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Abstract

The growing use of silver nanoparticles (AgNPs) in consumer products has raised concerns about

their potential impact on the environment and human health. Whether AgNPs dissolve and release

Ag+ ions, or coarsen to form large aggregates, is critical in determining their potential toxicity. In

this work, the stability of AgNPs in dipalmitoylphosphatidylcholine (DPPC), the major component

of pulmonary surfactant, was investigated as a function of pH. Spherical, citrate-capped AgNPs

with average diameters of 14 ± 1.6 nm (n=200) were prepared by a chemical bath reduction. The

kinetics of Ag+ ion release was strongly pH-dependent. After 14 days of incubation in sodium

perchlorate (NaClO4) or perchloric acid (HClO4) solutions, the total fraction of AgNPs dissolved

varied from ~10 % at pH 3, to ~2 % at pH 5, with negligible dissolution at pH 7. A decrease in pH

from 7 to 3 also promoted particle aggregation and coarsening. DPPC (100 mg.L−1) delayed the
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release of Ag+ ions, but did not significantly alter the total amount of Ag+ released after two

weeks. In addition, DPPC improved the dispersion of the AgNPs and inhibited aggregation and

coarsening. TEM images revealed that the AgNPs were coated with a DPPC layer serving as a

semi-permeable layer. Hence, lung lining fluid, particularly DPPC, can modify the aggregation

state and kinetics of Ag+ ion release of inhaled AgNPs in the lung. These observations have

important implications for predicting the potential reactivity of AgNPs in the lung and the

environment.
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INTRODUCTION

Engineered silver nanoparticles (AgNPs) have attracted the attention of scientists for their

remarkable properties, including their excellent electrical and thermal conductivity, as well

as unique optical and antimicrobial properties.1–5 However, due to the large production

volume of manufactured AgNPs, in particular airborne products (e.g. disinfectant sprays)

and a variety of consumer products (e.g. washing machine, water purification and air filters,

toothpaste and deodorants), Ag may be released into the environment either as soluble ions,

nanoparticles (NPs) or NP aggregates, during handling, washing, disposal or abrasion.6

Since AgNPs are prevalent in consumer products, these release routes raise concerns about

potential toxic effects of AgNPs on the environment and human health.7

Inhalation of airborne NPs is one of the main exposure routes by which NPs can enter the

human body. After inhalation, relatively large particles or agglomerates (diameter > 1 μm)

are likely trapped in the mucus of the upper airways and removed by the mucociliary

escalator. However, NPs with a diameter < 20 nm are likely to escape the mucus trapping

and enter the deepest zone of lung: the alveolar region.8,9, 10 The deep lung is comprised of

a monolayer of type I and type II epithelial cells which allow gas exchange and also directed

transmigration of cells such as macrophages that form part of the lung’s immune system.

The deep lung also consists of a layer of lung-lining fluid (LLF), pulmonary surfactant

composed of 90% phospholipids and 10 % surfactant proteins11. The most abundant

phospholipids are based on phosphatidylcholine (PC), 41–70% of which is DPPC.

The LLF plays an important role in regulating the immunity of the lung.12, 13 The DPPC-

enriched monolayer functions to produce near-zero surface tension at the end of exhalation,

easing the work of breathing and preventing the alveoli from collapsing.14, 15 There are four

lamellar phases recognised in saturated phosphatidylcholines (e.g. DPPC), see SI. At 37 °C,

DPPC monolayers are rigid enough to be compressed to high surface pressure (π>50

mN.m−1) or low surface tension (γ=0 mN.m−1) and can sustain this low surface tension for

a considerable time without collapsing.16, 17 Lung surfactant deficiency and dysfunction

may lead to the severe pulmonary disorders such as (acute) respiratory distress syndrome

(RDS).18
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The molecular structure of DPPC contains a hydrophilic and a hydrophobic end (Figure 4).

The zwitterionic trimethyl ammonium and acidic phosphate head of the molecule is

hydrophilic, while the two long chain fatty acid tails esterified to the glycerol are lipophilic

and hydrophobic. Hydrogen bonding and electrostatic interactions control the interaction

between DPPC and AgNPs/citrate. It is well established that lipid vesicles do not rupture to

form a bilayer on metal surfaces.19 To confirm the formation of a lipid bilayer on AgNPs/

citrate, McConnell’s group20 created supported lipid bilayers by spreading lipid vesicles on

hydrophilic supports. DPPC-NPs interactions depend on several factors, such as particle

size,21 surface charge22 and particle nature (hydrophilic or hydrophobic).23

Several studies have compared the colloidal stability of NPs in different media, including rat

bronchoalveolar lavage (BAL);24 phosphate buffered saline (BAL mimic containing bovine

serum albumin (BSA) and DPPC);25, 26 semisynthetic lung fluid (DPPC/palmitoyl-oleoyl-

phosphatidylglycerol/surfactant protein B (SP-B); 70:30:1 wt %).27 These studies found that

NPs were well-dispersed in the presence of DPPC and proteins, and that synthetic lung fluid

was as effective as BAL in dispersing NPs. Here, we have studied the interaction of AgNPs

with DPPC and isolated the effects of DPPC – the major component of LLF. We specifically

chose not to include other proteins presented in the LLF as some of these components (e.g.

SP-A, SP-B and SP-D) contain sulphur. This may lead to desulphurisation of proteins by

AgNPs and formation of Ag2S. The sulphurisation process would confound the analysis of

ICP and TEM and make it difficult to draw accurate conclusions about the mechanisms by

which pH affect the stability of the NPs.

Interactions occurring between biological media and NPs are expected to govern the

subsequent biological effects of the particles. For respirable NPs, interactions with LLF

components as well as local cell populations will determine the effects on cell metabolism

and lung function.28 Hence, it is important to understand how NPs behave in different

biological media, to predict downstream effects. The effects of the LLF on the aggregation

state of NPs will play an important role in determining the interaction of particles with

proteins, cells and tissues. An altered aggregation state will modify particle transport, the

amount of AgNPs internalised by cells, subsequent interactions within cells29, and can also

alter the surface tension of the LLF and affect immune responses by sequestering lipids or

proteins.30 These factors may impact the bioavailability of AgNPs, cellular toxicity and even

lung function.31

The detailed mechanisms by which AgNPs damage cells and tissues are not fully

understood; however, recent studies indicate that Ag+ ion release is a major pathway

underlying AgNPs bio-reactivity and toxicity.32,33 Ionic silver (Ag+), a well-known

oxidation catalyst, is implicated in protein damage by desulphurisation, generates reactive

oxygen species (ROS)34 and may interfere with NO redox equilibria in the lung.35 This

oxidative potential may increase the permeability of the lung epithelium to AgNPs resulting

in DNA damage, lipid membrane damage, chromosomal aberrations, and cell-cycle

arrest.7, 8 Through these biochemical pathways, release of Ag+ ions is a critical process that

will determine the downstream effects of AgNPs on human health.36, 37, 38
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The aim of this study was to investigate the impact of DPPC on the stability of AgNPs with

well-controlled physicochemical properties. The influence of phospholipids on the

aggregation state and release of Ag+ ions at various pH conditions, representative of

environments found in the lung, have been investigated. Consideration of any feedback

processes (i.e. how components of the LLF affect the physicochemical properties and

reactivity of NPs) in such systems is an important aspect of understanding the impact of

nanomaterials on cell toxicity.

MATERIALS AND METHODS

Ag NPs were prepared by chemical bath deposition from AgNO3 solution as described in

supplementary information.

Effect of pH and DPPC on stability of AgNPs

DPPC was purchased from Sigma Aldrich, UK (catalogue number P0763). The effect of pH

on the stability of AgNPs (25 mg L−1) was studied for 0 and 100 mg L−1 DPPC, in

perchlorate acid solutions (pH 3, 5 and 7) by bath sonication for 10 minutes. Samples were

incubated at 37°C with reaction times between 1 and 336 hours (2 weeks) in a dri-block

heater.

To minimise the impact of anions on the stability of the AgNPs, non-interacting buffers

were used and perchloric acid (Sigma-Aldrich), was used to adjust the pH. The pH was

adjusted using either 0.1 M sodium perchlorate (NaClO4) or perchloric acid (HClO4)

solutions. pH 5 and 7 were chosen to correspond approximately to lysosomal and

extracellular media pH, respectively; pH 3 was chosen as a positive control.

Analytical methods

The samples were analysed using a range of complimentary techniques summarised below;

full details of the experimental protocols are provided in the supplementary information:

Transmission electron microscopy (TEM) was performed using a JEOL 2010 TEM to

determine particle size distribution, aggregation state and crystallinity (selected area

electron diffraction);

Inductively Coupled Plasma–Optical Emission Spectroscopy (ICP-OES) was used to

determine the amount of dissolved Ag into the test media at various time points.

Energy dispersive X-ray (EDS) The presence of DPPC and cleanliness of synthesised

particles was examined using EDS in the JEOL 2010.

Zeta potential (ξ) measurements were performed using a ZetaPALS (Brookhaven

Instruments Corporation, USA) to determine the surface charge on the particles as-

prepared and post exposure to DPPC as a function of pH.

Small Angle X-ray Scattering (SAXS) was performed on the I22 beamline at the

Diamond Light Source, UK to provide an in-situ correlative measure of particle size and

aggregation state.
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RESULTS

AgNP Preparation and Characterisation

A bright-field TEM image of as-prepared AgNPs is shown in Figure 1a. The particles were

spherical in morphology with an average diameter of 14 ± 1.6 nm (n=200) as characterized

by TEM. SAED patterns (Figure 1c) revealed that as-synthesised NPs have characteristic

lattice spacings 0.236 nm, 0.204 nm, and 0.145 nm, corresponding to the (111), (200) and

(220) planes of metallic silver (Ref.#01-087-0597). EDS analysis confirmed that sulfidation

of AgNPs had not occurred and all impurities had been removed after 3x washing with DI

water. The ξ value of the as-synthesised AgNPs/citrate was −17.9 ± 3.0 mV. This negative

surface charge is consistent with the electrostatic stabilisation against aggregation.

Stability of the AgNPs: The role of pH, DPPC and incubation time

TEM - morphological studies—The stability of AgNPs in the presence, or absence, of

DPPC, at pH 3, 5 and 7 was monitored by measuring both the production of Ag+ ions in

solution and by assessing the morphological evolution of the AgNPs as a function of

incubation time. The primary particle and aggregate sizes of AgNPs in their dry state were

characterized using TEM (Figure 2a–n). The particle size distribution (PSD) became

multimodal after t=168 hours, as AgNP dissolution and coarsening occurred (Figure 2o–r).

TEM imaging showed that AgNPs associated more rapidly with decreasing pH. AgNP

aggregate sizes in pH 3 were significantly larger than in pH 5 and pH 7 (Figure 2). This

implies that pH will affect the aggregation state of NPs in different cell culture media.

Negligible changes in the aggregate sizes were measured at extracellular pH (~7.2) whereas

the NPs tended to aggregate in lysosomal pH (~5.5). The PSD histograms (Figure 2(p–r))

illustrate a significant shift in the position of the peak maxima, i.e. from 16 nm at pH 7 to 32

nm at pH 5, and 44 nm at pH 3 after 7 days incubation, indicating that the particles

aggregated, fused and coarsened significantly at lower pH.

TEM images also show that DPPC addition results in smaller clusters of NPs or isolated

primary particles, which are redispersed within the DPPC. In DPPC, NP aggregation was

strongly pH-dependent, with the size of aggregates increasing as pH decreases. In particular,

Figure 2q and 2r showed a shift in the peak maxima of the PSD to smaller sizes in the

presence of DPPC at pH 5 and 3, respectively. After 7 days incubation, the position of peak

maxima shifted from 44 nm (without DPPC) to 24 nm (with DPPC) at pH 3, and from 32

nm (without DPPC) to 20 nm (with DPPC) at pH 5. This trend indicates that the

phospholipid DPPC provides a more stable barrier between NPs, reducing NP interactions

and inhibiting coarsening. At pH 7.0, there is no significant shift in size distribution between

the samples with and without DPPC, indicating that DPPC stabilises the NPs dispersion, but

does not affect the size distribution at neutral pH. This nano-bio interface is important in

shaping the surface properties, charges, resistance to aggregation and hydrodynamic size of

NPs.39

In order to study further the influence of pH and DPPC on particle aggregation state and

morphology, TEM images of AgNPs incubated in solutions in the presence of DPPC were

acquired at low (x 50 k) and high (x 100 k) magnification (Figure 3). Figure 3 shows the as-
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prepared citrate- stabilised AgNPs. The NPs were wrapped by a thin layer of stabilising

agent (citrate), approximately 1.4 ± 0.3 nm in thickness. By comparison, when NPs were

incubated in solutions containing DPPC, there was a significant increase of capping layer

thickness, which implies formation of DPPC layer(s) outside AgNPs/citrate, as shown in

Figure 3c–d. The thickness difference of 4.2 ± 1.8 nm is close to a DPPC bilayer thickness

of 5.5 nm, as determined by atomic force microscopy (AFM).40 Leonenko40 imaged a

DPPC-supported bilayer using temperature-controlled AFM and demonstrated that thickness

of DPPC bilayer varied as a function of temperature or analysis technique.

The detailed morphology of the DPPC layer(s) was further revealed using a uranyl acetate

negative staining technique, which takes advantage of the high affinity of electron dense,

uranyl ions, to the carboxyl groups of citrate and phosphate groups of DPPC, resulting in

dark contrast.41 The outside layer of NPs, which shows dark contrast, is likely to be the

polar groups of the outer DPPC layer facing the aqueous environment (Figure 3e–f). The

hydrophilic heads of the inner layer of DPPC likely interact with the citrate layer; however,

it is difficult to absolutely define the boundary of the two layers (Figure 3f). A schematic

model of the DPPC bilayer structure on AgNPs/citrate is illustrated in Figure 4. The

thickness of the bilayer of DPPC hydrocarbon tails, not stained with uranium, show a bright

contrast layer in between; this was determined to be 4.3 ± 0.6 nm (Figure 3f), close to the

calculated hydrocarbon bilayer thickness of 4.16 nm. Further evidence for the existence of a

lipid layer around AgNPs is provided by EDS analysis which shows the presence of

phosphorus in samples immersed in DPPC.

ICP- OES - dissolution studies—Aliquots of Ag solutions were taken for ICP-OES

analysis at various time points from 1 hour up to 14 days (336 hours). Dissolved silver

appeared over the course of several hours up to two weeks. In the reaction, the dissolved

silver was Ag+ or Ag+ complexed with anions (i.e. citrate), which can undergo dynamic

exchange between surface bound and soluble forms.

Figure 5 shows that the Ag+ release rate was strongly pH-dependent: increasing ion release

rates were observed with decreasing pH. Negligible Ag+ release (~ 0.4 %) was measured at

pH 7, and ~ 2 % Ag+ was released at pH 5, after 14 days (336 hours) incubation. At pH 3,

considerable Ag+ release was measured initially after 1 hour incubation; ~ 5 % of available

Ag+ ions had dissolved. The dissolution rate of the AgNPs subsequently decreased, and the

amount of Ag+ ions released gradually increased up to ~10 %, at 14 days.

For AgNPs incubated in DPPC, similar dissolution behaviour was observed compared to

those incubated without DPPC (Figure 5). However, the DPPC appears to form a protective

membrane, increasing AgNP chemical stability. At pH 3, < 1 % of AgNPs had dissolved

after 1 hour incubation, compared to ~ 5 % released Ag+ without DPPC. However, after 72

hours incubation at 37 °C (pH 3), the amount of dissolution was not significantly different

from the samples without DPPC (Figure 2l and 2n). A similar trend was also observed at pH

5. Overall, DPPC imparted an initial retarding effect on the dissolution of AgNPs but the

effect became less significant after two weeks of incubation at a given pH.
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Comparisons of SAED patterns (Figure S5) in different media identified only the

characteristic spacings of metallic silver.

Zeta potential (ξ) measurements—The dispersion surface charge of particles can be

altered by changing the solution pH as shown in Figure 7. At the higher pH studied, the

AgNPs suspension indicates a high ξ-magnitude of −32.5 mV, corresponding to a stable

suspension. At lower pH, the magnitude decreases to −22.5 and −18.2 mV at pH 5 and 3,

respectively; indicating weaker repulsive forces and a less stable suspension (Figure 6).

The ξ of AgNPs/citrate and DPPC-wrapped AgNPs were also investigated at different pH.

Figure 6 shows that the ξ of AgNP/DPPC were smaller in magnitude compared to AgNPs

without DPPC. ξ continued to decrease with pH, approaching isoelectric point (pI).

However, despite the lower surface charge, the NPs are now stabilised by steric factors

leading to more stable suspensions.

SAXS—Background-subtracted SAXS data are shown in Figure 7 along with fits to the data

and extracted parameters. A good agreement between the data and fit was achieved for all

the samples as indicated by the low χ2 values. The extracted values for diameter D represent

the average size of the scattering object: there is a dramatic increase in D for particles

suspended in pH 3 and 5 solutions for a period of 9.5 h: from 18.6 nm to 39.1 nm and 55 nm

for pH 5 and 3 respectively. Little change was observed for particles suspended in pH 7

solutions, in agreement with TEM analysis. Addition of DPPC to the solutions reduced the

observed changes in D, although measurable differences were seen for both pH 5 and 3

(D=26.8 nm and 28.0 nm). This suggested that DPPC inhibits particle aggregation and

coarsening, but may not fully prevent it. At pH 7, with DPPC there is no change in the

SAXS analysis compared to as-prepared samples.

DISCUSSION

The overall goal of this study was to assess the effect of pH on the stability and aggregation

state of AgNPs, and to determine how the presence of DPPC modifies these processes. In

the secretory pathway, the pH decreases progressively from the endoplasmic reticulum (ER)

lumen, (pH~7.1), early endosomes (pH~6.5) to late endosomes (pH<6.0) and, ultimately,

lysosomes (pH<5.5).42 A DPPC concentration of 100 mg.L−1 was chosen to mimic the

concentration range of phospholipid in bronchoalveolar lavage fluid obtained from healthy

adults.13

The aggregation state of NPs is an important consideration in controlling their reactivity in

biological systems. A number of factors, including ionic strength, pH and surface chemistry,

control both the propensity of NPs to aggregate and the aggregate size.36,43 For any

colloidal suspension an equilibrium is set up between the NP and solution, so even a simple

Ag colloid will consist of three forms: AgNPs, free Ag+ (including complexes), and surface-

adsorbed silver Agads. Here, TEM images show that NPs preferentially aggregate at pH 3

compared to pH 7 (Figure 2). This effect is related to the high [H+] which causes charge

screening (thus reducing electrostatic repulsion), and decreased intramolecular repulsion

resulting in molecular shrinkage.44 At any given pH, increasing the ionic strength
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compresses the diffuse layer and decreases ξ of particles (Figure 6), thereby reducing

intermolecular repulsion, leading to increased aggregation (Figure 8).45–47,48

The larger particle size observed at lower pH arises due to increased charge screening,

which allows particles to agglomerate and then fuse by diffusion controlled coarsening,

forming larger-sized particles. When particles are coated by citrate (pKa1=3.13, pKa2=4.76,

pKa3=6.40), they are electrostatically-stabilised by the negatively-charged anions. However,

when the pH of the colloidal dispersion is decreased, protonation of citrate anions occurs,

and the AgNPs are no longer electrostatically stabilised. Without their negative shell, the

particles are not prevented from coming into close proximity, which allows growth of the

particles. This effect can also be seen in Figures 2 (TEM) and 7 (SAXS), where the average

particle diameter increases as the pH decreases.

The aggregation of extremely reactive NPs is driven by high surface energy and resultant

thermodynamic instability of the NPs surface.49 In suspension, Agads will tend to diffuse

between adjacent adsorption sites on a surface, forming bonds with nearest-neighbor atoms

via Brownian diffusion.50 In this reaction, the coarsening kinetics of the NPs are controlled

by surface diffusion. As the system tends to lower its overall energy, smaller-sized particles

will first agglomerate, then irreversibly fuse and coarsen to form large particles, decreasing

the total energy of the system.51

In contrast, stable NPs dispersion requires a dominant interparticle repulsive force to prevent

the adhesion of particles. The decreasing magnitude of ξ with pH (Figure 6) agrees well

with the effects seen in TEM morphology studies. This supports the suggestion that larger

aggregates found at lower pH may be due to the low surface charge and weak repulsive

force when pH approaches the pI.52 The ‘hard’ bonds of aggregates are difficult to break

apart with agitation or ultrasonication due to a high energy barrier that hinders the separation

of particles. When pH is far from the pI, the electrostatic repulsive force is high enough to

counter the van der Waals force and prevent the aggregation of NPs, and vice versa.53, 54

In this study, the ICP results (Figure 5) show that NP dissolution rate increases with

decreasing pH. Liu55 found that dissolution of AgNPs is a cooperative effect of both

dissolved oxygen and protons. In our study, dissolution was carried out in an ambient

atmosphere, and therefore dissolved oxygen is a possible factor in the dissolution of AgNPs.

Specifically, in a heterogeneous oxidation reaction, ion release is initiated by oxygen

chemisorption accompanied by electron transfer. The Pourbaix diagram for Ag suggests that

the equilibrium condition is not pH-dependent for acidic conditions, however it is clear from

these data that the kinetics of dissolution are effected.56 Protons in the fluid phase serve as a

mediator and dissolution of NPs increases with higher [H+].55 The global reaction

stoichiometry is:

(1)

For surfactant-coated NPs, the DPPC layer may act as a diffusion barrier to molecular

oxygen, and thus decreases ion release kinetics and toxicity.57 TEM analysis showed that

the measured size distribution was biased towards small particles with the addition of DPPC,
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indicating that DPPC improved the stability of the particles. This finding is in agreement

with the result reported by Sager14, who found that diluted alveolar lining fluid obtained

through bronchoalveolar lavage improved the dispersion of ultrafine carbon black and TiO2-

NPs.

Since the TEM preparation method may cause drying-induced aggregation of the particles;

measures have been taken to minimise such effects by placing a small drop of solution on to

a Cu grid and drying under vacuum. Moreover, exactly the same protocol was used to dry all

the samples, so if observed aggregation was related to such artefacts it would be expected

for all the conditions studied. Therefore we are confident that the observed differences can

only be attributed to the effects of the environmental test conditions. Although drying

artefacts may create a systematic error, it cannot be disputed that significant differences

between the aggregation states of AgNPs +/− DPPC, are observed. Furthermore; the in-situ

SAXS measurement are consistent with our TEM data suggesting that such an approach

(with appropriate care) is valid.

The ξ of AgNPs/citrate was reduced after lipid adsorption (Figure 6). This may be due to the

positive charge of the hydrophilic headgroup of DPPC molecule – N(+)(CH3)3 interacting

with the negatively charged citrate coated AgNPs. Since DPPC is a zwitterion, the positive

charge of ammonium group is favourable for electrostatic interaction with the AgNPs/

citrate. Therefore, the presence of negative  in the zwitterion may cause the relatively

small decrease of surface charge which remains negative.58

The DPPC hydrophilic head group contains two oppositely charged groups59: a positively

charged phosphate (P) group (1.8 nm) and a negatively charged choline (N) group (2 nm) as

illustrated in Figure 4. The zwitterionic head group of DPPC with neutral charge over a wide

pH range approximately from 4 to 10.60 Despite its neutrality, DPPC carries a significant

electric dipole moment and surface potential. Mashaghi61 reported that the lipid headgroups

of DPPC tightly bound to interfacial water molecules facilitates energy transfer across

membranes62. This might explain the antifouling property of DPPC and the dispersion of

NPs in DPPC suspension.62 Moreover, when NPs interact with DPPC, the hydrophilic

trimethyl ammonium and phosphate head group of the molecule is oriented outwards to the

surrounding medium; this surface modification of a hydrophilic outer coating also allows the

dispersion of the surfactant-coated AgNPs in aqueous media.63

Several reports have indicated that the cytotoxicity of nanosilver is decreased by the

aggregation of AgNPs.55, 64 Generally, NPs tend to aggregate into larger particles,

decreasing the available surface area and decreasing reactivity.65 Our present results show

that the presence of DPPC maintains dispersion of NPs without significantly increasing the

dissolution rates compared to those without DPPC (Figure 6); however DPPC did delay the

release of silver ions. In principle, the ion release rate may also be inhibited by an increase

in pH, oxygen depletion and high concentrations of free silver and free citrate.66

This study of the interaction of AgNPs with DPPC has provided an insight into the colloidal

stability of these NPs in biologically relevant media under varying pH conditions. DPPC

surfactant is the first line of defence against inhaled particles and helps to maintain
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homeostasis of the airways. Over the range of pH values investigated, the results indicate

that decreasing pH resulted in increased Ag+ ion release and induced a much greater extent

of aggregation and coarsening of the particles. TEM and in situ SAXS analysis showed that

AgNPs did not aggregate or coarsen at extracellular pH; maintenance of their small size may

allow them to enter cells (where NP dissolution and aggregation may subsequently occur).

This may lead to a greater formation of ROS within cells, reduced cell viability, and

increased DNA damage.

In conclusion, TEM images and in situ SAXS showed that AgNPs suspended in media

containing DPPC were stabilised against coarsening and aggregation. Nevertheless, the

presence of DPPC surfactant did not significantly affect the total amount of silver released

over the pH range 3.0–7.0 after two weeks. These results enhance our understanding of the

stability of NPs in the deep lung, and may be utilised for making predictions of how the

aggregation state and stability of AgNPs changes in the LLF, thereby affecting the

pulmonary system with regard to both respiratory physiology and host immunity. More

generally, our results highlight the need to consider the interaction of engineered

nanomaterials with biological molecules (in this case lipids) to understand the downstream

effects in humans and the environment. In particular, detailed characterisation of whether,

and how, engineered nanomaterials change in their physicochemical properties within a

biological system or the environment will be essential to make informed predictions about

the toxicity of engineered nanomaterials.
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Figure 1.
(a) Bright-field TEM image of as-prepared AgNPs. (b) Corresponding size distribution

(n=200), and (c) SAED pattern (camera length=30 cm) taken from AgNPs prepared by

NaBH4 reduction. (Indexed patterns are included in the Supporting information).
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Figure 2.
TEM images of AgNPs incubating in water suspension (a–b) and aqueous suspension at pH

7 (c–f), pH 5 (g–j), and pH 3 (k–n) with magnification of 20k and their particle size

distribution (N=200) histograms (o–r) were measured from TEM images in the presence,

and absence, of DPPC after 7 days incubation.

Fen et al. Page 15

Environ Sci Technol. Author manuscript; available in PMC 2014 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
TEM images for AgNPs incubated in pH 3 solution) in the absence (a and b), and in the

presence (c and d) of DPPC, for 1 day. Samples negatively stained with uranyl acetate (e

and f) to enhance contrast of lipid coating.
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Figure 4.
A schematic illustration of a model of DPPC bilayer structure coated outside citrate

stabilized AgNPs. The DPPC surfactant molecule consists of a trimethyl ammonium

bounded to an acidic phosphate, providing a hydrophilic zwitterionic head group and two

hydrophobic fatty acid tails comprised by 16 hydrocarbons. There is likely formation of a

lipid bilayer structure on the surface of citrate coated AgNPs, with hydrophobic tails

associating with each other, whereas hydrophilic groups of two layers oriented toward to

aqueous environment and citrate layer respectively. The hydrocarbon bilayer thickness was

determined by TEM analysis through negative staining.

Fen et al. Page 17

Environ Sci Technol. Author manuscript; available in PMC 2014 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
Ag+ ion release study of AgNPs incubated in perchlorate acid/perchlorate buffer solutions

(pH 3, 5, and 7) in the presence, and absence of DPPC.
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Figure 6.
Surface charge of AgNPs incubated in the suspension (with and without DPPC) as a

function of pH
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Figure 7.
In-situ small angle X-ray scattering of NPs suspended in various pH solutions with and

without DPPC; data (symbols) and fits (lines) along with extracted data.
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Figure 8.
Schematic representation of the aggregation process for citrate-stabilised AgNPs. AgNPs are

stabilised by an electrostatic repulsive force between particles. Aggregation occurs with the

increasing of pH due to the protonation of citrate anions, which can be elucidated by

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.67, 68
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