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Abstract

The increase of production volumes of silver nanowires (AgNWs) and of consumer products 

incorporating them, may lead to increased health risks from occupational and public exposures. 

There is currently limited information about the putative toxicity of AgNWs upon inhalation, and 

incomplete understanding of the properties that control their bioreactivity. The lung lining fluid 

(LLF), which contains phospholipids and surfactant proteins, represents a first contact site with the 

respiratory system. In this work, the impact of Dipalmitoylphosphatidylcholine (DPPC), 

Curosurf® and murine LLF on the stability of AgNWs was examined. Both the phospholipid and 

protein components of the LLF modified the dissolution kinetics of AgNWs, due to the formation 

of a lipid corona or aggregation of the AgNWs. Moreover, the hydrophilic, but neither the 

hydrophobic surfactant proteins nor the phospholipids, induced agglomeration of the AgNWs. 

Finally, the generation of a secondary population of nano-silver was observed and attributed to the 

reduction of Ag+ ions by the surface capping of the AgNWs. Our findings highlight that 

combinations of spatially resolved dynamic and static techniques are required to develop a holistic 

*m.p.ryan@imperial.ac.uk. **a.porter@imperial.ac.uk. 

Supporting Information
Experimental protocols. This material is available free of charge via the Internet: http://pubs.acs.org.

HHS Public Access
Author manuscript
Environ Sci Technol. Author manuscript; available in PMC 2016 March 07.

Published in final edited form as:
Environ Sci Technol. 2015 July 7; 49(13): 8048–8056. doi:10.1021/acs.est.5b01214.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.acs.org


understanding of which parameters govern AgNW behavior at the point of exposure and to 

accurately predict their risks on human health and the environment.
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Introduction

One-dimensional nanomaterials are attracting increasing attention due to their unique 

physicochemical properties.1 Silver nanowires (AgNWs) are considered as the potential 

building blocks for the next generation of optical, electronic and sensing devices.2 The 

increase in production and use of AgNWs has led to growing concerns about the potential 

adverse effects on human health upon exposure to AgNWs. Although occupational 

exposures to AgNWs during production, packaging or processing may be higher, general 

public exposures are also possible, given the increasing use of AgNW-containing consumer 

products (e.g. spray coatings, personal electronics). One of the primary routes for exposure 

is inhalation of airborne AgNWs. Upon inhalation, spherical nanoparticles (NPs) with 

diameters between 10 and 100 nm have maximum deposition in the alveolar region of the 

lung.3 For fibrous nanomaterials (NMs), like AgNWs, their width is the key parameter that 

affects their lung deposition pattern, due to the central role of fiber diameter in controlling 

the aerodynamic diameter (Dae) and the dependence of pulmonary deposition on Dae.4 

According to one model, fibers with diameters < 100 nm, independent of their length, 

preferentially deposit in intermediately to terminally situated lung airways, with a peak 

alveolar deposition between 10% and 20%. In the alveoli, where removal is dominated by 

slow, macrophage-mediated clearance,5 fibers have the potential to contribute most to 

builtup of dose.

Consequently, fibrous NMs, including AgNWs, have raised concerns due to the 

comparisons with asbestos fibers in the lung and the induced mesothelioma.6, 7 In vitro work 

revealed that AgNWs were more toxic than spherical AgNPs on alveolar epithelial cells.8 

Recently, AgNWs were shown to produce dose-dependent inflammation in murine lungs 

and responses dependent on both AgNW length and dissolution rates.9 The toxicity of 

AgNWs has not been thoroughly investigated and discrepancies still exist on the mechanism 

of biological action of AgNMs in general.10, 11 The lack of consistency could be in part due 

to the fact that most studies have not considered the fate of AgNMs in biologically relevant 

environments and alterations to the physicochemical properties of as-synthesized NMs. This 

has been highlighted in our recent work that revealed the sulfidation of AgNWs in cell 

culture media12 as well as inside human alveolar epithelial type 1-like cells.13 Due to the 

extremely low solubility of Ag2S, the Ag+ ion release rate will be substantially reduced; 

therefore reduced AgNW toxicity could be expected. Hence, in order to draw accurate 

conclusions about the bioreactivity of AgNWs, it is vital to characterize their 

physicochemical properties at the point of exposure. For AgNWs that reach the alveolar 

region of the lung, this first point of contact will be the lung lining fluid (LLF).
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The LLF is a thin liquid layer (<0.1-0.2 μm) that covers and protects the epithelial cells in 

the alveoli. Its main component is surfactant, which forms a monolayer at the liquid-air 

interface. The most abundant component of surfactant (70-80% of total lipids) is 

phosphatidylcholine (PC), about 50% of which is saturated, especially in the dipalmitoylated 

form (DPPC).14 Furthermore, four surfactant-associated proteins have been described: the 

hydrophilic SP-A and SP-D and the hydrophobic SP-B and SP-C.15 Inhaled AgNWs that 

enter and deposit in the alveoli may adsorb LLF components, affecting their subsequent 

cellular effects.16, 17 Studies indicate that the LLF layer may promote interaction of inhaled 

particles with the underlying epithelium, through wetting forces that draw the particles into 

the surfactant toward the alveolar wall.18, 19 The effects of the LLF on the physicochemistry 

of AgNWs will determine their interaction with proteins, cells and tissues in the lung. An 

altered aggregation state could modify particle transport, the amount of AgNWs internalized 

by cells and subsequent interactions within cells.20 Moreover, AgNWs could alter the 

surface tension of the lung surfactant and affect immune responses by sequestering lipids or 

proteins.21 In our group, we have demonstrated that AgNPs incubated with DPPC were 

coated by a phospholipid corona, which delayed oxidative dissolution of AgNPs and 

inhibited aggregation and coarsening.22 However, few data exist on the stability of AgNMs 

in other components of the LLF or in LLF from an animal model.

The purpose of this study is to characterize the impact of individual components of the LLF 

on the stability of AgNWs (grown in-house to ensure a full control of their initial 

physicochemistry). Phospholipids, as well as each class of surfactant-associated proteins, the 

hydrophobic SP-B/C and the hydrophilic SP-A/D, were separately added to AgNWs in an 

effort to delineate their effects on the properties of AgNWs. These effects were investigated 

at different pH values, representative of environments found in the lung and that mimic 

endocytotic conditions.

Inductively Coupled Plasma–Optical Emission Spectroscopy (ICP-OES), in situ optical 

microscopy and a combination of analytical transmission electron microscopy (TEM) 

techniques were used to investigate the dissolution, colloidal stability and surface chemistry 

of AgNWs. The use of correlative imaging techniques, which provide both dynamic and 

spatially resolved information about the chemistry of the AgNWs, enabled us to directly 

visualize the impact of the LLF components on the surface chemistry of AgNWs, 

agglomeration states as well as the structure of the lipid corona. The advantages of using 

TEM are its ability to provide spatially resolved information about the distribution of crystal 

phases, the structure of the lipid corona and the crystallinity of small nanomaterials.

Materials and Methods

AgNWs were synthesized in-house by a modified polyol process.23

AgNW incubations in LLF components

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased from Sigma-Aldrich. 

Curosurf®, a natural surfactant containing phospholipids and SP-B/C, was donated by Chiesi 

Farmaceutici. Murine LLF was extracted by bronchoalveolar lavage and fractionated to the 

large aggregate (LA) portion, which contains phospholipids and SP-B/C, and the small 
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aggregate (SA) portion, which contains soluble lung proteins, including SP-A/D. AgNWs 

(25 μg/mL) were incubated in various combinations of these components. Complete LLF 

was obtained by recombining the LA and SA fractions. DPPC was used to study the effect 

of phospholipids, while Curosurf® and SA were used to investigate the effects of the 

hydrophobic (SP-B/C) and hydrophilic (SP-A/D) surfactant-associated proteins, 

respectively. AgNWs were incubated at pH 7 and pH 5 in sodium perchlorate (NaClO4•H20, 

Sigma-Aldrich) buffers, at 37 °C, for 1 hour up to 336 hours, in a dri-block incubator in the 

dark.

Scanning Electron Microscopy (SEM) was performed on a LEO 1525 Field Emission Gun 

SEM (FEG-SEM, Carl Zeiss Microscopy GmbH, UK), to study the morphology and size 

distribution of as-synthesized AgNWs.

Transmission Electron Microscopy (TEM)—The morphology and chemistry of as-

synthesized AgNWs and AgNWs incubated with components of the LLF were examined by 

various analytical TEM techniques. Following washing of AgNWs with deionized water to 

remove excess salts or organic molecules, TEM samples were prepared on holey carbon film 

TEM grids, and stored under vacuum in the dark. Bright field TEM (BFTEM), high 

resolution TEM (HRTEM) and high angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM), combined with selected area electron diffraction (SAED) and 

energy-dispersive X-ray spectroscopy (EDX) were performed on a JEOL JEM-2100F fitted 

with an EDX detector (Oxford Instruments).

Light Microscopy (LM) was employed to examine the aggregation states of AgNWs. 

Aliquots of AgNWs were placed on clean glass slides; coverslips were applied and the 

samples were imaged immediately with a Leica DM2500 light microscope.

Inductively Coupled Plasma–Optical Emission Spectroscopy (ICP-OES, Thermo Scientific, 

UK) with a silver detection limit of 0.6 μg/L was used to measure free Ag+ ion 

concentrations.

Full details of the experimental protocols are provided in the SI.

Results

Characterization of as-synthesized AgNWs

It is vital to characterize the chemistry and crystalline structure of AgNWs in ambient 

conditions, as our previous work has shown that the chemistry of AgNWs changes if they 

are exposed to the environment.13 Scanning electron microscopy (SEM) of the as-

synthesized product showed that it is composed only of nanowires (Figure 1a). The length 

distribution of AgNWs, measured from several representative SEM images using ImageJ 

software, had an average of 1.5 ± 1.4 μm (Figure 1b), while the diameter distribution had an 

average of 79 ± 21 nm (Figure 1c). Bright Field Transmission Electron Microscopy 

(BFTEM) (Figure 1d) revealed a pentagonal cross-section of the wires, since AgNWs 

synthesized by the polyol process grow from five-fold twinned Ag seeds formed at the early 

stages of the reaction.24 The lattice fringe spacings measured from phase contrast High 
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Resolution TEM (HRTEM) images (Figure 1e), were 2.36 ± 0.04 and 2.10 ± 0.04 Å, which 

correspond to the interplanar spacing of bulk Ag (111) and (200) lattice planes, respectively 

(ref. # 01-087-0597). The interplanar spacings measured from SAED patterns (Figure 1f) 

were 2.35 ± 0.04, 2.04 ± 0.02, 1.43 ± 0.01 and 1.22 ± 0.01 Å, which are consistent with the 

bcc form of bulk Ag (ref. # 01-087-0597). The presence of an amorphous layer of 1.2 ± 0.3 

nm on the surface of AgNWs (Figure 1e) corresponds to the PVP coating (Figure 1d). 

Finally, STEM/EDX shows that the NWs are composed of pure Ag (Figure 1g, h) and 

confirms the absence of impurities in the synthesized product.

Ag+ ion release kinetics in LLF—One of the main mechanisms of AgNM toxicity is 

postulated to be their dissolution and release of free Ag+ ions.25, 26 In order to understand 

discrepancies in previous studies, it is important to characterize the effect of relevant media 

on Ag+ ion release kinetics. AgNW dissolution in the absence of LLF components was 

strongly pH-dependent (Figure 2a). At pH7, Ag+ release was negligible, and appeared to 

decrease over time, which could be correlated with the formation of AgNPs as discussed in 

the section “Generation of secondary AgNPs”. On the other hand, pH 5 resulted in a higher 

ion release rate, as has been reported for citrate-AgNPs.22 In the presence of complete LLF 

at pH7, no significant differences in the amounts of Ag+ ions released were measured. In 

accordance to this finding, individual components of the LLF (DPPC ± SA, Figure 2b and 

Curosurf ± SA, Figure 2c) had no effect on the amount or rate of Ag+ ions released at pH7. 

At pH 5, however, the presence of LLF led to a lower AgNW dissolution, with the amounts 

of Ag+ ions measured from 24 hours onward being about half compared to the absence of 

LLF (Figure 2a). This decrease in dissolution was further investigated by incubating 

AgNWs in combinations of individual LLF components (Figure 2b, c). Both DPPC and 

Curosurf® imparted a retarding effect to AgNW dissolution, with the amount of Ag+ 

released after 24 hours being about half compared with AgNWs in pH 5 buffer. A similar 

effect has previously been described for citrate-capped AgNPs with DPPC.22 With DPPC, 

this retarding effect lasted for 1 week, when there was little difference in the amount of Ag 

dissolved compared to AgNWs without DPPC. The effect was more pronounced with 

Curosurf®: it took two weeks for the amount of Ag+ ions to reach the same concentration as 

with AgNWs in pH 5 buffer. Finally, addition of the SA, to both DPPC and Curosurf®, at 

pH5, resulted in a further decrease of the dissolved Ag+ measured after 1 and 2 weeks. 

Under all conditions, the maximum concentration of free Ag+ ions measured was 0.625 

μg/mL, which is very low and unlikely to be toxic to cells. Acording to Cronholm et al., 1 

μg/mL of Ag+ (added as AgNO3) did not cause a significant increase in cell death in human 

lung cell lines (A549 and BEAS-2B).27

Morphology and aggregation states in LLF

The aggregation states of AgNWs as a function of pH, incubation time and LLF components 

were investigated using optical microscopy while their morphological evolution was studied 

by TEM. Optical microscopy allowed to preserve the native aqueous environment of 

AgNWs and avoid drying-induced artifacts during sample preparation for electron 

microscopy. Incubation of AgNWs in complete LLF (Figure 3a), at both pH7 (Figure 3a, i-

iii) and pH5 (Figure 3a, iv-vi) led to agglomeration of the wires, which was evident after 24 

hours (Figure 3a, ii and v) and 7 days (Figure 3a, iii and vi). AgNWs were then incubated in 
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individual LLF components, to examine which are responsible for the observed 

agglomeration. In the absence of biomolecules, incubation at both pH 7 (Figure 3b, i and ii) 

and pH 5 (Figure 3b, vi and vii) for 1 hour (Figure 3b, i and vi) up to 1 week (Figure 3b, ii 

and vii), led to no observable differences in the aggregation state of AgNWs; AgNWs 

appeared as single wires randomly dispersed in solution. The addition of DPPC (Figure 3b, 

iii and viii), Curosurf® (Figure 3b, iv and ix) or the LA (Figure 3b, v and x) had no effect on 

the apparent dispersion of AgNWs. These observations are in agreement with our previous 

work, where small angle X-ray scattering (SAXS) data indicated that DPPC prevented 

AgNPs from agglomeration.22 However, addition of the SA to Curosurf®, at both pH 7 

(Figure 3c, i-iii) and pH 5 (Figure 3c, iv-vi), resulted to agglomeration of the wires, 

observed from 24 hours of incubation (Figure 3c, ii and v). To compare with previous 

findings, where incubation of citrate-AgNPs at pH 5 resulted to aggregation and coarsening 

of the NPs,22 TEM imaging was performed, but no pH-induced coarsening of the AgNWs 

was observed (Figure 3d). In contrast to citrate-capped AgNPs, AgNWs remain dispersed 

due to the steric stabilization by the PVP polymer capping, instead of the electrostatic 

stabilization provided by citrate ions.28 Analysis by STEM/EDX provided no evidence for 

changes in the crystal structure of the AgNWs in any of the LLF components. Most 

importantly, sulfur sources have previously been implicated in the formation of Ag2S on the 

surface of AgNWs.12, 29 Incubation of AgNWs with SA, which includes the thiol-containing 

SP-A and SP-D proteins, did not result in precipitation of Ag2S (Figure 3d, e, ≥100 AgNWs 

analyzed). This is in agreement with previous findings where, although AgNWs were 

readily sulfidized by inorganic sulfur species, they were not by sulfur containing amino 

acids or proteins, such as cysteine or bovine serum albumin.12

Characterization of phospholipid corona

TEM imaging provided further insights into the effects of phospholipids on the stability of 

AgNWs. Incubation with DPPC increased the thickness of the amorphous layer present 

around the AgNWs (Figure 4b) to an average of 7.6 ± 5.2 nm, compared to that of AgNWs 

in the absence of phospholipid components (Figure 4a), which was attributed to the coating 

of AgNWs by phospholipids. Their organization on the surface of AgNWs was revealed 

using uranyl acetate positive staining, which takes advantage of the high affinity of electron 

dense uranyl ions for the phosphate groups in phospholipids30, enhancing contrast. AgNWs 

incubated with DPPC, Curosurf® or the LA showed striations that are parallel to the long 

axis of the AgNWs (Figure 4c, d, f, g). The hydrophilic headgroup of the DPPC molecule is 

expected to produce dark contrast whereas the two hydrophobic fatty acid tails will show 

bright contrast.30 Therefore, a lipid bilayer structure was formed on the surface of AgNWs, 

with the hydrophobic tails of DPPC associated with each other and the hydrophilic head-

groups oriented toward the aqueous environment and the PVP layer, which is also 

hydrophilic. The average bilayer thickness, measured from several intensity line profiles 

(Figure 4e), was 3.8 ± 0.5 nm, which is close to the hydrocarbon bilayer thickness of 4.16 

nm calculated by Park et al.31 The hydrophobic fatty acid tails of the DPPC molecule are 

comprised by 16 hydrocarbons. Assuming that the carbon chains are stretched and a chain 

length between one carbon and the next of 1.3 Å, they estimated the maximum length of 

DPPC at 2.08 nm and thus 4.16 nm for a bilayer.31 The average DPPC bilayer thickness 

previously measured by AFM was 5.0 nm, and was shown to vary as a function of 
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temperature and analysis technique.32 The DPPC bilayer thickness on citrate-AgNPs 

measured by TEM was 4.3 nm.22 STEM/EDX analysis at the surface of AgNWs (Figure 4h) 

revealed the presence of phosphorous (Figure 4i), while STEM/EDX elemental mapping for 

silver (Figure 4j) and phosphorous (Figure 4k) confirmed that AgNWs were coated by 

phospholipids (Figure 4l).

Generation of secondary AgNPs

The generation of a secondary population of NPs in all of the test solutions was also 

observed by TEM. After 24 hours, small particles appeared close to the PVP coating of 

AgNWs (Figure 5a, b), whereas in the presence of DPPC, inside the phospholipid layer 

(Figure 5d-e). After 7 days, a larger amount of NPs was observed (Figure 5c, d, 6a). 

Analysis of their chemistry by STEM/EDX revealed only the presence of Ag (Figure 6b) 

(the silicon (Si) peak is due to Si contamination of the carbon grids)33. Since the buffers 

used for the incubation of the AgNWs only contained perchlorate ions, precipitation of 

insoluble Ag compounds such as Ag2O, AgCl, Ag2S or Ag3PO4 could not have occurred in 

solution. STEM/EDX elemental mapping (Figure 6c) excluded the formation of these Ag 

compounds as a result of environmental contaminations during the experiments. HRTEM 

(Figure 6d) revealed a lattice spacing of 2.37 ± 0.07 Å, which corresponds to the interplanar 

spacing of bulk Ag (111) (ref. # 01-087-0597), confirming that the particles are metallic 

AgNPs. More than 100 particles were analyzed in each sample, and all were shown to be Ag 

NPs.

These AgNPs were never detected in as-synthesized samples, by neither SEM (Figure 1a) 

nor TEM/STEM (Figures 1d, e, g). When AgNWs were incubated in perchlorate buffers 

where dissolved oxygen had been removed by purging with argon to inhibit oxidative 

dissolution of AgNWs,34 no NPs could be observed after 2 weeks, suggesting that the 

AgNPs are formed from a reprecipitation of dissolved Ag+ ions. Since all the experiments 

were performed in the dark and no other reducing agent was present in solution, the 

reduction of Ag+ ions to form AgNPs was attributed to the mild reducing capabilities of the 

PVP stabilizer.35, 36 Previous studies also reported that Ag+ ions released from AgNPs were 

reduced by PVP and formed a secondary population of smaller AgNPs.37, 38 Their size 

evolution (more than 300 particles measured in each case) as a function of time shows a 

slight increase after 2 weeks of incubation at pH 7 compared to 24 hours (Figure 6e). AgNPs 

formed at early incubation times probably serve as seeds that grow in size as more Ag+ ions 

are released from AgNWs. AgNPs formed after 24 hours at pH 5 had a slightly larger size 

compared to pH 7, (Figure 6f), possibly due to the higher rate of Ag+ ion release from 

AgNWs at pH 5. After 2 weeks, their size decreased, possibly due to dissolution of AgNPs 

themselves, which is faster at pH 5.

Discussion

The propensity for the physicochemical properties of AgNMs to alter, in some cases quite 

radically, depending on the environment they encounter, can significantly alter their 

bioreactivity with the environment, cells and tissues. Therefore, in order to understand the 

mechanisms of biological action of Ag nanomaterials, these transformations must be 
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thoroughly examined. In the present work, by performing careful characterization using both 

in situ techniques to track dynamic information about the colloidal stability of the AgNWs 

and spatially resolved high resolution elemental analysis, we were able to deconvolute the 

system parameters (i.e. pH, phospholipids, surfactant proteins, and capping agents) and 

provide new insights, on the effects of each parameter on the stability of AgNWs.

In summary, we have shown for the first time, ex vivo adsorption of surfactant lipids on 

AgNWs. This lipid corona delayed the kinetics of Ag+ ion release from AgNWs. TEM 

imaging indicated that the adsorbed phospholipids form a coating on the surface of AgNWs 

and that the hydrophobic alkyl chains of the phospholipids are adsorbed onto the AgNWs 

while with the polar headgroups face away from the AgNWs toward the aqueous phase. 

Moreover, using in situ light microscopy, we have demonstrated that the small aggregate 

fraction of the LLF was responsible for the agglomeration of the AgNWs observed in LLF 

and the decreased release of Ag+ ions. We have also shown the generation of a secondary 

population of AgNPs from the original AgNWs, possibly due to the reduction of Ag+ ions 

by the PVP capping of the wires.

Effect of pH

The release of free Ag+ ions is often considered as the predominant mechanism of toxicity 

for AgNMs. In the endocytic pathway, the pH progressively decreases from about 7.1 to 

lower than 5.5 in lysosomes, which could affect the extent of Ag dissolution in different 

cellular compartments. The dissolution of AgNPs is considered to be via a cooperative 

oxidation that involves both protons and dissolved oxygen:34

In our experiments, dissolution of AgNWs was carried out under ambient atmosphere and 

therefore dissolved oxygen is a possible factor in the oxidation of AgNWs. It is also clear 

from our data that the kinetics of AgNW dissolution are affected by the pH. Similar 

observations have been made for both citrate22, 34 and PVP capped AgNPs.38 However, the 

maximum concentrations of Ag+ ions measured, are not likely to significantly contribute to 

the toxicity of AgNWs.27

Effect of phospholipids

The presence of phospholipids, in either simple (DPPC) or complex mixtures (Curosurf®), 

induced a retarding effect on the release of Ag+ ions at pH 5, which could be explained by 

the formation of phospholipid layers on the surface of AgNWs. This finding supports our 

previous work, where DPPC coating of citrate-AgNPs delayed Ag+ ion release and 

prevented aggregating and coarsening.22 We suggested that the DPPC coating acts as a 

diffusion barrier to molecular oxygen, decreasing the ion release kinetics. Here, we suggest 

that the outermost surface of the lipid coating corresponds to the hydrophilic headgroup of 

DPPC. When strongly hydrophilic groups interact with the surrounding aqueous media, the 

sorption of the organic compounds facilitates the stability of the nano-Ag dispersion.39 This 

observation can now explain previous findings where the bronchoalveolar lavage improved 
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the dispersion of AgNPs.40 The adsorption of lipids on AgNWs could directly affect their 

uptake by cells and the intracellular responses, which is the subject of ongoing research in 

our group. Research on other classes of nanomaterials has shown, for instance, that lipid 

adsorption led to increased internalization of TiO2 NPs41 and SWCNTs42 by macrophages. 

In a recent study, human LLF increased the uptake of polystyrene NPs by human alveolar 

epithelial cells, regardless of NP size or surface modification.43 Moreover, coating 

MWCNTs44 or SWCNTs45 with lipids evoked an increase in intracellular reactive oxygen 

species (ROS) production.

Effect of surfactant-associated proteins

The addition of SA further reduced the amount of Ag+ ions released, which explains the 

decreased dissolution observed at pH5 in the presence of complete LLF. This decrease in 

dissolution was not due to a chemical transformation of the AgNWs, since sulfidation by the 

thiol containing SP-A and SP-D was ruled out by HRTEM and STEM/EDX. However, SA 

induced agglomeration of the AgNWs, at both pH values tested, consequently lowering the 

available surface area and thus the dissolution rate. Recent work has similarly demonstrated 

that incubation of various types of NPs with SP-A/D led to NP agglomeration,46, 47 possibly 

through the selective binding of SP-A and/or SP-D to the NPs.43, 48, 49 In our unpublished 

work, Western blot analysis showed that SP-A/D specifically binds to AgNWs. Protein 

adsorption on AgNWs could have implications on the bioreactivity of AgNWs upon 

inhalation, since for other types of NPs this altered their cellular uptake, clearance, 

translocation and toxic effects.49 Changes in the agglomeration state of AgNWs may lead to 

different responses by different cell types. For example, lung epithelial (C-10) cells were 

found to be more resistant to AgNPs than macrophages (RAW-264.7).50 This was attributed 

to the fact that the aggregate size of AgNPs in the cell culture medium was more than 100 

nm, which improved their uptake efficiency by macrophages but reduced it by epithelial 

cells.51 In the recent work by Silva et al., instillation of AgNWs in rats led to the deposition 

of AgNWs in the deep lungs.9 Both AgNW lengths tested produced significant numbers of 

Ag-positive macrophages at Day 1.9 Herein, sp-A/D induced agglomeration of the AgNW 

also within 24 hours, which could therefore be responsible for the high uptake of AgNWs by 

macrophages in the Silva study.

Effect of capping agent

The generation of a secondary population of AgNPs from the original AgNWs was observed 

following their incubation at pH 7 and pH 5 and in the presence of LLF components. PVP-

capped AgNPs have also been shown to generate smaller AgNPs when exposed to high 

relative humidities37 or in solution.38 Surface coatings may have a vast influence on the 

toxicological potential of AgNMs, as has been recently highlighted in a study where citrate-

AgNPs were more toxic than PVP-AgNPs, despite having similar sizes and dissolution 

rates.52 The authors proposed that Ag+ ions form complexes with PVP, which reduces their 

bioavailability and consequently cytotoxicity. In the present work we show that Ag+ ions 

may also undergo PVP-mediated reduction to form secondary AgNPs. These secondary 

particles, having a much smaller size, could directly interfere with the function of cell 

membranes, allowing a larger number of AgNPs to penetrate inside cells.52 Smaller AgNPs 

may also be able to reach internal organelles more easily, inducing more pronounced toxic 
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effects.53 Due to their smaller size, they are also expected to have enhanced dissolution 

kinetics.54

In conclusion, our findings show that different components of the LLF can significantly alter 

the aggregation state and surface chemistry of AgNWs. This is important as these alterations 

may change their reactivity and how they are internalized and processed by the underlying 

epithelial cells or macrophages. We are currently investigating this hypothesis. More 

generally, these observations highlight the need for detailed dynamic and static 

characterization at the point of exposure in order to develop a holistic understanding into 

which parameters govern AgNW bioreactivity, as the in situ properties of AgNWs may 

prevail over their inherent properties. Improving our understanding on how the 

physicochemical properties of AgNMs change in the presence of biomolecules is paramount 

for appreciating their true environmental and human health impact.

Supplementary Material

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

STEM/EDX. (a) SEM image of as-synthesized AgNWs, and their length (b) and diameter 

(c) distributions. The curves represent the Gaussian fit to the data. (d) A low-resolution 

BFTEM image of AgNWs. Inset shows the cross section of AgNWs, scale bar 30 nm. (e) 

High-resolution BFTEM image of a single AgNW, showing its crystal structure and the PVP 

capping on its surface. Inset is the corresponding FFT pattern taken from the boxed area (f) 

SAED pattern taken from an area containing multiple AgNWs. (g) HAADF-STEM image of 

a single AgNW and (h) the corresponding STEM/EDX spectrum collected from the area 

circled in (g).
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Figure 2. 
(a-c) ICP-OES analysis of the amount of free Ag+ ions released from AgNWs in complete 

LLF (a) and individual LLF components (b, c). AgNWs were incubated in perchlorate buffer 

solutions (pH7 and pH5), in the presence and absence of LLF (a), DPPC ± SA (b) or 

Curosurf® ± SA (c), for 1 hour up to 336 hours (14 days).
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Figure 3. 
(a) Reflectance mode optical images of AgNWs incubated with LLF at pH 7 (i-iii) and pH 5 

(iv-vi), for 1 hour (i, iv), 24 hours (ii, v) and 7 days (iii, vi). (b) Reflectance mode optical 

images of AgNWs incubated at pH 7 (i-v) and pH 5 buffers (vi-x), in the absence (i, ii, vi 

and vii) and presence of DPPC (iii and viii), Curosurf® (iv and ix) and LA (v and x). (b) 

Reflectance mode optical images of AgNWs incubated with Curosurf® and SA at pH 7 (i-

iii) and pH 5 (iv-vi), for 1 hour (i, iv), 24 hours (ii, v) and 7 days (iii, vi). (c) A BFTEM 

image of AgNWs incubated at pH 5 for 14 days. (d) A STEM image and (e) a STEM/EDX 

spectrum from the area marked in (d) of AgNWs incubated with SA for 24 hours.
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Figure 4. 
(a-d and f-g) BFTEM images of AgNWs incubated in pH7 buffer (a), with DPPC (b-d), 

Curosurf® (f) and LA (g). In (c, d) and (f-h) samples were positively stained with uranyl 

acetate to enhance phospholipid contrast. (d) Magnification of the area boxed in (c), 

showing the phospholipid bilayers formed on the surface of AgNWs. (e) Intensity line 

profile collected from the line marked 1 in (c). (h) HAADF-STEM image of a single AgNW 

and (i) corresponding EDX spectrum collected from the area circled in (h), confirming the 

presence of phosphorus on the surface of AgNWs. (j-l) The boxed area in (h) was further 

characterized by STEM/EDX (j) silver (Ag) and (k) phosphorus (P) elemental mapping. (l) 

The overlaid image confirms that AgNWs are wrapped by phospholipids.

Theodorou et al. Page 17

Environ Sci Technol. Author manuscript; available in PMC 2016 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
BFTEM images of AgNWs showing the generation of a secondary population of 

nanoparticles. (a) Small nanoparticles were formed at the surface of AgNWs after incubation 

in pH 7 perchlorate buffers for 24 hours. (b) The magnification of the boxed area in (a) 

shows that the particles formed are trapped in the PVP capping layer of AgNWs. (c) 

AgNWs incubated at pH 7 for 1 week. A larger amount of nanoparticles was observed, close 

to the surface of AgNWs and in several areas of the carbon coating of the TEM grid. (d) 

AgNWs incubated at pH5 for 7 days. (e) AgNWs incubated at pH7 in the presence of DPPC 

for 24 hours. The amorphous layer around the AgNWs corresponds to the phospholipid 

wrapping of the wires. (f) The magnification of the boxed area in (e) shows that crystalline 

nanoparticles are present inside the phospholipid coating.
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Figure 6. 
HAADF STEM imaging, STEM/EDX elemental analysis and mapping and HRTEM 

characterization of the secondary nanoparticles from the original AgNWs. (a) STEM image 

of AgNWs incubated in pH7 perchlorate buffers for 7 days. The image reveals the presence 

of a large number of small particles on the surface and around the AgNWs. (b) STEM/EDX 

spectrum of a single nanoparticle, collected from the circled area 1 in (a) and comparison 

with the background spectrum, collected from the circled area 2 in (a). (c) HAADF STEM 

imaging and EDX elemental mapping. Scale bar 10 nm. (d) HRTEM of nanoparticles 

formed after the incubation of AgNWs at pH7 for 7 days. The lattice spacing of the 

nanoparticles corresponds to that of metallic Ag (111). (e-f) Size distribution of the AgNPs 

generated after the incubation of AgNWs at pH7 (e) and pH5 (f), for 24 hours and 14 days.
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