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Abstract

There is a growing concern about the potential adverse effects on human health upon exposure to

engineered silver nanomaterials (particles, wires and plates). However, the majority of studies

testing the toxicity of silver nanomaterials have examined nominally ‘as-synthesized’ materials

without considering the fate of the materials in biologically relevant fluids. Here, in-house silver

nanowires (AgNWs) were prepared by a modified polyol process and were incubated in three cell

culture media (DMEM, RPMI-1640 and DCCM-1) to examine the impact of AgNW-medium

interactions on the physicochemical properties of the AgNWs. High-resolution analytical

transmission electron microscopy revealed that Ag2S crystals form on the surface of AgNWs

within 1 hour of incubation in DCCM-1. In contrast, the incubation of AgNWs in RPMI-1640 or

DMEM did not lead to sulfidation. When the DCCM-1 cell culture medium was separated into its

small molecule solutes and salts and protein components, the AgNWs were found to sulfidize in

the fraction containing small molecule solutes and salts, but not in the fraction containing the

protein component of the media. Further investigation showed the AgNWs did not readily
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sulfidize in the presence of isolated sulfur containing amino acids or proteins, such as cysteine or

bovine serum albumin (BSA). The results demonstrate that the AgNWs can be transformed by the

media before and during the incubation with cells and therefore the effects of cell culture media

must be considered in the analysis of toxicity assays. Appropriate media and material controls

must be in place to allow accurate predictions about the toxicity, and ultimately, the health risk of

this commercially relevant class of nanomaterial.
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Introduction

Silver nanomaterials are widely used in consumer products, including electronic and

photonic devices as well as textiles, food storage containers and antiseptic sprays. These

applications are in part driven by the well-known antibacterial activity of silver,1–4 but there

is also an increasing use for optoelectronic applications. An increase in the number of

products containing silver nanomaterials will lead to a larger release in the environment

during manufacture, use, washing or disposal of the products. Therefore, there is a growing

concern about the potential adverse effects on human health upon exposure to Ag

nanomaterials. These concerns have put nanosilver into the focus of intensive investigation.

Elemental silver was considered to be of low toxicity to humans, despite the fact that several

cases had been reported of argyria (irreversible pigmentation of the skin) or argyrosis

(irreversible pigmentation of the eyes) after chronic ingestion of colloidal silver.5, 6 The

toxicity of silver nanoparticles (AgNPs) has been demonstrated for several species of

vertebrates, invertebrates, and prokaryotic and eukaryotic microorganisms, as well as some

mammalian cell-lines3, 7. The toxicological outcomes upon exposure to Ag nanomaterials

may include oxidative stress, lipid peroxidation, inhibition of mitochondrial activity, damage

of DNA and cell apoptosis8–17. Although several physicochemical properties of the particles

(e.g. shape13, size9 and surface coating11) seem to play a role in the bioreactivity of Ag

nanomaterials, the exact mechanism underlying the reactivity of Ag nanostructures remains

elusive.

Several studies have linked the toxicity of AgNPs to their dissolution and the release of free

Ag+ ions17. Ag+ can react with enzymes of the respiratory chain reaction, resulting in a

disruption of ATP production, or binding to transport proteins leading to proton

leakage18–20. One argument is that these effects are driven by the high affinity of Ag+ with

thiol groups present in the cysteine residues of the relevant enzymes or proteins19. Ag+ ions

can also enter the intracellular environment and trigger the generation of reactive oxygen

species (ROS) through redox reactions with oxygen, causing membrane and DNA

damage21. Some studies have suggested that particle surface reactions, which generate ROS

or catalyze the oxidation of cellular components, could be a possible mechanism of

toxicity22. Others propose direct damage to the cell membrane, leading to increased

permeability and disruption of respiration23. Although these particle-specific mechanisms

are highly debatable, there is a wide consensus that Ag+ ion release is a major pathway for
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the biological activity of nanosilver. Nevertheless, published results concerning the

dissolution of AgNPs and the extent to which it affects toxicity are conflicting, with studies

suggesting that AgNP toxicity can be attributed solely to ionic release of Ag+ 24, 25 or

coupled ionic-particle effects.26–29 A possible reason for the lack of consistency could be

the fact that most studies have neglected possible reactions of Ag nanomaterials with other

species in their environment, which could lead to their chemical transformation and an

alteration of their properties before, or during, cell exposure tests.

Although silver is considered a noble metal, it is far from being chemically inert. Metallic

silver is not thermodynamically stable under environmental conditions and has been shown

to oxidize or react with various organic and inorganic ligands30, 31. For example, the

atmospheric sulfidation of bulk silver upon exposure to different S-bearing gases (H2S, SO2,

OCS and CS2) has been studied extensively32, 33. Sulfidation of Ag surfaces leads to the

formation of a Ag2S adlayer, which is very stable due to its extremely low solubility

(Ksp=5.92×10−51)34. However, the sulfidation of silver nanostructures and the potential

impact of this process on their properties has only recently attracted attention. For example,

it was reported the secondary silver sulfide or selenide NPs formation in the skin formed by

partial dissolution ingested particle in the GI tract followed by ions uptake and systemic

circulation.35 We also recently reported the transformation of AgNWs to silver sulfidation in

lung epithelial cells, which acts as a potential detoxification mechanism.36 Therefore, the

fact that most of the toxicity studies performed on AgNPs so far have overlooked their

possible sulfidation, either inadvertently during storage or, more significantly, intrinsically

during the experiments, might be one of the reasons to have led to inconsistent results.

Consequently, further investigation is required to understand how different sources of sulfur

in the cellular environment can affect the mechanism and kinetics of Ag+ ion release and Ag

sulfidation.

The purpose of this study is to provide insights into the effect of the cell culture media and

small molecule solutes and salts and proteins present within these media on the chemistry of

AgNWs. Any transformation of the AgNWs in the cell culture medium could change their

reactivity and impact their effects on cell metabolism, ultimately altering the toxicological

outcome. It is therefore of vital importance to improve this understanding, to distinguish

between physiological effects or artifacts introduced by the cell culture system. Three

different cell culture media were studied in this work: DMEM, RPMI-1640 and DCCM-1.

DMEM and RPMI-1640 were chosen because they are popular media used for cell culture.

DCCM-1 is a serum free medium which has been commonly used to culture human

epithelial cells. In contrast to RPMI-1640 and DMEM, DCCM-1 contains proteins and may

therefore provide clues about the role of proteins on the chemical transformation of AgNWs.

X-ray diffraction (XRD) and inductively coupled plasma–optical emission spectroscopy

(ICP-OES) are commonly used bulk analytical techniques to characterize the crystal

structures present in the sample and metal dissolution rates in different media. However,

both of these techniques have limitations. For example, XRD cannot provide spatially

resolved information about the distribution of crystal phases or the crystallinity of very small

nanomaterial. ICP-OES detects the total metal content without distinguishing between metal

oxidation states, therefore the dissolved metal ions must be separated from NPs in the

solution to study dissolution rate. In this work, ICP-OES is shown to be an unsuitable
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technique for measuring the silver dissolution rates in cell culture media, as insoluble silver

compounds are formed. Transformation of the surface chemistry of the AgNWs in cell

culture media was characterized using a set of spatially resolved, analytical transmission

electron microscopy (TEM) techniques. The combination of TEM techniques applied

provide high spatial resolution of the chemistry and crystallinity of the AgNWs and revealed

detailed information about mechanism by which the AgNWs transform in different cell

culture media. This information is important to understand how the biological environment

controls the bioreactivity of Ag nanomaterials.

Results and Discussion

The AgNWs used in this study were fabricated in-house, in order to ensure a good control

over their morphology, dimensions and chemistry. The synthesis was based on the polyol

process developed by Xia et al.,37 and optimized to reduce the formation of AgNPs in the

final product, as well as excluding impurities from the system. As PVP has a stronger

interaction with AgNWs {100} facets than {111} facets, this passivation effect of PVP on

{111} facts lead to the formation of AgNWs. In addition, the capping of PVP on the

AgNWs surface (SI, Fig 1S) also provides the stabilization effect to prevent NWs

aggregation.38 The synthesis was successful (Fig. 1a) with a bimodal length distribution

(Fig. 1b), with an average length of 2.8 ± 2.4 µm and 7.0 ± 2.0 µm, respectively. The mean

diameter of the AgNWs (Fig. 1c) was 129 ± 74 nm. A small fraction of AgNPs (about 1vol

%) with a mean diameter of 126 ± 60 nm were mixed with the AgNWs (SI, Fig. 2S). The

morphology and crystallinity of the AgNWs were characterized using BF-TEM (Fig. 1d),

phase contrast HRTEM (Fig. 1e) and SAED (Fig. 1f). The lattice spacing of the AgNWs

was 0.235 ± 0.007 nm and 0.210 ± 0.006 nm, which corresponds to the interplanar spacing

of bulk Ag (111) and (200) lattice planes, respectively (Ref. #01-087-0597). The interplanar

spacings measured from the SAED patterns were 0.241 ± 0.007, 0.209 ± 0.006, 0.148 ±

0.005, 0.127 ± 0.004 and 0.121 ± 0.004 nm, which are consistent with the bcc form of bulk

Ag (Ref. #01-087-0597). An EDX spectrum taken from the AgNWs (Fig. 1h) confirmed that

they were composed of pure silver.

After incubating AgNWs in DCCM-1 for 1 h at physiological temperature, their morphology

was altered with respect to that of the original AgNWs (Fig. 2a). Instead of having smooth

facets, the formation of small crystals was observed on the surface of the AgNWs. The

interplanar spacings obtained from the SAED pattern were 0.335 ± 0.10, 0.309 ± 0.09, 0.284

± 0.09 and 0.250± 0.08 nm, and correspond to the (012), (111), (−112) and (022) interplanar

spacings of monoclinic Ag2S, respectively (Ref. #00-014-0072). Note that these interplanar

spacings do not match with the crystal structure of other common Ag compounds (Ag2O

(Ref. #00-041-1104) or AgCl (Ref. #00-031-1238), SI Table 1S). By using TEM technique,

electrons can penetrate through the shell and reach the core to reveal the core crystal

information. By optimising the sample height or focus conditions, atomic planes of the same

height in the core and the edge can be focused at the same time to reveal the core and shell

crystal information simultaneously. Phase contrast HR-TEM (Fig. 2b) revealed that the

lattice spacings of the crystals formed at the surface of the AgNWs are ~0.26 nm and 0.22

nm, corresponding to the (112) and (031) lattice spacings of Ag2S, respectively. In contrast,

the lattice spacings of the core of the nanowires (~0.23 nm and 0.20 nm) correspond to the
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interplanar spacings of metallic Ag. The formation of Ag2S on the surface of the wires was

supported by EDX analysis (Fig. 2c-bottom, a STEM-EDX line scan collected across the

NW is presented in SI, Fig 3S.) and since neither O nor Cl was detected, the formation of

Ag2O or AgCl can be ruled out. In fact, the sulfidation of AgNWs in DCCM-1 was very

fast, as the formation of Ag2S on their surface could already be observed within 0.25 h of

incubation (SI, Fig. 4S). On the other hand, when AgNWs were incubated in DMEM and

RPMI-1640, no changes in their morphology or chemistry were detected. Typical HAADF-

STEM images and EDX spectra of the AgNWs are given in Fig. 2d–e and show that the

AgNWs do not change their morphology, suggesting that they are stable in DMEM and

RPMI-1640.

ICP-OES study and pH measurement were carried out to measure the silver dissolution rate.

The amount of solubilized silver released was below the signal to noise ratio at all-time

points, in DI-water and all cell culture media (Fig.3a). The low solubilized silver level

detected in the cell media is expected because of formation of insoluble silver compounds.

ICP-OES is a sensitive analytical technique, and is therefore widely used for dissolution

studies of metal based NPs.39, 40 In order to distinguish dissolved metal ions from the NPs, a

separation process, often achieved by centrifugation, ultrafiltration or dialysis, needs to be

applied. Considering centrifugation may not always precipitate all of the NPs, ultrafiltration

through 2 KDa membrane was used in this study. However, unlike other metal ions (such as

Zn and Fe), Ag+ ions form insoluble compounds such as silver oxide, silver chloride and

silver sulfide in cell culture media (SI, Fig 5S), this causes loss of free Ag+ ions in the

solution and therefore affects the ICP-OES results and interpretation of the dissolution rates.

In addition, the potential adsorption/co-adsorption of biomolecule and metal ions on to the

filter should be taken into account, and may lead to small level of Ag loss during sample

preparation. The limitation of using ICP-OES to study the kinetics of Ag+ dissolution in cell

culture media was further demonstrated by a control experiment, in which, ICP-OES was

used to determine the amount of free Ag+ ions from a known concentration of AgNO3 added

to both DI-water and three cell media solutions, incubated at 37 °C for 0.5 h. Fig. 3b shows

that 100 % of free Ag+ ions were detected in the AgNO3 DI-water solution. In contrast, the

amount of solubilized sivler in the cell media was less than 0.5 µg/mL after incubation,

despite using the same starting concentration of Ag+ ions, i.e. the dissolved Ag+ ions are

sequestered as insoluble precipitates in the cell media. The negligible solubilized silver was

detected in DI-water incubated with AgNWs at37 °C up to one week (Fig3a), indicates

extremely slow oxidation dissolution rate of AgNWs. The time resolved pH measurements

of DMEM and PRMI-1640 incubated with AgNWs respectively were also carried out for Ag

dissolution rate study. However, possibly due to the slow reaction rate, low reactant

concentration and high buffer capacity of cell media,41 no significant pH variations were

detected, see SI, Fig 6S.

Since the AgNWs were only sulfidized in the DCCM-1 cell culture medium, the effects of

the medium components were considered. The complete formulation of DCCM-1 is

confidential and so identifying the exact species involved in the sulfidation process was

difficult. Therefore, the medium was separated into two fractions using ultra-centrifugal

filtration with a 3 KDa pore size filter membrane: this separation process allows
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discrimination between the small molecule solutes and salts and the proteins, in terms of the

formation of Ag2S on reaction with the AgNWs. This experiment may also provide vital

clues about whether sulfur rich proteins are likely to transform AgNWs in the lung. For

example, there are four types of lung surfactant proteins present in the lung. And some of

these (e.g. SPA, ,SPB and SPD) contain sulphur,43. The AgNPs may interact strongly with

lung proteins, potentially affecting function, and in turn these proteins might alter the

chemistry of Ag NPs. The extracted proteins were dispersed in phosphate buffered saline

(PBS), in which AgNWs proved to be stable (Fig. 5a). However, after 6 hours of incubation

in the small molecule solutes and salts component of DCCM-1, small crystals had formed on

the nanowire surface (Fig. 4a). The resulting morphology resembled that of AgNWs

incubated in whole DCCM-1 (Fig. 2a), but since the incubation time was longer in this case,

the extent of crystal formation was much larger. The spacing between the spots in the SAED

pattern (inset Fig. 4a) corresponded with lattice spacings of 0.313 ± 0.010, 0.288 ± 0.009,

0.264 ± 0.008 and 0.250 ± 0.008 nm. These values were consistent with the (111), (−112),

(−121) and (022) lattice spacings of monoclinic Ag2S, respectively (Ref. #00-014-0072).

HRTEM analysis (Fig. 4b) indicated that the interplanar spacing measured from the surface

of the nanowires were 0.250 ± 0.008 nm and 0.280 ± 0.008 nm, which was consistent with

the (112) and (−112) interplanar spacing of Ag2S, respectively (Ref. #00-014-0072). More

HRTEM results are represented in SI, Fig 7S and 8S. These findings suggest that the

AgNWs have undergone a sulfidation process, whereby a thin layer of Ag2S nanocrystals

has formed on the surface of the original NWs. The peak at 2.31 keV in the EDX spectrum

collected from the surface of the AgNWs (Fig. 4c-bottom), corresponds to the S(Kα) peak.

A STEM-EDX line profile scanned across the AgNW is shown in SI-Fig. 9S. A similar

transformation, however, was not observed when AgNWs were incubated with proteins

extracted from DCCM-1 (Fig. 4d). The morphology of the AgNWs has not changed and the

crystal lattice spacings, measured both at the core and the surface of the AgNWs (Fig. 4e),

were consistent with the (111) interplanar spacing of bulk Ag (Ref. # 01-087-0597). EDX

spectra collected from the AgNWs also failed to detect the presence of sulfur (Fig. 4f and SI,

Fig. 10S). The above observations indicate that small molecule solutes and salts, but not

proteins contained in DCCM-1, were responsible for the AgNW sulfidation. The ICP-OES

study monitoring the sulfur content in DMEM, RPMI-1640 and DCCM-1 filtrate was also

carried out. RPMI-1640 and DMEM contain many inorganic salts, amino acids and other

small molecule solutes (Table S2). MgSO4, cystine, methionine and HEPES (2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid, a buffer agent) are sulfur containing

components in those two cell media. No substantial sulfur content change was detected in

DMEM (SI, Fig 11Sa), which supports the TEM results, and further confirmed sulfate and

sulfur containing amino acids do not lead to sulfidation. Similar observation was also

suggested in Liu et al’s study,44 that sulfate and sulfite do not react with AgNPs. The RPMI

has a much higher sulfur concentration than DMEM (~220 ppm) (SI, Fig 11Sb), this is due

to the relative high concentration of HEPES content which provides an extra buffering

effect. Due to this reason, the detection of small sulfur variations (0.65 – 6.5 µg/mL for 100

% sulfidise 5 and 50 µg/mL AgNWs respectively) may be difficult for ICP-OES. The sulfur

concentration in DCCM-1 filtrates (containing small molecule solutes and salts) is about 115

ppm (SI, Fig 11Sc). The cell medium possible contains not only silver reactive sulfur

species, but also possibly contain sulfate and sulfur containing small molecules, those are
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common components used in other cell media but no reactive with silver. Fig 1c shows there

was no significant change of sulfur concentration over 24 h incubation time for both 5 and

50 µg/mL AgNWs groups. However, this does not necessary mean that there was no

sulfidation reaction. For example, even if the sulfur concentration is in the range of a few

ppm or even lower can lead to significant sulfidation which can be easily observed by high

resolution electron microscope technique, however, may not be detectable by ICP-OES. It

can be estimated that, for 5 µg/mL AgNWs (3 µm in length, 130 nm in diameter), only 0.1

µg/mL (ppm) sulfur is needed to complete AgNWs surface sulfidation of 10 nm in thickness.

This surface morphology change can be easily characterized by HRTEM (Fig 4a), however,

the reduction of 0.1 ppm sulfur may not be easily identified by ICP-OES especially in a

system with a high sulfur background concentration.

In order to study the effect of sulfur containing amino acids and proteins on the AgNWs,

samples were incubated with cysteine and BSA dispersed in PBS. As a control, the stability

of AgNWs in PBS medium was tested and no transformation was observed (Fig. 5a).

HAADF-STEM imaging (Fig. 5b–c top) showed that the morphology of the AgNWs had not

changed after 6 h of incubation in both cysteine and BSA, while EDX analysis (Fig. 5b–c

bottom) did not detect the presence of any sulfur. These results were further supported by

HRTEM analysis (SI, Fig 12S) Taken together, these findings show that neither cysteine nor

BSA sulfidize the AgNWs in this experiment, in contrast to recent work that suggested the

surface coating of Ag nanoplates by cysteine-HCl45.

The sulfidation of the AgNWs may occur via two chemical reactions:

1. a direct route (particle-fluid reaction), indicated by reaction equations (1a–c),

which depends on the sulfide concentration, such that the reaction rate accelerates

as the sulfide concentration increases.

(1a)

(1b)

(1c)

2. an in-direct route, i.e. oxidative dissolution of silver followed by sulfide

precipitation (reaction equation 2a–d), which is effectively independent of sulfide

concentration (because the Ksp of Ag2S is so low), but determined by the oxidative

dissolution rate of silver44.

(2a)

(2b)
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(2c)

(2d)

The silver sulfidation is a complex process and involves the competition of these two

sulfidation pathways, which is dependent on the sulfide concentration in the environment. A

model of 30 nm AgNPs oxysulfidation over a wide range of sulfide concentrations proposed

by Liu et al,44 suggested that below sulfide concentration 0.025 ppm, the sulfidation is

dominated by the indirect pathway. The indirect sulfidation rate is independent of sulfide

concentration, and only limited by oxidation dissolution rate (reaction 2a). The indirect

process is a relatively slow process, the reaction half-life of 30 nm AgNPs sulfidation is

about 10–20 days. Above 0.025 ppm sulfide, the mechanism becomes direct sulfidation

dominated. The direct sulfidation is a relatively fast process even at low sulfide

concentrations, for example, the reaction half-life is about 2 days under a 0.1 ppm sulfide

concentration, and the reaction half-life is shorten to 0.1–0.2 days in a 1 ppm sulfide

condition. Fig 6a-right shows the AgNWs morphology incubated in DCCM-1 for only 0.25

h (15 min). The presence of the PVP coating on the surface of sulfidized AgNWs, suggests a

direct sulfidation-dominated process at the early stage of the incubation process, i.e. the

sulfide ions diffused through PVP coating that initiated sulfidation on the AgNWs surface.

This is hypothesis is likely to be true, based on the kinetics of indirect and direct sulfidation

pathways. Within such a short time (0.25 h), there will be hardly any Ag+ ions forming by

oxidative dissolution, as indicated by extremely low AgNWs dissolution rate, as supported

by the dissolution study in water (Figure 3). Furthermore, our recently publication also

suggested a very slow oxidation dissolution rate even for 20 nm AgNPs, which should have

a higher reactivity than AgNWs (130 nm in diameter, > 2.8 µm in length) studied here. In

that study, only ~0.4 % of Ag ions were measured after 14 days incubation of 20 nm AgNPs

at pH 7.46 Further sulfidation of the wires along both long and short axis of NWs was

observed after 6 h of incubation (Fig. 6b-left). Complete sulfidation on the tips of the wires,

indicates a faster sulfidation rate at the tips along the long axis, this is likely due to the

difference of surface energy of {111} and {100} facets and the different binding energy of

PVP to these facets. The end of AgNWs were terminated by {111} facets and the side

surfaces are bounded by {100} facets. The lower surface energy of {111} facets than {100}

facets, and the weaker binding of PVP to {111} than {100} facets contribute to a higher

reactivity at the AgNWs tips positions than side surfaces.38. The transformation of AgNWs

to Ag2S was further confirmed by acquiring S and Ag STEM-EDX maps from the boxed

region close to the end of the AgNWs (Fig. 6b-right). The STEM-EDX mapping showing a

structure with a more sulfur abundant surface and a silver rich core, suggests a surface

sulfidation process. In contrast, complete sulfidiation of AgNWs of smaller diameters was

also observed (SI, Fig 14S). After 24 h, hollowed-out structures were found in some AgNWs

as indicated by arrows (Fig. 6c). The hollow structures could attribute to both direct and

indirect sulfidation. As direct pathway, metal ions transported from the inner part of a Ag

particle through a sulfidized (oxidized) layer(s), and form silver sulfide on the surface of

particle. On the other hand, the in-direct sulfidation may also play a part in the sulfidation
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process, especially at the later stage of incubation. As long as the sulfide species are

continuously consumed, the direct sulfidation rate decreases, and, at some certain point, the

in-direct sulfidation starts to become dominated. The dissolved silver could have possibly

precipitated on existing sulfide crystals or diffused out through the PVP capping layer. A

similar sulfidation pattern for AgNPs was also observed (SI, Fig 15S).

In summary, crystalline Ag2S formed on AgNWs surface within 1 hour of incubation in

DCCM-1, likely via a direct sulfidation (particle-fluid reaction) initiated transformation. In

contrast, the AgNWs did not change their chemistry in RPMI-1640 or DMEM. When the

DCCM-1 cell culture medium was separated into its small molecule solutes and salts and

protein components, the AgNWs sulfidized in the fraction containing small molecule solutes

and salts, but not in the protein fraction. These results correlate with other reports which

have demonstrated the sulfidation of PVP-coated AgNWs upon exposure to ambient

atmosphere and the formation of a thin layer of Ag2S nanocrystals on their surface47, 48. An

analysis of field samples from water treatment plants has also revealed the presence of Ag2S

nanocrystals, suggesting that AgNPs that enter wastewater streams are sulfidized49. AgNPs

have been shown to react with dissolved sulfide species in water and the reaction

mechanism depends on the sulfide concentration50. Due to the low solubility of Ag2S, this

transformation largely limits the amount of free Ag+ ions51 and is therefore likely to affect

the bioreactivity of the AgNWs, at least in terms of short term cytotoxicity. Indeed, the

presence of sulfide reduced the toxicity of Ag to Daphnia magna by more than a 5-fold52

and to nitrifying bacteria by up to 80%53. Moreover, 9 nm Ag2S nanoparticles were found

not to be cytotoxic to Gram-positive and Gram-negative bacteria or eukaryotic cell lines54. It

is known that sulfide species, such as H2S, HS− and S2−, exist in all human tissues, the total

concentration of which is in the order of µM55–57. The Ag sulfidation mechanism in cell

culture medium suggested in this study provides insights on a possible Ag degradation

mechanism in vivo through the sulfidation pathway, which likely to affect the bioreactivity

and therefore the toxicity of Ag nanomaterials. Indeed, the silver sulfidation as a potential

detoxification mechanism has been observed in a vitro study on lung epithelial cells and

reported by us very recently. As in vivo, the formation of argyrial silver sulphide formed by

partial dissolution in the GI tract followed by ion uptake, systemic circulation has been

reported,35, however, to fully understand the transformation kinetics in different in vivo

conditions much more information is needed, especially to the time of the study and lifetime

of the system being examined.Reports have shown that Ag+ ions can bind strongly to both

inorganic sulfur groups as well as organosulfur compounds, with the highest affinity for

thiols such as cysteine58. The PVP capped AgNWs in this work did not sulfidize in the

presence of BSA or cysteine alone. Ag+ ions may have a high affinity for thiols and

cysteine, changing their biological activity, however Ag+ ions may not be able to remove

sulfur from biological molecules to form an inorganic sulfide without the existence of other

oxidising species. Our study highlights that the effects of exposure of AgNWs to the

environment should be considered to ensure that the AgNWs do not transform in the

environment prior to or during incubation with the cell culture media or cells, unless

studying specific effects of extracellular fluids on the particle-cell interaction and

bioreactivity. We managed to identify the small molecule solutes and salts in DCCM rather

than proteins are responsible for sulfidation, however, as the media composition is
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confidential and complex we were not able to identify the specific component(s). However,

the main aim of this study, is to emphasize the importance of appropriate media and material

control in order to allow accurate predictions about Ag toxicity, as the complex of cell

media or other physiological solutions. Passing this message, seems to be important and

timely, as currently there is massive amount of Ag toxicity research undergoing, however

much less attention has been paid to study the stability of Ag materials in various

physiological solutions which may affect the accurate prediction of silver toxicity outcome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Physicochemical characterization of as-synthesized AgNWs by SEM, TEM and SAED. (a)

SEM image of as-synthesized AgNWs and their (b) length and (c) diameter distribution. The

curves represent the Gaussian fit to the data. (d) A low-resolution bright field (BF) TEM

image of the AgNWs. (e) A high-resolution BF-TEM image of a single AgNW, revealing its

crystal structure. The inset is the corresponding FFT pattern taken from the boxed area. (f)

SAED pattern taken from a region containing several AgNWs, using a selected area aperture

size of ~560 nm. (g) HAADF-STEM image of a single AgNW and (h) the corresponding

EDX spectrum taken from the area circled in (g). The two peaks at 2.98 keV and 3.15 keV

correspond to the Ag(Lα) and Ag(Lβ) peaks respectively.
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Figure 2.
Physicochemical characterization of AgNWs incubated in various cell culture media, for 1h

at 37 °C: (a–c) DCCM-1, (d) DMEM and (e) RPMI-1640. (a) A representative BF-TEM

image of the AgNWs incubated in DCCM-1 medium, showing the formation of crystallites

on the surface of the AgNWs. The inset is a SAED pattern taken from the circled area

(aperture size ~130 nm). (b) An HRTEM image collected from the boxed area in Fig. 2a

reveals that the crystallites have a different crystal structure than the original AgNWs. The

insets are FFT patterns taken from the two boxed areas. HAADF-STEM image (c-top) taken

from the same area as Fig. 2a. STEM-EDX spectra were collected from the circled area (c-

bottom). (d–e) HAADF-STEM images (top) and EDX spectra (bottom) of AgNWs

incubated in DMEM and RPMI-1640 cell media, respectively.
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Figure 3.
(a) The kinetics of AgNWs dissolution following incubation of the Ag NWs in DI-water,

RPMI-1640, DMEM and DCCM-1 at 37 °C. The solubilized silver concentrations were

measured by ICP-OES from 1 h up to 168 h. (b) ICP-OES analysis of solubilized silver

concentrations of 17.0 µg/mL AgNO3 (equal to an Ag concentration of 10 µg/mL) in DI-

water, RPMI-1640, DMEM and DCCM-1 solutions, incubated at 37 °C for 0.5 h (n = 3).
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Figure 4.
Physicochemical characterization of AgNWs incubated for 6h at 37 ° C, in: (a–c) small

molecule solutes and salts extracted from DCCM-1, (d–f) PBS/proteins extracted from

DCCM-1. (a) A representative BF-TEM image of the AgNWs. The inset is a SAED pattern

obtained from the circled area (aperture size ~550 nm). (b) HRTEM image taken from the

area boxed in Fig. 4a. FFT patterns taken from the boxed areas are inserted. (c-top)

HAADF-STEM image obtained from the same area as Fig. 4a. An EDX spectrum collected

from the edge of the nanowire (circled in Fig. 4c-top), is shown in (c-bottom). (d) A BF-

TEM image of the AgNWs. (e) HRTEM image taken from the boxed area in Fig. 4d. (f) A

HAADF-STEM image of the AgNWs (top) and EDX spectrum (bottom) recorded at the

surface of the AgNWs (circled in Fig. 4f-top). The silicon peak arises from contamination

on the carbon coated TEM grid.42
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Figure 5.
Physicochemical characterization of AgNWs incubated for 6h at 37 °C, in: (a) PBS, (b)

PBS/cysteine and (c) PBS/BSA. HAADF-STEM images of the AgNWs (top) and the

corresponding EDX spectra (bottom) collected from the circled regions in the images.
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Figure 6.
HAADF-STEM images showing the morphological evolution and sulfidation process of

AgNWs incubated in DCCM-1 medium for (a-left) 0.25 h, (b-left) 6 h and (c) 24 h. An

HRTEM image (a-right) taken from the boxed area in Fig.6a-left shows the presence of a

PVP layer(s) on sulfidized AgNWs surface. The PVP layer which shows a weaker contrast

intensity and amorphous morphology is delineated using a white contour. The boxed area in

Fig. 6b was further characterized by STEM-EDX Ag and S elemental mapping (Fig. 6b-

right). The morphological evolution of the AgNWs in DCCM-1, as a function of time was
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characterized by HAADF-STEM. After incubation in DCCM-1 at 37 °C for 0.25 h, a thin

surface layer of crystals was present (Fig. 6a-left). A HRTEM image of 24 h sample is

presented in SI, Fig 13S.
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