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Abstract

Electron microscopy has been applied widely to study the interaction of nanomaterials with proteins, cells
and tissues at nanometre scale. Biological material is most commonly embedded in thermoset resins to
make it compatible with the high vacuum in the electron microscope. Room temperature sample
preparation protocols developed over decades provide contrast by staining cell organelles, and aim to
preserve the native cell structure. However, the effect of these complex protocols on the nanomaterials in
the system is seldom considered. Any artefacts generated during sample preparation may ultimately
interfere with the accurate prediction of the stability and reactivity of the nanomaterials. As a case study,
we review steps in the room temperature preparation of cells exposed to silver nanomaterials (AgNMs) for
transmission electron microscopy imaging and analysis. In particular, embedding and staining protocols,
which can alter the physicochemical properties of AgNMs and introduce artefacts thereby leading to a
misinterpretation of silver bioreactivity, are scrutinised. Recommendations are given for the application of
cryogenic sample preparation protocols, which simultaneously fix both particles and diffusible ions. By
being aware of the advantages and limitations of different sample preparation methods, compromises or
selection of different correlative techniques can be made to draw more accurate conclusions about the data.
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Introduction

Silver nanomaterials (AgNMSs) are being incorporated into many consumer products such as wound-
dressings, anti-bacterial sprays and anti-odour-control fabrics due to its efficient, broad-spectrum
antimicrobial properties.(Chen & Schluesener, 2008, Marambio-Jones & Hoek, 2010, Hansen & Baun,
2012, Wijnhoven et al., 2009) Additionally, the optoelectronic properties of AgNMs are increasingly
being exploited in a range of biosensors (Haes & Van Duyne, 2002, Ren et al., 2005) and electrical
devices.(Zhang et al.,, 2011, Shipway et al., 2000) The market for silver (Ag) products is already
significant and growing rapidly; the potential for exposure of AgNMs is therefore high. For this reason, the
impact of AgNMs on human health and the environment has been the focus of intensive investigation.
Many biological assay-based studies have shown that exposure of AgNMs to cells leads to oxidative stress,
lipid peroxidation, inhibition of mitochondrial activity, DNA damage and cell apoptosis.(Foldbjerg et al.,
2011, Park et al., 2011, Costa et al., 2010, Suresh et al., 2012, Kim et al., 2011, Stoehr et al., 2011, Arora



et al., 2008, Kang et al., 2012, Piao et al., 2011, AshaRani et al., 2009) There has been much discussion in
the literature as to whether the reactivity of AgNPs arises due to an ionic (Yang et al., 2012, Xiu et al.,
2012Db) or particulate effect (Xiu, Z.M. et al., 2012), or both. Attempts have been made to resolve this
question by incubating cells with silver nitrate (AgNO3) or by culturing cells in anaerobic conditions (Xiu
et al., 2012b)). However, several discrepancies still exist between the published results. This is most likely
caused by the lack of sufficient controls over the particles used and the cellular systems investigated,
making it hard to compare between experiments performed by different groups.

Electron microscopy (EM) images provide spatially resolved information about interfaces between
nanomaterials and proteins (Chen et al., 2012, Mahmoudi et al., 2014) (Figure 1a), lipids (Leo et al., 2013)
(Figure 1b), cells (Chen et al., 2013a)(Figure 1c-d), and tissues (Loeschner et al., 2011). When applied in
combination with analytical and diffraction techniques, changes in the physicochemistry of AgNMs can be
mapped at the sub-nano- to micro-meter length scales.(Chen et al.,, 2013a) However, conventional
biological sample preparation protocols for the transmission electron microscope (TEM) can be extremely
complex. Cells exposed to AgNMs can be processed in many different chemicals to fix the proteinaceous
constituents of the cells. Heavy metal staining can also be applied to increase contrast from cell organelles.
The effect of these chemicals, and other sample preparation processes, on the nanomaterials in the system
must be carefully considered otherwise undesirable artefacts may be created leading to misinterpretation of
the data. To avoid these problems, samples must be prepared by at least two methods to fully appreciate
artefacts generated during sample preparation. Although silver is a noble metal, it is far from being
chemically inert. Atmospheric corrosion and oxidation/reduction during chemical fixation or staining will
likely change its chemistry. Here, we provide a comprehensive step-by-step analysis of potential artefacts
which could be produced during conventional TEM sample preparation of the AgNMs-cell interface.
Avrtefacts generated during both room temperature fixation and staining, and also during in vitro exposure
of cells to the AgNMs, will be discussed. More generally, we intend to highlight challenges involved in
preserving the physicochemistry of labile particles in complex biological environments. Pitfalls in
interpretation that can be made by failing to appreciate artefacts generated during TEM sample preparation
will be considered.

Overview of processing of resin-embedded samples for TEM

Conventional sample preparation would involve the following steps. After culturing, cells are exposed to
AgNMs dispersed in cell culture medium, for a desired period of time. Fixatives, like glutaraldehyde, are
added for at least 1 h at 4 °C to arrest cellular processes and stabilize ultrastructure. Cells are rinsed with a
buffer solution, for example hydroxyethyl piperazineethanesulfonic acid (HEPES) or piperazine-N,N’-
bis(2-ethanesulfonic acid) (PIPES), scraped down and centrifuged to generate a cell pellet. Cell pellets are
treated with aqueous 1% osmium tetroxide solution for the purpose of staining and further fixation.
Ferricyanide and electrolytes, e.g. CaCl, are often added together with the aqueous osmium tetroxide
solution to enhance cell contrast and stabilize the cells, respectively. The specimens are dehydrated in
graded concentrations of organic solvents, and embedded in polymer resin. Thin sections (50-100 nm) are
prepared using a diamond knife and placed on grids for TEM imaging and analysis. Uranyl acetate and
lead citrate staining can be applied to ultramicrotomed sections, in order to increase the contrast of the cell
ultrastructure. A more detailed resin embedding sample preparation protocol can be found
elsewhere.(Graham & Orenstein, 2007, Schrand et al., 2010)

TEM sample preparation processes can produce artefacts which are misleading in predicting the processes
by which dissolution of AgNMs (and subsequent release of Ag” ions) leads to cell reactivity. For example,
Figure 2a shows an intact morphology of as-synthesized silver nanowires (AgNWSs). Figure 2b shows the
morphology change of AgNWs inside cells, which have been processed using methods which do not alter
their physicochemical properties.(Chen et al., 2013a, Chen et al., 2013c) It is important to highlight that
the resin embedding and curing does not create any artefacts during this preparation procedure. The



AgNWSs have lost their original intact structures with small particles surrounding and decorating the
AgNWs surface, after 24 hours incubation with transformed human alveolar type 1-like (TT1) cells. These
images show that the AgNWs dissolve and Ag” ions reprecipitate as silver sulfide (Ag,S) inside the cells,
which could act as a detoxification mechanism due to the very low solubility of Ag,S (Solubility product
constant Ks,=5.92 X 10" which is thus not reactive.(Levard et al., 2012) However, when DCCM-1 cell
culture media and osmium tetraoxide/ferricyanide staining steps were used (Figure 2c¢), marked differences
in the structure of the AgNWSs were seen. The AgNWs were present inside the cell cytoplasm and
interacting with the nuclear membrane, and had a hollowed-out structure surrounded by very small
particles. These artefacts were caused by sulfidation of AgNWs in DCCM-1 cell culture media (discussed
further below) and oxidative dissolution of AgNWs during the osmium tetroxide/ferricyanide staining
steps, a protocol which is traditionally used to enhanced contrast from cell organelles. Indeed, AgNWs
with a similar hollowed-out morphology were ‘created’ in a control experiment without cells (Figure 2d).
This example demonstrates that the changes in the AgNWs morphology can be markedly altered as a result
of TEM sample preparation. Consequently, it is not possible to conclude that the changes in the structure
of the intracellular silver is due to intracellular processes, even though increased intracellular oxidative
stress might contribute, as silver is sensitive to oxidative dissolution in the preparation media. The
possibility that the preparation procedure itself induced some oxidative dissolution should not be ruled out
(discussed further below).

The stability of AgNMs in biological solutions: the effects of tissue culture media and proteins
Understanding the stability of AgNMs in biologically-relevant solutions is important in the interpretation
of their mechanisms of bioreactivity. Nanomaterials are usually administered to cells dispersed in tissue
culture medium. The behaviour of AgQNMs in media containing varying concentrations of salt and protein
can be significantly different to AgNMs in distilled water.(MacCuspie, 2011, Chinnapongse et al., 2011)
In particular, changes to the agglomeration state, the release of ions, and alterations to surface chemistry in
tissue culture media, are all factors which may affect cellular responses and AgNM toxicity.(Jiang et al.,
2009)

The agglomeration state of a nanomaterial alters the surface area available to the surrounding environment,
and therefore can modulate dissolution, or adsorption of biological molecules. Agglomeration also changes
the effective size of the particles presented to cells, which may result in differences in cellular uptake
mechanisms and subsequent intracellular localisation.(Lankoff et al., 2012, Albanese & Chan, 2011) For
example, MacCuspie et al.(MacCuspie, 2011) investigated the colloidal stabilities of 20 nm Ag NPs with
different surface coatings (bovine serum albumin (BSA), citrate, starch) in a range of tissue culture media.
They found that silver nanoparticles (AgNPs) that had been sterically-stabilized with bulky biocompatible
coatings remained dispersed in a wider range of electrolyte concentrations and pH conditions than
electrostatically-stabilized AgNPs. Epple et al.(Kittler et al., 2010) reported aggregation of 50 nm AgNPs
in RPMI medium containing BSA, whereas they remained dispersed if the BSA was replaced by fetal calf
serum. The presence of both proteins was reported to reduce AgNP toxicity by binding Ag” ions.

Recently, we reported that the physicochemical properties of AgNWSs incubated in DCCM-1 tissue culture
medium were altered, while no changes were observed in DMEM or RPMI media.(Chen et al., 2013d)
AgNWs were found to sulfidise within 15 minutes of incubation in DCCM-1, due to the presence of small
molecule solutes and salts, which was observed by TEM as the formation of Ag,S nanocrystals, and
eventually a sulfidized shell at the AgNW surface (Figure 3a). Ag,S NPs themselves have been reported to
have negligible effects in altering cell proliferation, initiating apoptosis and necrosis, generating reactive
oxygen species (ROS), and causing DNA damage.(Zhang et al., 2012) We suggested that sulfidation in
such systems can act as a potential detoxification mechanism by trapping free Ag” ions.(Chen et al., 2013a)



Reduction of Ag" ions during tissue fixation

After exposure of cells to NMs, aldehydes are often used as primary fixatives to halt cellular activities and
preserve the cell fine structure. Glutaraldehyde (CH,(CH,CHO),), one of the most effective fixing agents,
has two aldehyde groups linked by a short hydrocarbon chain. Through nucleophilic addition on aldehyde
groups, glutaraldehyde reacts primarily with amine groups and other nucleophilic functional groups such
as thiols, phenols, and imidazoles.(Migneault et al., 2004) Therefore, this dialdehyde fixative can
efficiently crosslink proteins, nucleic acids, carbohydrates and lipids containing primary amines, e.g.
phosphatidylserine and phosphatidylethanolamine. A detailed discussion regarding glutaraldehyde
crosslinking mechanisms can be found in a review published by Migneault et al.(Migneault et al., 2004)

As well as functioning as fixatives, aldehydes are known reducing agents of Ag. For example, agueous
diamminesilver (1) complex known as Tollen’s reagent is commonly used to distinguish between
aldehydes and ketones. A positive test results in precipitation of metallic silver. Equation 1 below shows
the reaction mechanism, in which silver ions are reduced by the aldehyde to form metallic silver
precipitates, and the aldehyde is oxidised to carboxylate.

Ag(NH;)?* + RCHO + 30H" — 2Ag + RCOO" + 4NH; + 2H,0 (eq. 1)

Therefore, any silver ions released from AgNMs intracellularly can be expected to be reduced by
aldehydes used during the fixation process. Indeed, we have observed the transformation of silver ions to
metallic silver particles during fixation for TEM. Figure 3b shows TEM analysis of embedded human lung
airway smooth muscle cells (ASM) exposed to silver nitrate solution at an incubation concentration of 5
ug/mL. Exposure of ASM cells to silver nitrate solution was used as a control experiment designed to
demonstrate that the reduction of Ag+ ions is possible during cell fixation. Cells were fixed using 2.5 %
glutaraldehyde for 1 h at 4 °C, but neither osmium tetroxide nor uranium and lead staining were applied.
The cell ultrastructure appeared necrotic which could be attributed to the toxicity of Ag” ions.(Greulich et
al., 2012, Xiu et al., 2012a) High resolution high angle annular dark field-scanning transmission electron
microscopy (HAADF-STEM) revealed that some cell organelle structures, especially the nucleus, nuclear
membrane and cell membrane fragments, were closely associated with small, high contrast particles
(Figure Sla-c). Scanning transmission electron microscopy-energy-dispersive X-ray spectroscopy (STEM-
EDX) and TEM-EDX indicated that these particles were silver-rich in composition (Figure S1b-c). This
indicates that the silver ions had been reduced, and as a consequence also function as a staining agent,
allowing the plasma and nuclear membranes to be visualized. High resolution transmission electron
microscopy (HRTEM) images revealed that the particles are crystalline (Figure S1d). In contrast, there was
no formation of high contrast small particles in ASM cell without AgNO; exposure (Figure Sle). A
possible mechanism is that during AgNO; exposure, silver ions diffuse into cells and bind to the phosphate
heads of lipids, proteins or nucleic acids and then are reduced to metallic silver during the fixation step.
The reduction of silver ions by aldehyde fixatives alters the oxidative state and morphology of silver,
however, this step does not affect the evaluation of the amount of silver dissolved from the original
AgNMs. Furthermore, in contrast to cells exposed directly to silver salts like AgNO3, the exposure of cells
to AgNMs often gives enough time to allow transformation of dissolved Ag” ions into other formats of
silver compounds/complexes, due to the relatively slow dissolution rate of silver. For example, recently we
have reported a silver transformation process within TT1 cells, during which silver dissolves and
precipitates as silver sulfide.(Chen et al., 2013a) This process is thermodynamically favourable, as silver
sulfide is a highly insoluble silver compound with a solubility product constant of Ky, = 5.92 X 10™" and
reduction potential of -0.691 V (eq.2). The reduction process during fixation will likely have no significant
effect on such highly stable silver species.

AQ,S + 26 — 2Ag + S -0.691V (eq. 2)



Oxidative dissolution of Ag during osmium tetroxide staining for enhanced contrast of cell
organelles

Osmium tetroxide (OsO,) is often applied as a secondary fixative and staining agent. OsO, reacts with
C=C double bonds on unsaturated lipids and various functional groups on proteins such as thiol, disulphide,
phenolic, hydroxyl, carboxyl, amino and certain heterocyclic groups. Therefore, OsO, functions as an
inter- or intra- molecular crosslinking agent between proteins and unsaturated lipids. After reaction, OsO,
is often reduced and precipitates as (0sO,.nH,0O)" or metallic osmium, imparting contrast for electron
microscopy. OsOy is a strong oxidant which has a reduction potential (E°) of 1.02 V (eq. 3) to be reduced
to OsO,, as well as a lower reduction potential of being reduced to metallic osmium (E° = 0.85 V, eq. 4).
0Os0O, can oxidise metallic silver and therefore accelerate the silver oxidation dissolution rate (eg. 5).
Figure 3c-left, shows significant changes to the morphology of AgNWs following incubation with 1 wt%
osmium tetroxide solution (buffered to pH 7.4 with 0.1M sodium cacodylate) for 30 seconds. It was further
confirmed that no substantial morphology and chemistry change of AgNWs incubated with 0.1M sodium
cacodylate (pH 7.4) for 30 seconds was observed (Figure S2).

050, + 4H*+ 4¢” — 0s0, + 2H,0 +1.02V (eq. 3)
0s0, + 8H™+ 8¢ — Os + 4H,0 +0.85 V (eq. 4)
Ag'+e - Ag° +0.80 V (eq. 5)

In practice, ferricyanide ([Fe(CN)s]*) or ferrocyanide([Fe(CN)s]*) are frequently used together with OsO,
to enhance staining contrast of various cellular components including lipid membranes and glycogen.
(White et al., 1979, Rivlin & Raymond, 1987) When OsO, and ferricyanide or ferrocyanide are used
simultaneously, a mixture of intermediate compounds are formed, which contain 0s""'0,, Fe"(CN)s",
Fe'(CN)¢*, 0sV'0,(OH),*and cyano-bridged Os-Fe species containing Os in a range of oxidation states
(VHI, VII and VI). It has been suggested that these osmium complexes are chelated by donor atoms in the
macromolecules, resulting in the reduction of osmium to lower oxidation states. This mixture of Os (VII
and V1) intermediates has a greater reactivity and leads to more Os deposition than Os(V1I1) alone.(White
et al., 1979, Hayat, 2000) However, ferricyanide is known to react with silver, and thus holds the potential
to create artefacts if ferricyanide is used during staining process. The reaction of Ag with ferricyanide
likely involves a silver cyanidation process. This reaction has been used in the extraction of silver and gold
from the Earth’s core for over one hundred years. The silver cyanidation reaction can be described by the
well-known Elsner equation below (eg. 6).(Xie & Dresinger, 2009)

4Ag + 8CN™ + O, + 2H,0 — 4Ag(CN), + 40H (eq. 6)

Ferricyanide is also an oxidising agent (eqg. 7), with a reduction potential slightly lower than oxygen (eg. 8).
Possible reactions involve 1) the oxidation of Ag® to Ag" (eqg. 5), and reduction of ferricyanide to
ferrocyanide (eq. 7) 2) the formation of insoluble silver ferricyanide/ferrocyanide compounds (eq. 9-10)
and 3) the formation of the insoluble blue compound ferric ferrocyanide (known as Prussian blue, eq. 11).
An overall reaction could be written as (eq. 12). The formation of insoluble silver
ferricyanide/ferrocyanide compounds significantly reduces the half-cell redox potential of Ag/Ag”,
allowing this reaction to occur spontaneously (the detailed calculation is presented in SI).

Fe"'(CN)* + & > Fe'(CN)s*  +0.36 V (eq. 7)
0, + 2H,0 + 4e <> 40H" +0.40 V (eq. 8)
3Ag" + Fe"(CN)e™  AgsFe"(CN)s  Kqp, 1x107 (eq. 9)
4Ag" +Fe"(CN)s™ o AgiFe"(CN)s  Kgp, 1x10™ (eq.10)
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4Fe* + 3Fe(CN)s" > Feq[Fe(CN)gls (eq. 11)
Fe'(CN)s> +Ag® « Fe"(CN)s* + Ag” (eq. 12)

A control experiment was carried out by incubating AgNWs in potassium ferricyanide solution. The
formation of blue precipitates indicates the reduction of ferricyanide to ferrocyanide and then formation of
insoluble blue ferric ferrocyanide compound. Figure 3c-right shows the morphology of AgNWs after
incubation with potassium ferricyanide for 30 min at RT. Significant AQNW morphology changes, and the
formation of diffuse materials containing Fe, Ag, C and N and silver rich particles around the AgNWSs
were detected (Figure S3).

Due to the reaction of osmium and ferrocyanide/ferricyanide with silver, the use of osmium and cyanide
compounds should be avoided if researchers are interested in preserving the biologically-relevant
morphology and chemistry of AgNMs in biological tissues. However, if the main aim is to observe the fine
structure of biological components, the use of osmium, combined with cyanide, can be still applied.

Post-staining effects for further enhancement of cell contrast

Double staining with uranyl acetate (UO,(C,H30,),) and lead citrate (Pb(CsHsO-),) can be applied to
tissues fixed with aldehydes followed by OsQ, staining, as multiple staining can significantly enhance the
electron density of all cell components which cannot be obtained with any single stain alone. The double
staining process can be applied either straight after osmium staining but before dehydration (en block
staining), or on ultramicrotomed thin sections supported on a TEM grid (post-staining). A 1-2 wt% uranyl
acetate water solution is often used, which has a pH of ~3-5. In this pH range, uranyl ions (UO,*") and
different forms of uranyl acetate complexes, i.e. UO,Ac’, UO,AC,, UO,Ac?, UO,(0OH,)UO,Acs, co-exist
in the solution. These uranyl ions and ionic complexes of different charges bind primarily to the negatively
charged carboxyl and phosphate groups, or to positively charged amine groups. Enhanced contrast can be
achieved through lead staining after uranyl staining, as more carboxylic acid groups become deprotonated
in alkaline lead solution (pH ~ 12), which are available for binding with lead ions.

Precipitates will form if uranyl acetate solution is exposed to light, which may confound the determination
of AgNP morphology if elemental analysis is not employed. In addition, lead citrate solution is sensitive to
carbon dioxide, which forms lead carbonate precipitates. Therefore, precautions need to be taken to ensure
that precipitation does not occur during post-staining. Figure 3d, shows a comparison of ‘dirty" staining
sample vs. a ‘clean’ staining sample. The formation of precipitates with similar contrast to Ag particles
under bright field transmission electron microscopy (BFTEM) imaging makes it difficult to distinguish
AgNWs (labelled as arrows) and precipitated stain (Figure 3d left). In contrast, degraded or transformed
Ag species showing weaker electron contrast (circled) can be seen in the ‘clean’ post-staining section
(Figure 3d right). Furthermore, the high acidity of the uranyl acetate solution may accelerate the
dissolution of Ag particles during en block staining. However, this side effect may not be significant
within the normal staining times of ~ 30 min at room temperature. As an alternative to en block staining,
methanolic uranyl acetate (1-2 wt% uranyl acetate in 70 % methanol water solution) is often used.
Methanolic uranyl acetate can penetrate the hydrophobic resin sections faster and deeper than pure water
solution. This methanolic ost-staining procedure likely has fewer side effects on AgNMs, due to the lower
dielectric constant of the solvent and short standing time (3-5 min). Indeed, no substantial morphology and
chemistry change of AgNWs incubated in uranyl acetate and lead citrate staining solution for 30 min was
observed (FigureS5).

The importance of avoiding atmospheric corrosion during sample storage

Atmospheric silver corrosion alters the chemistry and morphology of AgNMs. Even the presence of
atmospheric gaseous hydrogen sulfide (H,S), carbonyl sulfide (OCS) and carbon disulphide (CS,), will



cause sulfidisation upon exposure to air.(Elechiguerra et al., 2005) As compared to silver oxides, the
formation of silver sulfide is thermodynamically favoured. The growth of an Ag,S layer on AgNMs was
detected after just one hour in dry laboratory air containing a H,S concentration of less than 0.2
ppb.(Bennett et al., 1969) Figure 3e shows the morphology of AgNWs deposited on a TEM grid which
had been exposed to the ambient environment for 2 months. Significant corroded AgNW surface,
including hollowed-out morphologies were observed, which will change Ag ions dissolution kinetics and
therefore bioreactivity. The 2 month AgNW sample was further analysed by acquiring STEM-EDX maps,
showing the presence of both sulfur and silver within the shell, and a silver rich core. More details about
silver atmospheric corrosion can be found in other reports.(Elechiguerra et al., 2005). The embedding of
AgNPs in polymer resins prevents the direct contact of AgNMs with atmosphere. However, once
microtomed, the Ag on the surface of the cell section will be exposed to air, which may lead to changes to
the chemistry and morphology of the particles. Therefore, we recommend storing ultrathin resin embedded
TEM sections containing AgNMs in an inert atmosphere or under vacuum to prevent atmospheric
sulfidation.

Conclusions and future perspectives

In summary, our paper highlights that the effects of exposure of AgNMs to the environment, and during
TEM sample preparation should be considered to ensure that the AgNMs do not transform in these
environments and therefore must be considered in the analysis of toxicity assays assessing their safety to
human health and the environment.

This article discusses possible alterations to the physiochemical state of AgNMs exposed to biological
environments during TEM sample preparation. The use of Ag-reactive cell culture media and chemical
regents during cell fixation and staining, e.g. aldehydes, osmium tetroxide/ferricyanide can change the
oxidative state and morphology of Ag species, which can lead to incorrect the prediction of AgNMs
bioreactivity. The “well established” room temperature biological TEM sample preparation protocols
developed 30-40 years ago were designed and optimised to study cell ultrastructure. These methods are
often treated as a standard protocol for preparation of nanomaterials inside cells and tissues. However, the
physicochemical properties of redox active and labile materials are often altered during fixation and
staining processes. Here we provide a comprehensive step-by-step analysis of potential artefacts which
could be produced during conventional TEM sample preparation of the AgNM-cell interface. These
protocols can be applied to guide the study of interactions between other redox sensitive and labile
materials and cells. With the explosion of literature concerning the toxicity of engineered nanomaterials,
this article provides new insight into the importance of appreciating artefacts induced during sample
preparation to fully interpret TEM data.

Our recent study on uptake of AgNWs by TT1 cells demonstrates how, by omitting steps such as osmium
tetroxide/ferricyanide staining, and choosing suitable cell culture media and sample storage to minimise
extracellular transformation of AgNWs, it is possible to avoid artefacts which alter the physicochemical
properties of AgNWs in cell samples.(Chen et al., 2013b) This work concluded that AgNWs were
observed in the cytoplasm and membrane-bound vesicles of TT1 cells, and partial dissolution of AgNWs
and re-precipitation as Ag,S within the cell occurred after 1 h exposure. Cell viability studies showed no
evidence of cytotoxicity and ROS generation on cells exposed to AgNWs. We suggested that the Ag to
Ag,S transformation mechanism acts as a ‘trap’ for free Ag’, significantly limiting short-term toxicological
effects — with important consequences for the safety of AgNMs to human health. In contrast, the artefacts
seen in Figure 2c, d and Figure 3 would have lead us to an entirely different conclusion, i.e. that the
AgNWs dissolve and reprecipitate as Ag,S much more significantly in both the extra- and intra-cellular
environments, and that the AgNWs can interact with the cytoplasm (and constituent organelles) and the



nuclear membrane of the cells. Similarly, use of cell culture media which change the chemistry and
morphology of the AgNMs (Chen et al., 2013c) and any form of environmental transformation AgNMs
(Levard et al., 2012) such as silver sulfidation in ambient air, could have altered the bioreactivity of the
AgNMs and changed their transport, fate and toxicity. This will lead to misinterpretation of the impact of
consumer product containing AgNMs on human health and the environment. Therefore choice of cell
culture medium and sample storage must be carefully considered in the biological toxicity analysis. The
results suggest 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.

An outstanding question in this field is whether the toxicity of AgNWs arises due to an ionic or particulate
effect. Conventional TEM preparation protocols cannot answer this question as they will not preserve the
distribution of ions within the cell cytosol as Ag” ions could potentially be lost or redistributed during the
relatively slow chemical fixation process, and ultramicrotomy when the thin section is floated on a water
bath. An alternative sample preparation method is rapid freezing to arrest cellular processes, followed by
analysis of samples in the frozen hydrated state, which is now used in our laboratory to study cellular
distribution of Ag” ions. In a recent study of AgNPs in vitrified cells, Drescher et al.(Drescher et al., 2013)
used soft X-ray microscopy to map a ring-like distribution of nanoparticles within endosomes in
fibroblasts and macrophages; similar results, with much higher spatial resolution, can be expected in a
cryo-TEM. Cryo-TEM methods provide a route to generate spatially resolved maps of ion distributions in
cells. However, electron microscopy of vitrified samples will place considerable constraints on elemental
analysis of tissues, due to problems with radiation damage. This constraint may be overcome by preparing
samples by high pressure freezing (HPF) followed by freeze substitution (FS) (Boonrungsiman et al.,
2012), since cryofixed samples are stabilised in an embedding resin during HPF/FS. In our recent work, we
successfully used electron energy loss spectroscopy (EELS) to map the distribution of calcium in vesicles
conjoining calcium phosphate (CaP) containing mitochondria inside osteoblast cells, which had been
prepared by HPF/FS.(Boonrungsiman et al., 2012)

In conclusion, conventional embedding TEM sample preparation allows sub-nanometer resolution TEM
imaging and analysis of AgNMs in tissues which can be used to provide mechanistic insights into how Ag
transforms in complex biological environments. However, artefacts generated during sample preparation
must be considered with caution or results are liable to misinterpretation. In future, these limitations may
be overcome by the application of cryogenic methods. By being aware of all the advantages and limitations
of different sample preparation methods and imaging techniques, compromises or combination of different
correlative techniques; for example utilising both electron and X-ray microscopies, can be made to achieve
research goals.
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DPPC double layer

Figure 1. EM characterization showing interfaces between gold (Au) and Ag metallic nanomaterials and
different biological milieu, including proteins, phospholipids and cells. (a) Bright field TEM (BFTEM)
image of a Au nanowire (AuNW) fetal bovine serum complex. Adapted with permission from (Mahmoudi
et al., 2014). Copyright (2014) American Chemical Society, (b) BFTEM image shows the interface of
AgNPs and dipalmitoylphosphatidylcholine (DPPC). Uranyl acetate was used to enhance the contrast of
the DPPC corona. Adapted with permission from (Leo et al., 2013). Copyright (2013) American Chemical
Society, (c) high angle annular dark field-scanning transmission electron microscope (HAADF-STEM)
image of a silver nanowire (AgNW) inside the cytoplasm of a transformed alveolar type I-like epithelial
cell line (TT1) and (d) a corresponding higher magnification HAADF-STEM image which shows
formation of particles surrounding the tip of the AgNWSs.(Chen et al., 2013a) Adapted by permission of
The Royal Society of Chemistry. No staining was applied. ES: extracellular space; C: cytoplasm; N:
nucleus.
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500 nm 102m
Figure 2. TEM images showing the morphology of (a) as-synthesized AgNWs (b) AgNWs inside TT1
cells after 24 hours incubation. RPMI cell medium was used for the cell exposures. This medium does not
cause silver sulfidation. No heavy metal staining was applied. (c) AgNWs inside TT1 cells after 24 hours
incubation, showing significant dissolution of AgNWs within the cell cytoplasm and at the nuclear
membrane (inset). No cytotoxicity or changes to cell ultrastructure were observed following exposure of
the TT1 cells to AgNWSs. The cells were cultured in DCCM-1 cell media which sulfides silver.(Chen et al.,
2013d) The cells in (c) were stained with osmium tetroxide/ferricyanide. (d) AgNWs treated with the
same experimental conditions as (c), but without the involvement of any cells. C: cytoplasm, ES:
extracellular space and N: nucleus.
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Figure 3. Overview of sample preparation processes (1-9) and potential artefacts. (a) HAADF-STEM
image of as-synthesized AgNW (left) and the morphology of transformed AgNWs incubated in DCCM-1
tissue culture medium for 6 h at 37 °C (right)(Chen et al., 2013d) (b) HAADF-STEM image of ASM cells
exposed to AgNO; for 72 h (left) and a corresponding higher resolution HAADF-STEM of the boxed area
in (b-left) showing the formation of nanoparticles (right). (c) BFTEM image showing morphology changes
of AgNWs incubated to 1wt% osmium tetroxide buffered to pH 7.4 with 0.1M sodium cacodylate for 30
seconds at room temperature (RT) (left). Adapted by permission of The Royal Society of Chemistry.(Chen
et al., 2013a) and a HAADF-STEM image of AgNWs incubated with 0.15 wt% potassium ferricyanide for
30 min at RT. (d) BFTEM images showing an example of dirty (left) and clean (right, adapted by
permission of The Royal Society of Chemistry.(Chen et al., 2013a)) post-staining with methanolic uranyl
acetate and lead citrate. Some typical AgNWSs are marked by arrows. Degraded or transformed Ag species
(circled, showing weaker electron contrast) can be seen in the ‘clean’ section (Fig 3d right). (¢) HAADF-
STEM image showing the core-shell structure of AgNWs sitting on a carbon film supported by a TEM grid
which was exposed to the atmosphere for 2 months (Chen et al., 2013a), adapted by permission of The
Royal Society of Chemistry. *A control experiment demonstrated that the resin embedding and curing
process does not alter the morphology or the chemistry of the AgNWs (Figure S4). Adapted by permission
of The Royal Society of Chemistry.(Chen et al., 2013a) ES = extracellular space; C = cytoplasm; PM =
plasma membrane; NE = nuclear envelope; NP = nucleoplasm and N = nucleolus.
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