originates
from particle-specific effects, the degraded
forms of AgNPs, or the triggered oxidation
stress,! 72628

Nanosilver colloids in an environmental
media may contain three forms of silver:
Ag0 solids ((Ago),,), free Ag*, and surface-
adsorbed Ag™ ions.??"3! Both the release
of Ag" ions*? and the induced reactive
oxygen species (ROS) in the process may
increase AgNP cytotoxicity.>*** Therefore,
controlling the Ag™ ion release was proposed,
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and this release was systematically slowed by thiol and
citrate ligand binding, formation of sulfidic coatings, or
the scavenging of peroxy-intermediates.®*3® Never-
theless, Ag* ions may not be the only chemical species
associated with cytotoxicity or cell death.>” Nanoscale
silver NPs may also have complicated and dynamic
processes inside cells including uptake, accumulation,
exclusion, and degradation into ions in the acidic
endo/lysosomes, as well as chemical interactions of
AgNPs or Ag* ions with chloride ions, thiol-containing
molecules like cysteine, glutathione, proteins, and/or
lipids, etc.3®*' To understand whether these pro-
cesses dominate AgNP cytotoxicity, we need to obtain
in situ chemical information on silver and also correlate
the physicochemical changes of intracellular NPs with
the cellular responses, both in time and space.

State-of-art techniques are capable of providing
chemical information including the distribution in situ
and the chemical forms of intracellular silver. Surface-
enhanced Raman scattering (SERS) imaging,**** laser
ablation-inductively coupled plasma-mass spectro-
metry (LA-ICP-MS),** dark field microscopic imaging,'*
focused ion beam scanning electron microscopes
(FIB/SEM),** and so on have been employed to deter-
mine 2D distribution and accumulation of silver inside
cells. With respect to microscopic images, confocal
microscope has a resolution of around 200 nm to
observe the spatial localization of intracellular fluoro-
phore-labeled NPs. Transmission electron microscope
(TEM) also has the advantage of ultrahigh 2D resolution
(sub-nm to several nm) for detecting the local NPs in
ultrathin cell slices with dozens of nanometers thick-
ness. For nonlabeled AgNPs, chemical information-
based imaging will be more powerful to visualize these
NPs within cells, while single cell imaging is highly
required to reveal the spatial distribution and accumu-
lation of NPs rather than a limited 2D area. Furthermore,
to characterize the chemical forms of silver, cloud
point extractions assisted by ICP-MS determination,*®*’
high-resolution TEM (HRTEM),*® X-ray photoelectron
spectrum (XPS),*° and fluorogenic and chromogenic
probes' have been used to detect different species of
silver like AgNPs, Ag,S, and the soluble silver.

To better understand the cytotoxic origin, it is crucial
to reveal the chemical information on silver using non-
destructive chemical speciation analysis and in situ
single cell imaging with high resolution. Recently, the
synchrotron radiation (SR) transmission X-ray micro-
scope (SR-TXM) has emerged as a novel tool especially
for single cell imaging that has favorable sensitivity and
high spatial resolution of tens of nanometers when
equipped with phase ring and an objective zone
plate.>>>* SR-TXM is able to differentiate signals be-
tween cell background and the metallic NPs (Table S1,
Supporting Information) because the low elements
from cells and the heavy metallic NPs/ions absorb
and refract X-rays in distinctly different ways.>* At the
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beamline 4W1A of Beijing Synchrotron Radiation
Facility (BSRF), TXM microscope can provide a high
spatial resolution (ca. 60 nm) imaging with a field of
view around 15 um.>®* The monocytes have a size
smaller than 10 um, and AgNPs inside cells are suitable
for high-resolution imaging under TXM. To analyze
chemical information, SR-X-ray absorption near edge
structure (XANES) is a sensitive fingerprint to nondes-
tructively determine chemical species of element in
complex biological samples.>®

Herein, we studied the correlation of chemical
information on AgNPs with their cytotoxic effects
to human peripheral blood monocytes (THP-1). We
combined SR-TXM 3D imaging and SR-XANES with
measurements from conventional approaches like
ICP-MS and TEM to capture key chemical information
like intracellular accumulation and the changes in
their chemical species. The SR-TXM imaging, together
with TEM, was important to provide combined images
for in situ 2D location and 3D accumulation of AgNPs
in a cell. Then, SR-XANES, with RT-PCR and circular
dichroism (CD) spectrum, was able to reveal the
chemical transformation of intracellular silver. Finally,
we explored the cellular and molecular responses
including the changes in structure and function of
organelles, apoptosis, and the signaling pathway
accompanying the temporal and spatial changes of
the chemical states of AgNPs.

RESULTS AND DISCUSSION

Characterization of AgNPs and Cytotoxicity. AgNPs were
provided by the Institute for Health and Consumer
Protection (IHCP, one Joint Research Centre of European
Commission located in Italy) as a part of the European
Commission's Seventh Framework Programme. Synthe-
sized AgNPs were dispersed in Tween-20 (Figure S1A,
Supporting Information). TEM images confirmed a mean
size of 20 £ 3.1 nm (Figure 1A). The mean hydrodynamic
size was 382 + 2.7 nm as determined by dynamic
light scattering in pure water (Figure S1B, Supporting
Information) and the zeta potential was —4.3 + 1.2 mV
(Figure S1C, Supporting Information). Surface coating by
Tween-20 maintained the AgNPs in dispersed state in
pure water with close to neutral surface charge. When
incubated with medium, AgNPs increased their sizes
due to serum protein adsorption and partially formed
small aggregates of about d = 400 nm (Figure 1B).

Both AgNPs and silver ions decreased the cell viabi-
lity of THP-1 in a dose- and time-dependent manner
as determined by CCK-8 assay, which were shown as
the mitochondrial dehydrogenase activity (Figure 2A).
Silver ions caused stronger toxicity than AgNPs at the
same dose. The half-maximal inhibitory concentrations
(ICs0) for AgNPs were 14.6 and 8.3 ug mL™' at 24 and
48 h, respectively, while ICso values for Ag™ ions at
24.and 48 h were 5.3 and 2.9 ug mL™ . Live—dead assay
was also used to measure the live or dead cell ratio after
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Figure 1. Characterization of AgNPs. (A) TEM image of Tween-20 dispersed AgNPs. (B) Hydrodynamic size distributions
of 10 ug mL~" AgNPs during 24 h in ddH,0 and 10% FBS-supplemented RPMI 1640 medium.
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Figure 2. Cytotoxicity of AgNPs and Ag™ ions. (A) Impacts of AgNPs, Ag™ ions, and the dispersant (Tween-20) on the
mitochondrial dehydrogenase activity shown as cell viability vs the dose- and time-dependence. Data are shown as mean and
standard deviation (n = 4). (B) Influence of AgNPs, Ag" ions and Tween-20 on the percentage of live cells determined by

Live—Dead assay.

the treatment (Figure 2B). The results showed that at
24h,10ugmL™" AgNPsand 5 g mL™" silver ions caused
strong cytotoxicity and induced more cell death, which
were used for the following experiments on cellular
effects and the related physicochemical mechanisms.

Cellular Accumulation and Exclusion of AgNPs. THP-1 cells
were exposed to 10 ug mL~' AgNPs for 24 h, and
the amount of silver in THP-1 cells was quantified by
ICP-MS. The observed highest accumulation of silver
was at 24 h (Figure 3A), which was proximate to the
intracellular amount of silver at 48 h uptake (ca. 10.6 +
1.3 pg/cell). Then, the cell culture medium was replaced
by a NP-free medium containing 0.2% FBS to study the
exocytosis process for an additional 48 h. When AgNPs
in the medium was discarded, THP-1 in fresh medium
(only with 0.2% FBS) could exclude silver outside cells.
The direct evidence was the quantification of the
secreted silver in fresh medium by ICP-MS. At such a
low concentration of serum, THP-1 cells maintained a
slow proliferation rate of ca. 5.8%. In this case, we could
compare the amount of silver inside cells at 24 h uptake
with that during the removal process (Figure 3A). The
excluded silver was calculated by the ratio of total silver
in the medium and the amount of internalized silver at
24 h. If the low proliferation rate was neglected, THP-1
cells were able to remove ca. 71% of the total silver 24 h
later and ca. 82% 48 h later (Figure 3B).
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3D Tomographic Imaging of AgNPs in a Single Cell by
SR-TXM. At BSRF X-ray Imaging Beamline (4W1A), we
employed SR-TXM to create a 3D tomographic image
of AgNP locations inside a single cell. Light elements
like carbon, hydrogen, oxygen, nitrogen, sulfur,
chloride, sodium, etc. make up inorganic salts, ions,
biomolecules, the components of cells, and subcellular
structures. The X-ray absorption ratio and refractive
index of silver are much higher than those of light
elements in cells; thus, one can distinguish among
silver and other elements within a cell sample
(Table S1, Supporting Information). To obtain an entire
data set for 3D computed tomography, 321 SR-TXM
image slices were collected for the cell sample on a
holder during its rotation between —80 and 80° step
by step. The 2D and 3D distribution of the silver can be
generated by graph segmentation, reconstruction, and
cutting cell slices. To show the distribution of the silver
in a single cell, the high-resolution optical information
on each recorded layer of a cell was reconstructed into
a 3D image by computed tomography.

Detailed three dimension reconstruction informa-
tion about THP-1 cells for Control, 24 h uptake, 12 h
removal, and 48 h removal should refer to the 3D
animation results of Supporting Information Movies,
avi files 2, 3 (Movie 12 as the phase contrast imaging
result unlabeled by pseudo colors), 4, and 5, respectively.
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Figure 3. Cellular uptake, accumulation, and exocytosis of AgNPs. (A) Intracellular amount of silver during the AgNP uptake in
a 10% FBS-supplemented medium and the exclusion of silver in a fresh 0.2% FBS medium, as determined by ICP-MS. (B) The
ratio of removed silver in the free medium to the total accumulation of silver at 24 h uptake by THP-1 cells, as determined by
ICP-MS. Data are shown as mean and standard deviation (n = 4). (C) The spatial distribution of AgNPs in a single cell captured
by SR-TXM. Smaller colored spots indicate particles or vesicles on the surface or inside the cells. Green, yellow, and red colors
indicate increasing gradients of X-ray absorption intensity by vesicles or aggregated particles. The larger red particles in the
square blue frames are gold particles used as a reference for data reconstruction-processing. The color bar indicates the
related contrast signals from X-ray absorption of silver inside cells. The detailed information extracted from the 3D
tomography of AgNPs in a single cell is also shown for 24 h uptake (Supporting Information Movie, avi files 6,7,8, and 12)
and for 48 h exocytosis (Supporting Information Movies, avi files 9,10,11).

After image segmentation, the results can be shown as
rotation, 2D slice, and 2D projection modes. The 24 h
uptake results were shown as Supporting Information
Movies, avifiles 6, 7, and 8, respectively, whereas the 48 h
exocytosis results were shown as Supporting Information
Movies, avi files 9, 10, and 11, respectively. To show
the locations of AgNPs on the cell membrane or in the
cytoplasm, we showed several random series of slices
in a single cell at 24 h uptake from the raw data of SR-
TXM phase contrast images (Figure S4, Supporting
Information). As shown in Figures 3C and 4, SR-TXM
images clearly indicate the accumulation of silver
followed by exocytosis, which is consistent with the
ICP-MS results (Figure 3A,B). According to random slices
of TXM phase contrast images (Figure S4, Supporting
Information), we observed that at 24 h uptake most of
AgNPs were located in the cytoplasm, in accordance with
other reports (based on TEM) that AgNPs are mainly
located in the endosomes and the lysosomes.'* 1922

A comparison of this spatial distribution of silver
is shown in Figure 3C, where the blue pseudo color
represents the cell background and the yellow, red,
and green colors represent silver-containing vesicles
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sized in a 200—600 nm range. The highest accumula-
tion was observed at 24 h, as illustrated by the number
of colored vesicles or spots (Figure 4A1—7 and B1-7;
Supporting Information Movie, avi file 2 as control, and
avi file 3 at 24 h uptake). During exocytosis, the intra-
cellular concentration of silver decreased with time
(Figure 4C1—7 and D1-7, Supporting Information
Movie, avi file 4 at 12 h removal, avi file 5 at 48 h
removal), as shown by the decreasing number of bright
vesicles or spots. The AgNPs accumulated at a 24 h
uptake (Figure 4A1—7) was shown as purple spots.
Random internal slices may be observed from three
directions: the xy, xz, and yz planes. From the represen-
tative cell cross sections, we observed that the purple
spots indicating AgNPs were encircled by the gray
vesicles (Figure 4B1—7). The actual contact area of silver
on the slices can be seen as purple spots on the random
white 2D plane. AgNPs was preferentially located in the
cytoplasm close to the cell membrane and around the
center (nucleus) (Figure 4A3, B3; A5, B5; Figure S4 and
Movie avi file 12 in Supporting Information).

During uptake and exocytosis, the accumulation
and localization of AgNPs could also be observed by
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Figure 4. 3D tomographic images of AgNPs within a single THP-1 cell. Two representative series of cross sections from the
bottom up of single cells that have internalized AgNPs for 24 h (A1—7) and undergone exocytosis for 48 h (C1-7),
respectively. The projected spots on the gray sections indicate the contact area of silver-containing vesicles. 2D distribution
information on AgNPs corresponding to the 3D tomography is indicated by the purple spots on each white cross section for
uptake process (B1—7) and exocytosis (D1—7).

TEM. After a 24 h uptake, TEM images showed that AgNPs (Figure 5A). AgNPs were not observed to locate
AgNPs were mainly localized at vesicles such as the at the mitochondria and the nuclei; however, the
endosomes or the lysosomes with differing sizes of mitochondrial structure changed and became swollen
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Figure 5. TEM images of AgNPs within and around THP-1 cells. (A—D) TEM images of cells and AgNPs after a 24 h uptake of
AgNPs (A), followed by 12 h (B), 24 h (C), or 48 h (D) of exocytosis. For each figure on the left, representative images are shown
in zoomed insets. The capital letters N, M, E/L, Exo, and Ve are short for the nuclei, the mitochondria, the endosomes/
lysosomes, the structures for exocytosis, and the vesicles to remove silver, respectively. In panel D, the orange arrowhead
points to the vesicle that removes AgNPs and the black arrowhead shows AgNPs.

and round (Figure 5A, Figure S2 in Supporting
Information). During exocytosis, AgNP-containing ves-
icles were also secreted by THP-1 cells (Figure 5B—D),
while a part of expelled AgNPs seemed to be included
in vesicles or close to them (Figure 5B,D). The removal
of AgNPs restored the subcellular structures. At 48 h of
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exocytosis, fewer vesicles could be observed in the
cells than at 24 h, and the number of mitochondria
with normal shape and morphology also increased
(Figure 5C,D). The use of uranyl acetate in solution
(pH 4.0) to stain cells may lead to the dissolution of
AgNPs; therefore, it is difficult to confirm the dissolution
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of AgNPs inside cells directly from a TEM image. How-
ever, TEM combined with other sensitively analytical
techniques, such as XANES, makes it possible to
characterize the degradation of AgNPs.

To view the accumulation and the removal of
silver for a whole cell, SR-TXM 3D imaging is more
informative than TEM images with 2D cell sections. 2D
(a variety of cell slices) and 3D (in a whole cell) views of
AgNPs in a single cell provide in situ, sensitive, non-
destructive, and high-resolution images of intracellular
NPs. On the basis of 2D localization and 3D distribution
of AgNPs, AgNP toxicity is possibly due to the accu-
mulation of silver, in accordance with other reports.?

Chemical Transformation of Silver in the Cells. In the acidic
endosome and lysosome system, AgNPs may be de-
graded into ions®>*' and may generate ROS.>® How-
ever, the ionic silver is not a stable form in a biological
system and it may react with ligands like CI~, Br~,
thiols, peptides, or proteins.*’*”>® To detect these
chemical forms, we employed SR-XANES, a powerful
technique to characterize elemental speciation in
complicated biological samples.>®5°

On the basis of silver K-edge XANES, five reference
samples for silver such as Ag foil (elemental Ag), Ag,0,
Ag,S, AgCl, and AgNO; (for Ag™ form) were used to fit

TABLE 1. Time-Dependent Changes in Sliver Species
inside THP-1 Cells Based on Silver K-Edge XANES

chemical forms and the ratio (%)

(Ag"), Ag—0— Ag—S— Ag’ AgCl
AgNPs 9194£23 91425 0 0 0
12 h uptake 608+38 328+£21 0 64413 0
24 h uptake B4+£31 263£15 331£27 0 0
12 h exocytosis 405425 158417 447433 0 0
24 h exocytosis 354 +£22 0 646 +£42 0 0
48 h exocytosis 214433 0 786£51 0 0
A

Ag K-edge XANES

25520 25560
Energy (eV)

25480

25600 25480

XANES results of test samples. The shapes of XANES
spectra are quite different for different silver reference
samples, e.g., the peak shapes for Ag—S— (a flat peak)
and (Ag®), (a sharp peak) are quite distinct. The shape
of the XANES peak for AgNPs was similar to that of
Ag foil, but changed to that of Ag—S— during inter-
nalization and exocytosis, which was consistent with
the fitted data for Ag species (Table 1). The least-
squares fitting results showed that the original AgNPs
contained 93.1% elemental Ag and 6.9% Ag—O—
(Figure 6A), providing that surface of the silver NPs
had been oxidized before uptake. During the uptake
and exocytosis, XANES results and the data fitting
clearly showed changes in silver chemical forms
(Figure 6B, Table 1), indicating that AgNPs were gra-
dually transformed into Ag—O— and then Ag—S—
forms. For the accumulated AgNPs, the fluctuation of
the Ag—O-— ratio suggests that Ag—O— is a midpro-
duct between (Ag®), and Ag—S—. Inside the cells, the
exposure to cysteine, cystine, and methionine moieties
of the abundant peptides, proteins and other anti-
oxidant molecules such as metallothioneins (MTs) may
provide abundant sulfur sources to coordinate with
silver.5'42

The transformation of silver inside cells is a compli-
cated process. In the presence of organic acids, silver
atoms on the surface of AgNPs can degrade into
ions and Ag—O— species that subsequently bind to
thiols derived from sulfur-containing molecules. The
stability of Ag—S— is stronger than Ag—O— due to the
dissociation constant of Ag,S which is about K= 10"°%
the characteristics in dissociation constant drive
more silver ions to thiols.>” The degradation of
AgNPs can also induce ROS.>® Both ROS and dissolved
oxygen oxidize the surface silver into Ag,0 (Ag—O—
speciation).*® Then, the dissolution of Ag,O into
ions, possibly binding to organic acid molecules
(Ag—OOC—R), and then generation of Ag—S— by

h Uptake  ---Fit
12'h Exocyftosis - - -Fit
S P
/ J,L24 h Exocytosis - - -Fit

Ag K-edge XANES W

25560

25520
Energy (eV)

25600

Figure 6. Chemical transformation in silver species inside THP-1 cells. (A) Chemical species of silver in reference samples and
AgNPs as determined by silver K-edge XANES. (B) Changes in silver chemical species of the cell samples during the cellular
uptake of AgNPs and the removal of silver according to silver K-edge XANES. The uptake process indicates a continuous
exposure to 10 ug mL~' AgNPs for 12 or 24 h, while the exocytosis process shows an additional 12, 24, and 48 h after a 24 h

uptake.
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Figure 7. Gene modulation of THP-1 cells by AgNPs and the change in secondary structures of MT protein exposed to Ag™"
ions. (A and B) Changes in mRNA level of the metal chelation and exporting-related genes after the exposure to AgNPs or Ag ™"
ions for 12 h (A) and 24 h (B). MT families are responsible for chelating metal ions, while ABCC1, DMT1, and ATP7A play roles in
exporting metal ions or compounds. Data are presented as mean value and standard deviation (n = 3). (C) Changes in
secondary structures of MT during its interaction with Ag" ions as measured by CD spectra. (D) Characterization of silver
speciation according to Ag Ls-edge XANES when Ag™ ions bind MT-1 protein. XANES data are normalized and described as the

ratio of different species.

interacting with thiol-containing proteins or polymers
(such as polyethylene glycol thiol) probably drive
the degradation of AgNPs by forming more stable
species.**763765 At 12 h uptake, almost 40% of AgNPs
were oxidized to Ag—O— species (32.8%) or degraded
into silver ions (6.4%) with an elevated ROS level
(discussed later). At 24 h uptake, even more AgNPs
turned out to be Ag—O— (26.3%) or Ag—S— species
(33.1%). During exocytosis for 48 h, the percentage of
elemental Ag (21.4%) decreased, while most of the
silver existed as Ag—S— (78.6%) (Table 1). One possible
mechanism is that cysteine or cysteine-containing
peptides may be bound to the AgNP surface to
induce its further oxidation and binding to carboxy
groups to form Ag—O—, subsequent dissolution, and
exocytosis.2*4164

Furthermore, the molecular biological results pro-
vide evidence to correlate chemical transformation
of NPs to the exclusion of silver and cytotoxicity.
Previous proteomic or global gene expression profiling
studies showed that the exposure to AgNPs or Ag™
ions may activate pathways that are associated
with oxidation stress,'®®%%” metal transport systems
and detoxification.3*®" In general, metal transport
proteins or genes including ATP-binding cassette
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transporter subfamily C member C1 (ABCC1), divalent
metal transporter 1(DMT1) and copper-transporting
ATPase 1 (ATP7A) are responsible for transport-
ing or excluding metal ions and metal-bound
molecules.3*3889 we found that THP-1 cells signifi-
cantly increased mRNA expression of these genes
during the uptake and the removal of silver
(Figure 7A,B, Figure S3A,B in Supporting Information).
DMT1 is responsible for both the cellular intake of
metals and the release of metals into cytoplasm from
the lysosomes.®® During the uptake and exclusion
processes, the higher levels of DMT1 mediated the
release of degraded forms of silver from the lysosomes
to the cytoplasm. Cysteine-containing biomolecules
such as MTs may directly bind Ag—O— in the cyto-
plasm to form Ag—S— bond. Proteins of MT family
are mainly located in the cytoplasm and contain
20 cysteine residues to bind metal ions in order to
reduce toxicity.”® In this case, exposure to AgNPs
induced 5-fold increase of mRNA level of MTs at
12 h and 10-fold at 24 h, in accordance with other
reports."%27172 Binding of silver to MTs was indirectly
supported by changes in the secondary structures of
MT by circular dichroism (CD) spectra (Figure 7C and
Table 2). Cysteine residues in MTs were bound to

ACNT AN
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dissolved silver to form Ag—S— bonds as indicated by
Ag Ls-edge XANES spectra (Figure 7D).

ABCC1 and ATP7A metal transporters may also play
a role in exporting intracellular silver (Figure S3A,B,
Supporting Information). THP-1 cells responded to
silver ion exposure by elevating expression of ABCC1
and ATP7A-related proteins (Figure S3A, Supporting
Information). However, expression of other exporter
genes such as ATP7B and vesicle secretion-related

TABLE 2. Changes in Secondary Structures of MT Protein
That Interacts with Silver lons®

secondary structures of MTs

concentration of Ag" mixed with MTs  oc-helix ~ f-sheet S-turn  random
0 2.5% 499% 0 47.6%
125 ug mL™! 4.8% 478% 0 47.4%
25 ug mL™! 8.2% 48% 0 43.8%
50 ug mL~" 8% 18%  87%  50.2%

“In PBS (pH 7.2, chloride ion-free) and at room temperature, 0.2 mg mL~"MTis
incubated with silver ions at different concentrations for 30 min. To measure the (D
signals of MT in the mixture, the secondary structure information shows the hinding
of MT with silver ions.

TRAPP3 did not change after treatment with AgNPs
and/or silver ions. Therefore, the soluble Ag—S— form
might be a form of silver for monocytes to remove.
We speculate that binding of soluble silver to the cell
membrane/organelle structure proteins and enzymes
in mitochondrial respiratory chains triggers toxicity.
Cellular Responses to AgNP Exposure. With the dissolu-
tion of AgNPs, both ROS and the interaction between
soluble silver (Ag™ and Ag—0—) and thiol-containing
molecules may induce structural and functional
changes in THP-1 cells. Live—Dead assay showed that
AgNPs above 10 ug mL™" directly caused cell death as
compared with 5 ug mL™" of silver ions, suggesting
that the cytotoxicity of AgNPs was partially caused
by the ionic form of silver (Figure 8A). Once located
at the lysosomes, the degradation of AgNPs caused
leakage of the lysosomal membrane as determined by
an AO assay (Figure 8B), although AgNPs and Ag ions
induced less lysosomal membrane permeation (LMP)
than a positive control drug polyethylenimine (PEI).”?
But both could induce impairment in lysosomal
membranes in a dose-dependent fashion. Moreover,
silver ions decreased the integrity of the lysosomal
membranes more than AgNPs did, partly because the
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Figure 8. Influences of AgNPs and Ag" ions on cell death, lysosomal membrane permeation (LMP), and mitochondrial

membrane potential (MMP). (A) Impacts of AgNPs, Ag ions,

and Tween-20 on cell survival and death using Live—Dead assay.

Data are shown as mean value and standard deviation (n = 4). (B) Dose-dependent change in the lysosomal membrane
integrity when cells are expose to AgNPs or Ag" ions for 12 h, as determined by AO assay. Treated with 2 ug mL™"
polyethylenimine (PEI), THP-1 cells are used as a positive control. Data are shown as mean value and standard deviation (n = 3).
The asterisks represent significant differences between the control and test samples (p < 0.05). (C) Changes in the MMPs after a
24 h exposure to AgNPs or Ag™ ions, as determined by Rhodamine 123 fluorescence intensity. (D) Time-dependent change in

the MMPs when cells are exposed to 10 xg mL™" AgNPs.
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Figure 9. Influence of AgNPs on the oxidative stress level, cell viability, and apoptosis. (A) Intracellular ROS level determined
by DCFHDA with flow cytometry. (B) Influence on the mitochondrial dehydrogenase activity when cells are exposed to AgNPs
with or without NAC for 12 and 24 h. (C) Proportion of the early apoptosis and death induced by AgNPs and Ag* ions after 24 h
exposure, which is based on flow cytometry. (D) Change in the apoptosis-correlated proteins after 12 or 24 h exposure to
10 ug mL™’ AgNPs. Data are shown as mean and standard deviation (n = 3). The asterisks (*) represent significant differences
between the control and test samples (p < 0.05), while the pound signs (#) indicate significant differences between AgNP-
treated THP-1 cells supplemented with NAC or not (p < 0.05).

exposure to silver ions is an immediate effect, while
the release of ions from AgNPs is a time-dependent
process.

Not only is the lysosome a digestive organelle, but it
is also involved in the lysosome-mediated apoptosis
via a ruptured lysosomal membrane, which releases
hydrolytic enzymes to trigger mitochondrion-mediated
apoptosis.”>”* We measured the changes in the mito-
chondrial membrane potentials (MMPs) with a flow
cytometry using the Rhodamine 123 (Rh123) assay,
where cells with lower MMPs accumulate less fluores-
cent Rh123. We found that AgNPs reduced MMPs
in a dose- and time-dependent manner (Figure 8C,D).
Ag ions at 5 ug mL™" concentration resulted in effects
comparable to those of 10 ug mL™'AgNPs, suggesting
that the degradation of AgNPs into ions partially
contribute to reduced MMP levels (Figure 8C). At 24 h,
both silver ions and AgNPs decreased MMPs, which
constitutes an early event to trigger apoptosis.

Usually, decreased MMP generates a substantial
amount of ROS.”>76 Both Ag™ ions and AgNPs elevated
intracellular ROS levels at 12 and 24 h (Figure 9A).
AgNPs produce both time- and dose-dependent ROS.
The level of ROS induced by AgNPs was lower than
Ag™ ions after 12 h exposure, while both of them were
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approximate after 24 h exposure. Mitochondrial dehy-
drogenase activity is also influenced by MMPs and is
positively correlated with cell viability. When THP-1
cells were exposed to AgNPs, cell viability decreased
with time (Figure 9B), and the inhibition effects of
5 ug mL™' Ag™ ions on cell viability are comparable
to 10 ug mL~" AgNPs. After exposure to AgNPs, a ROS
inhibitor, N-acetyl-cysteine (NAC), lowered the cellular
ROS levels inside THP-1 cells and restored their
viability, indicating that the induced ROS contributed
to cytotoxicity of AgNPs. Therefore, both AgNPs
(10 ug mL™") and Ag" ions (5 ug mL™") induced
approximate cytotoxic effects probably due to the
degradation of AgNPs and the release of soluble silver
companying with ROS generation.

Next, we evaluated the apoptosis ratio after treatment
either with AgNPs or Ag™ ions. Flow cytometry results
showed that both induced early apoptosis of THP-1
cells, and Ag™ ions at 5 ug mL™' cause an effect inter-
mediate between those of AgNPs at 10 and 20 ug mL ™"
(Figure 9C). In accordance with the above results regard-
ing LMP, MMPs, ROS, and cell viability, the apoptosis result
showed that AgNPs are less toxic than silver ions.

Detailed molecular events including the regulation
of bax, caspase 3, bcl-2, and p53 expression are involved
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in the activated apoptosis process (Figure 9D). At 12 h,
AgNPs elevated ROS levels and promoted the expres-
sion of bcl-2 for survivor. At 24 h, cells failed to protect
themselves from the degraded silver, and thus, the
strong oxidative stress caused a decline in the expres-
sion of bcl-2, along with elevated p53 expression.
Moreover, both the degraded silver and ROS can induce
cell damage, which increased the expression of bax and
provoked bax-mediated apoptosis. Then, bax activated
caspase 3 by increasing the cleavage of caspase 3,
which then executed the apoptosis program. Therefore,
both the cellular and molecular events indicate that
AgNPs can induce apoptosis as a result of their
degradation and an elevated level of ROS.

Due to the complexity of a cell sample, it is a grand
challenge to capture in situ chemical information
on NPs inside a nondestructive cell. To this end,
some pioneering efforts have been made, for example,
FIB/SEM complemented with energy-dispersive X-ray
spectroscopy was employed to observe the cellular
uptake and the intracellular distribution of agglomer-
ated AgNPs.*® This method requires cutting a cell using
ion milling in order to visualize the intracellular parti-
cles. LA-ICP-MS microbeam mapping was used as an
in situ but destructive technique to detect silver in a
single cell with a beam size area of several micrometers
squared (um?).** Meanwhile, SERS imaging technique
was also used obtain in situ and nondestructive infor-
mation for protein or cysteine-bound AgNPs, which
could map intracellular AGNPs in 2 um steps.*

The use of SR coherence monochromatic X-rays and
energies tunable from soft to hard X-rays is beneficial
for studying a cell-NP interaction system. The recent
development of zone plates also allows a much smaller
beam focus and improves the spatial resolution up to
tens of nanometers,”””® a suborganelle level. SR-TXM
is capable of nondestructive and single cell imaging;
however, the planar resolution of SR-TXM images is
lower than that of TEM, and SR-TXM can hardly distin-
guish single nanoparticle in sizes of several tens of
nanometers. To overcome this disadvantage, we here
integrated SR-TXM with TEM to reveal both the overall
and the local accumulation and dynamic translocation
of silver inside a cell. In some previous studies, AgNP
aggregates within vesicle structures of cells were
determined by combining 3D cryo-soft X-ray tomogra-
phy (cryo-SXT) and TEM techniques.**** The cryo-SXT
imaging was performed under a water window with
K-edge binding energies for carbon (284 eV) and
oxygen (543 eV), where water is relatively transparent,
so the organelle or membrane structures and metallic
NPs were visualized.”*”?8° The soft X-ray has a pene-
tration depth less than 10 um, and provides only partial
imaging of a cell sample with a less contrast to metallic
NPs.#>43 The use of hard X-ray (at 8000 eV) in TXM
imaging has a capacity to penetrate a thicker sample
for visualizing NPs in three dimension of a whole cell.
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The limitation of hard X-ray is its transparency to
subcellular vesicle due to its less contrast for carbon
and oxygen elements. So, a perfect approach is to
integrate the cryo-SXT 3D imaging (preferred for cel-
lular components) and SR-TXM 3D imaging (preferred
for metallic NPs) for cell—NPs samples. This integration
needs the development of an interface system to
correlate the information obtained from these two
imaging approaches.

With SR-XANES, we are able to reveal chemical
information about silver speciation accompanying
intracellular dynamic processes. When equipped with
multiple element solid detectors, SR-XANES has a
detection limit of several parts per million (ppm) and
is capable of determining chemical speciation compo-
sition of silver element inside cell samples with high
sensitivity. SR-XANES can provide chemical forms of
intracellular silver to understand the degradation and
transformation of AgNPs. On the basis of SR-XANES,
a previous work demonstrated that silver within AgNP
and Ag" ion-exposed Caenorhabditis elegans worms
was complexed with sulfur atoms®' in accordance
with our result.? Importantly, SR-XANES also renders
the study about interaction of Ag"' ions with sulfur-
containing molecules in a solution possible. We further
capture the possible target of dissolved Ag™ ions by
combining SR-XANES to characterize the interaction
between protein molecule and Ag™ ions with molec-
ular approaches.

It is crucial to correlate the chemical information
with key cellular events like LMP, MMPs, ROS genera-
tion, and the activated apoptosis pathway, etc., which
is helpful to understand mechanism of nanoparticle
cytotoxicity. The present data from advanced synchro-
tron technology and toxicological approaches suggest
that the temporal transformation of intracellular
AgNPs from their particulate form of (Ag®),, to Ag™,
Ag—0—, and Ag—S— species plays key roles in produ-
cing their cytotoxicity. Soluble silver inside cells can
cause the impairment in structures of lysosomes and
induce dysfunction of mitochondrion to trigger apop-
tosis. The change in the expression of apoptosis
proteins like bcl-2, bax, and p53 revealed this dynamic
process. Bcl-2 is a survival protein that partly resides
on the mitochondrial outer membrane and prevents
the mitochondrial release of cytochrome c (Cyt ¢) to
trigger apoptosis. Bcl-2 protects the cell against toxic
stimuli, but a strong stimulus to activate apoptosis can
downregulate its expression.®? When bcl-2 proteins
sense cell damage stimulus, bax and bax-like proteins
are critical downstream mediators of apoptosis that
promote the mitochondrial permeability transition
and permeabilize the mitochondrial outer membrane
to release Cyt c. The Cyt ¢ then induces activation
of proteases such as caspases to demolish the cell.®
In addition, p53 is a tumor repressor that mediates
apoptosis after DNA damage induced by genotoxic
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Figure 10. A schematic diagram of chemical mechanism of AgNP toxicity to human monocytes (THP-1). AgNPs are
internalized by cells and trafficked from engulfed vesicles to the lysosomes. Due to the acidic environment in the lysosome,
AgNPs in the form of (Ag®), are dissolved into Ag™ ions and then changed into Ag—O— form possibly due to the binding of
organic acid molecules. Dissolved silver increases LMPs that leads to the release of both dissolved silver and lysosomal
contents to the cytoplasm. Then, both the increased LMPs and the released silver decrease the mitochondrial membrane
potentials, which results in ROS generation and cell apoptosis. Meanwhile, the dissolved silver (Ag—O—) will interact
with cysteine-contained proteins like metallothioneins, enzymes, etc. to become Ag—S— speciation, which may trigger
mitochondrion-involved apoptosis. However, a part of Ag—S— form may be exported by the membrane transporters to
reduce cytotoxicity. To understand the chemical origin of AgNP cytotoxicity, two advanced techniques are powerful to
illustrate the dynamic processes of intracellular AgNPs in time and space. SR-TXM can in situ study the intracellular
accumulation and exocytosis of AgNPs, while SR-XANES is capable of revealing the chemical transformation of silver from the

oxidation and degradation to the Ag—S— form.

drugs and radiation.* p53 regulates the intracellular
redox state and induces ROS-dependent pathways
to apoptosis,®* and the translocation of p53 into the
nuclei can be interfered with by bcl-2.8°

CONCLUSIONS

In summary, we demonstrated that the chemical
origin of AgNP cytotoxicity is largely due to their
chemical transformation resulting in dynamically che-
mical and biological changes inside a cell (Figure 10).
We applied SR light source-based TXM with 3D tomo-
graphic imaging and XANES to clarify whether AgNPs
or the degraded silver play major roles in determin-
ing the cytotoxicity of AgNPs. The integrated techni-
ques successfully captured key chemical and bio-
logical information on AgNPs during cellular uptake,
accumulation, degradation, chemical transformation,
and removal. The spatial distribution and intracellular

MATERIALS AND METHODS

Cell Culture. Human acute monocytic leukemia cell lines
(THP-1) were obtained from ATCC and cultured in a complete
medium (RPMI 1640 medium containing 10% fetal bovine
serum (FBS, GIBCO) and streptomycin/penicillin (100 ug mL™"
or100UmL™", Hyclone) at 37 °Ciin a moisturized 5% CO, incubator.
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translocation of silver in a single cell has been captured
by TEM and SR-TXM with 3D tomographic imaging;
meanwhile, the SR-XANES revealed the temporal trans-
formation of AgNPs from (Ag®), to Ag", Ag—O—, and
Ag—S— species. This new evidence well correlates with
key events of cytotoxicity including upsetting integrity
of the lysosomal membranes, decreased MMPs,
induced ROS-generation, and finally apoptosis. Our
study indicates that particulate form of AgNPs, their
degraded forms, and the induced ROS play synergetic
roles in mediating AgNP cytotoxicity to human mono-
cytes. In addition, the present study provides us with
an advanced approach for nondestructive detection
of intracellular NPs. It provides direct information
to reveal the origin of nanotoxicity and also helps us
understand biomedical interactions of nanomaterials
and their possible mechanisms in nanosafety assess-
ments and application fields.

Characterization of AgNPs. AgNPs were provided by the
European Commission Joint Research Center (Ispra, Italy).
AgNPs (10% silver, w/w) were dispersed by 4% (w/w) Tween-
20 in water. For long-term storage, AgNPs were placed in a
brown reagent bottle filled with nitrogen, protected from light,
and stored at 4 °C in a refrigerator. AGNPs were observed under
a transmission electron microscope (TEM, FEI Tecnai G-2).
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The mean hydrodynamic sizes and the surface charges of
AgNPs were measured by zeta potential and dynamic size
analyzer (Malvern Zeta Sizer Nano ZS), as was shown by zeta
potential and a mean size distribution, respectively. To study the
states of AgNPs during exposure, we incubated 10 ug mL™"
AgNPs in a complete medium at 37 °C for different time spans
and measured the hydrodynamic sizes. In Tween-20, most
AgNPs keep stable and undissolved states for at least two years
based on XANES and ICP-MS. The fitting results of silver K-edge
XANES show 93.1% and 91.6% element silver in colloidal
dispersion for as prepared AgNPs and those after two year
storage.

Cytotoxicity Assay. A mitochondrial-based cell viability assay,
MTT, was used to measure cytotoxicity. Cells (5 x 10* cells/well)
were seeded in 96-well microplates (Corning, Costar, NY) con-
taining 200 uL of cell culture medium and were exposed
to AgNPs (0, 5, 10, and 20 ug mL~") and Ag+ ions (1, 2.5, and
5 ug mL™") for 12, 24, and 48 h, respectively. After treatment,
the mixture of 10 uL of 5mg mL~" MTTin PBS and 100 uL serum-
free DMEM was added to each well for 3 h. The 96-well
microplate was centrifuged 5 min at 5000 rpm to precipitate
cells. The supernatant was discarded and 100 uL of DMSO was
added to each well. The absorbance was measured at 570 nm
using Infinite M200 microplate reader (Tecan, Durham, NC).
Viability/Cytotoxicity Kit (Molecular Probes) was also used to
study the cytotoxicity. Cells were seeded in 96-well microplates
and exposed to AgNPs and Ag™ ions. These cells were stained
with calcein/AM and thidium homodimer for 30 min. The live
cells were stained green by calcein, while the dead ones were
stained red by PI. The stained cells were observed under an
inverted fluorescence microscope (Olympus, Japan), which
were excited at 488 nm with emission at 537 nm for calcein
(green), and excitation at 561 nm with emission at 615 nm for Pl
(red). The ratio of dead cells to total ones was evaluated by the
value of Count red/Countgreen -+ red-

Determination of AgNP Uptake and Exocytosis. To study cell
uptake, cells (2 x 10° cells/well) in 6-well plates were exposed
to 10 ug mL~! AgNPs for 3, 6, 12, and 24 h in a complete
medium. To study exocytosis, after 24 h exposure to 10 ug mL™"
AgNPs, cells were rinsed with PBS and further cultured 24 and
48 h in a 0.2% FBS medium. Each sample had four replicate
wells. After a rinse step with PBS three times, cells were
collected, counted, and centrifuged. A 5 mL volume of HNO;
was added to sample overnight as was transferred to a conical
flask with 2 mL 30% H,0,. Placed onto a hot plate, flasks were
maintained 3 h at 150 °C to digest silver to be ions. The products
were cooled to room temperature and diluted to 3 mL 2% HNOs
solution. A 10 ng mL™" Bismuth in 2% HNO; solution was the
internal standard. In 2% HNOs, a series of silver nitrate dilutions
containing 0, 0.1, 0.5, 1, 5, 10, 50, and 100 ng mL~" silver were
prepared as standard solutions. All solutions were measured
three times by ICP-MS to provide a mean value.

TXM 3D Imaging of AgNPs in a Single Cell. Cells were seeded to
a dish and treated with AgNPs as ICP-MS experiment. Then, the
exposed cells were rinsed with PBS three times and fixed by
a 75% cold ethanol solution for 30 min. Removing the ethanol
solution, cells were stained with 0.1% phosphotungstic acid
solution (dissolved in 1x PBS) for 2 min. After rinsing with PBS
three times, cells were dehydrated in gradients of ethanol
from 50%, 75%, 80%, 90%, 95%, to 100%. It took 10 min for
a dehydration to get the cell suspension dispersed in 100%
ethanol. Cell suspension was dropped on a mylar thin film
(Dupont) and air-dried. Then, gold particles with a 2—5 um size
as a reference were labeled on surface of the dried interested
cells before imaging. The size range of gold particles distin-
guishes them from AgNP-contained vesicles. For each group, at
least three cells were observed and a representative one was
used in this manuscript. During the data acquisition of TXM, it is
almost impossible to keep a sample's wobbling within several
tens of nanometers due to the mechanical precision of rotation
stage and thermal expansion effect. For a better reconstruction,
some additional gold particles were used as characteristic
feature for alignment before performing 3D reconstruction.

Single cell image was performed under a synchrotron
radiation transmission X-ray microscopy (TXM) on beamline
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4W1A at BSRF. To realize Zernike phase contrast imaging at high
spatial resolution of 60 nm, an objective zone plate with 40 nm
outermost zone width and a phase ring were equipped at a
fixed energy of 8 keV. The cell sample on the film was placed
on a holder in the vacuum chamber where the atmospheric
pressure was kept at ca. 1 Torr. The cell sample on the holder
was rotated from —80° to 80°. A fixed X-ray CCD camera with
the pixel size of 13.5 um was used to capture a series of two-
dimensional radiographs for the sample at each projection
view. At first, the background images for each sample were
collected for the data treatment. Raw images were acquired
with exposure time of 30 s and scan interval of 0.5°; thus, it took
about 3 h to measure one cell sample. After a raw data
collection, the following steps included the background deduc-
tion, the alignment, and the preliminary reconstruction done
based on three softwares of TXM Controller, TXM Reconstructor,
and TXM 3Dviewer, respectively. Further detailed information
about segments of intracellular particles or vesicles, the analysis
of three-dimensional distribution, and 3D animation can be
obtained using Avizo 7.0 software (FEI).

Characterization Interaction of Silver Chemical Forms. To study
the chemical forms of silver during cell uptake and exocytosis,
we prepared cell samples as ICP-MS experiment. Totally,
5 x 10° cells were centrifuged, rinsed three times with PBS,
collected to be a cell pellet, lyophilized, and transferred to a
sealed tube filled with nitrogen gas to protect from oxidation.
Before XANES measurement, dried cell samples were pressed to
be a flat and uniform pellet adhering to a tape (3M). XANES
spectra of silver K-edge were mainly recorded on beamline
BL-14W1 at Shanghai Synchrotron Radiation Facility (SSRF) in
China. Parts of experiments were performed on PF-AR NW10A at
Photon Factory of High Energy Accelerator Research Organiza-
tion (KEK), Japan. The transmission mode was used to measure
XANES spectra for references (Ag foil, Ag,S, Ag,0, AgCl, AgNO;
from Sigma) and the AgNPs suspension (10%, w/w). Equipped
with a 32 element germanium solid-state detector, the fluores-
cence mode was adopted to collect XANES spectra for AgNP-
exposed cells.

XANES data were first normalized in order to facilitate
comparison of spectra from the varied samples, modes, or
facilities. The preprocessed data were then analyzed with
least-squares fitting (LSF) to calculate the ratio of silver species
using IFEFFIT Athena software (CARS, the Consortium for
Advanced Radiation Sources at University of Chicago).

Studying Interaction of MTs with Silver lons. To confirm MT
protein as one intracellular target proteins for silver ions, we
used silver Lz-edge XANES on 4B7A beamline at BSRF. Atmo-
spheric oxygen gas prefers to oxidize protein (such as MT) and
cysteines that in the solution possibly disturb interactions of
proteins and cysteines with Ag™ ions. To avoid this problem, we
thus studied the dynamic interaction process between Ag™* ions
and biological molecules in an inert gas (N,). This beamline
equipped with a chamber to fill with an inert gas is helpful to
measure silver L;-edge XANES. Total electron yield mode was
used to measure the chemical forms of silver in reference
compounds such as silver citrate and Ag,S, which contain two
forms such as Ag—OOC— (with carboxyl group) and Ag—S—,
respectively. Fluorescence mode was adopted to characterize
the silver chemical forms during the interaction of silver ions
with MT. A 0.1 M AgNOs solution as silver ion form is measured.
Ag—cysteine is prepared with 0.1 M Ag* and 0.1 M cysteine for
30 min in chloride-free PBS. About 0.1 M AgNOs; solution was
mixed with 0.5 mM MT (as the low dose) and 2 mM MT (as the
high dose) for 30 min in chloride-free PBS at room temperature,
respectively. Then, the liquid mixtures sealed in a thin plastic
container were used to measure silver XANES spectra. Finally,
after silver ions incubate with MT, the ratio of silver species
based on Ag Ls-edge XANES was calculated using the same
procedure above.

The R factor is used to judge the quality for the fitting data
and the formula is

R factor = Sum((data-fitting data)?)/Sum(data?)

where the sums are over the data points in the fitting region.
A value of R factor close to zero is regarded as a good quality.
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The R factor values of all fitted data in Table 1, in Figures 6B and
7D are below 0.05, which means a good fitting data.

Furthermore, we used circular dichroism (CD) spectra to
characterize the binding of silver ions to MTs by studying the
changes in secondary structures of MT after their interaction.
Before measurement, we incubated 200 xg mL™" MT with silver
ions (12.5, 25, and 50 ug mL™") in chloride-free PBS at 37 °C for
30 min. As prepared mixtures and 200 g mL~" MT in chloride-
free PBS were used to measure the secondary structures
of MT by Circular Dichroism (JASCO, J-810). The CD spectra
were collected from the UV region between 190 and 300 nm.
The o-helix has a positive peak at 192 nm and two negative
peaks at 208 and 222 nm as the characteristics and the
p-sheet has a negative band at 218 nm. The data were pre-
sented as mean residue ellipticity (deg cm? dmol™"), and ratios
of different types of secondary structures were also shown in
Table 2.
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