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Abstract

One-dimensional nanomaterials (NMs) have become the focus of intensive research due to
their unique physicochemical properties and their application in the fabrication of nanoscale devices.
Silver (Ag) and zinc oxide (ZnO) nanowires (NWs) are considered as potential building blocks for the
next generation of optical, electronic and sensing devices. However, there is currently limited
information on human health effects from Ag and ZnO NW exposures, but concerns have been raised
about a potentially greater toxicity compared to their non-fibrous counterparts. Inhalation of Ag and
ZnO NWs represents one of the primary routes for human exposure. Due to their size, these NMs are
expected to preferentially deposit in the alveolar region of the lungs, where any damage would not
only impact pulmonary homeostasis but would also determine possible translocations to other organs.
Therefore, the interactions of Ag and ZnO NWs with the pulmonary epithelium urgently need to be
addressed, in order to predict their adverse effects and provide guidelines for their safe use.

Along with concerns about the toxic effects of Ag NMs, there is also potential for enormous
benefit via highly efficacious antibacterial modality. Bacterial infections of the pulmonary system,
such as tuberculosis, are increasing; especially infections caused by bacterial strains resistant to
existing conventional antibiotics. AgNPs represent exciting candidates for the development of novel
platforms for the treatment of pulmonary bacterial infections. Whilst the biological activity of silver
has been well demonstrated, the mechanisms by which AgNPs degrade at the bio-nano interface and
how these processes correlate to their bioreactivity are poorly understood.

The motivation of this thesis is to investigate the bioreactivity of Ag and ZnO nanostructures
in the lungs. The main objective of the work presented here is to examine the bioreactivity of Ag and
ZnO NWs with human lung epithelial cells from the perspective of their putative toxicity. For inhaled
NMs that reach the alveoli, the lung lining fluid (LLF) that covers their surface represents a first line
of defence of the lungs. Therefore, the emphasis of this work is placed on characterizing the impact of
the LLF on the physicochemical properties of Ag and ZnO NWs. The formation of a
phospholipid/protein corona is shown to modify the ion release kinetics and aggregation states of the
NWs. These effects are correlated with the cellular uptake and toxicity of the NWs to human lung
epithelial cells. Furthermore, the mechanisms by which Ag and ZnO NWs degrade within epithelial

cells are investigated. In the case of AgNWs, intracellular dissolution precedes the precipitation of
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highly insoluble silver sulfide, which could significantly limit their short-term toxicological effects.
ZnO NWs, on the other hand, rapidly dissolve intracellularly and cell death correlates with the
amount of free Zn®" ions released.

Furthermore, the antibacterial effects of AgNPs against Mycobacterium tuberculosis (M.th)
are examined. A set of analytical transmission electron microscopy techniques are employed to
investigate the ultrastructural damage in bacterial cells and the mechanisms by which AgNPs induce
cell damage. The antimicrobial effects of AgNPs are also examined in M.tb-infected macrophages, to

explore the potential use of AgNPs as therapeutic agents for pulmonary bacterial infections.
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Examples illustrate the importance of material composition, electronic structure, bonded surface
species (e.g. metal-containing), surface coatings (active or passive), and solubility, including the
contribution of surface species and coatings or interactions with other environmental factors (e.g. UV
activation). Reprinted with permission from ®. Copyright 2006 American Association for the

AdVANCEMENT OF SCIENCE. ....coiviiiiiiiiiiiieeeeeeeee ettt ettt ee e e e ee e e e e e e e e e e e eeeaaeaaees 47
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Figure 2.4 Schematic representation of the human respiratory system, which includes the

airways, lungs, and the respiratory muscles that mediate the movement of air into and out of the body.

Figure 2.5 (a) Predicted fractional deposition of inhaled particles in the nasopharyngeal
(blue), tracheobronchial (green) and alveolar region (red) of the human respiratory tract, under
conditions of nose breathing during rest. Based on data from the International Commission on
Radiological Protection (1994). (b) Pathways of particle clearance (disposition), in and out of the

respiratory tract. Reprinted with permission from .............ccoovuiviueieeeieeeeeeeeeeee e 49

Figure 2.6 (a) Schematic diagram of the air-blood barrier at the alveolar region of the lungs.
The air-blood barrier consists of a layer of pulmonary surfactant, composed of phospholipids (PL) and
surfactant proteins (SP-A, B, C and D), followed by the tightly joined alveolar epithelium, which is
built up by Type 1 (in grey) and the surfactant-producing Type 2 pneumocytes (in lighter grey).
Underneath the alveolar epithelium, endothelial cells (in brown) represent the last cellular barrier
before the bloodstream is reached. The fate of NPs may significantly be influenced after a first contact
with the surfactant layer; PLs and SPs might adsorb to the surface of NPs, altering their clearance by
alveolar macrophages (in yellow) (1). Alternatively, NPs may be immediately displaced to the
hypophase, coming into close contact with the alveolar epithelium and internalized by Type 1 (2) or
Type 2 pneumocytes (3). Eventually, NPs internalized by epithelial cells could penetrate into the
capillaries, reaching the blood circulation (4). Reprinted with permission from *. (b) Schematic
structure and relative size of the principal components of pulmonary surfactant. PLs are shown in the
form of a bilayer, omitting the various other structural forms of organization, e.g. vesicles, sheets,
tubular myelin, and lamellar bodies. SP-A is shown as an octadecamer with a bouquet-like
appearance, and SP-D is depicted as a dodecamer with a cross-like structure. The carbohydrate
recognition domains of these two proteins are shown as globular formations. SP-B is shown as a
monomer, although a significant amount of dimers are present in the airspaces. SP-C is depicted as an

integral membrane monomer. Reprinted with permission from *°. Copyright 1999 ERS Journals Ltd.

Figure 2.7 Examples of transformations to the physicochemical properties of AgNPs. To
elucidate the mechanisms of biological action of AgNPs, these transformations must be carefully
considered and comprehensive characterization should take place at each stage of the in vitro and in

VIVO TESTIIIZ. 1.vvievvietietiestteeete ettt eteesteesteeetseesseesseesbeesssesssessseasseasseasssessaessessseesseasseesseesssesssesssesssessseenseensns 55

Figure 2.8 (a-b) Low-resolution bright field transmission electron microscopy (BF-TEM)
image (a) and high angle annular dark field scanning transmission electron microscopy (HAADF-

STEM) image (b) of as-synthesized AgNWs. (c) The corresponding energy dispersive X-Ray (EDX)
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spectrum collected from the area circled in (b). The two peaks at 2.98 and 3.15 keV correspond to the
Ag(L,) and Ag(Lg) peaks, respectively. (d-h) Physicochemical characterization of AgNWs incubated
in various cell culture media for 1 hour at 37 °C: (d-f) DCCM-1, (g) DMEM, and (h) RPMI-1640. (d)
Representative BF-TEM image of AgNWs incubated in DCCM-1 medium, showing the formation of
crystallites on the surface of the AgNWs. The inset is a SAED pattern taken from the circled area
(aperture size ~130 nm). (¢) HRTEM image collected from the boxed area in (d) reveals that the
crystallites have a different crystal structure than the original AgNWs. The lattice spacings of the
crystals formed at the surface of the AgNWs (~0.26 and 0.22 nm) correspond to the (112) and (031)
lattice spacings of Ag,S, respectively. The lattice spacings of the core of the nanowires (~0.23 and
0.20 nm) correspond to the interplanar spacings of metallic Ag. Insets are FFT patterns taken from the
two boxed areas. (f) HAADF-STEM image (top) taken from the same area as (d) and STEM-EDX
spectra collected from the circled area (bottom), confirming the formation of Ag,S (g-h) HAADF-
STEM images (top) and EDX spectra (bottom) of AgNWs incubated in DMEM (g) and RPMI-1640
(h) cell media, indicating that AgNWs do not sulfidise in DMEM or RPMI-1640. Reprinted with
permission from "*°. Copyright 2013 American Chemical SOCIELY. .........c.oveveeveeeeeeereeeereeeereeeeeen 68

Figure 2.9 (a-b) HAADF-STEM-EDX characterization of the precipitates formed after the
incubation of 17.0 ug/mL AgNO; (equal to an Ag concentration of 10 pg/mL) in (a) RPMI-1640 and
(b) DCCM-1 cell culture medium, at 37 °C for 0.5 hours. The corresponding STEM-EDX spectra 1-4
were collected from the areas 1-4 marked in (a-b). The precipitates were collected by filtering the
solution through 2 kDa filter membrane and were washed 3 times with DI-water. In both cell culture
media, the particles have sizes that range from ~20 to ~200 nm. STEM-EDX analysis reveals that the
precipitates in RPMI-1640 are probably a mixture of silver oxide and silver chloride. The insoluble
compounds formed in DCCM-1 likely also contain silver sulfide. (c) ICP-OES analysis of solubilized
silver concentrations of 17.0 ng/mL AgNO; (equal to an Ag concentration of 10 pg/mL) in DI-water,
RPMI-1640, DMEM, and DCCM-1 solutions, incubated at 37 °C for 0.5 hours (n = 3). Although
100% of the free Ag' ions were detected in the AgNO; DI-water solution, the amount of solubilized
silver in cell culture media was less than 0.5 pg/mL after incubation. The dissolved Ag" ions are
probably sequestered as insoluble precipitates in the cell media, indicating the limitation of using ICP-
OES to study the kinetics of Ag" dissolution in cell culture media. Reprinted with permission from '¥.

Copyright 2013 American Chemical SOCIELY. .....ccvveviierieiieiieeiieeieereeseeere e ereereereesereseneesreerseessees 71

Figure 2.10 (a-b) BF-TEM images of 20 nm citrate-coated AgNPs incubated in a perchlorate
pH 3 solution, in the presence of DPPC, for 1 day. Incubation of AgNPs in solutions containing DPPC
resulted to a significant increase of the amorphous layer thickness around the particles, which implies
the formation of DPPC layer(s) on the surface of AgNPs. The samples were negatively stained with

uranyl acetate to enhance the contrast of lipid coating. The high affinity of electron dense uranyl ions
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to the carboxyl groups of citrate and the phosphate groups of DPPC results in dark contrast.
Therefore, the outside layer of AgNPs, showing dark contrast, is likely to be the polar groups of
DPPC facing the aqueous environment, whereas the hydrophilic heads of the inner layer of DPPC
likely interact with the citrate layer. (c) Ag ion release from AgNPs incubated in perchlorate
solutions at pH 3, 5, or7, in the presence and absence of DPPC. The DPPC coating of AgNPs may
serve as a semipermeable layer, delaying the release of Ag' ions but without significantly altering the
total amount of Ag’ released after two weeks. (d) A schematic illustration of a model of DPPC bilayer
structure on the surface of AgNPs. The DPPC surfactant molecule consists of a trimethyl ammonium
bounded to an acidic phosphate, providing a hydrophilic zwitterionic headgroup and two hydrophobic
fatty acid tails comprised by 16 hydrocarbons. There is likely a formation of a lipid bilayer structure
on the surface of citrate coated AgNPs, with hydrophobic tails associating with each other, whereas
the hydrophilic groups are oriented towards the aqueous environment and the citrate layer,

respectively. Reprinted with permission from ”. Copyright 2013 American Chemical Society.......... 72

Figure 2.11 Changes in the morphology and chemistry of AgNWs as a function of time, after
their uptake by TT1 epithelial cells at 1 hour (a—c), 24 hours (d—e) and 7 days (f-i), following a pulsed
exposure, using unstained cell sections. (a) HAADF-STEM image of an AgNW inside the cell
cytoplasm showing particles surrounding the tip of the AgNW. (b) A corresponding higher resolution
HAADF-STEM image depicts the boxed area in (a). The insert in (b) shows a higher magnification
image of the AgNW edge. (c) STEM-EDX spectra taken from the corresponding areas 1-3 marked in
(b). Ag(L) peaks and S(K) peaks were detected in the STEM-EDX spectra of these small particles,
indicating the formation of Ag,S (d—) HAADF-STEM images, where image (¢) depicts the boxed
area in (d), showing that dissolution and sulfidation of the AgNWs was more substantial after 24
hours (f—=1)) HAADF-STEM images, where (g) depicts the boxed area in (f). (h) An HRTEM image of
the boxed area in image (g). The particles had a lattice spacing of 0.29 nm, close to the mono-clinic
structure of Ag,S (-112) (i) SAED pattern from the circled area in (g), using a selected area aperture
size of ~130 nm. The interplanar spacings measured from the SAED patterns were consistent with

bulk monoclinic Ag,S. Reproduced from * by permission of The Royal Society of Chemistry. ......... 77

Figure 2.12 Electron microscopy images showing morphological alterations in bacteria
infected macrophages. (A) Formation of autolysosomes (single arrows) and autophagosomes (double
arrows) in Pseudomonas aeruginosa-infected MS-H cells after 1 hour (MOI=10:1). Journal of Cell
Science by Company Of Biologists. Reproduced with permission of Company of Biologists Ltd.*"'
(B) Distribution of beads (b), lysosomes (Ly), lipid droplets (L), nuclei (N) and Mycobacterium
tuberculosis bacilli (arrowheads) in infected human monocyte derived macrophages (HMDM) after 5
days (MOI=5:1). Reprinted with permission from ***. Copyright 2012 John Wiley & Sons Ltd. (C)
Ultrastructural changes in the mitochondria of THP-1 cells infected with a virulent M.tb strain for 24
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hours (MOI=10:1). Electron dense and elongated mitochondria, with prominent cristae were observed
in infected cells, compared to uninfected THP-1 cells (D). Reprinted with permission from *%.
Copyright 2013 Nature Publishing Group. (E) Electron tomography images showing inter-
mitochondrial fusion and breaches in the mitochondrial cell wall. Reprinted with permission from .
Copyright 2013 Nature Publishing Group. (F) Peripheral nuclear condensation and partial nuclear
protrusion from condensed areas in bone marrow derived macrophages (BMDM) infected with M.tb
(MOI=25:1), after 3 h (F1); cells at the late phase of death with damaged plasma membrane (F2).
Reprinted with permission from **. Copyright 2011 Lee et al. (G) Extensive loss of the plasma
membrane, exposing the underlying cytoskeleton and intracellular organelles in M.tb-infected

macrophages (G2)compared to uninfected cells (G1). Reprinted with permission from **. Copyright
B O BT 7 SO 83

Figure 2.13 TEM images of Gram-positive bacteria (S. areus) (A-E) and Gram-negative
bacteria (P. aeruginosa) (F), before (A) and after (B-F) exposure to AgNPs, showing ultrastructural
damage in bacterial cells induced by AgNPs. Reprinted with permission from ***. Copyright 2013
2 oA 1< ol o PSSR S USRS 89

Figure 3.1 Overview of the signals generated when an electron beam interacts with a thin
specimen. In the case of a thick specimen, there are no transmitted electrons and the signal gets
absorbed within the material. BSE: backscatter electrons, SE: secondary electrons, CL:
cathodoluminescence, EBIC: electron beam induced current. Reprinted with permission from ref. ***,

Copyright 2013 John Wiley & Sons Ltd......cc.coveviiiiiiiniiiiiineieeeeeesesteese et 104

Figure 3.2 Schematic diagrams of the instrumental configuration of a scanning electron
microscope (SEM; a), a transmission electron microscope (TEM; b) and a scanning transmission
electron microscope (STEM; c). CL: condenser lens, OL: objective lens, BSE: backscatter electrons,
SE: secondary electrons, EDS: energy dispersive X-rays, CL: cathodoluminescence, EELS: electron
energy loss spectroscopy, ADF: annular dark field. Reprinted with permission from ref. **. Copyright

2013 John Wiley & SONS LA, ..c.viiiiiiiiiiiiiiiciieee ettt ettt a e s treerbe b e ebeestaestnessneens 105

Figure 3.3 Schematic diagram of the instrumental configuration of a laser scanning confocal

MICTOSCOPE (LSCM)..uiiiiiiiiiciiiciieeteete ettt ettt et e et estbe e ebesebeesbe e seebaesabassseesseesseeseessaessnessneans 109

Figure 4.1 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.
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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)........ccoovereeeeieeneenennnenne 122

Figure 4.2 (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 (pH 7 and pH 5), in the presence and absence of LLF (a), DPPC + SA (b) or
Curosurf®+ SA (c), for 1 hour up t0 336 hours (14 days). ........coeeveeeeeeeeeeeeeeeeeeeeeeeeee e 124

Figure 4.3 (a) Reflectance mode optical images of AgNWs incubated with LLF at pH 7 (i-
i) 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). (c) 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). (d) A BFTEM image of AgNWs incubated at pH 5 for 14 days. (e)
A HAADF-STEM image and (f) a STEM-EDX spectrum from the area marked in (d) of AgNWs
incubated With SA fOr 24 NOULS. .....coiiiiieii ettt st sttt saee s eas 125

Figure 4.4 (a-d and f-g) BFTEM images of AgNWs incubated in pH 7 buffer (a), with DPPC
(b-d), Curosurf® (f) and LA (g). In (c, d) and (f-g) 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
1iNE MATKEA 1 11 (). veeeiiiieiiiieiie ettt ettt ettt e et e et e et e e stt e e e bt e estseesabeeeabaeesaseeensaeensseesnseeennnes 127

Figure 4.5 (a) HAADF-STEM image of a single AgNW and (b) corresponding EDX
spectrum collected from the area circled in (a), confirming the presence of phosphorus on the surface
of AgNWs. The samples was positively stained with uranyl acetate to enhance phospholipid contrast.
(c-e) The boxed area in (a) was further characterized by STEM-EDX (c) silver (Ag) and (d)
phosphorus (P) elemental mapping. (e¢) The overlaid image confirms that AgNWs are coated by
PROSPROIIPIAS. ...etiieiiiiiecie ettt ettt et e b e e b e e be e taestbesebeesbeesbeesseesseessaesssessseenses 128

Figure 4.6 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 NPs
formed were trapped in the PVP capping layer of AgNWs. (¢) AgNWs incubated at pH 7 for 7 days.
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 pH 5 for 7 days. (¢) AgNWs incubated
at pH 7 in the presence of DPPC for 24 hours. The amorphous layer around the AgNWs corresponds
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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. ...........ccoeceviiiiiiiiininninnnenn. 129

Figure 4.7 HAADF-STEM imaging, STEM-EDX elemental analysis and mapping and
HRTEM characterization of the secondary nanoparticles from the original AgNWs. (a) HAADF-
STEM image of AgNWs incubated in pH 7 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). (¢) HAADF-STEM imaging and EDX
elemental mapping. Scale bar 10 nm. (d) HRTEM of nanoparticles formed after the incubation of
AgNWs at pH 7 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 pH 7 (e) and
PH 5 (), for 24 hours and 14 days. .....ccccveeiieiieiieierieesee ettt et ee e v e b e esreeseesaessaesssessseenses 130

Figure 4.8 ICP-OES quantification of TT1 and AT2 intracellular (a) and extracellular (b)
AgNWs following 1- and 24-hour treatments. (¢) Percentage of recovery of total applied Ag. ........ 131

Figure 4.9 BFTEM imaging of AgNW uptake by TT1 cells. TT1 cells were exposed to
AgNWs in the absence (a, b, g, h) and presence of Curosurf® (c,d, i, j) or HAS (e, f, k, 1) for 1 hour
(a-f) and 24 hours (g-1). (b, d, h, j and 1) are magnifications of the areas squared in (a, c, g, i and k),

respectively. N = nucleus, C = cytoplasm, E/L = endosome/lysosome, ES = extracellular space. ....133

Figure 4.10 HAADF-STEM imaging and STEM-EDX analysis of TT1 epithelial cells
exposed to AgNWs in the absence (a-c, k-1) and presence of Curosurf® (d-f, m-o0) or HAS (g-i, p-r),
for 1 hour (a-1) and 24 hours (j-r). The images show changes in the morphology of AgNWs after their
interaction with TT1 cells. (b, e, h, k, n and q) are magnifications of the areas squared in (a, d, g, j, m
and p), respectively. STEM-EDX spectra (c, f, i, 1, o, r) were collected from the corresponding areas
1-6 marked in (b, e, h, k, n and q). The presence of sulfur in the EDX spectra indicates that the
interaction of AgNWs with TT1 cells leads to dissolution and precipitation of Ag,S. ......ccceeeveneee 134

Figure 4.11 BFTEM (a, b, d, ) and HRTEM (c, f) images of TT1 epithelial cells incubated
with AgNWs for 24 hours in the absence (a-c) and presence of Curosurf®. (a) and (d) were collected

from the same areas shown in Figure 4.10 (K) and (n), reSpectively. ........cccoovvevvveriieviieneeniesie e, 135

Figure 4.12 Total HAS protein and SP-A/SP-D protein binding to AgNWs. (A) Proportion of
total protein available in HAS, bound to 1 and 25 ug/mL of AgNWs. (B) Amount of SP-A (left) and
SP-D (right) protein bound to 1 and 25 pg/mL of AgNWs. The amount of SP-A or SP-D in the pellet

(P) and the amount of SP-A or SP-D in the corresponding supernatant (S) is shown following
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centrifugation, in the absence and presence of AgNWs. Reprinted with permission from **°. Copyright

2013 The Royal Society of ChemiStry. .......ccociiiiiiiiiieieie ettt 138

Figure 4.13 TT1 inflammatory mediator IL-8 release following 4- and 24-hour treatments
with AgNWs (bare (left) or pre-incubated with Curosurf® (middle) or HAS (right)) and after a 1-day
post-exposure recovery period. Increases in IL-8 release are presented in fold change (n = 3) + SD;
significant differences between non-treated and treated cells are indicated where *p <0.05. Reprinted

with permission from **°. Copyright 2013 The Royal Society of ChemiSstry...............cccooevvrvrrennen. 140

Figure 4.14 Reactive oxygen species (ROS) levels in TT1 cells, following 4- and 24-hour
treatments with AgNWs (bare (left) or pre-incubated with Curosurf® (middle) or HAS (right)) and
after a 1-day post-exposure recovery period. Superoxide levels are presented in fluorescence units at
Ex/Em: 485/595 nm (n = 3) + SD; significant differences between non-treated and treated cells are
indicated where * p <0.05. Reprinted with permission from *. Copyright 2013 The Royal Society of
CREIMISIIY . 1..tveetiieiiesieeeteete et et esttestte st e eebeesse e seessaeasbeasseesseesseesssasssassseasseassaesssasssesssensseasseessesnseesseenns 140

Figure 5.1 Characterization of as-synthesized AgNPs. BFTEM image of as-synthesized
AgNPs (a), their size distribution (b) (n = 200) and a SAED pattern (c) collected from an area
containing multiple AgNPs. Reprinted with permission from ref. . Copyright 2013 American
CREMICAL SOCIELY. ..euteutiiiiiierieeitee ettt b ettt ettt s bt et e st sbe et e s bt e st e bt ebe et e nbeeaten 150

Figure 5.2 Effect of AgNPs and Ag' ions on the viability of M.th measured by a CFU assay.

Results are represented as mean = SD from two independent experiments.............cccccceeveereeneennenne 151

Figure 5.3 (a) Bright field transmission electron microscopy (BFTEM) image of a control
M.tb bacterial cell. The arrow indicates the bacterial nucleoid. (b) is the magnification of the area
squared in (a) showing the structure of the bacterial cell envelope. (c) Schematic representation of the
complex M.tb cell envelope. LAM: lipoarabinomannans, LM: lipomannans, PIM:
phosphatidylinositol mannosides. Reprinted with permission from ref. *’’. Copyright 2000 Macmillan
MAGAZINES L. ..eiiiiiiiiiccieccce ettt e v e e b e et e et e e be e baestaesabeerbeerbeebeenbaestaenraeans 152

Figure 5.4 (a-f) BFTEM images of ultrastructural damage in M.tb bacterial cells treated with
10 ug/mL of AgNPs for 24 hours, showing disorganization of the cell wall structure (a-e, arrows) and
detachment of the cell membrane from the cell wall (f, arrow) (d) is the magnification of the area

SQUATEA T11 (C).rvvieriieiiieiiieeteeieeeteesttesteeveeebeesbe e teesseeesseesseesseasssesssessseasseassesssaesssassessseasseesseessessseesseesns 153

Figure 5.5 (a-d) BFTEM images of ultrastructural damage in M.tb bacterial cells treated with

10 pg/mL of AgNPs for 24 hours, showing vesicles emanating from the cell wall (a, arrows), rupture
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of the cell membrane (b, arrow) and leakage of cytoplasmic content (B, double arrow) and appearance

of an electron-light area in the centre of bacteria (c, d, aITOWS). ......oecueeiiieiierierienie e 154

Figure 5.6 (a-c) BFTEM images of M.tb bacterial cells treated with 10 pg/mL of AgNPs for
24 hours, showing AgNPs interacting with the cell wall. (b) is the magnification of the area squared in
(a). (d) HRTEM image collected from the area squared in (c). (¢) HAADF-STEM image collected
from the same area as (c). (f) STEM-EDX spectrum collected from the area marked in (e). ............ 155

Figure 5.7 (a-d) BFTEM images of M.tb bacterial cells treated with 10 ug/mL of AgNPs for
24 hours, showing AgNPs translocating across the cell wall and inside the cell cytosol. (b) and (d) are
magnifications of the areas squared in (a) and (c), respectively. (¢) HRTEM image collected from the
area squared in (d). (f) HAADF-STEM image collected from the same area as (¢). (g, h) STEM-EDX

spectra collected from the areas Marked N (€).......cuevvveerieeriierierierie e et eve e ereesreeseeesene e 157

Figure 5.8 (a, b) BFTEM images of control (non-treated) THP-1 cells. N: nucleus, C:

cytoplasm and ES: exXtracellular SPACE. ........ccvevieriiiiiiiieiecree ettt seve b e ere e e saeeseae e 158

Figure 5.9 (a-c) BFTEM images of THP-1 cells treated with 10 pg/mL of AgNPs for 24
hours. AgNPs were observed in the cytoplasm of THP-1 cells (b and c, arrows) (d) TEM-EDX

spectrum collected from the area marked in (c). N: nucleus, C: cytoplasm and ES: extracellular space.

Figure 5.10 (a-d) BFTEM images of THP-1 macrophages after a 24 hour infection with M.t
(MOI10). (b) is the magnification of the area squared in (a) The bacilli can be seen contained within
membrane-bound vacuoles in the host cell (a-arrows, b, c, d). N: nucleus, C: cytoplasm, E/L:

endosome/lysosome and ES: extracellular SPace. .........coceeeeviererieniniinieninieseseeeseetee e 160

Figure 5.11 (a-b) BFTEM images of THP-1 macrophages after a 24 hour infection with M.tb
(MOI10), showing a necrotic cell death. N: nucleus. M.th bacilli are indicated by arrows. (c-e)
BFTEM images of mitochondria (indicated by arrows) in control (non-treated) THP-1 macrophages

(a) and THP-1 macrophages infected for 24 hours with M.tb (MOI10). .......cocvevverrieiieiieiiecreeenens 161

Figure 5.12 (a-d) BFTEM images of THP-1 macrophages after a 24 hour simultaneous
infection with M.tb (MOI10) and treatment with 10 ug/mL AgNPs. (b) is the magnification of the area
squared in (a) The bacilli can be seen contained within membrane-bound vacuoles in the host cell (a,
b), while morphological alterations included cell swelling (¢) and necrosis (d). N: nucleus, E/L:

endosome/lysosome and ES: extracellular SPacCe. .........ccceevvieiiieiieiieeiecie ettt siee e 162

Figure 5.13 (a-f) BFTEM images of M.tb bacilli after a 24 hour simultaneous infection with
M.tb (MOI10) and treatment with 10 pg/mL AgNPs. (d) is the magnification of the area squared in
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(c). Morphological alterations in bacilli in the extracellular space (a, c, d) and in phagocytic vacuoles
(b). (e, ) Simultaneous uptake of M.th and AgNPs by THP-1 macrophages. (g) TEM-EDX spectrum

collected from the area marked in (f). C: cytoplasm, E/L: endosome/lysosome and ES: extracellular

Figure 5.14 (a-d) BFTEM images of THP-1 macrophages after a 24 hour simultaneous
infection with M.tb (MOI10) and treatment with 10 pg/mL AgNPs, showing bacilli in phagocytic
vacuoles (a) and internalization of AgNPs (b-d). (b, ¢) are magnifications of the corresponding areas
squared in (a). (d) is the magnification of the area squared in (c). (¢) HRTEM image collected from
the area squared in (d). (f-h) HAADF-STEM images collected from the same area imaged in (a). (g,
h) are magnifications of the corresponding areas squared in (f). (i) STEM-EDX spectrum collected

from the area marked in (h). N: nucleus, C: cytoplasm, E/L: endosome/lysosome and ES: extracellular

Figure 6.1 Physicochemical characterization of “short” (S-ZnONWs; a-f) and “long” (L-
ZnONWSs; g-1) ZnO nanowires. Low-magnification bright field transmission electron microscopy
(BFTEM; a, g), high-magnification BFTEM (b, h) and high resolution TEM (HRTEM; c, 1) images of
S-ZnONWs and L-ZnONWs respectively, and their length (d, j) and diameter (e, k) distributions. In
(c, 1) the arrows represent the direction of the long axis of ZnONWSs. (f, 1) TEM energy dispersive X-
Ray (TEM-EDX) spectra collected from areas containing multiple S-ZnONWs (f) and L-ZnONWs
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1 Introduction

The rapidly expanding and advancing field of nanotechnology is expected to revolutionize
many aspects of human life, offering extraordinary opportunities in various technological fields. The
unique physical and chemical properties of materials that emerge at the nanoscale could be harvested
to enable a wide range of novel applications, such as in medicine, electronics, biomaterials, energy
production, and consumer products. However, engineered nanomaterials (ENMs) have also raised
concerns about their potential harmful effects on human health and the environment. At the cellular
level, ENMs may resemble biomolecules or biomolecular assemblies in terms of their function.
Studies suggest that ENMs are not inherently benign but may affect biological behaviours at the
cellular, sub-cellular and protein levels. These concerns have led to an urgent need to establish
accurate risk assessment procedures and a tighter regulation of ENMs, ensuring their safe

manufacture and use.
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Figure 1.1 Annual production volumes of different classes of NMs and fields of application of Ag
and ZnO NMs, based on the number of publications indexed by Thomson Reuters™ Web of
Science™ (search performed in March 2013). Reprinted with permission from '. Copyright 2013
Bondarenko et al.

Silver (Ag) and zinc oxide (ZnO) nanomaterials (NMs) represent two of the most important

classes of ENMs at the forefront of application-driven nanotechnology. The well-known antibacterial
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properties and the unique optoelectronic properties of Ag NMs have led to a dramatic increase in their
industrial production and implementation in consumer products, which range from electronic and
photonic devices to textiles, food storage containers and antiseptic sprays (Figure 1.1). The median
production volumes of Ag NMs are about 55 tons/year worldwide (Figure 1.1) and 5.5 tons/year in
Europe.” Similarly, nanostructures of ZnO, which is a wide band gap semiconductor with a high
exciton binding energy and piezoelectric properties, are being used for optoelectronic devices, energy
harvesting devices, electronic devices, sensors and catalysts (Figure 1.1). The worldwide annual
production of ZnO NMs is estimated to be around 550 tons/year (Figure 1.1), with 55 tons/year
produced in Europe.” Despite the widespread use of Ag and ZnO NMs, their potential adverse effects
to human health upon exposure are still unclear. Exposures are expected to be higher in occupational
settings, during production and packaging of these NMs. However, their increasing application in
consumer products may also increase general public exposures in the coming years.

Along with concerns about the toxic effects of Ag and ZnO NMs, there is also potential for
enormous benefit via the development of novel strategies for biomedical applications. Both materials
exhibit antibacterial activities, therefore they are considered as potential therapeutic agents that could
have a significant impact on medical research, by offering multifunctional platforms that
simultaneously diagnose and treat bacterial infections. Moreover, efforts are underway to exploit the
properties of Ag and ZnO NMs for cancer detection and therapeutic intervention, through targeted

drug delivery or selective destruction of tumour cells.

(a)

Air flow

Terminal bronchiole

Endothelial cell

Figure 1.2 (a) A schematic diagram showing the deposition of inhaled particles into the pulmonary
alveolar region, comprising the respiratory bronchioles, alveolar ducts and alveoli. Abundant
pulmonary capillaries run through the alveoli to allow air-blood gas exchange. (b) A schematic
diagram of the cross section of a single alveolus. The alveolar epithelium consists of type 1 and type 2
epithelial cells, and alveolar macrophages, which are covered with a surfactant layer produced by type
2 cells. Gas exchange takes place at the epithelial-endothelial gas—blood barrier, which consists of a
mixed monolayer of type 1 and type 2 cells, which share a basement membrane with the underlying
capillary endothelium. Reprinted with permission from °. Copyright 2013 The Royal Society of
Chemistry.
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Inhalation of Ag and ZnO NMs represents a key route of human exposure, both from the
perspective of intentional (diagnostic and therapeutic applications) and unintentional scenarios. Upon
inhalation, the small size of NMs enables them to access the distal areas of the lungs, and deposit in
the gas-exchange region of the alveoli (Figure 1.2). On the one hand, this ability of NMs to reach the
alveoli could allow for more efficient delivery of therapeutic agents in the lungs. On the other hand,
particle clearance may be insufficient in the alveoli, giving rise to a higher probability of adverse
health effects due to continuous particle-tissue interactions. Once NMs reach the alveoli, further
barriers to diffusion into the blood circulation are limited because the epithelial-endothelial gas-blood
barrier is very thin. Consequently, any cellular or protein damage in this region could not only have
an impact on pulmonary homeostasis but would also determine possible translocations of NMs to
other organs, enabling them to elicit toxic effects at extrapulmonary sites. Therefore, it is paramount
to understand the interactions of Ag and ZnO NMs with the alveolar epithelium, in order to anticipate
their adverse effects and manage the risk of their toxicological potential.

Both Ag and ZnO NMs have been shown to cause inflammation in the lung in vivo following
inhalation. In inhalation studies using rodents, Ag nanoparticles (NPs) induced pulmonary
inflammation with mixed cellular infiltrates and decreased minute volumes, leading to the
development of several types of pulmonary function abnormalities. Similar studies showed that ZnO
NPs caused eosinophilia, proliferation of airway epithelial cells and pulmonary fibrosis. Prolonged
inhalation exposures to ZnO NPs have also been linked with degeneration and necrosis of the
myocardium. Meanwhile, the toxicity of Ag and ZnO NMs has been reported for various in vitro
mammalian systems, including lung epithelial cells and alveolar macrophages. Toxic responses
included the generation of reactive oxygen species (ROS) and oxidative stress, apoptosis or
genotoxicity.

Among the physicochemical properties of Ag and ZnO NMs, shape and size are important
factors in determining their uptake mechanisms and the long term ramifications of NM exposures.
One-dimensional (1D) NMs such as nanowires (NWs), rods and tubes have recently become the focus
of intensive research, due to their unique applications in mesoscopic physics and the fabrication of
nanoscale devices. However, there are currently few published studies on Ag or ZnO NW exposure-
related health effects. Fibrous nanomaterials, such as carbon nanotubes (CNTs), have raised particular
concerns due to their similarity with asbestos fibres in the lung and the induced mesothelioma. In
contrast to CNTs, which are considered as a bio-persistent NM, the bioreactivity of Ag and ZnO NMs
has been linked with their dissolution and release of Ag” or Zn>" ions. Some studies have already
examined AgNWs with respect to their uptake mechanisms by alveolar macrophages, and the onset of
frustrated macrophage phagocytosis has been stated as an important factor in the post-exposure
inflammatory response. However, the mechanisms by which Ag or ZnO NWs interact with cells and

how these NWs transform within cells over time is poorly understood. Moreover, the bioreactivity of
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Ag or ZnO NWs with alveolar epithelial cells, which account for over 95% of the alveolar surface and
are a major target of inhaled NMs, has hardly been investigated.

In order to draw accurate conclusions about the bioreactivity of Ag and ZnO NWs, further
efforts are also required to understand the stability of these NMs and their dissolution kinetics in
biological environments. Their properties can change drastically when incubated in biological media,
leading for example to aggregation or the formation of biomolecule coronas. Additionally, several
factors may affect ion release kinetics, such as particle size and shape, pH, complexing anions or
organic components. Therefore, NM characterization at the local point of exposure in the cellular
microenvironment is required. In the case of alveolar epithelial cells, the cells are covered by a thin
liquid layer called the lung lining fluid (LLF), which is a complex mixture of phospholipids and
proteins. Its main component is pulmonary surfactant (PS), which forms a monolayer at the air-liquid
interface. Following deposition of inhaled Ag or ZnO NWs in the alveoli, the adsorption of LLF
components on their surface may affect their physicochemical properties and their subsequent cellular
effects. Therefore, the effects of the LLF on the physicochemistry of Ag and ZnO NWs need to be
examined, because they will determine their interactions with proteins, cells and tissues in the lung.

The purpose of this thesis is to examine the in vitro bioreactivity of Ag and ZnO NWs with
human alveolar epithelial cells. In previous studies in the literature, LLF components have not been
commonly integrated in the in vitro testing of NMs. In the present work, LLF interactions are central
in the experimental design, to provide an improved model of in vivo exposure scenarios. More
specifically, the impact of individual LLF components on the dissolution kinetics and
physicochemical properties of Ag and ZnO NWs is reported. These findings are correlated with the
toxicity and cellular uptake and transformation of the NWs with human alveolar epithelial cells in the
presence of LLF. In addition to these studies, the antibacterial activity of AgNPs against
Mycobacterium tuberculosis (M.tb) is investigated, and the potential use of AgNPs as therapeutic
agents in M.tb-infected alveolar macrophages is explored.

First, an overview of the literature regarding the bioreactivity of Ag and ZnO NMs is
provided (Chapter 2). The focus of the literature review is placed on describing the mechanisms by
which the dissolution kinetics and physicochemical properties (e.g. aggregation state, morphology and
chemistry) of these NMs change in various biological milieu (i.e. relevant proteins, lipids and other
molecules, and biofluids, such as the LLF) and how subsequent interactions with and within cells are
affected. Furthermore, the antibacterial mechanisms of AgNPs are discussed in relation to the
mechanistic information that a range of microscopy techniques (including transmission and scanning
electron microscopy and 3D confocal microscopy) can provide about the bio-nano interface.

In Chapter 3, the principal experimental techniques employed to complete the work presented

in this thesis are briefly described.
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Next, the stability of AgNWs in the LLF and the subsequent effects on their bioreactivity with
human alveolar epithelial cells are discussed in Chapter 4. The synthesis and characterization of
AgNWs is reported and the effects of individual components of the LLF (phospholipids and proteins)
on the physicochemical properties of AgNWs are presented. Moreover, the influence of the LLF on
the cellular uptake and intracellular transformation of AgNWs within human alveolar epithelial cells
is described.

Chapter 5 represents a first attempt to examine AgNPs as antibacterial agents against M.tb-
infected alveolar macrophages. A range of analytical transmission electron microscopy (TEM)
techniques are employed to provide information about bacterial infections and the mechanisms
through which AgNPs induce bacterial cell damage.

In Chapter 6 the impact of PS on the stability of ZnO NWs and their toxicity to human
alveolar epithelial cells is examined. The dissolution kinetics and physicochemical properties of
commercially available ZnO NWs are characterized in the absence and presence of PS and serum.
Moreover, the effects of pulmonary surfactant on the cellular uptake and intracellular dissolution of
ZnO NWs, in relation to the viability of human alveolar epithelial cells, are discussed.

Chapter 7 reports the synthesis and characterization of ZnO NWs using two variations of
electrochemical deposition, in an effort to obtain ZnO NWs with well-controlled physicochemical
properties for further biological studies.

Finally, the key conclusions stemming from the present work are summarized in Chapter 8§,

along with suggestions for future studies.
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2 Literature Review

2.1 Nanotechnology

Nanotechnology is the design, characterization, production and application of structures,
devices and systems by controlling their shape and size at dimensions between 1 and 100 nm. At this
size scale, unique physical and chemical properties emerge, different from the properties of the same
material in bulk form, which can be exploited to enable a wide range of novel applications.*
Nanotechnology is expected to revolutionize many aspects of human life, offering extraordinary
opportunities in various technological fields such as electronics, energy management and information
technology, as well as the pharmaceutical and medical fields. Nanotechnology is a rapidly expanding
and advancing field; according to a recent study, the annual worldwide market for products

incorporating nanotechnology is expected to reach US $3.3 trillion by 2018.°

2.2 Nanotoxicology

Natural nanoparticles (NPs) exist in all ecosystems and humans have been exposed to them
throughout their evolutionary stages.® With the advent of the industrial revolution, however, such
exposures have increased dramatically due to anthropogenic sources, including internal combustion
engines, power plants and other sources of thermo-degradation.” The rapid development of
nanotechnology is likely to become another source of human exposure to engineered NMs.” Table 2.1
summarizes some of the natural and anthropogenic sources of nanomaterials (NMs).” In contrast to
naturally occurring NPs that have a polydisperse nature, engineered NPs can be synthesized in highly
homogeneous forms of desired sizes and shapes. They have unique physicochemical properties,
attributable to their small size, chemical composition, surface chemistry, solubility and shape.
Although these properties are what make NMs so interesting from the point of view of fundamental or
applied research, they also raise concerns about their potential harmful effects on living organisms. At
the cellular level, biological systems include structural arrangements that resemble NMs in terms of
their function. Studies suggest that NMs are not inherently benign and that they affect biological
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behaviours at the cellular, sub-cellular and protein levels.® Therefore, NMs need to be evaluated in

terms of their potential harmful effects on human health and the environment.

Anthropogenic
Natural

Unintentional Intentional (NPs)
Gas-to-particle conversions Internal combustion engines Controlled size and shape,
Forest fires Power plants designed for functionality
Volcanoes (hot lava) Incinerators Metals, semiconductors, metal
Viruses Jet engines oxides, carbon, polymers
Biogenic magnetite: Metal fumes (smelting, welding, Nanospheres, -wires, -needles,
magnetotactic bacteria etc.) -tubes, -shells, -rings, -platelets
protoctists, mollusks, Polymer fumes
arthropods, fish, birds, human Other fumes Untreated, coated
brain, meteorite (?) Heated surfaces (nanotechnology applied to
Ferritin (12.5 nm) Frying, broiling, grilling many products: cosmetics,
Microparticles (< 100 nm; Electric motors medical, fabrics, electronics,
activated cells) optics, displays, etc.)

Table 2.1 Natural and anthropogenic sources of exposure to ultrafine particles (UFPs) and engineered
nanoparticles (NPs). Reproduced with permission from .

Nanotoxicology can be defined as “the science of engineered nanodevices and nanostructures
that deals with their effects in living organisms”.” Nanotoxicology emerged in the early 1990s,
evolving from earlier studies on the pulmonary and other effects of ambient ultrafine particles.” There
was a lag of about 10 years before the number of nanotoxicological papers started to increase
exponentially (Figure 2.1). Lam ef al. and Warheit er al. reported the first peer-reviewed comparative
toxicological assessments of nanotubes and quartz nanoparticles.” ' Lam et al examined
histopathological alterations in mice at 7 and 90 days following exposures to single-walled carbon
nanotubes (SWCNTSs) manufactured by different methods, demonstrating that all types of SWCNTs
induced dose-dependent lung lesions.” Warheit et al. found that SWCNTs could induce pulmonary
inflammation and alter lung cellular proliferation and pathology.'’ In contrast to quartz particles,
SWCNTs induced multifocal granuloma formation, which occurred without evidence of ongoing
pulmonary inflammation or cellular proliferation.'’ Moreover, rodents developed asbestos-like effects
following intracavitary injection of high doses of multi-walled carbon nanotubes (MWCNTs)."
Dhawan and Sharma summarized the toxicological effects reported in around 100 in vivo and in vitro
studies of the most common NMs, including SWCNTs and MWCNTs, fullerenes and Au, Ag and
metal oxide nanoparticles.”> The toxic effects reported ranged from induction of inflammatory
responses and oxidative stress to DNA damage and genotoxicity.'> In another review that evaluated

the existing literature data on the toxicity of synthetic NMs, Ag and ZnO NMs were classified as
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“extremely toxic”, fullerenes and CuO NMS as “very toxic”, SWCNTs and MWCNTs as “toxic” and
TiO, NMs as “harmful”.® Remarkably, none of the NMs tested was classified as “not harmful”.®

™

Web of Science

™

—==— Nanoparticles

Number of Records on Thomson Reuters

Nanoparticles AND Toxicity

10 T T T T T T

1990 1995 2000 2005 2010 2015
Year

Figure 2.1 Number of records retrieved from Thomson Reuters™ Web of Science™. The search was
performed on April 8, 2015 using the keywords manoparticles' and manoparticles AND toxicity'
(field: topic).
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Figure 2.2 Schematic representation of a proposed tiered testing approach for engineered NMs.
Reprinted with permission from . Copyright © 2010 Elsevier Ireland Ltd.
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Consequently, there is an urgent need to establish the principles and test procedures that will
ensure the safe manufacture and use of NMs. It is admittedly impossible to perform risk assessment
without in vivo toxicological data. However, it is becoming increasingly clear that animal testing may
not provide the best base test method when confronted with thousands of new NMs, from a cost,
labour intensity or ethical point of view. A predictive in vitro toxicological screening approach that
would rank NMs for priority of in vivo testing should be developed.® Oberdorster et al. formulated
three key elements that nanoparticle toxicity screening strategies should follow: (i) physicochemical
characterization of the particles (size, surface area, shape, solubility and aggregation) and elucidation
of their biological effects using (ii) in vitro and (iii) in vivo studies.” Savolainen et al. proposed a

detailed toxicity testing strategy of NMs based on a tiered approach (Figure 2.2)."

2.2.1 Physicochemical Properties of Nanomaterials that Determine their Biological Activity

Numerous physicochemical parameters are thought to determine the biological activity and
biokinetics of NMs, such as size, shape, crystalline structure, chemical composition, surface
properties (i.e. area, porosity, charge and surface modifications), agglomeration state, biopersistence
and dose. However, toxicity cannot be wholly attributed to one single parameter. The cellular uptake,
protein binding, translocation from portal of entry to target site and the possibility of causing tissue
injury may be affected by all these factors. The most prominent property of NMs is their small size,
which falls in the transitional zone between individual atoms or molecules and the corresponding bulk
material. Their small size can facilitate their uptake and interaction with biological tissues, as size is a
key factor that determines translocation across cellular barriers.'* A decrease in size also leads to an
increase in surface area, and this allows for a larger proportion of atoms or molecules to be displayed
on the surface rather than the bulk of the material. The number of atoms/molecules on the surface of a
particle determines the material’s reactivity; therefore smaller particles might have an increased
chemical and biological reactivity.” Data from several studies indicate that it may be possible to
predict the acute in vivo inflammatory potential of NPs using in vitro cell-free and cellular assays
based on NP surface area dose-response metrics.'" > '

A decrease in size may also create discontinuous crystal planes that increase the number of
structural defects or disrupt the well-structured electronic configuration of the material, giving rise to
altered electronic properties.” '’ Surface groups can make NMs hydrophobic or hydrophilic, or
catalytically active or passive. An example of how these surface properties could lead to toxicity is
the interaction of electron donor or acceptor active sites with molecular oxygen (O,) and the
generation of reactive oxygen species (ROS). Single-component materials or the presence of
transition metals on the material’s surface can participate in the formation of such active sites.®

Several nanomaterial characteristics can culminate in ROS generation, which is currently the best-

Page|46



Nanotoxicology

developed paradigm for NP toxicity.'"® Research has suggested that there is a direct relationship

between the ROS-generating capability of NPs and their pro-inflammatory effects in the lung.®
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Figure 2.3 Possible mechanisms by which NMs may interact with biological tissue. Examples
illustrate the importance of material composition, electronic structure, bonded surface species (e.g.
metal-containing), surface coatings (active or passive), and solubility, including the contribution of
surface species and coatings or interactions with other environmental factors (e.g. UV activation).
Reprinted with permission from ®. Copyright 2006 American Association for the Advancement of
Science.

In addition to the paradigm of oxidative stress and inflammation, other nanomaterial
interactions may result in other forms of injury such as protein denaturation, membrane damage,
immune reactivity and the formation of foreign body granulomas (Figure 2.3). Therefore, other NM
properties such as shape, aggregation, surface coating and solubility may also affect their toxic
potential, either diminishing or amplifying the size effects. For instance, shape is an important factor
in determining the uptake mechanisms and the long-term ramifications of NM exposure. High aspect
ratio or fibre-shaped NMs, such as nanotubes and nanowires have been studied with respect to their
uptake mechanisms. The onset of frustrated macrophage phagocytosis has been stated as an important
factor in the post exposure inflammatory response. CNTs are the best known and most widely studied
of the fibrous NMs and emerging evidence supports that they may lead to similar pathologies (e.g.
mesothelioma) as those induced by inhaled asbestos fibres.'”*° The increasing demand for other types
of fibrous NMs, including AgNWs and ZnONWs, means that these materials should also receive
similar toxicological scrutiny. In the case of Ag and ZnO NMs, solubility is another important factor
to consider when investigating their bioreactivity. The observed toxicity of AgNPs has often been
ascribed to the release of the Ag” cation and its soluble complexes.”' Similarly, ZnONPs were more
toxic than other non-soluble metal oxides and this was attributed to their dissolution in biologic
environments and the release of toxic Zn*" ions.”> * The current literature and the gaps or
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discrepancies in published results regarding the bioreactivity of Ag and ZnO NMs are discussed in

detail in Chapters 2.3 and 2.4.
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Figure 2.4 Schematic representation of the human respiratory system, which includes the airways,
lungs, and the respiratory muscles that mediate the movement of air into and out of the body.

2.2.2 Pulmonary Exposure to Nanomaterials

Nanomaterials can enter the human body by different routes such as inhalation (respiratory
tract), ingestion (gastrointestinal tract), through the skin or injection (blood circulation).” They may
then translocate to the blood circulation and reach secondary targets of interaction, causing adverse
biological reactions in several organs.”**”** Nanomaterial interactions with cells, body fluids and
proteins will determine their biological effects and their ability to distribute throughout the body. For
example, NM binding to proteins may generate complexes that are more mobile in blood circulation
and are able to enter tissue sites that would normally be inaccessible. Accelerated protein denaturation
or degradation on the NP surface may lead to protein functional and structural changes, inducing an
interference with enzyme function.”” Throughout the human body, harmful materials encounter a

number of defences during their uptake or transport, which can eliminate, sequester or dissolve them.
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In addition, cells and tissues have effective antioxidant defences that deal with ROS generation.”

However, these defences may not always be effective in the case of NMs.
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Figure 2.5 (a) Predicted fractional deposition of inhaled particles in the nasopharyngeal (blue),
tracheobronchial (green) and alveolar region (red) of the human respiratory tract, under conditions of
nose breathing during rest. Based on data from the International Commission on Radiological
Protection (1994). (b) Pathways of particle clearance (disposition), in and out of the respiratory tract.
Reprinted with permission from .

Since the pulmonary system is in continual contact with the environmental atmosphere and
the pollutants present in it, one of the most important routes of exposure to NMs to consider is
inhalation (Figure 2.4). Pulmonary exposure could be especially high during manufacture or handling
of freely dispersible NPs. The human lungs consist of approximately 2300 km of airways and 300
million alveoli, giving rise to a surface area of about 150 m”. This vast internal surface area facilitates
a broad access of inhaled materials to the lung, which cannot always deal adequately with the wide
range of airborne materials present in urban or occupational environments.” The most critical
characteristic determining the deposition patterns of particulates in the respiratory tract is the particle
size distribution (Figure 2.5a).” Larger particles (5-30 pm) are usually deposited in the
nasopharyngeal region by the inertial impaction mechanism and smaller particles (1-5 pm) in the
tracheobronchial region, mainly due to sedimentation. These particles are typically cleared by bodily
responses, such as coughing, mucociliary transport and/or phagocytosis by alveolar macrophages
(Figure 2.5b). The major deposition mechanism for particles smaller than 0.5 pm is diffusion;
therefore NPs can penetrate deeply into the alveolar region, where clearance may be insufficient.””"'
The deeper the particle deposition, the longer it takes for pulmonary particle clearance; it is believed
that this might give rise to a higher probability of adverse health effects due to continuous particle-
tissue interactions.””> Additionally, phagocytosis by alveolar macrophages to remove inhaled NPs

appears to be less efficient than for larger particles.** **
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For fibrous NMs, like Ag and ZnO NWs, their width or diameter is they key parameter that
affects their deposition pattern in the lungs. This is due to the central role of fibre diameter in
controlling the aerodynamic diameter (D,.) and the dependence of pulmonary deposition on D,..””
Length impacts little on D, for thin fibres;’® the alignment of fibres along the stream lines of inhaled
air may allow fibres of several um in length to penetrate inside the alveoli. There are currently limited
computational or experimental data on the fractions of inhaled NWs that may be deposited in the deep
lung. According to one model for the deposition and clearance of rigid fibres in the human respiratory
tract, fibres with diameters < 100 nm - independent of their length and the breathing conditions -
preferentially deposit in intermediately to terminally situated lung airways, with a peak alveolar
deposition between 10% and 20%.>” Similarly, a recent semi-analytical model describing the motion
of nanofibres has shown that those with diameters in the range of 10-100 nm and lengths in the order

of um have the highest possibility to reach the gas-exchange area of the deep lung.*®

Figure 2.6 (a) Schematic diagram of the air-blood barrier at the alveolar region of the lungs. The air-
blood barrier consists of a layer of pulmonary surfactant, composed of phospholipids (PL) and
surfactant proteins (SP-A, B, C and D), followed by the tightly joined alveolar epithelium, which is
built up by Type 1 (in grey) and the surfactant-producing Type 2 pneumocytes (in lighter grey).
Underneath the alveolar epithelium, endothelial cells (in brown) represent the last cellular barrier
before the bloodstream is reached. The fate of NPs may significantly be influenced after a first contact
with the surfactant layer; PLs and SPs might adsorb to the surface of NPs, altering their clearance by
alveolar macrophages (in yellow) (1). Alternatively, NPs may be immediately displaced to the
hypophase, coming into close contact with the alveolar epithelium and internalized by Type 1 (2) or
Type 2 pneumocytes (3). Eventually, NPs internalized by epithelial cells could penetrate into the
capillaries, reaching the blood circulation (4). Reprinted with permission from *°. (b) Schematic
structure and relative size of the principal components of pulmonary surfactant. PLs are shown in the
form of a bilayer, omitting the various other structural forms of organization, e.g. vesicles, sheets,
tubular myelin, and lamellar bodies. SP-A is shown as an octadecamer with a bouquet-like
appearance, and SP-D is depicted as a dodecamer with a cross-like structure. The carbohydrate
recognition domains of these two proteins are shown as globular formations. SP-B is shown as a
monomer, although a significant amount of dimers are present in the airspaces. SP-C is depicted as an
integral membrane monomer. Reprinted with permission from *’. Copyright 1999 ERS Journals Ltd.
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Nanoparticles and NWs that effectively access the alveolar region of the lungs will come into
contact with the alveolar epithelium, where they could be taken up by epithelial cells and fibroblasts.
Once NMs reach the alveoli, further barriers to diffusion into the blood circulation are limited. This is
because the epithelium that separates the inhaled air from the blood capillaries is very thin (<0.5 pm),
consisting of a monolayer of type 1 and type 2 epithelial cells.* Type 1 (squamous alveolar) cells
form the structure of the alveolar wall, whereas type 2 (cuboidal alveolar) cells continuously release
pulmonary surfactant by exocytosis. Any cellular or protein damage in this region could not only have
an impact on pulmonary homeostasis but would also determine possible translocations of NMs to
other organs and allow them to elicit toxic effects at extrapulmonary sites.

The epithelial cells in the alveolar region of the lungs are covered and protected by a thin
liquid layer composed of various neutralizing agents, called the lung lining fluid (LLF) (Figure
2.6a)."> * Its main component is surfactant, which forms a monolayer at the liquid-air interface.”
This monolayer reduces the surface tension of the lung on expiration, stabilizing the alveoli against
lung collapse. By modulating the surface tension, it also minimizes the work of expanding the alveoli
during inhalation.** * Moreover, it can displace particulate matter and facilitate mucociliary
clearance.* Human surfactant consists of about 80% phospholipids, 8% neutral lipids (cholesterol,
triacylglycerol and free fatty acids) and 10 % surfactant-specific proteins. The most abundant
component of surfactant is phosphatidylcholine (PC), which accounts for 70-80% of the total amount
of lipids. Approximately 50-70% of PC is saturated, especially in the dipalmitoylated form (DPPC).*
There are four lamellar phases recognized in saturated phosphatidylcholines (e.g. DPPC) but at 37 °C,
DPPC monolayers are rigid enough to be compressed to high surface pressure (> 50 mN-m"') or
low surface tension (y = 0 mN-m ') and can sustain this low surface tension for a considerable amount
of time without collapsing.*”** Furthermore, four surfactant-associated proteins have been described:
the hydrophilic SP-A and SP-D and the hydrophobic SP-B and SP-C (Figure 2.6b).* SP-A and SP-D
play a fundamental role in host defence, by facilitating phagocytosis of various bacterial and viral
pathogens. SP-A may also have a regulatory function in the formation of the monolayer that lowers
the lung surface tension. On the other hand, SP-B and SP-C promote the rapid adsorption of the
surfactant phospholipids at the air-liquid interface and maintain the stability of the lung system by
influencing the molecular ordering of the phospholipid layer.**** Inhaled NM:s that enter and deposit
in the alveoli may adsorb LLF components, affecting their subsequent cellular effects.’” ! 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 towards the alveolar
wall.’>>® The effects of the LLF on the physicochemistry of NMs will determine their interaction with
proteins, cells and tissues in the lung. An altered aggregation state could modify particle transport, the
amount of NMs internalized by cells and subsequent interactions within cells.* Moreover, NMs could
alter the physiological surface tension of the lung surfactant and affect immune responses by

sequestering lipids or proteins.”
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2.3 The Bioreactivity of Silver Nanomaterials in the Lungs

The well-known antibacterial properties of AgNPs,**™

as well as the unique optoelectronic
properties of this material,’” ®' has led to a dramatic increase in research and industrial production of
silver NMs. Among over 1800 commercially available products, identified as containing NMs
according to manufacturers’ reports, about 25% contain silver NMs.** The available products range
from electronic and photonic devices (such as solar panels) to textiles, food storage containers,
antiseptic and antibacterial sprays and more.

The increase in the number of products containing AgNMs has led to growing concerns about
the potential adverse effects on human health upon exposure to AgNMs. As a result, nanosilver has
been the subject of intensive investigation during the last decades. Elemental silver was considered to
be of low toxicity to humans, although several cases have been reported of argyria (irreversible
pigmentation of the skin) or argyrosis (irreversible pigmentation of the eyes) after chronic ingestion of
colloidal silver.”> ** The toxicity of AgNPs has been demonstrated for several species of vertebrates,
invertebrates, and prokaryotic and eukaryotic microorganisms, as well as mammalian cell lines.’” ©°
The toxicological outcomes upon exposure to AgNMs include oxidative stress, lipid peroxidation,
inhibition of mitochondrial activity, damage of DNA and cell apoptosis.®”* AgNPs are manufactured
in several different formats, which may lead to varied toxicological potentials. Several
physicochemical properties of the AgNPs have been shown to play a role in their bioreactivity (e.g.

1 . . 9 . . . .
17 size® and coating agent®) but the exact mechanisms remain elusive. Several studies have

shape,
linked the toxicity of AgNPs to their dissolution and the release of free Ag” ions.”' Silver is an
oxidation catalyst and undergoes slow oxidative dissolution as Ag" so the chemical nature of the
AgNPs in the environment changes with time (depending on the environment), therefore both size and
oxidation state will critically determine any cytotoxicity. Liu and Hurt have shown that the dissolution
of AgNPs is a cooperative oxidation that involves both protons (H") and dissolved oxygen (O,).”
They suggested that in simple aqueous solutions containing no other oxidants or reductants, the global

reaction stoichiometry is:
1
2A9(s) 5 02(aq) + 2H(ag) © 249(aq) + H20q) (2.1

Zhang et al. developed a kinetic model to describe Ag' release, based on the hard sphere
theory.”” They proposed that the oxidation reaction can be expressed by first-order reaction kinetics

and therefore, the Ag" release rate can be described by the Arrhenius equation:

(%), = KlAgNPIL0-1 /2 [H*]? 22)
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k = Aexp (%) 2.3)

dam

(E)Ag = Aexp (%) [AgNP][0,]"/*[H*]? (2.4)

where (Z—T) is the Ag' release rate (mol/L-h), k is the reaction rate constant (mol/h),
Ag

[AgNP] , [O,] and [H'] are the molar concentrations (mol/L) of AgNPs, dissolved oxygen and protons
respectively, E, is the activation energy (J), T is the temperature (298 K) and A is the frequency
factor. Replacing the molar concentration of AgNPs ([AgNP]) by the mass-based concentration

([Ag)):

[AgNP] = —1491 (2.5)

Z
N4 p3 mr3

where p is the density of Ag (~ 10.5 g/em’), r is the AgNP radius (nm) and N, is the
Avogadro constant (~6.023x10* mol™), yields:

(Z_T:)Ag = Aexp (%) _ lagl [02]1/2 [H+]2 (2.6)

z
Napz mr3

Therefore, release of silver ions will rely on the presence of dissolved molecular oxygen,’
and, given the presence of molecular oxygen, the amount and rate of silver ions released will increase

as the pH becomes more acidic.” The kinetics of silver ion release will also depend on the size’’ and

77, 81 82-84

surface functionalization of the NPs,* temperature and composition of the surrounding media.
Once released, the Ag” ions will react with other species in their environment and may precipitate as
insoluble silver compounds or undergo complexation with proteins.

There has been much discussion in the literature as to whether the reactivity of AgNPs arises

82,85 86-89

due to an ionic or particulate effect,” ™ or both. Attempts have been made to resolve this question
by incubating cells with AgNO; or by culturing cells in anaerobic conditions.” 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. On the one hand, further efforts are
required to understand the stability of AgNPs and the kinetics of Ag™ ion release in biological
environments. AgNPs are highly dynamic and their properties can change drastically when incubated
in biological media, leading for example to aggregation or the formation of biomolecule coronas. As a
result, characterization of as-synthesized AgNPs alone is not enough to predict their biological
activity but appropriate characterization should also take place at conditions that realistically simulate
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in vivo exposure scenarios. When combined with molecular biological studies, this information can
provide greater insight into the unique ENM behaviour and a better appreciation of potential effects
on human health and the environment. Since experimental techniques commonly used in the past for
AgNP characterization, such as atomic absorption spectroscopy or dynamic light scattering, may
possess limitations in detecting transformations of the physicochemical properties of AgNPs in
different environments (e.g. pulmonary surfactant), several complementary techniques need to be
applied. On the other hand, it is becoming increasingly clear that the extracellular release of Ag" ions
by AgNPs cannot wholly account for the observed toxicity. Additional effects at the particle-cell
membrane interface and inside cells seem to play a role in the biological action of AgNPs.”
Therefore, a synergistic effect between AgNPs and Ag™ ions must be considered in order to obtain
accurate conclusions about the mechanisms of toxicity. The focus should be placed on developing
new metrology methods that will be able to link the existing discrepancies between the effects of
AgNPs and Ag" ions. New approaches based on the correlative application of high spatial and energy
resolution analytical microscopy techniques, combined with dynamic optical microscopy, may offer
an improved understanding of the mechanisms by which AgNPs interact with cells, and can guide the
selection of the most relevant toxicological assays to test. Imaging and analysis could also help to
determine whether the toxicological findings relate directly to the localization of AgNPs inside cells,
or whether they are more general. Finally, the development of new methods for the quantification of
Ag’ ions released intracellularly will prove invaluable in discriminating between the effects of AgNPs

and Ag' ions.

2.3.1 Pulmonary Exposure to Silver Nanomaterials

An increase in the number and production volume of products containing AgNPs will lead to
a larger release into the environment during manufacture,’’ use, washing or disposal of the products.
There is currently very little data on the magnitude of release of AgNPs but efforts have begun to
provide quantitative estimations of the environmental concentrations of engineered NMs,”>**. During
manufacturing, AgNPs can be present in either powder or liquid formats and potentially present a
health risk to workers. In an industrial manufacturing facility, significant release of AgNPs was
observed during processing as soon as the reactor, dryer and grinder were opened, leading to a
possible occupational exposure even for wet production processes.”* In a laboratory setting, handling
of silver nanomaterial powders inside a fumehood, led to an increase in the number concentration of
particles in the breathing zone of a worker.”> Moreover, few data exist on the effects of exposure of
consumers to NPs in realistic application scenarios relating to the use of nanotechnology-based
consumer products. As two studies have shown, the use of sprays containing AgNPs can lead to the

generation of nanosized aerosols and the release of NPs near the human breathing zone.”*” Ag is also
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imbedded in textiles in a variety of different forms, such as ionic Ag, AgCl or metallic AgNPs, to

provide them with an enhanced antimicrobial activity. These silver-treated textiles can be a source of
AgNPs in the washing solution when laundering fabrics, regardless of the initial form of treatment.”
Consequently, AgNPs are a potential occupational, environmental and public hazard and their effects
must be assessed before the production and use of these NMs are spread more widely. Regulatory
frameworks to protect both public health and the environment are still under development. Therefore,

scientific evidence is needed in order to inform these decisions and allow for the establishment of risk
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Figure 2.7 Examples of transformations to the physicochemical properties of AgNPs. To elucidate
the mechanisms of biological action of AgNPs, these transformations must be carefully considered
and comprehensive characterization should take place at each stage of the in vitro and in vivo testing.

Human exposure to AgNPs may take place through various routes, including the respiratory
tract, the skin, the gastrointestinal tract, the reproductive system or the circulatory system (Table
2.2)." %% For instance, the use of AgNPs in wound dressings, antibacterial textiles or cosmetic
products could increase human skin exposure while AgNPs used in food packaging and kitchen
utensils could lead to ingestion of AgNPs. Moreover, exposure of the reproductive system could occur

through the use of contraceptive devices or hygiene products containing AgNPs. Another important
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uptake route is the circulatory system, following intravenous injection of AgNP-based drugs or drug
delivery/diagnostic systems. Although all these scenarios need to be assessed as potential portals of
entry, inhalation of AgNPs is considered as one of the most important routes of exposure, since the
respiratory system serves as a major portal for ambient particulate materials. Pathologies resulting
from airborne particle materials at the micron level, such as quartz, asbestos and carbon, have been
topics thoroughly researched in occupational and environmental medicine and associations between
ultrafine particle inhalation and increased cardiovascular and pulmonary morbidity and mortality have
been made.””* Several healthcare, hygiene and antibacterial spray products containing AgNPs have
now entered daily use. Therefore, AgNP aecrosols directly applied into the nasal or oral cavity (e.g.
nasal drops for rhinitis treatment) are of great concern, as concentrated NPs can be channelled into the
lungs. The increasing use of sprays containing AgNPs, such as deodorants, shoe sprays or disinfectant
cleaning products could also lead to accidental AgNP inhalation. Finally, as described above, AgNPs

pose a risk of occupational respiratory exposure in manufacturing and research facilities.

Route of Exposure Sources of Exposure

Workers in manufacturing or research facilities working with AgNPs
Aerosols directly applied in the nasal or oral cavities
Respiratory System Sprays (e.g. deodorants, shoe sprays, cleaning products)
Air filters, breathing masks
Ambient airborne AgNPs

Wound dressings

Antibacterial textiles (e.g. sheet, towels, socks, underwear, fitness wear)
Skin Antibacterial surfaces, paints

Cosmetic products (e.g. lotions, roll-on deodorants, hair products)

Computer hardware and mobile devices

Food packaging, cooking utensils and coatings

Water filters

Health supplements

Oral hygiene products (e.g. toothpastes, toothbrushes)

Gastrointestinal Tract

Contraceptive devices

Reproductive System Feminine hygiene products

Intravenous injection of AgNP-enabled drugs or drug delivery/diagnostic
Circulatory System systems
Implants, medical catheters

Table 2.2 Possible routes of human exposure to silver nanoparticles
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2.3.2 The Bioreactivity of Silver Nanomaterials in Vivo

Although AgNPs have been identified as a possible exposure hazard, there is very limited
information about how this class of nanomaterial interacts with the lung in vivo. Nanotoxicology
assessment studies performed in vivo using the appropriate dosing amounts and routes of exposure
can provide useful information because of the diversity of systemic phenotypic response and the
anatomic influence, which can be directly translatable from animal models to human exposures.
Particle pharmacokinetics combined with studies of regional dissolution rates can provide insights
into the impact of dosing on systemic physiology and positional anatomy.'® For instance, inhalation
and instillation of 15 nm AgNPs in rats showed that lung particle content rapidly decreased following
inhalation. The AgNPs were subsequently detected in the blood and other organs, such as the liver,
kidney and brain.'"”" In several cases, a gender-dependent difference for AgNP accumulation in
kidneys has been reported, with females exhibiting a higher concentration than males.'”'** Another
study on the distribution and accumulation of AgNPs in rats following subcutaneous injection also
revealed that the particles had translocated to the blood circulation and distributed throughout the
main organs, especially in the kidney, liver, spleen, brain and lung.'” Ultrastructurally, AgNPs that
had accumulated in organs were observed within different types of cells, such as renal tubular
epithelial cells and hepatic cells. Moreover, AgNPs induced blood-brain barrier destruction and
astrocyte swelling, and caused neuronal degeneration.'” In most studies that report on the anatomic
distribution of silver following inhalation of AgNPs in vivo, silver is quantified by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) due to its high sensitivity.'" ' ' However, this
technique requires the digestion of tissue samples by strong acids and therefore ICP-MS detects the
total elemental silver content of samples. Consequently, it is difficult to draw conclusions about the
form of silver that has reached each organ, i.e. distinguish between metallic AgNPs, ionic Ag" or Ag
compounds. Other groups have employed the silver-enhancement method to track Ag in tissues,'** '*
which is based on the autometallography (AMG) technique.'”” This method is based on the principle
that small-sized clusters of silver enhance the reduction of silver ions that are added on their surface,
resulting in an increase in the size of the clusters. These can become large enough to be viewed under
a light microscope, thus confirming the presence of Ag in tissue, but without being able to
characterize the morphology or chemistry of the original AgNPs. Moreover, this method presents
several drawbacks that could lead to artefacts. For example, autonucleation of the enhancement
solution may lead to the formation of nanoparticles that are subsequently catalytic for further growth.

A 28-day inhalation toxicity study of AgNPs on rats by Ji et al. showed no significant
changes in the haematology and blood biochemistry in either the male or female rats.'”® To further
evaluate these findings, a sub-chronic 90-day inhalation study was performed by the same group.'”
Among the lung function test measurements, the tidal volume and minute volume showed a
statistically significant decrease during the 90 days of AgNP exposure. Moreover, histopathological
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examinations indicated dose-dependent increases in lesions related to AgNP exposure, such as mixed
cell infiltrate and chronic alveolar inflammation, including thickened alveolar walls and small
granulomatous lesions. Their findings indicated that prolonged exposure to AgNPs can induce lung
function changes, along with inflammation, at much lower mass dose concentrations, when compared
to Ag microparticles. In contrast, in a 28-day inhalation exposure performed by Hyun et al.,
histopathological examination showed that the nasal cavity and lungs from the AgNP-exposed groups
exhibited no “remarkable” changes compared to the control group.'®

In contrast, Lee et al. found that a 14-day inhalation exposure of mice to AgNPs led to
alterations in brain gene expression.''” A total of 468 genes in the cerebrum and 952 genes in the
cerebellum were identified as AgNP-responsive. The largest groups of gene products affected by
AgNP exposure included 73 genes in the cerebrum and 144 genes in the cerebellum. AgNP exposure
modulated the expression of several genes associated with motor neuron disorders, neurodegenerative
disease, and immune cell function, indicating potential neurotoxicity and immunotoxicity associated
with AgNP exposure.'"” In a recent 90-day inhalation study it was demonstrated that a decrease in
lung function and pulmonary inflammation could persist even after termination of the exposure in
male rats, while in females there was no effect on lung function and a gradual improvement in lung
inflammation following cessation of exposure.'"!

While the results of the above studies clearly demonstrate a pro-inflammatory potential of
AgNPs in the lung, the mechanism through which lung injury occurs and the characteristics of AgNPs
that contribute to lung injury have not been assessed systematically. Recently, Wang et al. compared
the effects of 20 and 110 nm AgNPs with two different surface coatings, citrate and
polyvinylpyrrolidone (PVP), on mice.'” Both size and surface coating were found to affect the
cellular toxicity of AgNPs as well as their acute versus sub-chronic lung injury potential. Smaller
particles induced more cellular toxicity and oxidative stress than the larger particles, possibly due to a
higher rate of dissolution and Ag” ion bioavailability. Moreover, there was a higher propensity for
citrate-20 nm AgNPs (C20) to generate acute neutrophilic inflammation in the lung and to produce
chemokines compared to citrate-110 nm AgNPs (C110). In contrast to the more intense acute
pulmonary effects of C20, C110 induced mild pulmonary fibrosis at day 21, likely as a result of slow
but persistent Ag" release, leading to a sub-chronic injury response.'” Further investigation is
therefore necessary in order to elucidate the mechanisms through which the physicochemical
properties of inhaled AgNPs affect their interactions with the lung. Additionally, understanding how
the impact of AgNPs at the cellular level in vitro translates to their in vivo toxicological potential will
be essential for the development of a predictive toxicological paradigm for AgNP toxicity, the design

of accurate screening assays and ultimately the development of safer products.
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Size

Exposure

Species i Dose Method Exposure Time Reference

C57B1/6 Oropharyngeal
Mice, 8 20,110 0.1, 0.5 and 1.0 mg/kg PRATYAECAL  Single injection 106
weeks old aspiration

0.66x10° particles/cm’

49 pg/m’)
Sprague- ( 6. . 3 6 h/day, 5
Dawley rats, 15 (111 ;ﬂ;ﬂf%mdesmm Inhalation days/week, for 12 H
6 weeks old 3.24x10° particles/cm’ weeks

(381 ug/m?)
Sprague- 0.7x10°,
Dawley rats, 18 1.4x10° and Inhalation 6 h/day, 90 days 12
8 weeks old 2.9x10° particles/cm’
Wistar rats, Infravenous 32 days
8-10 weeks  15-40 4, 10,20 and 40 mg/kg . . .. (injected at 5-day 13

Injection .
old intervals)
6 h/day, 5
E;?ZEL% 20 1.91x10" particles/cm®  Inhalation days/week, for 2 1o
weeks

Wistar rats, 50-100 62.8 mg/kg qucqtaneous Single injection 105
female injection
C$7B1/6N 100, 500 and 1000 Intraperitoneal 114
mice, 30 L 24 h
adult male mg/kg injection
Sprague- 0.7x10°,
Dawley rats, 55 1.4x10°and Inhalation c6iah/sday for 90 102
6 weeks old 2.9x10° particles/cm’ Y

1.73x10* particles/cm’

(0.5 pg/m?’)
Sprague- 5 . 3 6 h/day, 5
Dawley rats,  13-15 (13257 ;;?mf_«,’;’ rticles/cm Inhalation days/week, for 4 109
8 weeks old 1.32x10° particles/cm3 weeks

(61 pg/m’)
Sprague- 1.73x10°, 6 h/day, 5
Dawley rats, 15 1.27x10° and Inhalation days/week, for 4 108
8 weeks old 1.32x10° particles/cm’ weeks

- B 3

Fischer 344 15 3x10° particles/cm Inhalation 6h 101

rats, female

(133 ug/m’)

Table 2.3 Exposure doses used in in vivo studies of silver nanoparticles

Although the importance of dosimetry in biological studies is well-known, the relevance of
AgNP doses used in animal inhalation studies to realistic exposure scenarios has rarely been assessed.
This is in part due to the fact that very few data on AgNPs are currently available to evaluate
occupational and consumer exposure. The recommended threshold limit value (TLV) set by the
American Conference of Industrial Hygienists (ACGIH) for AgNP inhalation is 100 pg/m?,'> '®
while the recommended exposure level (REL) for nano-Ag by the US National Institute for

Occupational Safety and Health (NIOSH) is 10 pg/m’.'"” A study on airborne NP exposures
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associated with the manual handling of nanosilver in fume hoods showed a peak airborne
concentration of 7000 particles/cm®.!" Another assessment reported a similar particle number
concentration in the workplace air, while mass concentrations were between 0.02 and 1.02 pg/m’.'"
A recent study estimated the potential exposure of workers in nanosilver manufacturing facilities by
performing personal sampling, area monitoring and real-time monitoring over 3 days.'?’ The highest
AgNP concentrations were obtained from area sampling in the injection room, ranging from 5.01 to
288.73 pg/m’. These values were used in the study by Wang et al. to calculate the relevant doses to
administer in their animal experiments.'” Assuming a monthly deposition in human lungs, the
equivalent dose per mouse was estimated at 0.33 mg/kg, therefore 0.1, 0.5 and 1.0 mg/kg were
selected as the dose range to perform bolus instillation studies. Based on their findings, they predicted
that a human lung burden equivalent to a bolus dose of 0.1-1.0 mg/kg in a mouse could be associated
with incremental acute pulmonary inflammation, whereas a lung burden equivalent to 1.0 mg/kg in a
mouse may lead to sub-chronic pulmonary effects in a human.'” For comparison, the doses used in

other in vivo studies are summarized in Table 2.3.

2.3.3 The Bioreactivity of Silver Nanomaterials in Vitro

In vitro studies offer a relatively straightforward method to determine which features of a
nanosubstance could predict an increased cellular reactivity. /n vitro testing is one of the major
options suggested in recent proposals on strategic approaches to discover any undesirable effects of
NPs or to study NP cell targeting. However, the lack of standardized procedures for the evaluation of
NP toxicity makes it difficult to compare between studies performed by different laboratories. One of
the factors that can lead to inconsistencies between different studies is the use of different cell types,
because the toxic effects of NPs are highly dependent on the type of cell encountered.'*' This is due to
the variation in cell physiology (e.g. epithelial or macrophage cells), proliferation state (tumoral or
resting cells), membrane characteristics and phagocyte characteristics among different cell types.'*
For example, cancer cell lines can be more resilient towards NP toxicity than normal cells due to an
increased rate of proliferation and metabolic activity.'* '** Also, since membrane transport depends
on the composition of cellular membranes, cell type can greatly influence the amount of uptake of
NPs into cells as well as their fate in the intracellular environment. Therefore, in order to identify the
exact effect of NPs on the organs or cells of interest, the in vitro study should include cells that
represent the relevant exposure scenario. Since NPs will encounter different cell types depending on
the exposure route, different levels of toxicity can be expected with different exposure routes.
Consequently, numerous cell types ranging from endothelium, blood, spleen, liver, nervous system,

heart and kidney are all of interest in toxicity studies of NPs in general and AgNPs in particular.
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In summary, a variety of oxidative stress-related changes have been observed in various
mammalian cell types after exposure to AgNPs.'*>'** For example, the generation of reactive oxygen
species (ROS), is induced after the treatment of cells with AgNPs at concentrations as low as 0.2
pg/ml in human glioblastoma cells (U251),>' human Jurkat T cells,"”” human colon cancer cells
(HCT116 and HT29),"** '® human hepatoma cells (HepG2),"** *' human Chang liver cells,” mouse
germline stem cells (C18-4),"* 3 mouse fibroblasts (NIH3T3),'™ mouse neuroblastoma cells
(N2A),"* rat liver-derived cell line (BRL 3A),'* and rat pheochromocytoma cells (PC12)."*® The
level of lipid peroxidation is also increased by AgNP treatment in human skin carcinoma and
fibrosarcoma cells,”” as well as in Chang liver cells.”* Moreover, biochemical and molecular changes

related to genotoxicity have been found following AgNP exposure in a variety of cells,?" ™ 2" 13

138

including human mesenchymal stem cells,””” human hepatocyte cell line (L02) and mouse

embryonic stem cells and embryonic fibroblasts.'” Furthermore, AgNP-induced apoptosis has been

129, 140 131

demonstrated in human-derived cells such as colon cancer and hepatoma cells = as well as in
Jurkat T'* and HeLa cells."*' Evidence of apoptosis has also been provided in some animal-derived

cells, including mouse blastocysts,'** NIH3T3 and 1929 fibroblasts,'** '*> embryonic fibroblasts and

139 140

stem cells ™ and baby hamster kidney cells.

As far as the lungs are concerned, various cells have been used to model the epithelial barrier.
Primary cells directly isolated from tissue are not preferable due to their limited life span and
variations in quality (donor variations and quality of preparation).'* Immortalized cell lines, although
not as well differentiated as primary cells, provide high reproducibility and are most often used for the
assessment of cellular toxicity and permeation, with human lung adenocarcinoma-derived A549 cells
being the most popular.'** Although very useful for toxicity testing, A549 cells are less suitable to
assess permeation as they do not form tight intercellular junctions. To assess the bronchial barrier,
Calu-3, 16HBE140-, and BEAS-2B cells are usually used. The HPV-E6/E7 and hTERT immortalized
bronchial epithelial cell line NuLi-1 has recently been employed as a model for the bronchial
epithelial barrier.'* Finally, models for the alveolar barrier use either primary or immortalized AT-II
cells or NCI-H441 cells. Despite the fact that numerous studies have been published, investigating a
wide range of cells that represent different exposure routes, including inhalation, determining a trend
for AgNP toxicity can still be considered complex. In many of these studies, independent
experimental methods have been employed, especially in regards to the physicochemical properties of
the AgNPs tested. Consequently, it is not completely feasible to compare data from different studies,
especially quantitative data such as half-maximal inhibitory concentration (ICs,) values.

Moreover, the selection of appropriate cytotoxicity assays is vital to the accurate assessment
of NP toxicity, especially since some may interfere with the actual toxic effect produced by the NP,
' For instance, single walled carbon nanotubes (SWCNTSs) have been shown to interact with MTT-
formazan crystals formed after the reduction of MTT."*® This led to a false cytotoxic effect of

SWCNTs on A549 human alveolar epithelial cells within the MTT assay. Cytotoxic assays can
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provide a large amount of information about toxic endpoints, such as membrane integrity (lactate
dehydrogenase -LDH), cellular metabolic activity (MTT), oxidative stress (ROS) and apoptosis
(fluorescent Annexin V or caspase substrates). These assays are generally employed to measure acute
toxic effects of cultured cells and, although they can be used to investigate cell viability, the results
from one assay are difficult to directly compare with another as they measure different parameters.'”
AgNPs have been shown to cause various effects and interact with biological components in
numerous ways, making it nearly impossible to cover the whole scale of cell-particle interactions in a
single study. Correlating the information provided by toxicity assays with imaging techniques could
provide very valuable information on local alterations in cell morphology, the localization of AgNPs
and their transformation within cells and tissues. This would improve our understanding of the
cytotoxicity mechanisms induced by AgNPs, depending on their concentration, size, shape, surface
modification but also on the target cell type.

Several studies have reported morphological changes in the cell membrane and cell shape
after exposure to AgNPs. Using phase contrast microscopy, Lee et al. examined live cells from the
human alveolar cell line A549 exposed to 10, 50 and 200 pg/ml AgNPs for 24 hours. Significant
morphological changes characteristic of cell death, including cell shrinkage, few cellular extensions,
restricted spreading pattern, and increased floating of cells from the substrate were observed in a
dose-dependent manner.””" A rat alveolar macrophage cell line incubated with hydrocarbon-coated
AgNPs of different sizes (15 nm, 30 nm and 55 nm) presented size-dependent changes in cellular
morphology.'>* The most pronounced changes were observed for cells treated with 15 nm AgNPs,
with cell shrinkage and cellular debris floating in the medium. Cells exposed to 30 nm AgNPs
presented abnormal sizes, with agglomerated AgNPs inside and outside the cells, whereas 55 nm
AgNPs-treated cells had minor morphological changes. Nguyen ef al. compared the toxicity of PVP-
coated AgNPs and uncoated AgNPs in a mouse macrophage cell line (J774A.1). Both types of AgNPs
induced cell damage, including shrinkage, deformation and enlargement of mitochondria. However,
uncoated AgNPs resulted in cell shrinkage, whereas coated Ag-NPs induced cell elongation and
enlargement. These different responses to AgNPs suggest different mechanisms of cell damage

'3 A systematic investigation on the cytotoxic effects, cellular

depending on their surface coating.
response and membrane damage caused by four types of AgNPs with different surface charge was
carried out on mouse macrophage (RAW-264.7) and lung epithelial (C-10) cell lines. Cytotoxicity
was found to be strongly dependent on the surface charge of the AgNPs, with the positively charged
AgNPs being the most toxic. The same study concluded that the response to AgNPs is dependent on
the cell type, as lung epithelial cells were found to be more resistant to the AgNPs than macrophages,
regardless of the surface coating.”” This was attributed to the fact that the aggregate size of AgNPs in
the cell culture medium was more than 100 nm, allowing them to be taken up more efficiently by

macrophages than epithelial cells.'**
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Moreover, the exposure of cells to AgNPs has been proven to induce stress responses, such as
production of reactive nitrogen species (RNS) and reactive oxygen species (ROS). AgNPs have been
shown to act on various cellular targets resulting in the induction of apoptosis, the stimulation of
inflammatory signalling pathways or the production of free radicals, culminating in cell death.*" '
For instance, enlargement of the mitochondria has been observed in human colonic epithelial (HT-
29), mouse macrophage (J774A.1) and human macrophage (U937) cell lines, in a dose-dependent
manner, after exposure to citrate or PVP coated AgNPs."”* '*® According to Asharani et al., AgNPs
reduced the ATP production of human lung fibroblast cells (IMR-90), causing damage resulting in
altered mitochondrial respiratory chain activity, dissipation of mitochondrial membrane potential and
stimulation of apoptotic pathways.”' Structural damage of the mitochondria may in turn lead to a
disruption of cellular ROS balance. Evidence in the literature suggests that AgNPs can bind to thiol
containing proteins or peptides, such as Glutathione (GSH), restricting their availability for ROS
neutralization and resulting in an oxidant-mediated response to AgNPs."””*® Lim et al. showed that
exposure of a human macrophage cell line (U937) to 5 nm PVP-coated AgNPs resulted in swelling of
the mitochondria and formation of double-layered membrane structures. The authors suggested that
mitochondrial swelling was due to necrotic changes in the cell and that the presence of double-layered
membrane structures was related to autophagosome formation."*® Therefore, mechanisms other than
apoptosis may also be involved in the initiation of cell death. Similarly, Gliga ef al. reported that 10
nm polymer-grafted AgNPs led to morphological changes suggestive of autophagy in a normal human
bronchial epithelial cell line (BEAS-2B)."” The induction of autophagy, i.e. the degradation of
unnecessary or dysfunctional cellular components through the action of lysosomes, has been reported
for several types of NPs, including AgNPs and AgNWs, and may represent a common cellular
response to NPs.'® ¢!

In some studies, evidence of genotoxicity upon exposure to AgNPs has also been obtained.
Nanoparticles may interact with DNA chains through nuclear penetration and consequently induce
DNA damage.' '® Occasionally, AgNPs have been found inside nuclei.”” '* Cronholm et al.'®
detected agglomerates of AgNPs (from 0.5 to 1 um) inside the nuclei of A549 type 2 alveolar
epithelial cell line. Due to the large size of the aggregates, compared to the size of nuclear pores, it is
possible that AgNPs enter via vesicles lodged to the nucleus,”' individual particles are internalized via
the nuclear pores and agglomerate inside the nucleus or AgNPs enter during mitosis.'®® '’
Furthermore, a mouse macrophage cell line (RAW264.7) exposed to chitosan-coated AgNPs showed
dose-dependent nuclear shrinkage and chromosome abnormalities, such as double-strand breaks.'*®

The results of in vitro studies on the toxic responses to AgNPs have been mixed. There is an
on-going debate about the properties of AgNPs that determine their interactions with cells and the
extent to which their bioreactivity depends on the release of free Ag  ions. Exposure of mouse

macrophages (J774A.1) to citrate and PVP-coated AgNPs resulted to an increase in ROS generation

after 24 hours for both types of particles, suggesting that surface modification did not have a great
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effect on cytotoxicity."” Similarly, Gliga et al. compared uncoated and citrate- and PVP-coated
AgNPs of different primary sizes (10 nm up to 75 nm). They showed that only 10 nm AgNPs,
regardless of surface coating, were cytotoxic on human bronchial epithelial cells (BEAS-2B). Their

159 A size-

findings suggested that particle size was the key property determining their cytotoxicity.
dependent toxicity of AgNPs on a rat alveolar macrophage cell line was also demonstrated by Carlson
et al., who found the predominant mechanism of toxicity to be mediated through oxidative stress.'>
More recently, however, Wang et al. argued that both size and surface coating can affect the cellular

1."% In their work,

toxicity of AgNPs, as well as their acute versus sub-chronic lung injury potentia
human bronchial epithelial (BEAS-2B) and mouse macrophage cell (RAW 264.7) lines were exposed
to 20 nm and 100 nm PVP- and citrate-coated Ag-AuNPs (AgNPs with a gold core). The 20 nm Ag-
AuNPs induced significant toxicity, in the dose range from 6.25-50 pg/mL for 24 hours. Significant
ROS generation, intracellular calcium flux and decline of the mitochondrial membrane potential were
also measured in both cell types.'* The higher toxicity of the smaller particles was attributed to their
higher rate of dissolution and Ag" bioavailability. In comparison, Herzog et al. applied nebulized
AgNPs to a triple cell co-culture system composed of A549 epithelial cells combined with monocyte-
derived macrophages (MDM) and dendritic cells (MDDC) cultured at an air-liquid interface. In this
work, however, AgNPs did not significantly increase the LDH after a 24 hour exposure and the
secretion of pro-inflammatory markers did not alter.'® In a recent study, Ag nanowires (AgNWs)
were applied to a human alveolar type 1-like epithelial cell line for 24 hours, at a dose of 25 pg/ml.
Cell viability studies showed no evidence of cytotoxicity or release of reactive oxygen species.’
Analytical transmission electron microscopy revealed the precipitation of Ag,S within the cell, which
acts as a “sink” for free Ag', significantly limiting short-term toxicological effects. The differences in
toxic outcomes between these studies reflect the different chemistries and formats of the particles
applied to the cells, the cell culture model and differences in cell types. An improved understanding of
how the AgNPs transform within each component of the cell culture model, and whether this is
representative of the lung in vivo, may provide improved insights into the putative pulmonary

bioreactivity of AgNPs.

2.3.4 Evaluation of the in Vitro Testing of Silver Nanomaterials

One of the challenges of evaluating the toxicity of engineered NMs in the coming years is the
development of viable alternatives to in vivo testing. Although several in vitro systems exist,
providing some mechanistic understanding of AgNP toxicity, these systems will have to be optimized
in the future to simulate better the in vivo situation and provide a holistic understanding of the
“bionano” systems. Valid in vitro systems will lead to decreased costs compared to expensive in vivo

studies, faster results and improved animal welfare.'” One of the limitations of most in vitro studies
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conducted in the past is the use of single cell types, which is not physiologically relevant. Not only is
the pulmonary system diverse in its cellular makeup, but also different cell types often participate in
coordinated responses.'”' Rothen-Rutishauser’s group has established and evaluated an in vitro model
of the human epithelial airway barrier composed of epithelial cells and two of the most important
immune cells of the lung (macrophages and dendritic cells; derived from blood monocytes), to study
NP lung-cell interactions and their possible responses.'”” Their model can be used at the air-liquid
interface, allowing the direct exposure of cells to an aerosol,'” therefore representing a realistic
situation following NP inhalation. Using this model, they have demonstrated that cultured epithelial
cells, macrophages, and dendritic cells can cooperate in NP trafficking. Nanoparticle uptake into the
cells was also enhanced in co-culture compared with monocultures.'” ' Additionally, inhaled NPs
reaching the alveoli will first come into contact with pulmonary surfactant, therefore any interactions
between particles and the surfactant could have an impact on their subsequent cellular effects.
However, pulmonary surfactant components are not commonly integrated in in vitro testing of NMs.
In the future, surfactant interactions should be integrated into the experimental design, to better
represent the in vivo situation.

Moreover, in order to understand the discrepancies between the results of previous studies
and elucidate the mechanisms of biological action of AgNPs, any transformations of the particles
must be carefully considered at each stage of the in vifro experiment. More specifically, there are
three steps to consider: (i) preparation of the AgNPs and delivery to the biological medium, (ii)
transformations in the cell culture medium, either due to ionic salts or proteins, as well as the lung
surfactant, prior to interaction with the cells and (iii) transformations of the AgNPs following
internalization into the cell. This will require meticulous particle characterisation and sophisticated

imaging techniques under difficult experimental conditions.

2.3.4.1 Preparation and Delivery to Biological Media

The last decade has witnessed the successful synthesis of silver nanocrystals in a variety of
shapes (e.g. sphere, cube, plate, rod'’®) , using a wide range of experimental setups. These Ag
nanocrystals can be described by a set of physical parameters that may include their size, shape,
composition, structure, coating and surface charge. In principle, the properties of the nanocrystal can
be tailored and fine-tuned by controlling any one of these parameters.'”® Therefore, adequate
physicochemical characterization of AgNPs prior to undertaking experiments for in vitro toxicity
assessments is paramount in order to correlate biological responses with NP properties.'”’ Some
published nanotoxicity studies report characteristics of the particles using only manufacturer’s data,
which provides incomplete information about the particle being used. There is a wide range of

methods that can be used for NP characterization. Due to its simplicity and rapidity of analysis,
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dynamic light scattering (DLS) is increasingly being used in many fields of science and industry for
the characterization of NPs, including AgNPs.'”™ However, this technique could be problematic when
measuring samples with wide size distributions, multimodal distributions or containing NP
aggregates. This is because, in the presence of even a low percentage of larger particles, these will
dominate the light scattering signal and mask the presence of smaller particles.'” '** Moreover, DLS
may be incompatible with biological media because of the presence of various light scattering

121
components.

Therefore, precise characterization of AgNPs requires the use of a combination of
techniques. The key strength of electron microscopy (EM) techniques, combined with elemental
analysis, is their ability to provide spatially resolved information about the morphology, size and
chemistry of NPs at the same time. Sample preparation for EM may lead to drying-induced artefacts,
such as NP aggregation or sample fractionation, but these limitations may be overcome by the use of
cryogenic temperature EM (cryo-EM). Cryo-fixation can be applied to rapidly freeze samples,
allowing cryo-EM to acquire high-resolution images of NPs, as well as cells, in their native aqueous
state.'®!

Even though silver is considered as a noble metal, it is far from being chemically inert.
Therefore, transformation of AgNPs caused by poor experimental control will likely interfere with the
prediction of silver toxicity results. Moreover, information of AgNP behaviour during their full life
cycle is limited. Normal aging of the NPs (e.g. Ostwald ripening, corrosion, aggregation, surface-state
modification) may already affect their properties. The atmospheric corrosion of silver is an example
of transformation that could take place over poorly controlled storage conditions. Due to existing
gaseous hydrogen sulfide (H,S), carbonyl sulfide (OCS) and carbon disulfide (CS,) in the atmosphere,
silver sulfidises upon exposure to the atmosphere.'® Additionally, it is well known that AgNPs can be
oxidized and shed Ag" ions in aqueous media, by reacting with dissolved O,.” Storage of AgNPs in
dispersion for several weeks was shown to considerably increase the toxicity of the AgNP dispersion
toward human mesenchymal stem cells, compared to freshly synthesized dispersions of AgNPs, due
to an increased concentration of Ag  ions. Finally, the toxicity of AgNPs can be affected by
sonication dispersion protocols.'® During sonication a large amount of energy is applied to the AgNP
dispersion to enable the rupture of larger AgNP aggregates. However, the majority of this energy is
converted into thermal energy, raising the temperature and potentially promoting the dissolution of
AgNPs.”® Higher concentrations of Ag" ions in AgNP dispersions prepared without cooling the
samples over ice during sonication were measured by atomic adsorption spectroscopy (AAS).

Sonicated AgNP dispersions were more toxic to A549 epithelial cells than when prepared with

. 184
cooling.
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2.3.4.2 Transformation in Cell Culture Media

To allow interaction with cells in culture, tissue or organisms, as-synthesized AgNPs are
usually suspended in biocompatible aqueous tissue culture medium. Depending on the composition
and exposure time to the biological environment, agglomeration/aggregation of the particles could
take place or there may be alteration of their dissolution profile. Several factors such as ionic strength

82-84, 185, 186 8,18 . . 188 ;-
185186 5 78 187 dissolved organic matter,'™ dissolved

and composition of the dispersion medium,
oxygen concentration® and temperature®' have been shown to affect the stability of AgNPs and are
consequently expected to have an impact on their bioreactivity. Therefore an assessment of the
properties of AgNPs in the extracellular medium, before or during cell exposure tests, is also crucial.
This has recently been highlighted by Chen ef al., who reported cell culture media-induced changes to
the chemistry of silver nanowires (AgNWSs) using high resolution analytical electron microscopy
(HRTEM) (Figure 2.8)." It was demonstrated that silver sulfide (Ag,S) crystals formed on the
surface of AgNWs following incubation in DCCM-1 cell culture medium. Ionic silver released from
the surface of AgNWs will transform to Ag,S due to its extremely low water solubility (K, = 5.92
x107"." This silver to silver sulphide transformation will substantially reduce the Ag” ion release
rate; therefore reduced AgNP toxicity could be expected. Indeed, some studies have shown low
toxicity of Ag,S NPs and reduced antibacterial activity of AgNPs because of sulfidation.'*"'?
Moreover, studies to determine the amount of Ag+ ions dissolved in media, which are known
as one of the major factors affecting Ag toxicity, and the impact of this ionic species on cells have
produced inconsistent results.* ** Inductively coupled plasma sources (ICP-OES and ICP-MS) and
atomic absorption spectroscopy (AAS) techniques are commonly used to correlate the dissolution rate
of AgNPs with their toxicity profiles. Table 2.4 shows that a wide variety of experimental setups and
analytical methodologies are employed in in vitro studies to quantify the amount of Ag" ions released
from AgNPs. However, there are discrepancies in the data provided by different authors, probably due
to the use of inconsistent methodologies (e.g. experimental setup, separation method) and incomplete
NP characterization’”'°* ** '3 This might explain, to some extent, why inconsistent dissolution rates
are observed even when the same types of AgNPs are used. For instance, in the case of 10 nm citrate-
AgNPs, different dissolution percentages were measured by UV-Vis absorption spectroscopy and

AAS, which required a previous centrifugation step.'”*

Due to the small size of AgNPs, they could not
be effectively separated from solution by centrifugation and the values obtained by AAS were

anomalously high.
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Figure 2.8 (a-b) Low-resolution bright field transmission electron microscopy (BF-TEM) image (a)
and high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image
(b) of as-synthesized AgNWs. (c¢) The corresponding energy dispersive X-Ray (EDX) spectrum
collected from the area circled in (b). The two peaks at 2.98 and 3.15 keV correspond to the Ag(L,,)
and Ag(Lg) peaks, respectively. (d-h) Physicochemical characterization of AgNWs incubated in
various cell culture media for 1 hour at 37 °C: (d-f) DCCM-1, (g) DMEM, and (h) RPMI-1640. (d)
Representative BF-TEM image of AgNWs incubated in DCCM-1 medium, showing the formation of
crystallites on the surface of the AgNWs. The inset is a SAED pattern taken from the circled area
(aperture size ~130 nm). (¢) HRTEM image collected from the boxed area in (d) reveals that the
crystallites have a different crystal structure than the original AgNWs. The lattice spacings of the
crystals formed at the surface of the AgNWs (~0.26 and 0.22 nm) correspond to the (112) and (031)
lattice spacings of Ag,S, respectively. The lattice spacings of the core of the nanowires (~0.23 and
0.20 nm) correspond to the interplanar spacings of metallic Ag. Insets are FFT patterns taken from the
two boxed areas. (f) HAADF-STEM image (top) taken from the same area as (d) and STEM-EDX
spectra collected from the circled area (bottom), confirming the formation of Ag,S (g-h) HAADF-
STEM images (top) and EDX spectra (bottom) of AgNWs incubated in DMEM (g) and RPMI-1640
(h) cell media, indicating that AgNWs do not sulfidise in DMEM or RPMI-1640. Reprinted with
permission from '**. Copyright 2013 American Chemical Society.
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Analytical
Type Experimental Setup Methodology and Relez‘ised Agt Ref.
of AgNPs 5 . ions
Analysis Technique
10.5+4.3 nm 10 pg/ml of AgNPs incubated Ultracentrifugation 4.4 % 193
PVP-AgNPs in test media (half-strength (1 h at 390,000 g)
NaCl-free lysogeny broth (LB)) AAS
for 4 h at 30°C
14 £ 1.6 nm 25 ng/ml of AgNPs incubated Ultrafiltration through ~2% »
Citrate-AgNPs in non-interacting perchlorate 2 kDa filter membranes
(ClO,) buffer solutions at pH 5 (13,000 rpm)
for 336 h
ICP-OES
20 nm 300 ng/ml of AgNPs incubated ~ Ultrafiltration through 17 % (24 h) 196
Citrate-AgNPs in quarter-strength Hoagland 3 kDa filter membranes 40%(336 h)
media for 24 h and 336 h (40 min at 5000 g)
ICP-MS
20 nm 12.5 pg/ml of AgNPs incubated  Centrifugation ~4.3 % 106
Citrate-AgNPs in BEGM cell media for 24 hat (1 h at 15,000 rpm)
3T°C ICP-OES
40 nm 10 pg/ml of AgNPs incubated Centrifugation ~7% 1>
Citrate-AgNPs in BEGM cell media at pH 4.5 (1 h at 15,000 rpm)
for 24 h at 37°C AAS
PVP-AgNWs 10 pg/ml of AgNPs incubated Ultrafiltration through n.q. 189
Diameter: in DMEM, RPMI1640 and 2 KDa filter membranes
129+74 nm DCCM-1cell media for 168 hat (13,000 rpm)
Bimodal length: 37°C
2.8+ 2.4 pm and ICP-OES
7.0£2.0 um
10 nm 12.5 pg/ml of AgNPs incubated ~ UV-Vis 3.5% (DI) 4
Citrate-AgNPs in DI water or bacterial growth 7% (bacterial
media ( pH 7) for 24 h at 37°C growth media)
Centrifugation 16.1% (DI)

(1 hat 21,000 g)
AAS

26%
(bacterial
growth media)

n.q.: not quantified

ICP-MS: Inductively coupled plasma mass spectrometry
ICP-OES: Inductively coupled plasma optical emission spectroscopy
AAS: Atomic absorption spectroscopy

Table 2.4 Summary of Ag' ion release studies reported in the literature

Silver nitrate (AgNO) is frequently used as a control to study the effects of free Ag" ions but

the fact that addition of AgNO; to cell culture media rapidly leads to the precipitation of insoluble Ag

compounds has not been addressed. Using analytical TEM techniques, precipitates from AgNO; in
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RPMI-1640 medium have been shown to consist of small particles, with sizes from 20 to 200 nm, that
were likely a mixture of silver oxide (K= 4 X 107" and silver chloride (Kgp=1.77 x 107") (Figure
2.9). The amount of free Ag" measured by ICP-OES was less than 5 % of the total Ag" added.'”
Therefore, a combination of characterization techniques is necessary in order to understand which
particulate species actually interact with the cells.

On the other hand, the addition of proteins in the cell culture medium could alter what the cell
“sees”.'”” It is known that NPs are covered with serum proteins after their dispersion in serum-

containing physiological media,'”® leading to a so-called protein corona.'”

These proteins may be
responsible for modifying the aggregation state of AgNPs and may even directly affect the degree of
Ag" ions released from the NP surface.”” For instance, Kittler et al. reported that 50 nm PVP-capped
AgNPs suspended in RPMI medium containing Bovine Serum Albumin (BSA) agglomerated, but the

21 The authors

same particles remained dispersed if the BSA was replaced by foetal calf serum (FCS).
suggested that the albumin lipoprotein, glyco-protein and globulin content of FCS may have been
responsible for a steric stabilization of the AgNPs. Yen et al. linked variations in serum protein
attachment to the surface of AgNPs and AuNPs to differences in their uptake mechanism and toxicity
to macrophages. They suggested that negatively charged AuNPs (zeta potential from -56.64 mV to -
78.81 mV) were able to adsorb serum proteins and enter cells via the phagocytic as well as the
pinocytic pathway. However positively charged AgNPs (zeta potential from 5.35 mV to 15.43 mV)
could not adsorb serum proteins, which reduced uptake and exerted a lower cytotoxicity than
AuNPs.*” In another published study, BSA was found to interact strongly only with uncapped AgNPs
compared to PVP- and citrate-capped AgNPs of similar sizes (surface charge not reported). The
presence of serum albumin led to the aggregation of uncapped AgNPs and consequently lowered their
antibacterial activity compared to the capped AgNPs.*”

There are also conflicting data in the literature about whether sulfur containing proteins such
as albumin are able to alter the chemistry of AgNPs. Previous work has shown that PVP-capped
AgNWs do not sulfidise in phosphate buffered saline (PBS) containing 5% cysteine or 5% BSA, but

do sulfidise in the inorganic fraction of a serum-free cell culture medium (DCCM-1).'*

Other reports
have shown that Ag” ions can bind strongly to both inorganic sulfur groups as well as organosulfur
compounds, with the highest affinity for thiols, such as cysteine.””* Ag" ions may have a high affinity
for thiols and cysteine, changing their biological activity; however, Ag" ions may not be able to
remove sulfur from biological molecules to form an inorganic sulfide without the existence of other

oxidizing species.
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Counts

Solubilized Ag (ug/mL)

Counts

Figure 2.9 (a-b) HAADF-STEM-EDX characterization of the precipitates formed after the incubation
of 17.0 pg/mL AgNO; (equal to an Ag concentration of 10 pg/mL) in (a) RPMI-1640 and (b) DCCM-
1 cell culture medium, at 37 °C for 0.5 hours. The corresponding STEM-EDX spectra 1-4 were
collected from the areas 1-4 marked in (a-b). The precipitates were collected by filtering the solution
through 2 kDa filter membrane and were washed 3 times with DI-water. In both cell culture media,
the particles have sizes that range from ~20 to ~200 nm. STEM-EDX analysis reveals that the
precipitates in RPMI-1640 are probably a mixture of silver oxide and silver chloride. The insoluble
compounds formed in DCCM-1 likely also contain silver sulfide. (c) ICP-OES analysis of solubilized
silver concentrations of 17.0 pg/mL AgNOs; (equal to an Ag concentration of 10 ug/mL) in DI-water,
RPMI-1640, DMEM, and DCCM-1 solutions, incubated at 37 °C for 0.5 hours (n = 3). Although
100% of the free Ag' ions were detected in the AgNO; DI-water solution, the amount of solubilized
silver in cell culture media was less than 0.5 pg/mL after incubation. The dissolved Ag" ions are
probably sequestered as insoluble precipitates in the cell media, indicating the limitation of using ICP-
OES to study the kinetics of Ag" dissolution in cell culture media. Reprinted with permission from '*.
Copyright 2013 American Chemical Society.

2.3.4.3 Transformation in Pulmonary Surfactant

Pulmonary surfactant covers the entire alveolar region, decreasing the surface tension in the
alveoli to prevent alveolar collapse. So far, only a few studies have investigated the stability of
AgNPs in environments fully representative of the lung. For example, Stebounova et al. studied the
stability of two types of AgNPs, PVP-coated and polymer-coated, in artificial interstitial and
lysosomal fluids.*® Their experimental results and the extended DLVO model calculations showed
that PVP-capped AgNPs precipitated but polymer-coated AgNPs, with a higher negative surface
charge, were more stable in the simulated fluids. However, these simulated fluids were lacking any
surfactant components. A few other studies have examined the colloidal stabilization of other types of

205

NPs in rat bronchoalveolar lavage (BAL),” phosphate buffered saline (PBS) containing bovine

serum albumin (BSA) and DPPC*** *7 or semisynthetic lung fluids consisting of DPPC, palmitoyl-
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oleoyl-phosphatidylglycerol and SP-B (70:30:1 wt. %).**® 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 the NPs. Recently, the stability of citrate-capped AgNPs in DPPC was investigated as a
function of pH (Figure 2.10).” A decrease in pH was found to accelerate the kinetics of Ag” ion
release but also promoted particle aggregation and coarsening. DPPC however, delayed the release of
Ag’" ions, without significantly altering the total amount of Ag" released after two weeks. By coating
the AgNPs, DPPC improved their dispersion and inhibited aggregation and coarsening. This may

allow AgNPs to enter cells more easily, leading to a greater ROS formation within cells, reduced cell

viability and increased DNA damage.
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Figure 2.10 (a-b) BF-TEM images of 20 nm citrate-coated AgNPs incubated in a perchlorate pH 3
solution, in the presence of DPPC, for 1 day. Incubation of AgNPs in solutions containing DPPC
resulted to a significant increase of the amorphous layer thickness around the particles, which implies
the formation of DPPC layer(s) on the surface of AgNPs. The samples were negatively stained with
uranyl acetate to enhance the contrast of lipid coating. The high affinity of electron dense uranyl ions
to the carboxyl groups of citrate and the phosphate groups of DPPC results in dark contrast.
Therefore, the outside layer of AgNPs, showing dark contrast, is likely to be the polar groups of
DPPC facing the aqueous environment, whereas the hydrophilic heads of the inner layer of DPPC
likely interact with the citrate layer. (c) Ag’ ion release from AgNPs incubated in perchlorate
solutions at pH 3, 5, or7, in the presence and absence of DPPC. The DPPC coating of AgNPs may
serve as a semipermeable layer, delaying the release of Ag' ions but without significantly altering the
total amount of Ag" released after two weeks. (d) A schematic illustration of a model of DPPC bilayer
structure on the surface of AgNPs. The DPPC surfactant molecule consists of a trimethyl ammonium
bounded to an acidic phosphate, providing a hydrophilic zwitterionic headgroup and two hydrophobic
fatty acid tails comprised by 16 hydrocarbons. There is likely a formation of a lipid bilayer structure
on the surface of citrate coated AgNPs, with hydrophobic tails associating with each other, whereas
the hydrophilic groups are oriented towards the aqueous environment and the citrate layer,
respectively. Reprinted with permission from ”. Copyright 2013 American Chemical Society.

Page|72



The Bioreactivity of Silver Nanomaterials in the Lungs
The coating of AgNPs by phospholipids could have serious implications on pulmonary
homeostasis by interfering with biophysical surfactant function. One study, for example, investigated
the effect of gold nanoparticles (AuNPs) as a model metal air pollutant on the surfactant function of a
semisynthetic surfactant, composed of DPPC, palmitoyl-oleoyl-phosphatidylglycerol (POPG), and
SP-B (70:30:1 wt.%) ***. AuNPs markedly inhibited the adsorption of pulmonary surfactant at the air-
liquid interface, induced a dysfunction during film compression and inhibited the re-spreading during
film expansion. Since AuNPs were shown to be coated by phospholipids, the authors speculated that
these coated particles could adsorb at the air-liquid interface and thereby inhibit the adsorption of free
phospholipids.
Furthermore, how the binding of surfactant components on AgNPs may affect their toxicity is
not known. Research on other types of NMs has shown, for instance, that a bovine surfactant
preparation (Survanta) and SP-A increased the uptake of TiO, particles into primary rat alveolar

macrophages.””

Konduru et al. showed that single walled carbon nanotubes (SWCNTSs) could bind
phosphatidylserine (PS), which facilitated their recognition and internalization by several types of
phagocytic cells, such as mouse RAW264.7 macrophages, primary monocyte-derived human
macrophages and dendritic cells and primary rat brain microglia.' Bound surfactant components
could also affect the intracellular response to AgNPs. Although there are currently no data on AgNPs,
studies on other systems have emphasised the importance of the NP-surfactant interactions. For
example, recent findings demonstrated that pre-coating multi-walled carbon nanotubes MWCNTs
with Curosurf® evoked an increase in ROS, inflammatory chemokine release and apoptosis in human
monocyte derived macrophages.”'' An increased ROS production by normal human primary bronchial
epithelial cells and A549 type 2 alveolar epithelial cells was also reported for single-walled carbon
nanotubes (SWCNTs) dispersed in DPPC.*'> Moreover, coating various types of NPs with the
surfactant-associated proteins SP-A and SP-D, led to the agglomeration of the particles.””” > The
selective binding of SP-A and SP-D to carbon nanotubes,”"* the adsorption of SP-A on metal oxide
NPs" and the adsorption of SP-D on AuNPs*"” has already been shown. Recently, Ruge et al.
revealed a pronounced binding of SP-A to hydrophobic magnetite nanoparticles (mNPs) whereas SP-
D preferentially adsorbed on hydrophilic mNPs.*"> These findings stress the need to further
understand possible interactions between AgNPs and components of the lung surfactant and how

these could affect cellular uptake, clearance, translocation and toxic effects in the lung.

2.3.4.4 Internalization of Silver Nanomaterials by Cells and Transformation Inside the Cell

Uptake, internalization and transformation of AgNPs inside cells can be used to predict their
potential bioreactivity. The pathways by which NPs enter cells can vary based on the cell type,

chemical composition of the NP surface,”” particle size and agglomeration state.'®* Endocytosis is a
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form of active transport in which cells take up objects by enclosing them in vesicles or vacuoles
pinched off from their cytoplasmic membrane.”'® The endocytotic processes that enclose NPs in
membrane vesicles include phagocytosis, pinocytosis, and caveolae-dependent or clathrin-mediated

endocytosis.” "%

Phagocytosis is typically restricted to specialized mammalian cells, like
macrophages, and involves the ingestion of large particles by large vesicles called phagosomes
(diameter > 250 nm).”*' Smaller particles, ranging from a few up to hundreds of nanometres are
internalized by pinocytosis or macropinocytosis, which occurs in almost all cell types. Energy-
dependent clathrin-mediated endocytosis is probably the primary characterized mechanism for the
cellular uptake of NPs.”**> Greulich et al. investigated the uptake of 50 nm PVP-coated AgNPs by
human mesenchymal stem cells and their intracellular distribution.””® Their results demonstrated that
clathrin-mediated endocytosis and macropinocytosis were the primary uptake mechanisms. In another
study, Haase et al. suggested that THP-1 macrophages may internalize AgNPs through both
phagocytic and non-phagocytic mechanisms.'® TEM imaging revealed aggregated AgNPs in vesicles
but also individual particles distributed throughout the cytoplasm without being surrounded by
membrane envelopes. The authors speculated that aggregated AgNPs are incorporated via
phagocytosis while single NPs enter cells via non-phagocytic routes. Other authors have also
suggested that NPs are able to enter cells by direct penetration of the cell membrane via diffusion,
membrane fluidity, passing through ion-channels or by adhesive interactions (electrostatic forces, Van
der Waals- or steric interactions),224’ 2 put these mechanisms are controversial. Moreover, there is
currently limited understanding on the cellular fate of NPs after they enter cells. After endocytosis,

226, 227

NPs should normally reside in membrane-bound vesicles, i.e. endosomes that would later evolve

into phagolysosomes or autophagosomes. Some studies, however, also report the presence of NPs in

174 . - .28 . 70, 164, 165 . -
1,""™ in mitochondria,™” and in the nucleus.”™ ™" > The mechanisms through which NPs can

the cytoso
escape from endosomes are not understood, but seem to depend on the core composition,” surface
composition,” charge®' and shape of the NPs.>** >

The surface charge of NPs can largely influence the uptake mechanism by cells. In general,
due to the negatively charged character of the cell plasma membrane, cationic NPs are internalized

% Macropinocytosis seems to be the dominant

more efficiently than neutral or anionic NPs.
mechanism for the uptake of positively charged NPs, while a clathrin- and caveolae-independent
endocytosis may mainly contribute to the uptake of negatively charged NPs.”’ For example, bare
AuNPs (positively charged) were taken up by macropinocytosis and clathrin- and caveolin-mediated
endocytosis, whereas PEG-coated AuNPs (negatively charged) mostly entered cells by caveolin-
and/or clathrin-mediated endocytosis, but not by macropinocytosis.”® The shape of NMs is another
important factor that can determine their uptake mechanism. This can have important implications on
the long-term consequences of nanomaterial exposure; for example since frustrated phagocytosis is

considered as an important factor in the initiation of an inflammatory response due to exposure to

fibres with a high aspect ratio. Comparisons with asbestos fibres in the lung and the induction of
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mesothelioma have been made to both AgNWs and multi-walled carbon nanotubes with high aspect
ratios.'” 7 In a recent study, backscatter scanning electron microscopy (BSE) was used to investigate
the cut-off length for the frustrated phagocytosis of AgNWs in vitro and in vivo.”” While in vitro
frustrated phagocytosis by THP-1 macrophages could be observed with fibres > 14 um, in vivo studies
showed incomplete uptake at a fibre length of > 10 um. The same group had shown that inflammation
in the pleural space after intrapleural injection of AgNWs in mice occurred at a length > 5 pm.*”’
Therefore, the onset of inflammation could not be correlated with the onset of frustrated phagocytosis.
However, the limited resolution of the technique used did not allow for any quantitative analysis of
dissolution or changes to the AgNP morphology and chemistry after cellular uptake.

The amount and rate of uptake of AgNPs by the cells can differ by several orders of
magnitude depending on the size, shape, surface charge, and surface functionalization of the
particles.”® Analytical techniques such as ICP-MS, ICP-OES or AAS are often used to quantify the
amount of AgNPs taken up by cells. However, attention should be paid to the protocol used for the
digestion of tissue samples, since some procedures commonly used can lead to low Ag recoveries due
to AgCl precipitation.”® Furthermore, the use of these techniques does not efficiently distinguish
between AgNPs attached to the cellular membrane and those internalized by the cells. To overcome
this limitation, AgNPs labelled with a fluorescein derivative (DTAF) were used to quantify cellular
uptake by macrophages (RAW 264.7) after 3 hour exposure. TEM and confocal microscopy were
used to confirm the localization of AgNPs in the cellular cytoplasm.** Confocal microscopy was also
employed by Cronholm et al., who detected AgNPs in the cytosol in 80% of the investigated cells.*"'
When developing a methodology based on fluorescently-labelled NPs, however, it is important to
keep in mind that the attachment of a fluorochrome to the NP surface may alter the physicochemical
properties of AgNPs, thus influencing their cellular uptake, or the label may detach from the NPs
inside cells, leading to artefacts. Pratsinis et al. employed dark-field microscopy to visualize the
intracellular localization of AgNPs of different sizes.”® Both 5.7 nm and 16.8 nm AgNPs were
efficiently taken up by mouse macrophages after 24 hour exposure. Their results also indicated that
NP agglomeration had taken place following cell internalization. In another study, macrophages were
exposed to 5 nm and 100 nm PVP-coated AgNPs."® Using TEM and optical ultra-resolution imaging,
a lower amount of 5 nm PVP-coated AgNPs was detected inside macrophage cells compared to 100
nm particles. However, a higher cytotoxicity was induced by the smaller sized AgNPs (LDs, was 6.25
ug/mL for 5 nm AgNPs and 25 ug/mL for 100 nm AgNPs). The authors suggested that the techniques
used didn’t provide the spatial resolution needed to visualize the Snm AgNPs inside cells. However,
additional data on the solubility of AgNPs would be necessary in order to confirm whether the
observed cytotoxicity was due to higher dissolution, as would be expected due to the increased
surface area to volume ratio.

In order to visualize the distribution and chemistry of AgNPs inside cells, a combination of

electron microscopy techniques (TEM, SEM and dual beam FIB combined with energy dispersive X-
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Ray (EDX) analysis) has been applied in a number of studies. In a study by Park et al., no presence of
AgNPs was detected in damaged cells, suggesting that the acute toxicity of these NPs was due to their
intracellular dissolution.”** Van winkle ef al. observed an intracellular size reduction of AgNPs in a
rat type 1-like alveolar epithelial cell line by TEM.** On the contrary, Carlson et al. concluded that
55 nm AgNPs (unspecified “hydrocarbon” coating) did not dissolve after uptake by a rat alveolar

macrophage cell line."*

TEM imaging showed that AgNPs remained at the same size, even when they
were inside cellular compartments responsible for digestive processes, such as vacuoles. In another
study, 20-40 nm AgNPs were found as agglomerates inside A549 lung cells.'® Moreover, a change in
particle morphology was observed by TEM, as smaller particles had formed close to the original
AgNPs inside cells. The authors suggested that these small particles could have been formed due to
the precipitation of silver salts/complexes following release of Ag" ions intracellularly, or resulting
from a re-nucleation of AgNPs. Since no chemical analysis of these smaller particles was performed,
however, these hypotheses could not be tested. In a recent publication, high resolution analytical TEM
techniques were employed to elucidate the cellular uptake and reactivity of AgNWs inside a human
alveolar epithelial type 1-like cell line (Figure 2.11).> AgNWs were found in the cytoplasm and
membrane-bound vesicles by bright field TEM (BF-TEM). However, staining agents, such as osmium
tetroxide and potassium ferricyanide, which are frequently used during biological sample preparation
for TEM (to enhance the electron density of cellular compartments and organelles), were shown to
cause substantial changes to the morphology and chemistry of AgNWs. Therefore, heavy metal
staining processes were eliminated and precautions were taken to avoid AgNW sulfidation in ambient

air and in the cell culture medium.'®

High angle annular dark field scanning transmission electron
microscopy (HAADF-STEM), a technique which is highly sensitive to local variations in the atomic
number within a sample, and EDX spectroscopy were used to observe the morphological and
chemical features of individual AgNWs within TT1 cells. These techniques provided compelling
evidence that Ag’ is released from AgNWs inside epithelial cells and that Ag" ions subsequently
precipitate as Ag,S. It was suggested that this process occurred by the action of sulfide species
including H,S, HS™ and S*~ inside cells. Cell viability studies showed no evidence of cytotoxicity and
reactive oxygen species were not observed on exposure of cells to AgNWs. It was therefore proposed
that Ag,S formation reduces the amount of bioavailable free Ag’, significantly limiting short-term
toxicological effects. These findings underline the importance of careful experimental design and
sample preparation and the use of a combination of characterization techniques in order to understand
transformations of AgNPs inside cells, and the consequences on the bioreactivity of the particles. One
of the main challenges is the ability to measure the amount of “free” ionic and particulate Ag in the
biological milieu. The use of ICP-MS to measure the concentration of Ag" ions or AgNPs within

106
cells

is limited by the fact that ICP-MS detects the total metal content without distinguishing
between metal oxidation states. Therefore, the development of methods for the quantification of

oxidation rates of AgNPs inside cells is crucial for future research. Previously, fluorescent dyes and
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confocal microscopy were employed to visualize the amount of ionic Zn*" released from ZnO NWs
inside human macrophages.”** The development of a sensitive and selective colorimetric Ag"
detection method, however, is still under research. Application of similar methods would provide
valuable insight into the mechanisms by which AgNPs exert their biological effects and help de-

convolute the effects of Ag” ions and Ag particles.
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Figure 2.11 Changes in the morphology and chemistry of AgNWs as a function of time, after their
uptake by TT1 epithelial cells at 1 hour (a—c), 24 hours (d—e) and 7 days (f—i), following a pulsed
exposure, using unstained cell sections. (a) HAADF-STEM image of an AgNW inside the cell
cytoplasm showing particles surrounding the tip of the AgNW. (b) A corresponding higher resolution
HAADF-STEM image depicts the boxed area in (a). The insert in (b) shows a higher magnification
image of the AgNW edge. (c) STEM-EDX spectra taken from the corresponding areas 1-3 marked in
(b). Ag(L) peaks and S(K) peaks were detected in the STEM-EDX spectra of these small particles,
indicating the formation of Ag,S (d—) HAADF-STEM images, where image (e) depicts the boxed
area in (d), showing that dissolution and sulfidation of the AgNWs was more substantial after 24
hours (f-1)) HAADF-STEM images, where (g) depicts the boxed area in (f). (h) An HRTEM image of
the boxed area in image (g). The particles had a lattice spacing of 0.29 nm, close to the mono-clinic
structure of Ag,S (-112) (i) SAED pattern from the circled area in (g), using a selected area aperture
size of ~130 nm. The interplanar spacings measured from the SAED patterns were consistent with
bulk monoclinic Ag,S. Reproduced from * by permission of The Royal Society of Chemistry.
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2.3.5 Silver Nanoparticles as Antibacterial Agents for the Treatment of Bacterial Infections in
the Lung

Recent advances in the research and development of engineered nanomaterials have enabled a
wide range of novel applications for commercial and industrial uses. One field that nanoparticles are
expected to revolutionise is medicine, through the design of complex structures that can be targeted to
specific tissues, have mechanisms for controlled release and evade rapid clearance.’”** The lung is a
particularly attractive target for nanomedicine, to treat pulmonary as well as systemic disease. Its
large surface area and circumvention of first pass metabolism allow for high drug absorption.
Moreover, inhalable drugs are non-invasive and can be self-administered, while their nano-size allows
them to penetrate in the deep lung and reach the alveolar region more efficiently than larger particles.
There are currently several types of nanoparticles being developed for respiratory applications, which
aim to overcome the limitations of conventional drugs and be used for the treatment of numerous lung
diseases, such as asthma, bacterial infections, emphysema, cystic fibrosis, cancer and others (Table
2.5).* A major part of research on drug delivery nanoformulations has previously been devoted on
“soft” nanoparticles, such as solid lipid nanoparticles, organic polymers and liposomes.**® Recently
there has also been a move toward the use of “hard” inorganic nanoparticles, like carbon nanotubes or
noble metal nanoparticles.' In both cases, nanoparticles have often been used as vehicles for the
administration of active pharmaceutical ingredients in the lungs. Silver has been used as a disinfectant
since antiquity;**’ therefore silver nanoparticles are receiving increasing attention for their inherent
antibacterial properties and have already been incorporated in several consumer products (e.g. wound
dressings, antibacterial textiles, cosmetic and hygiene products, antibacterial sprays, nasal drops).
Consequently, AgNPs represent an exciting opportunity for the development of platforms for the
treatment of pulmonary bacterial infections.

Among lung diseases, invasive microbial infections affecting the lungs are increasing in
incidence and diversity.”*® Although the lung is constantly exposed to potential infectious agents, the
extraordinary natural defence mechanisms of the respiratory tract may, in most cases, prevent serious
infections. The most common causes of bacterial lung infections include Streptococcus pneumoniae,
Haemophilus species, Staphylococcus aureus and Mycobacterium tuberculosis.** After infection,
bacteria bound to the surface of macrophages are rapidly internalised into phagosomes, which engage
with endosomal trafficking processes and gradually acquire the characteristics of terminal
phagolysosomes, an event concomitant with the death of the microbe. Pulmonary macrophages have a
key role in the defence against respiratory infections produced by viruses, bacteria, mycobacteria and
fungi. Together with dendritic cells, they are active producers of cytokines and leukotrienes, and have
important pro- and anti-inflammatory roles in the alveoli and airway submucosa, respectively.””

However, some pathogens, such as Legionella spp. and Mycobacteria spp., can alter lysosome
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or even block host macrophage apoptosis by a TNF

receptor-dependent mechanism in order to survive inside cells.

Type of Nanoparticle

Application

Reference

Solid Lipid Nanoparticles

Asthma

Lung Cancer
Cystic fibrosis
Tuberculosis
Insulin delivery

Pulmonary hypertension

254

255

256

257

258

259

Polymeric Nanoparticles

Pulmonary fibrosis
Lung Cancer
Anti-oxidant delivery
Lung infections
Anticoagulant delivery
Pulmonary hypertension
Gene delivery

260

261

262

263

264

265

266

Liposomes

Asthma
Anti-oxidant delivery
Bacterial infections

Pulmonary arterial
hypertension
Surfactant therapy

267

268

269

270

271

Polymeric liposomes

Gene delivery

Protein and peptide delivery

272

Lipid nanoparticles

Asthma
Lung infections

Dried nanoparticles

Anti-inflammatory
Lung cancer

Pulmonary infections

276

277

278

Self-assembly nanoparticles

Antibody delivery

279

Carbon nanotubes

Cancer

280

Silver nanoparticles

Anti-proliferative effects in
cancer cells

28T, 282

Gold nanoparticles

Lung cancer diagnosis
Anti-cancer drug delivery
Simultaneous magnetic
resonance imaging (MRI)

and therapy
Photodynamic therapy

283

284

285

286

Table 2.5 Examples of nanoparticle systems for pulmonary applications. Reproduced from **' with
permission from The Royal Society of Chemistry.

In the last two decades, the rate at which bacteria are becoming resistant to current antibiotic

treatments has increased substantially, leading to an urgent need for the development of new
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antibiotics (World Health Organisation, 2014). Silver nanoparticles are considered as potential
therapeutic agents which could have a significant impact on respiratory research and medicine, by
offering a multifunctional platform that could simultaneously diagnose and treat bacterial
infections.”*”** The antibacterial properties of AgNPs have been shown to depend on several
physicochemical properties of the particles, including their size, shape, chemistry and surface

194, 290-292

coating. Currently, the mechanisms by which AgNPs are able to reduce the activity of

bacteria are believed to arise due to a synergistic effect, including both direct particle-specific

biological effects and also the release of Ag" ions."”> **

However, several discrepancies in the
published literature need to be addressed in order to draw accurate links between the physicochemical
properties of the particles and the observed biological effects. Moreover, the same properties that
make AgNPs excellent antimicrobial agents may also exert adverse effects on pulmonary structure
and function. In fact, Ag" ions released from AgNP surfaces have been shown to damage proteins by
desulphurisation, generate reactive oxygen species (ROS)'* or interfere with NO redox equilibria in

294.

airway smooth muscle cells in the lung™ " 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.'** >

The effects of AgNPs on bacteria are commonly evaluated by various in vitro viability
measurements, such as minimum inhibitory concentration (MIC), fractional inhibitory concentration
(FIC), zone of inhibition test, and the LIVE/DEAD bacterial assays. These assays can provide
valuable information about the antibacterial action and potential cellular toxicity of AgNPs. However,
more detailed mechanistic investigations of the cellular interactions with AgNPs are necessary in
order to provide insights about how to optimise the design of AgNPs for the treatment of bacterial
infections. Several reports have illustrated that biophysical interactions may occur between AgNPs
and bacteria, such as biosorption, AgNP breakdown or aggregation and cellular uptake.”* >’ AgNPs
can increase the permeability of bacterial cell membranes, penetrate into the cytoplasm and disturb
cellular functions.””®

The application of three-dimensional (3D) analytical electron microscopy in this area could
be invaluable, because it can provide high spatial resolution information of both the morphology and
chemistry of AgNPs. Since the physicochemical properties of AgNPs may change in the cellular
environment, sufficient characterization should take place not only for as-synthesized particles but
also at the point of exposure, in order to understand what agent of Ag actually interacts with the cells.
Moreover, spatially resolved maps of the anatomical distribution and physico-chemistry of AgNPs at
the sub-cellular level and observation of changes in the cellular ultrastructure could help deciphering
the antibacterial mechanisms exerted by nano-Ag. Therefore, nanoscale imaging methods have the
potential to provide vital information about these systems and, when used in conjunction with
complementary quantitative studies or other techniques such as low resolution optical imaging, could

provide a holistic understanding of the system interactions.
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2.3.5.1 Phagocytic Mechanisms and Morphological Alterations in Bacteria-infected
Macrophages

Since infection is a localized disease, the first step in the design of actively targeted nano-
therapeutics would be to understand where bacilli reside in infected lungs. The use of microscopy
techniques can provide crucial information about the topography and the biological processes taking
place in infected lungs. Bacterial phagocytosis by immune cells is the crucial step in the host defence

. . . . 299
against microbial invaders.

The phagosome is a central mediator of both the homeostatic and
microbial functions of macrophages. This phagocytic vesicle is programmed to degrade internalized
material with high efficiency, through rapid acidification and fusion with lysosomes, which are rich in
proteolytic and lipolytic enzymes. However, bacilli have developed mechanisms to escape from
phagosomes and enter into autophagosomes for survival and replication.’® For instance, Yuan et al.
demonstrated that autophagosomes play a regulatory role in the clearance of Pseudomonas

1 In their work, the

aeruginosa, a bacterium that frequently infects immunodeficient individuals.
accumulation of typical autophagosomes with double membranes in infected alveolar macrophages
(MS-H) was identified using transmission electron microscopy (TEM) (Figure 2.12A). Together with
TEM imaging, the results of bio-analytical assays led to the conclusion that P. aeruginosa-induced
autophagy represented a protective host mechanism.’’’ Recently, the kinetics and mechanical
pathways by which macrophages may interact with, and internalize bacteria, was investigated in depth
by Moller et al. using a combination of microscopy techniques, including scanning electron
microscopy (SEM), differential interference contrast (DIC) microscopy with interference reflection
(IRM) and 3D confocal microscopy (CM).””> Their findings revealed a multistep process in which
macrophages used filopodia as phagocytic tentacles to sense and form long-lived interactions with
surface-adhering bacteria (Escherichia coli). In the same work, fluorescence microscopy showed that
Legionella pneumophila could enter macrophages through a cholesterol-sensitive pathway, thus
avoiding immediate digestion inside lysosomes by interacting with the autophagy pathway of the host
cells.””?

Mycobacterium tuberculosis (M.th) is the causative agent of tuberculosis, one of the most
devastating infections in the lung.’” It is well-known that M.tb bacilli may spread infection by
arresting phagosome maturation.’” Infected macrophages present an increase in the retention of host
lipids, which provides a potential source of nutrients that could be accessed by bacteria. Confocal
microscopy and TEM imaging revealed the presence of a great number of lipid droplets throughout
the cytoplasm of infected macrophages (Figure 2.12B).°** Apart from inhibiting phagosome
maturation as a survival strategy, M.tb may interfere in processes linked to cell death, such as
apoptosis. Apoptosis is considered as a mechanism whereby the host cell can contain the infection and

eliminate it before it can spread further throughout the body.’” As shown in Figure 2.12C-E, cells

infected with virulent (H37Rv) M.tb strains present morphological perturbations in the ultrastructure
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of mitochondria, such as increased electron density, clear definition of the cristae and inter-
mitochondrial fusion. These findings suggest an augmentation in the functional activity of
mitochondria, which could be linked to an inhibition of the apoptotic response.’ Lee et al.
investigated the characteristics and determinants of macrophage cell death caused by M.th, using
TEM and SEM (Figure 2.12F-G).*” Their study provided evidence that cell death caused by virulent
M.th was distinct from classical apoptosis. The authors suggested a mechanism based on the
permeabilization of lysosomal membranes, followed by the destruction of lipid bilayers and a
concomitant degradation of several phospholipid species.*”

In conclusion, the use of confocal and electron microscopy techniques can provide important
information about key biological signals involved in bacterial infection. Cellular mechanisms taking
place in infected host cells, such as autophagy or inhibition of phagosome maturation, can be
observed using high resolution imaging. Together with data obtained from cytotoxicity assays (e.g.
mitochondrial activity measurements), imaging revealing the ultrastructural morphology of cellular
organelles, can provide a broader understanding about the pathways of cell death. Moreover, the use
of techniques such as immunolabelling, could help identify molecular ligands involved in the cellular
uptake of bacteria. This information could have a pivotal role in the identification of the appropriate
targets for the development of antibacterial drugs based on AgNPs. Finally, in future studies,
analytical TEM techniques will be indispensable in the study of the intracellular localization, and the

morphological and chemical stability of AgNPs applied to bacteria-infected cells.
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Figure 2.12 Electron microscopy images showing morphological alterations in bacteria infected
macrophages. (A) Formation of autolysosomes (single arrows) and autophagosomes (double arrows)
in Pseudomonas aeruginosa-infected MS-H cells after 1 hour (MOI=10:1). Journal of Cell Science by
Company Of Biologists. Reproduced with permission of Company of Biologists Ltd.**' (B)
Distribution of beads (b), lysosomes (Ly), lipid droplets (L), nuclei (N) and Mycobacterium
tuberculosis bacilli (arrowheads) in infected human monocyte derived macrophages (HMDM) after 5
days (MOI=5:1). Reprinted with permission from ***. Copyright 2012 John Wiley & Sons Ltd. (C)
Ultrastructural changes in the mitochondria of THP-1 cells infected with a virulent M.tb strain for 24
hours (MOI=10:1). Electron dense and elongated mitochondria, with prominent cristae were observed
in infected cells, compared to uninfected THP-1 cells (D). Reprinted with permission from %,
Copyright 2013 Nature Publishing Group. (E) Electron tomography images showing inter-
mitochondrial fusion and breaches in the mitochondrial cell wall. Reprinted with permission from *.
Copyright 2013 Nature Publishing Group. (F) Peripheral nuclear condensation and partial nuclear
protrusion from condensed areas in bone marrow derived macrophages (BMDM) infected with M.th
(MOI=25:1), after 3 h (F1); cells at the late phase of death with damaged plasma membrane (F2).
Reprinted with permission from **. Copyright 2011 Lee et al. (G) Extensive loss of the plasma
membrane, exposing the underlying cytoskeleton and intracellular organelles in M.th-infected
macrophages (G2)compared to uninfected cells (G1). Reprinted with permission from *”. Copyright
2011 Lee et al.
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2.3.5.2 Unravelling the Antibacterial Mechanisms of Silver Nanoparticles

Since AgNPs are known to dissolve and release Ag™ ions under physiological conditions,

there has been much debate in the literature as to whether the reactivity of AgNPs arises due to an

307, 308 87-89, 157

ionic or particulate effect , or both. The following section discusses the mechanisms by
which the release of Ag” ions can be correlated to their antibacterial activity and the influence of the

AgNP-cell interface on these processes.

Dissolution of Silver Nanoparticles and Effects of Ag” Ions on Cell Membrane Permeability

Recent evidence has suggested that AgNPs exert their antimicrobial properties by the
localised release of Ag™ ions in the acidic and aerobic environment of E.coli.'”> The bacterial
membrane has an acidic pH and oxidising environment, which (according to equation 2.1) will
accelerate AgNP dissolution and release of Ag” ions. This release could disrupt the outer membrane
of bacteria, enhancing AgNP and Ag’ ion uptake leading to a reduction in cell viability. This
hypothesis has recently been supported by different authors, who used a sensor sensitive to Ag" ion
release to show that the toxicity of AgNP could be explained entirely by accumulation of intracellular
Ag'ions."* '

Silver salts alone, such as AgNO3, can also kill bacteria and damage the surrounding tissue.”"
% Therefore, it is assumed that one of the most important pathways through which AgNPs exert their
antimicrobial properties is based on the effect of free Ag' ions."”>** Xiu ef al. demonstrated that
AgNPs themselves did not affect the biological activity of bacteria, only the ionic Ag".**® In their
study, the antibacterial properties of polyethylene glycol (PEG) coated AgNPs of three different
diameters (2.8 £ 0.47 nm, 4.7 £ 0.20 nm and 10.5 £ 0.59 nm) were evaluated under aerobic and
anaerobic conditions, that preclude Ag” oxidation. Under anaerobic conditions, AgNPs did not exert
any effects on the viability of E. coli, whereas prolonged air exposure induced higher toxicity. This
work showed that AgNPs do not show antibacterial effects in anaerobic conditions that preclude Ag’
oxidation and Ag" ion release’”. However, by removing the oxygen from the system, the redox active
surface of AgNPs could lose its capability for generating reactive oxygen species (ROS), which has
also been linked to their toxicity, ** as discussed in the following paragraphs. By not taking this
factor into account, this study cannot completely isolate particulate and ionic effects. The above
findings suggest that the antibacterial activity of AgNPs could be controlled by modulating Ag"
release, possibly through the manipulation of oxygen availability, coating agents or NP size.

The mechanism by which Ag™ ions permeate the cell wall, is thought to be due to a strong
interaction between ionic Ag' and thiol groups of cysteine residues of proteins present in the bacterial

310, 311

cell wall. This may lead to the disruption of these proteins and the accumulation of Ag” ions in
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the cell wall.’'* It has also been proposed that Ag" ions can destabilize the membranes of bacteria,

313, 314
|

leading to the formation of pits in the bacterial cell wal increasing its permeability and

facilitating the internalization of AgNPs and Ag" ions.'”

Based on theoretically calculated and
experimentally estimated Ag' ions affinities, other amino acids such as arginine and histidine should
be better ligands for Ag" ions, but these interactions have not been widely investigated.”®® The
interaction of Ag ions with enzymes of the respiratory chain reaction, such as NADH
dehydrogenase,’" could lead to the uncoupling of respiration from ATP synthesis. Ag" ions may also
bind to transport proteins, causing proton leakage and collapse of the proton motive force.*'®>"?

Ag’ ions released from AgNPs or chemisorbed on its surface could also be responsible for the

catalytic generation of ROS by serving as electron acceptor.’'®

ROS are natural by-products of the
metabolism of respiring organisms and, while small levels can be controlled by the antioxidant
defences of the cells, excess ROS production may produce oxidative stress.® ROS mainly target lipids,
DNA, RNA and proteins, causing severe consequences, such as membrane breakdown and
impairment of the mitochondrial function or of the DNA replication machinery. In bacteria, Ag" ions
would likely induce ROS generation by impairing the respiratory chain enzymes, through direct
interactions with thiol groups in these enzymes or with superoxide radical scavenging enzymes, such
as superoxide dismutases.*'® %"

Some authors have also suggested ROS generation directly from the AgNPs. In one study,
where the toxic effects of Ag" ions, AgCl and AgNPs on nitrifying bacteria were investigated, the
authors reported that all forms of Ag were able to induce intracellular ROS generation.’” The
bacterial inhibition of each form of Ag was correlated with the corresponding concentration of
intracellular ROS. However, at the same concentration of ROS, AgNPs were more toxic than the
other forms of Ag, indicating that additional mechanisms contributed to the overall toxicity.’” The
formation of the superoxide anion, but not of hydroxyl radicals, observed for Ag" ions,’'® was also
observed for E. coli treated with AgNPs.”” In contrast to these findings, other authors claim that ROS
production has a negligible contribution to the antimicrobial properties of AgNPs. Sintubin et al.
showed that only a small amount of ROS were induced by the presence of AgNPs and an even smaller
amount was produced in the presence of Ag” ions alone.””

Taken together, these findings could support the hypothesis that the bacterial properties of
AgNPs arise mainly due to Ag’ ion release from their surface. Morones et al. supported this
hypothesis, demonstrating that Ag" ions were more toxic than AgNPs to S. aureus bacteria, in relation
to bacterial growth.”® TEM imaging revealed that the ultrastructural changes observed in AgNP-
treated bacteria were similar to those induced by Ag” ions: detachment of the cytoplasm membrane
from the cell wall and formation of a low density region, rich in agglomerated DNA,*** which protects

DNA molecules from damage induced by external stimuli. Similarly, low molecular weight proteins

can also accumulate around the nucleus as a response to Ag” ion attack.’”
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Direct Particle-Cell Wall Interactions

Although the principal mode of antibacterial activity of AgNPs involves the release of Ag"
ions, studies have demonstrated that the mechanism by which AgNPs interact with bacteria involves a
combination of both chemical and physical interactions.'** The small size and extremely large surface
area of AgNPs allows them to make strong contact with the bacterial cell wall.*** Several studies have
reported that AgNPs are able to adhere to the plasma membrane, change its permeability and
penetrate inside the cytoplasm.”>*” 331732 Stydies have shown that a synergistic effect is required,
where Ag” ions are required for the antibacterial effects of AgNPs, but cell-NP contact increases Ag"
release and increases the amount of cellular uptake of particle associated Ag" ions.'”* ' A report by
McQuillan et al. supports the hypothesis that dissolution at the cell membrane is the primary
mechanism of action of silver nanoparticles.*”

Several other studies have demonstrated that AgNPs are more toxic to bacteria than the Ag"
ions released from the corresponding AgNPs in the extracellular media.® *°" *** **" Taglietti et al.
pointed out that two factors need to be considered, the release of Ag" ions in the exposure medium,
referred to as a ‘‘long-distance mechanism’’, but also a ‘short-distance mechanism’’ at the particle-
bacterial membrane interface.””® Some authors suggested that this short-distance effect arises due to

enhanced dissolution of the AgNPs close to the bacterial cell wall.'”*

Recent studies have provided
new insight that may link the discrepancies existing on the relative effect of AgNPs and Ag’ ions on
toxicity.'”* '*> Bondarenko ef al. examined the effect of three types of AgNPs (uncoated, PVP-coated
and protein-coated) against six bacterial strains (Gram-negative: E. coli, P. fluorescens, P. putida and
P. aeruginosa and Gram-positive: B. subtilis and S. aureus). Their data demonstrated that direct
contact between the bacterial cell and AgNPs enhanced the toxicity of AgNPs because the amount of
internalized Ag' ions released from the particle surface increased, which could be driven by the
proton motive force of the bacterial membrane that decreases the local pH to as low as 3.'*> Similarly,
Ivask et al. analysed the amount of bioavailable Ag inside bacterial cells using bacterial bioreporters
and showed that the concentrations of bioavailable Ag were substantially higher than the amount
predicted based on the concentration of (abiotic) dissolved silver from the same NPs.'”* These
findings suggest that the particle-cell interface plays an essential role in the antibacterial action of
AgNPs and therefore support a synergistic effect between AgNPs and Ag” ions where the AgNPs can
deliver a localised ionic dose to the cell.'”” The low local pH around bacterial membranes is expected,
according to equation 6, to lead to higher AgNP dissolution rates. However, in a previous work, low
pH values promoted the aggregation and coarsening of 20 nm citrate-capped AgNPs.” As discussed
in the following section (‘“Particle size”), this would compromise the ability of AgNPs to bind on
bacterial cell walls.””” Therefore further investigation is necessary in order to deconvolute the effects

of each parameter on the bioreactivity of AgNPs.
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Particle size is considered as one of the main physicochemical properties that affect the
bactericidal behaviour of AgNPs, as explained by equation 6.””' Metal particles with smaller
diameters present a very high surface area compared to larger particles, potentially increasing their
overall reactivity.”* Morones et al., for instance, demonstrated that the binding strength of particles to
bacteria was dependent on the surface of interaction.”*® Four types of Gram-negative bacteria (E. coli,
V. cholera, P. aeruginosa and S. typhus) were exposed to AgNPs in the range of 1-100 nm and
examined by complementary analytical electron microscopy techniques, including TEM in
combination with elemental mapping analysis and high angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM). The combination of these techniques provided spatially
resolved maps showing the morphological changes of bacteria following incubation with AgNPs, and
the anatomical position of AgNPs inside the cell. Only the smallest particles, with diameters of 1-10
nm, were found on the surface of the cell wall and inside the bacteria. The presence of very small (~1
nm) AgNPs was detected using HAADF-STEM, a technique in which images are formed by electrons
that have been scattered to high angles, due to Rutherford scattering. As a result, the intensity of the
images is related to Z*, which provides high contrast between metallic silver and organic material.*'
The authors suggested that the mechanism through which AgNPs were able to penetrate into E. coli
was mediated by changes to the structure of the cell wall, which led to an increase in its
permeability.”’ In another report, however, AgNPs from 20 nm up to 80 nm were able to penetrate
through the inner and outer membrane of P. aeruginosa, suggesting that bacteria may also internalize
larger particles.””® The data produced in both studies did not provide enough details about the
structural damage induced to the cell membrane or possible differences in the uptake mechanism of
AgNPs of different sizes. Moreover, the aggregation states of AgNPs in the media used in the two
studies were not characterized, which could be another factor that affects their uptake. The effect of
aggregation was demonstrated for E. coli exposed to 20-30 nm citrate-coated AgNPs, which were
compared to citrate- and polycyclic aromatic hydrocarbon (PAH)-coated gold nanoparticles (AuNPs).
TEM and field emission scanning electron microscopy (FEG-SEM) revealed that the binding of Ag or
AuNPs to bacteria was different depending on their aggregation state. PAH-coated AuNPs were found
to be more strongly bound to cell walls and penetrated more readily inside bacteria than citrate-
capped AgNPs, which tended to aggregate more readily.’”” Consequently, further research is needed
in order to understand if the interaction of AgNPs with bacterial membranes or their internalization is
size-dependent and what is the role of aggregation. Determining the optimal particle size for enhanced
interaction between AgNPs and bacteria will enable an increase of their antibacterial activity while
keeping the dose as low as possible. The use of 3D imaging techniques (e.g. electron tomography,
focused ion beam scanning electron microscopy) would be beneficial for this purpose, as they can
provide valuable information about the interaction dynamics of NPs with and within the cells, which

can be limited or lost in the case of 2D imaging.
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Effects of the cell wall structure. Although particle size might play an important role in the
penetration of AgNPs inside bacteria, structural differences in the organization of bacterial cell wall
may also influence this interaction. Gram-negative bacteria have a thin peptidoglycan layer (~2-3
nm) between the cytoplasmic membrane and the outer membrane.”” In contrast, Gram-positive
bacteria lack the outer membrane, but have an outer peptidoglycan layer about 30 nm thick.**® The
thicker cell wall of Gram-positive bacteria acts as a barrier protecting the cell from penetration of
AgNPs or Ag’ ions into the cytoplasm. Therefore, Gram-positive bacteria are expected to be more
resistant to the action of AgNPs. The bacterial strain may also modulate the bioavailability of Ag"
ions liberated from AgNPs by altering: (i) the extracellular dissolution of AgNPs via bacterial
exudates (organic acids, peptides, biosurfactants) or (ii) the cellular uptake of Ag" ions via cell-NP

interactions which are controlled by the structure and charge of the cell wall.***

Effects of surface coating and charge. The differences between the cell wall structure of
Gram-positive and Gram-negative bacteria suggest that the surface chemistry of AgNPs could also
affect their antibacterial activity. >* **> The surface charge and coating of AgNPs is a significant
factor that could govern the particle-membrane interactions and subsequently the antibacterial effects
of AgNPs, supporting the hypothesis that particle-cell contact may indeed play a role in modulating
the reactivity of AgNPs.*”> Bondarenko et al. compared PVP and protein (casein)-coated colloidal
AgNPs and showed that the antibacterial potency of collagen coated AgNPs was greater than PVP
coated AgNPs, which was attributed to differences between the affinity of each nanoparticle type to
the cell wall."” Xiu ez al. also showed that the survival rates of E.Coli to AgNPs was higher for PVP-
AgNPs compared to PEG-AgNPs, however the particle diameters were not comparable.”® In one
study, electron microscopy demonstrated that the bacterial cell wall of E. coli tended to attract and
accumulate positively charged PAH-coated AuNPs rather than negatively charged citrate-capped
AgNPs.** The carboxyl phosphate and amino groups on the cellular membrane of Gram-positive and
Gram-negative bacteria give them a negative surface charge.”® The bacterial cell wall would
consequently form an electrostatic barrier that limits its interaction with negatively charged AgNPs,
but enhances it with positively charged AgNPs.**” This is supported by a recent study, in which
positively charged AgNPs were shown to tightly interact with bacterial surfaces, thus resulting in
higher concentrations of bioavailable Ag' ions from these particles. Moreover, positively charged
AgNPs interfered with the normal function of the bacterial electron transfer chain and were

responsible for ROS generation at the cell membrane.'”*
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Figure 2.13 TEM images of Gram-positive bacteria (S. areus) (A-E) and Gram-negative bacteria (P.
aeruginosa) (F), before (A) and after (B-F) exposure to AgNPs, showing ultrastructural damage in
bacterial cells induced by AgNPs. Reprinted with permission from ***. Copyright 2013 Elsevier Ltd.

Positively charged surface coatings have been shown to play a key role in accelerating cell
wall breakdown and cytoplasm release.”” For example, cationic polymer-stabilized AgNPs bind to
the negatively charged bacterial surface via electrostatic interactions.”’ However, the potential of
using these coatings for biomedical applications remains an obstacle due to the high cytotoxicity of
the polymers.”” ** One alternative to overcome this problem would be the use of peptides or
polysaccharides containing amine groups.'® In one study, a pronounced destruction of the bacterial

168 . .
Bacitracin

cell wall was observed in P. aeruginosa exposed to chitosan-coated AgNPs using SEM.
A (BA) and polymyxin E (PE) are polypeptides with cationic macrocyclicamido groups, which are
known as antimicrobial peptides (AMPs). These peptides were used by Mei ef al. in the synthesis of
functionalized AgNPs for the treatment of both Gram-negative (E. coli and P. aeruginosa) and Gram-
positive bacteria (S. aureus and B. amyloliquefaciens).”*® The immobilization of both peptides on the
AgNP surface increased their antibacterial activity up to a 10-fold without symptoms of bacterial
resistance. Fluorescence microscopy and TEM revealed that BA/PE-AgNPs were localized on the
surface of bacteria and inside the cytoplasm. The membrane appeared seriously damaged, showing an

undulating appearance and vesicles emanating from the cell wall, while some specimens were more
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severely damaged and showed cytoplasmic release (Figure 2.13). The major target sites for
antimicrobial agents are often present at the outermost layers of the bacterial cell. The cell wall of
Gram-positive bacteria is rich in teichoic acids, whose main function is to provide rigidity by
attracting cations such as Mg®".**' AMPs are considered excellent antimicrobial agents®**** because
their macrocyclicamido groups can participate in metal-ligand p-bonding, producing a complex with
Ca®" and Mg*" cations. Therefore, it has been suggested that BA and PE on the AgNP surface can
chelate Mg®* and Ca’" and extract them from the original binding sites in teichoic acids, thus

1.3*® Moreover, the same study showed the presence of BA/PE-NPs in

damaging the bacterial cell wal
the bacterial nucleoid. These findings suggested that AgNPs could bind to ribosomes and
chromosomes, resulting in an inhibition of ribosomal function and a suppression of DNA replication,
ultimately causing cell death.*”® The important role that organic surface coronas surrounding
nanoparticles may play towards controlling nanomaterial properties for biological applications has

also been demonstrated by Daima et al.*

AgNPs were modified by the surface corona of biologically
active polyoxometalates (POMs), which enhanced the damage to bacterial cells due to a synergistic
antibacterial action of AgNPs and POMs. SEM micrographs revealed significant physical damage to
treated bacterial cells, such as big holes in the bacterial structure or even complete disintegration. The
modified AgNPs were toxic to both Gram positive and Gram negative bacteria, while being
biocompatible with PC3 epithelial mammalian cells, suggesting their potential towards specific
antimicrobial targeting.”

Therefore, surface coatings will affect the dissolution rates, bioavailability and aggregation
state of AgNPs in vitro and in vivo. AgNPs aggregation or dispersion in cell culture media can be
controlled by modifying their surface properties (i.e. hydrophobic or hydrophilic coatings), altering
their uptake inside cells by changing their contact with the cell membrane. In fact, some publications
have demonstrated how polymer stabilizers may play an important role in determining the toxicity of

% The surface properties of AgNPs may govern

AgNPs by reducing the exposure of cells to particles.
to a large extent their interaction with bacterial cell walls via electrostatic attraction, by complexation
of metal cations localized on the cell wall, or through the interaction with sulphur-containing
membrane proteins. Regardless of the exact mechanism involved, it is clear that AgNP and bacterial
cell wall interactions increase the permeability of the cell wall and consequently lead to its disruption.

Published literature has provided enough evidence that the release of Ag’ ions from the
surface of AgNPs may be regarded as the main mechanism of antibacterial activity of AgNPs.
However, it is becoming increasingly clear that dissolution of AgNPs in the exposure medium cannot
wholly account for the observed antimicrobial effects. Additional effects at the particle-bacterial
membrane interface and inside the cells seem to play a role in the action of AgNPs. Therefore, a
synergistic effect between Ag" ions and AgNPs must be considered in order to obtain accurate

conclusions on the antibacterial pathways. Recent findings illustrate the importance of membrane

interactions in the antimicrobial activity of AgNPs, as they can translocate across, and become
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internalized, directly through the cytoplasm or inside vesicles, where their subsequent dissolution
driven by an oxidising and acidic pH at the plasma membrane could lead to very high local
concentrations of Ag™ ions.'” Further research is necessary in order to understand the exact
physicochemical and cellular mechanisms underlying these interactions and how they can be

exploited in the design of therapeutic AgNPs.

2.3.6 Conclusions

In summary, the toxic impact of AgNMs in the lungs is being studied extensively.”” Toxic
outcomes, including oxidative stress, lipid peroxidation, inhibition of mitochondrial activity, damage
of DNA and cell apoptosis, have been demonstrated and suggested to result from the release of Ag"

ions upon the interaction of AgNPs with lung tissue.”" 7% **

However, the bioreactivity of one-
dimensional AgNWs in the lungs is not well understood. Several papers have already shown that
AgNWs are able to access the alveoli in the deep lung in vivo.” ** Consequently, AgNWs have raised
concerns due to the comparisons with asbestos fibres in the lung and the induced mesothelioma.” **
In vitro work suggested that AgNWs were more toxic than spherical AgNPs on alveolar epithelial
cells.”! AgNWs were also shown to produce dose-dependent inflammation in murine lungs and
responses that dependent on both AgNW length and dissolution rates.’*

However discrepancies still exist in published data. The lack of consistency could be in part
due to a lack of characterization of the fate of AgNWs in biologically relevant environments. AgNMs
are highly dynamic systems and their properties can dramatically change when incubated in biological
media. As recent work has highlighted, sulfidation of AgNWs in cell culture media'® as well as inside
human alveolar epithelial type 1-like cells’ reduced AgNW toxicity. For AgNWs that reach the
alveolar region of the lung, the first point of contact will be the lung lining fluid (LLF). Although
inhaled AgNWs that deposit in the alveoli are expected to adsorb LLF components, the effects of LLF
on the bioreactivity of AgNWs have not been previously explored. Currently, few data exist on the
stability of AgNMs in general in the LLF, or in individual LLF components. Hence, to draw accurate
conclusions about the bioreactivity of AgNWs in the lungs, there is an urgent need to examine their
physicochemical properties at the point of exposure, in order to understand the characteristics of the
system that the cells encounter. Accurate characterization of the particles should rely on several
complementary techniques across biological and physical sciences disciplines. Furthermore,
characterization of AgNWs should also extend to the particle-cell interface. Investigating possible
transformations of the particles within the cellular environment can provide valuable information

about the interactions of AgNWs with cellular components and the mode of their biological action.

Correlating this information with the results of biological assays could lead to an improved
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understanding of the properties of AgNWs that drive their bioreactivity, which may ultimately guide

the regulation of this material and provide guidelines for their safe handling.

2.4 The Bioreactivity of Zinc Oxide Nanomaterials in the Lungs

Metal oxide nanostructures are receiving increasing attention in nanotechnology research
because they offer distinct advantages over their bulk counterparts in a large variety of applications.
Nanostructures of ZnO, in particular, have attracted interest because of their unique piezoelectric,
semiconducting and catalytic properties.’*’ ZnO is a direct bandgap semiconductor that is transparent
in the visible, has high infrared reflectivity and is chemically and thermally stable. Additionally, ZnO
can easily be doped to provide novel magnetic properties. These distinctive optoelectronic properties
of ZnO nanostructures allow for the development of novel nanosensors, nano-transducers,
photocatalysts and nanogenerators and have made ZnO one of the most important products in
nanotechnology, besides carbon and silicon NMs.*** ** ZnO has a rich family of nanostructures,
including particles, rods, wires, plates, dendrites, tubes and hierarchical structures. Among them, one-
dimensional ZnO nanostructures, such as nanowires, are increasingly being studied due to the novel
properties observed with the formation of high aspect ratio structures.** Despite the fact that the
functional properties of ZnONWs are being exploited and developed, little is known about their
bioreactivity. With the continuous growth in the production of ZnONWs and their implementation in
commercial products, occupational and public exposures are expected to inevitably increase.
Consequently, there is an urgent need to address their potential hazards and establish the conditions

for their safe use.

2.4.1 The Bioreactivity of Zinc Oxide Nanomaterials In Vivo

At present, epidemiological data on human exposure and health effects of ZnONMs are
lacking. Ultrafine ZnO particles are known to reach the alveoli and cause pulmonary inflammation

| . X . 2
3%0- 351 This manifests as metal fume fever in welders.”

and symptomatic responses in the lung.
However, only a few studies have investigated the in vivo pulmonary toxicity of ZnONMs.

According to Sayes et al., rats exposed to ZnONPs (50-70 nm) by intratracheal instillation
expressed potent but reversible pulmonary inflammatory responses.*>® However, the comparison of in
vivo and in vitro measurements demonstrated little correlation, indicating that in vitro cellular systems
need to be further developed and validated in order to provide useful screening data on the relative
toxicity of inhaled particles. Wang et al. examined the toxic effects of ZnO nanoparticles (20 nm)

following inhalation.”” A significant increase in zinc content was observed in liver tissues, while

histopathological examination showed that nanoparticles caused a severe damage in liver and lung
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tissues. This led to the conclusion that ZnONPs may translocate from the lung into the blood
circulation after exposure. Additionally, the deposition in the lungs and the speed of penetration were
shown to be more rapid for ZnO than iron oxide (Fe,O3) NPs.

Cho et al. found that ZnONPs (10 nm) intratracheally instilled into female wistar rats were
inflammogenic to the lungs both acutely (24 hours) and chronically (4 days).> In a similar study by
the same group, ZnONPs induced pulmonary eosinophilia, goblet cell hyperplasia, severe fibrosis and
airway epithelial injury.’*® Similar pathologies were also observed after instillation of dissolved Zn*"
into rat lungs, which indicated that the main cause of the toxic effects could be the dissolution of ZnO
in the acidic environments of lysosomes. This could cause lysosomal destabilization and cell death,
leading to the subsequent pathogenicity observed. In support of this paradigm, doping ZnONPs with
iron, which results to a slower rate of dissolution, led to a decreased acute pulmonary inflammation
and cytotoxicity.””’ However, some discrepancies remain in the published literature regarding the
respective role of particulate and ionic zinc. In a more recent study, in vitro and in vivo exposures
were performed on ZnONPs as well as the aqueous extracts (ZnOAEs) obtained from their
dissolution.””® ZnOAEs and ZnONPs had similar toxic and pro-inflammogenic effects on the human
alveolar type 2-like epithelial cell line A549, but the strength of the effects was higher for ZnONPs.
Following pulmonary instillation in rats, both ZnONPs and ZnOAEs acutely elicited similar profiles
of inflammation and toxicity but eosinophil recruitment was only observed with ZnONPs. There was
also a difference in chronic effects, as ZnOAEs did not cause any sustained inflammatory effects by 4
weeks whereas ZnONPs caused a chronic eosinophilic infiltrate into the bronchoalveolar lavage
(BAL). These data suggested that the effects of soluble ions were confined to the acute phase of
inflammation, probably because they are rapidly cleared by adsorption to systemic circulation.*®® The
fact that Zn>" ions produced false-positive effects in vitro that were not borne out in vivo, indicates the
need for more sophisticated in vitro cell culture systems and the designation of more relevant
(chemically, biologically and physiologically) end points to test for in vitro toxicity.””

The ability of ZnONPs to cause cardiopulmonary impairments has been highlighted in a
recent work, where Sprague-Dawley rats were exposed to ZnO nanoparticles (ZnONPs) via
intratracheal (IT) instillation and inhalation of occupationally relevant concentrations.*® In contrast to
results of previous studies, instilled ZnONPs accumulated predominantly in the lungs over 24 hours,
with only trivial amounts of zinc measured in the heart, liver, kidneys and blood. Instilled ZnONPs
altered zinc balance and increased the levels of total cells, neutrophils, lactate dehydrogenase (LDH)
and total protein in BAL and 8-hydroxy-2’-deoxyguanosine (8-OHdG) in blood after 72 hours.
Inhaled ZnONPs induced systemic inflammation and oxidative imbalance. Moreover, cardiac
inflammation and development of fibrosis were detected 7 days after exposure, while degeneration

and necrosis of the myocardium occurred after 30 days.*®
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2.4.2 The Antibacterial Activity of Zinc Oxide Nanomaterials

Over the last two decades, there has been an increased interest in the use of inorganic
antimicrobial agents for the control of microbes. Metal oxides, in particular, have attracted attention
due to their ability to withstand harsh processing conditions. The antibacterial activity of ZnO
nanoparticles has been reported for both Gram-positive and Gram-negative bacteria.’®'>® The
antibacterial activity of ZnONPs was shown to be greater than that of TiO, and SiO, nanoparticles.364
In most cases, the results suggest a higher toxicity on Gram-positive bacteria than on Gram-negative
bacteria.**>* However, Nair ef al. observed the opposite effect for ZnO nanoparticles capped with

362

poly ethylene glycol (PEG).™ Antibacterial activity only increased slightly with decreasing particle
size but more prominently with particle concentration.’*>**® ZnONPs (13nm) completely inhibited E.
Coli and S. Aureus growth at concentrations above 13.4 mM and 1 mM respectively.’® Zhang et al.,
on the other hand, reported a strong antibacterial activity of ZnONPs (93 nm) on E. Coli even at 1.25
IIIM.367

ZnO nanorod antibacterial coating approaches are also being investigated, for the

development of antimicrobial fabrics for facemasks or tissues,’*

or for implant modifications, to
reduce bacterial adhesion and viability, and thus implant-associated infection. Wang et al. showed a
decreased survival rate of S. Aureus and E. Coli on ZnONW arrays with different orientations.’®
Jansson et al. evaluated the bacterial adhesion and viability of common implant-associated pathogens,
P. aeruginosa and S. epidermidis, on ZnONW surfaces compared to sputtered (flat) ZnO substrates
and glass substrates.””’ Adherent P. aeruginosa on ZnONW surfaces were reduced compared to glass
and sputtered ZnO, but the number of adherent S. epidermidis on ZnONWs was equivalent to glass.
Both ZnONW and sputtered ZnO surfaces demonstrated a significant bactericidal effect on adherent
P. aeruginosa, killing a 2.5-fold and 1.7-fold more bacteria compared to glass. A more pronounced
bactericidal effect of ZnO substrates on S. epidermidis was found, with sputtered ZnO and ZnONW
substrates killing a 20-fold and 30-fold more than glass, respectively. More recently, ZnONWs grown
on glass substrates exhibited significant antimicrobial effects to B. Subtilis and E. Coli and prevented

biofilm formation.*”!

B. subtilis was more sensitive to the presence of ZnONWs than E. coli, with a
100% and 95% cell inactivation within 2 hours of exposure to the ZnONWSs, respectively.

Initially, the generation of reactive oxygen species (ROS) was considered as the main
mechanism responsible for the antibacterial activity of ZnONMs,**"*% " byt lacked solid supporting
evidence. More recently, the results of many studies support that their antibacterial activity may be
attributed to the release of Zn>" ions from ZnONMs.*”>” The role of dissolution on the bioreactivity

of ZnO is discussed in further detail in Chapter 2.4.4.
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2.4.3 The Bioreactivity of Zinc Oxide Nanomaterials In Vitro

Meanwhile, the toxicity of ZnONPs has been reported for various in vitro mammalian cell
systems.”’® For instance, exposure of mouse neuroblastoma Neuro-2A cells to ZnONPs (50-70 nm)

led to cell death, with ICs, values between 50 and 100 ug/ml.22

ZnONPs caused a significant decrease
in mitochondrial function while TEM imaging revealed nanoparticles attached to the cell surface as
well as some internalization into the cells. The same study showed that ZnONPs were more toxic than
other metal oxide nanoparticles (TiO,, Fe;O4, Al,O; and CrO;). Similarly, ZnO nanorods (20-70 nm x
100-200 nm) were more toxic than Fe,Os; and Y,0; NPs on human aortic endothelial cells.”® The
inflammatory response of the cells initiated at a threshold concentration of 10 ug/mL and was dose-
dependent above this value, with an ICso of 50 pg/ml. Another comparative study revealed that
ZnONPs were more toxic than carbon black, single walled carbon nanotubes and SiO, on primary
mouse embryo fibroblast cells.””” In accordance with previous findings, cell viability decreased in a
dose-dependent manner above a threshold exposure dose of 10 pg/mL and was linked to the
generation of intracellular oxidative stress.

Since in vivo work indicates that airway exposure to ZnONPs poses an important hazard, a
large part of the in vitro studies have focused on pulmonary exposure models. Along with alveolar
macrophages, the human bronchial epithelial cell line (BEAS-2B) and the human alveolar
adenocarcinoma cell line (A549) are used most frequently. The cytotoxicity of ZnONPs has been

shown to be mediated through reactive oxygen species (ROS) generation and oxidative stress,”’> "

380, 381

apoptosis or genotoxicity.”® **> For example, 20 nm ZnONPs induced a concentration- and

time-dependent cytotoxicity in BEAS-2B cells, as well as increased LDH release, oxidative stress and

intracellular [Ca*"].””

Moreover, the expression of four genes involved in apoptosis and oxidative
stress were increased. Wu et al. examined the effect of ZnONPs on the expression of a pro-
inflammatory mediator, interleukin-8 (IL-8), in human bronchial epithelial cells and BEAS-2B
cells.”™ ZnO exposure (2-8 pg/mL) increased IL-8 mRNA and protein expression, and this induction
was mediated by p65 phosphorylation and IkBa phosphorylation and degradation. Furthermore, Ng et
al. explored the activation of cellular DNA damage pathway, through the tumour suppressor p53
gene, by ZnONPs.**® They showed that the p53 pathway was activated in human neonatal foreskin
fibroblasts upon ZnONP treatment, with a concomitant increase in cell death, suggesting that cellular
responses like apoptosis require p53 as the molecular master switch towards programmed cell death.
The role of particle size on ZnONP toxicity has been investigated with mixed results.
According to one study, the size of ZnONPs influenced the mitochondria activity and chemokine
production of A549 cells, with smaller particles being more toxic than larger ones.”® Lin et al.
demonstrated that the exposure of A549 cells to ZnONPs (70 and 420 nm ) induced a dose-dependent
cytotoxicity over a narrow concentration range of 8-18 pg/ml.**” The cells presented elevated ROS

levels, resulting in intracellular oxidative stress, lipid peroxidation, cell membrane leakage and
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oxidative DNA damage. However, cell viability and ROS levels were not particle size-dependent.
Along a similar line, Yuan et al. showed than ZnONPs of three different sizes (20-40 nm) were toxic
to human embryonic lung fibroblasts in a dose-dependent but not a size-dependent manner.”*® Other
authors have suggested that the secondary aggregate size may be more important than the primary
ZnONP size in determining their toxicity profile.”® Smaller secondary aggregates of ZnONPs were
found to be more efficient than larger secondary aggregates in inducing mitochondrial dysfunction,
generating elevated intracellular ROS and eventually leading to cell apoptosis in RAW 264.7 murine
macrophages.*”

The main paradigm explaining the toxicity of ZnONPs is their dissolution and the release of
Zn”" ions. Brunner et al. found that virtually all human mesothelioma MSTO-211H and rodent 3T3
fibroblast cells died after being incubated with 19nm ZnONPs at concentrations above 15 pg/mL.*"
They inferred that this sharp concentration dependence of the cytotoxic response may be due to the
presence of a critical Zn>" concentration in the cell culture medium and to the toxic effects of aqueous
Zn>*>” In an attempt to quantify the role of dissolved Zn”" ions to the cellular toxicity, Xia et al.
studied the solubility of ZnONPs (13 nm) in water and two cell-free culture media (MDEM and
BEGM).””® ZnONPs readily dissolved in the culture media, with more than 80% of the maximum
dissolved Zn*" concentration being reached within 3 hours. They also showed that non-dissolved
ZnONPs entered caveolae in BEAS-2B cells, whereas in RAW 264.7 murine macrophages they
entered lysosomes, where the acidic pH facilitated their further dissolution. However, the
concentrations of Zn>" ions were not determined under the experimental conditions and their
contribution to cytotoxicity was not clear. Song et al. studied the dissolution of ZnONPs in RPMI-
1640 cell culture medium and found the equilibrium concentration of Zn*" to be around 10 pg/mL
when 40 pg/mL of particles were used.*” Their results implied that dissolved Zn>" in the cell culture
medium or inside cells played the main role in ZnONP toxicity. Deng et al. demonstrated that
ZnONPs (10, 30, 60 and 200 nm) were toxic to mouse neural stem cells at concentrations higher than
12 ug/mL in a dose-dependent manner, and that ZnCl, at the same concentrations had similar toxic
effects to the cells.”® Iron doping of ZnONPs, which changes the material matrix to slow Zn”" release,
decreased ZnO cytotoxicity.”* Correspondingly, coating 32-95 nm ZnONPs with a TiO, shell
reduced mitochondrial activity (MTT reduction), membrane damage (LDH release), IL-8 production
and ROS generation in A549 cells.”” ZnONPs with thicker shells were less cytotoxic, presumably
because of a lower rate of Zn”" release by the ZnONPs. Similarly, the encapsulation of ZnO nanorods
in a nanothin amorphous SiO, coating resulted to slower dissolution kinetics and significantly lower
DNA damage in lymphoblastoid cells.*

Gilbert et al. used high resolution X-ray spectromicroscopy and high elemental sensitivity X-
Ray microprobe analyses to determine the fate of ZnO and iron-doped ZnONPs following exposure to
BEAS-2B cells.”” The cells accumulated zinc from the cell culture solution and only organic-

complexed, ionic Zn®" was present intracellularly one hour following exposure. This finding strongly
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indicates that ZnO toxicity is caused by free or complexed Zn>" within cells. However, their study did
not directly show whether the uptake of Zn>" or ZnONPs is the dominant pathway for internalizing
zinc. Other reports indicate that the cytotoxicity of ZnONPs is independent of the amount of
extracellular soluble Zn*" in the cell culture medium and that direct nanoparticle contact with the cells
is important.””*** ** Miiller et al. showed that the toxicity of ZnONWs (100-300 nm x 2-10 pm) on
human monocyte derived macrophages (MDMs) was similar to that of ZnCl,.*** Quantification of the
amounts of Zn®" released in simulated bodily fluids of extracellular pH (ex-SBF, pH 7.4) and
lysosomal pH (lyso-SBF, pH 5.2) by ICP-MS, revealed that ZnONWSs dissolve rapidly in lyso-SBF
but are relatively stable in ex-SBF. Confocal live microscopy and transmission electron microscopy
confirmed that MDMs uptake ZnO nanowires by phagocytosis and that the acidic pH of the
lysosomes triggers ZnONW dissolution. Confocal live microscopy also revealed that an increase in
intracellular Zn>" concentrations was followed by cell death, which had features of both apoptosis and
Necrosis.

The effect of shape on ZnONM bioreactivity has not been extensively investigated. ZnO
nanorods (6 x 8 nm and 7 X 19 nm) were more toxic to A549 cells than spherical ZnONPs (6, 25, and
38 nm).**® The authors suggested that the contact area between a single NP and a single cell was more
important in determining toxicity than the total surface area of a NP. Exposure of A549 cells to ZnO
nanorods (50 x 140 nm) induced cytotoxicity, ROS generation, oxidative stress, and activation of
caspase-3 and caspase-9 in a dose- and time-dependent way.”* ZnO nanorods induced apoptosis
involving the p53, survivin, bax/bcl-2 and caspase pathways. A few studies have examined the
toxicity of ZnO nanorod-coated substrates. Li ef al. investigated the biocompatibility of ZnO wire
surfaces (1 um x 200 um) on HeLa (cervical cancer) and L-929 (subcutaneous connective tissue) cell
lines.*” Cell viability at 48 hours was reduced only for concentrations higher than 100 pg/mL, and
was 75% for HeLa and 50% for L-929 cells. HeLa cells were shown to phagocytose some of the
broken ZnO wires. In contrast to previous findings where mesenchymal stem cells were able to

401

survive on silicon NWs for several days,” the total number of adherent cells and adherent live NIH

3T3 fibroblasts, human umbilical vein endothelial cells and bovine capillary endothelial cells

402 The authors

decreased significantly after 24 hours on ZnO nanorod (50 nm x 500 nm) surfaces.
suggested that the engulfment of ZnO nanorods and delivery of toxic material into the cell could be
the source of toxicity. In a similar study, murine macrophages initially settled and spread on ZnO
nanorod and flat ZnO surfaces.*” However, a significant degree of necrosis was apparent after 6.5
hours of incubation. After 16 hours, the number of live cells adherent on flat ZnO was 52% but only
12% on ZnO nanorods, indicating the role of both nanotopography and the material on cell viability.

Apart from the study by Miiller ef al. discussed in the previous paragraph,*** however, there is a gap

in the literature regarding the pulmonary toxicity of freestanding high aspect ratio ZnONWs.
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2.4.4 The Role of Zinc Oxide Nanomaterial Dissolution on their Bioreactivity

Zinc is an important element in biological systems. As an essential trace element, it is
involved in a wide number of biological processes such as metabolism, cell proliferation and

differentiation, signal transduction and control of gene expression,****%

It is a component of over 300
enzymes, as either a catalytic or regulatory cofactor or in a structural capacity.’” A severe zinc
deficiency in humans can lead to a range of conditions such as dermatitis, anorexia, neurosensory
disorders and cell-mediated immune dysfunction. A genetic disorder that affects enteral zinc
absorption, acrodermatitis enteropathica, can be fatal if left untreated.*”’” Oral zinc supplementation
has proven beneficial in a number of infectious diseases, particularly in acute lower respiratory
infections, leprosy and tuberculosis*® while the topical application of zinc oxide was found to
facilitate the healing processes of chronic and surgical wounds.*” It is also becoming increasingly
clear that Zn>", like Ca®", is an essential signalling molecule for a number of physiological processes,
with cellular zinc homeostasis being tightly controlled. Alterations in brain zinc levels are now
thought to contribute to neurogeneration in conditions such as Alzheimer’s disease, amyotrophic
lateral sclerosis and ischemia.***!!

However, the role of ZnONP dissolution in their toxicity against mammalian cells has not
been completely elucidated. The phase diagram of ZnO indicates that it is an amphoter, which can

dissolve according to either reaction (2.7) or (2.8) depending on the solution pH:*"

Zn0 + H;0% - Zn?* + OH™ + H,0 2.7)

Zn0 4 20H™ + H,0 - Zn(OH),*~ (2.8)

The rate of dissolution can also be affected by several factors, such as size, doping, surface
coating or the presence of biological components. Table 2.6 summarizes the results of dissolution
studies performed on ZnONM s in relation to toxicological studies. Moreover, the dissolution of 1D
ZnO nanostructures is not well understood. In the wurtzite crystal structure, the top (001) plane of
ZnO nanorods is comprised of either O* or Zn>" and is polar. The (110), (100), and (010) side planes
are comprised of an equal number of O* and Zn®" and are thus electrically neutral. The surface
energies of (100), (110) and (002) faces calculated using an ab initio (all-electron) approach were
2.32 J/m’ , 4.1 J/m® and 5.4 J/m* , respectively.*”’ The polar faces, having the highest surface energy,
are metastable and may therefore be dissolved preferentially. However, such selective dissolution is
not always observed. In one study, ZnO nanorods with diameters of 100 nm or smaller could not be
etched in an alkaline solution.*'* This may be due to the fact that the energy of the polar faces is

smaller only by a factor of 2.3 compared to the most stable faces. Small electrochemical changes at
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the interface between the solution and ZnO may change the surface reactivity. Illy et al. suggested
that the selective dissolution of ZnO nanorods may be explained in terms of both the anisotropy of the
ZnO surface energy as well as diffusion limitations on the dissolution reaction as a result of the
nanoscale morphology.*'> They described a mechanism where rod diameter and chloride stabilization
of the (002) planes play a critical role in determining the nanostructure morphology following
dissolution. Consequently, ZnO rods with a small diameter (<100 nm) are dissolved homogeneously
whereas anisotropic dissolution is observed for rods with a higher diameter (>100 nm), which can
lead to the formation of ZnO tubular structures.*"

Although zinc has been shown to induce cytotoxicity and apoptosis in mammalian cells, few
of the studies have linked this to a mechanistic paradigm such as oxidant injury. Considering the
number of cellular processes and signalling pathways zinc is involved in, it is not surprising that zinc
dyshomeostasis can induce cell death. A rise in the intracellular Zn>" concentration is often associated
with high levels of ROS production.’”® These oxygen radicals could originate at the particle surface
but also from biological substrates such as damaged mitochondria.’” Several studies in isolated
mitochondria have shown that Zn>" inhibits cellular respiration. Moreover, it is possible that Zn*" may
exert extra-mitochondrial effects that contribute to ROS generation. Cellular oxidant injury could
promote further Zn*" release, for example from metallothioneins.*>*"” Increased zinc could also
inhibit key enzymes in the glycolytic pathway, leading to ATP depletion in cells.*'®*"” Finally, high
levels of Zn>" could contribute directly to mitochondrial PT pore opening and cytochrome c release,

P . ‘o 420,421
resulting in apoptosis and/or necrosis in target cells.”™
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Analytical
. Dissolution Methodolo .
Size A gy Summary of Observations Ref.
Medium and Analysis
Technique
30 nm Algal test medium Dialysis membrane - No difference in dissolution rate and equilibrium Zn** 422
concentration for bulk and nano ZnO particles (19%
ICP-AES dissolution).
50-70 nm Osterhout's medium  Recombinant metal - No difference in dissolution between nano and bulk ZnO a3
sensor bacteria (E. particles (up to 80% dissolution).
coli MC1061)
20-30 nm Natural seawater Centrifugal filtration - Dissolution decreased with increasing NP concentration 424
(70% dissolution for starting concentrations between 0.1-1
ICP-AES mg/L and 32% for starting concentration of 10 mg/L).
50-70 nm LB Broth Membrane filtration - Dissolution rate decreased with increasing NP 425
concentration (~ 3.2% dissolution).
ICP-AES
6 and 16 nm Artificial seawater Centrifugation and - No significant effect of starting NP concentrations. 426
spheres- filtration
. - Dissolution kinetics not significantly different between
240 x 50 nm Grap_hlte furnape particle sizes or shapes.
and 860 x 300 atomic absorption
d t t
i rods zg?:Ar/(irg)e v - 4.1-4.9% dissolution, with highest equilibrium solubility
for smallest spherical particles and lowest for largest rods
4,15 and Aqueous solutions Centrifugation - Size dependent dissolution with equilibrium Zn?" 47
241 nm (varying pH and concentrations of 57 mg/L for 4 nm, 22 mg/L for 15 nm and
humic acid contents)  ICP-AES 10 mg/L for 241 nm particles.
- pH dependent dissolution (higher at lower pH).
- The presence of humic acid increased dissolution.
4-130 nm HEPES buffer (pH Centrifugal - Dissolution decreased with increasing NP size, despite the a3
7.5) with varying Ultrafiltration NPs forming aggregates in solution (~ 1-3 um).
concentrations of
citric acid ICP-OES - Citric acid significantly enhanced dissolution for all NP
sizes.
20 nm -Deionized water Membrane filtration - No significant effect of starting NP concentrations. 429
(0
. . GFAAS - Higher solubility in DI compared to ASW.
- Tris buffer with
arying pH (pH 7, 8, . . .
;/ngyg)g PH (P - pH dependent dissolution (higher at lower pH).
-Artificial seawater - Tris buffer enhanced dissolution, possibly by changing the
(ASW =+ Suwannee NP aggregation state or serving as a Zn2+ binding ligand.
River fulvic acid
(SRFA), cysteine) - SRFA decreased the dissolution rate and the total amount
of Zn2+ released, but cysteine had the opposite effect.
100-300 nm x  -Extracellular Centrifugal - ZnONWs were relatively stable in ex-SBF, with 4.45% 4
2-10 um wires  simulated body fluid  Ultrafiltration dissolution after incubation at 37 °C for 30 min.
SBF (ex-SBF, pH
7:4) ICP-MS - ZnONWs dissolved rapidly in lyso-SBF, with complete
dissolution after the same incubation conditions.
- Lysosomal SBF
(lyso-SBF, pH 5.2)
378

13 nm

- Ultrapure water

- DMEM with 10%
FBS

- BEGM (contains
growth factors,
cytokines and
supplements)

Centrifugation

ICP-MS

- Dissolution followed the order: DMEM (90 uM) > BEGM
(80 uM) > H20 (60 uM).

- Organic components enhanced dissolution, with up to 80%
of total dissolved Zn within 3 h.

Table 2.6 Summary of ZnO dissolution studies reported in the literature.
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Analytical
Dissolution Methodology
Size . A Observations
Medium and Analysis Ref.
Technique
19 nm - Ultrapure water (+  Centrifugation and - Equilibrium solubility followed the order: LB (68 mg/L) 314
0.85% v/w NaCl) filtration >MDM (38 mg/L) > NaCl (14 mg/L) > H,0 (6.9 mg/L) >
PBS (0.57 mg/L).
-5 mM PBS AAS
. . - Nano and bulk ZnO dissolution nearly the same in
- Minimal Davis ultrapure water. Dissolved Zn increased with increasing
medium (MDM) starting ZnO concentration.
- LB medium
25,40 and - Ultrapure water Membrane filtration - Equilibrium solubility followed the order: DMEM (34 430
70 nm mg/L) > H,O0 (7.18-7.40 mg/L) > RPMI-1640 (5 mg/L) >
- Environmental ICP-AES moderately hard water (0.7-1 mg/L)
Protection Agency
moderately hard - BSA enhanced NP dissolution.
water
- DMEM and
RPMI-1640 (£
BSA)
40 nm 10 mM sodium Centrifugation and - Low concentrations of phosphate rapidly and 1
nitrate (NaNOs) membrane filtration substantially reduced Zn*" release.
solutions with
varying ICP-OES - In the presence of phosphate, particle morphology
concentrations of changed to anomalous and porous material, containing
dipotassium mixed amorphous and crystalline phases of ZnO and zinc
phosphate (K,HPO,) phosphate.
30 nm 10 mM NaNOs Centrifugal - Increasing Na,S concentrations reduced the rate and 32
solutions with Ultrafiltration extent of Zn®" release.
varying
concentrations of ICP-AES - Dissolution and reprecipitation led to the formation of
sodium sulphide zinc sulphide (ZnS) NPs (< 5 nm).
(NaxS)

- The solubility of partially sulfidized ZnO NPs is
controlled by the remaining ZnO core and not quenched
by the formation of a ZnS shell.

Table 2.6 (continued) Summary of ZnO dissolution studies reported in the literature

2.4.5 Conclusions

Inhalation of airborne ZnONMs is being widely investigated, as it represents a key route of
human exposure, both from the perspective of intentional (diagnostic and therapeutic applications)
and unintentional scenarios. In summary, ultrafine ZnO is known to cause pulmonary
inflammation,”" *** while ZnONPs have been shown to cause cardiopulmonary impairments.** In
vitro, the toxicity of ZnONPs has been reported for various mammalian systems,’’® including lung

epithelial cells and alveolar macrophages.’™® *” Their cytotoxicity was mediated through reactive

378,379 380, 381

oxygen species (ROS) generation and oxidative stress, apoptosis or genotoxicity.”™*** The
main paradigm explaining the toxicity of ZnONPs is their pH-dependent dissolution in the acidic
environment of phagosomes following uptake in cells, and the release of toxic Zn*" ions.***

Despite the fact that the use of ZnONWSs is becoming more widespread, their potential
adverse effects to human health upon exposure are still unclear’’”®. In a previous study, ZnONWs were

toxic to human MDMs at similar concentrations as ZnClL.*** A rise in intracellular Zn**
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concentrations was correlated to cell death, demonstrating that ZnONW toxicity was due to
dissolution rather than the high-aspect nature of the wires. Therefore, there is an urgent need to
investigate the bioreactivity of ZnONWSs with the pulmonary epithelium, in order to elucidate the
mechanisms that control their toxicity. Given the central role of dissolution in the bioreactivity of

nano-ZnO and the fact that several factors have been shown to affect the release of ionic Zn*" (e.g.

427 427 428, 431 378, 427

size,*’ shape,*'” pH,*’ complexing anions and organic components ), characterization of
ZnONWs at the point of exposure to cells must take place in order to draw accurate conclusions about
their bioreactivity. However, no data exist on the stability of ZnONWSs in the presence of
phospholipids or proteins from the LLF, which represents a first contact site with the pulmonary
epithelium, or the effects of LLF on the bioreactivity with lung epithelial cells. Further research is
needed in this area in order to improve our understanding of the mechanisms that control the

bioreactivity of ZnONWs, which is essential for the regulation and safe use of this material.
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3.1 Electron Microscopy

Electron microscopy (EM) employs a beam of energetic electrons, which is controlled and
focused by a set of electrostatic and electromagnetic lenses, as the source of sample illumination.*
Electrons are generated from either thermionic sources (e.g. tungsten/LaBg filaments) or field
emission sources. Due to the much smaller wavelength of electrons compared to visible light, electron
microscopes have a much higher spatial resolution than light microscopes. The maximum resolution d

that may be achieved through the lens is proportional to the wavelength A of the incident beam:

d=-—2 (.1)

2nsina

where 7 is the refractive index of the medium and « is the half-angle of the maximum cone of
light that can enter or exit the lens. According to de Broglie’s principle for the particle-wave duality,

the wavelength 4 of a particle is inversely proportional to its momentum p:
h
=- 2
A=: (3.2)

where 4 is Planck’s constant. The momentum p is related to the kinetic energy £ of the

particle by:
p=.+2m,E 3.3)

where m, is the rest mass of an electron. Since E=eV, where e is the elementary charge and V'

is the potential through which the electrons are accelerated:

A= (3.4)
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Taking into account relativistic effects for particles travelling at speeds close to the speed of

light in vacuum c, the wavelength of the electrons can be described by:

A= L (3.5)

eV
ZmO €V(1+W>

Therefore, the wavelength of the electrons is related to the acceleration potential. In
transmission electron microscopy, electrons typically have wavelengths in the range of 10~ nm to 10~
nm. Compared to the wavelength of visible light (400 -700 nm), this much smaller wavelength
explains the higher resolution achieved by electron microscopes.

Upon interaction of a primary electron beam with a specimen, several different signals can be
generated (Figure 3.1), such as secondary electrons (SE), backscatter electrons (BSE), transmitted
electrons (if the specimen is sufficiently thin), Auger electrons, characteristic X-rays and photons.*’
Using the appropriate detectors, these signals can be collected and amplified, allowing electron
microscopes to provide not only morphological but also compositional and crystallographic

information about specimens.

BSE SE
Auger

x_
L Photons/GL

‘ —— EBIC

Elastically scattered e / \ Inelastically scattered e

Transmitted electrons

Figure 3.1 Overview of the signals generated when an electron beam interacts with a thin specimen.
In the case of a thick specimen, there are no transmitted electrons and the signal gets absorbed within
the material. BSE: backscatter electrons, SE: secondary electrons, CL: cathodoluminescence, EBIC:
electron beam induced current. Reprinted with permission from ref. ***. Copyright 2013 John Wiley &
Sons Ltd.
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Figure 3.2 Schematic diagrams of the instrumental configuration of a scanning electron microscope
(SEM; a), a transmission electron microscope (TEM; b) and a scanning transmission electron
microscope (STEM; c). CL: condenser lens, OL: objective lens, BSE: backscatter electrons, SE:
secondary electrons, EDS: energy dispersive X-rays, CL: cathodoluminescence, EELS: electron
energy loss spectroscopy, ADF: annular dark field. Reprinted with permission from ref. ***. Copyright
2013 John Wiley & Sons Ltd.

3.1.1 Scanning Electron Microscopy

The scanning electron microscope (SEM) operates by raster scanning a fine electron probe of
a few nanometres in size over a region of the sample (Figure 3.2a)."* SEM instruments typically
operate between tens of volts and 30 kV, and are usually used for the examination of bulk materials,
although thin specimens may also be examined in transmission mode. Spatial resolution is determined
by the diameter of the electron probe, which is a function of both the electron source size and the lens
configuration. However, the beam-specimen interaction volume further limits spatial resolution.
Depending on detector configuration, SEM instruments can collect secondary, backscattered and
transmitted electron signals. Moreover, signals like X-ray emission, cathodoluminescence, electron
backscatter diffraction (EBSD) and electron beam induced current (EBIC) can be detected. The most
common SEM mode is the detection of secondary electrons, whose number depends on the angle at

which the electron beam meets the surface of specimen, i.e. on surface topography.**
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3.1.2 Transmission Electron Microscopy

In transmission electron microscopy (TEM), very thin specimens (less than 100 nm thick) are
irradiated by a beam of high-energy electrons (between few tens of kV up to 1 MeV) (Figure 3.2b).
The resolution of TEM is about an order of magnitude higher than that of SEM. The resolution of a
non-aberration corrected TEM with a field emission source is around 1-2 A, whereas contemporary
aberration corrected systems have a resolution down to 0.5 A. In TEM, crystallographic information
can be obtained by using either selected area or convergent beam diffraction modes. Elemental
characterization can be provided by either energy dispersive X-ray spectroscopy (EDX) or electron
energy loss spectroscopy (EELS).*?

The contrast mechanism traditionally used for imaging biological samples by TEM is mass-
thickness contrast. Electrons that pass through the sample are scattered off-axis by elastic scattering
events. Electrons that interact with the electron clouds of atoms in the sample are scattered at
relatively small angles and may still contribute to the image, but electrons that are scattered due to
interactions with atomic nuclei are scattered to a higher angle and are less likely to contribute to the
image formation. The cross-section of scattering depends on the atomic number, Z, and on the density
and thickness of the sample. In bright field imaging, the direct beam is used to generate bright field
TEM (BFTEM) images. Areas of the sample with higher mass-thickness produce areas of lower
intensity in the resulting TEM image than areas of lower mass-thickness. The use of an objective
aperture to select the angular range of electrons that contribute to the image may greatly improve
image contrast. Mass-thickness contrast from cell organelles can be enhanced by staining the cells

with heavy metals such as osmium tetroxide.*'

3.1.3 Selected Area Electron Diffraction

Selected area electron diffraction (SAED) can be applied to examine the crystal structure of
specimens in EM.*® The electron beam is limited by a diffraction aperture to illuminate a circular
region (usually 100-200nm in diameter). The majority of electrons will travel through the sample
creating a bright central spot. Since the wavelength of high-energy electrons is a few thousandths of a
nanometre and the spacing between atoms in a solid is about a hundred times larger, the atoms act as a
diffraction grating to the electrons. Therefore, a fraction of the electrons will be scattered to particular
angles, determined by the crystal structure of the sample. As a result, a SAED pattern is obtained,

which can be used to identify crystal structures and measure lattice parameters.
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3.1.4 High-Resolution Transmission Electron Microscopy

High-resolution transmission electron microscopy (HRTEM) is an imaging mode that allows

to study properties of materials on the atomic scale.*”

Image formation in HRTEM relies on phase
contrast. Phase-contrast images are formed by removing the objective aperture or by using a very
large objective aperture. This ensures that not only the transmitted beam, but also the diffracted ones
are allowed to contribute to the image. Optical path differences result to the formation of an
interference pattern, which is also influenced by microscope parameters such as chromatic and
spherical abberations, focus, coherence and energy spread. Consequently, the interpretation of phase-

contrast images is not straightforward.

3.1.5 Scanning Transmission Electron Microscopy

In scanning transmission electron microscopy (STEM), the electron beam is focused to a

probe, which is scanned through a selected region of the specimen (Figure 3.2¢).**

The probe size,
which defines STEM resolution, depends on the quality of the source and the microscope lens system.
The signal detection relies on the angular distribution of the scattered electrons with the ability to
detect both electrons that are elastically scattered through high angles (>50 mrad: high angle annular
dark field (HAADF) detector) and electrons that are inelastically scattered through small angles (<10
mrad: bright field (BF) detector; 10-50 mrad: annular dark field (ADF) detector). The HAADF-STEM
imaging mode is highly sensitive to the atomic number of the sample. Since HAADF-STEM relies on
collecting electrons that have been scattered to high angles by Rutherford scattering, the intensity of a

HAADF-STEM image depends on Z" (n~2). Therefore, this Z-contrast imaging is highly attractive for

the detection of inorganic nanoparticles and heavy metal-stained organelles inside cells.

3.1.6 Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDX) is an analytical technique that can be used for
the elemental analysis or chemical characterization of a sample in EM.** The underlying principle for
the operation of EDX is the detection of X-rays that are generated when the electron beam interacts
with the sample. The beam may excite an electron in an inner shell of an atom, ejecting it from the
shell and creating an electron hole. This interaction leaves the atom in an excited state and in order to
return to a stable state, an electron from an outer, higher-energy shell fills the electron hole. This
process involves a reduction in energy through the emission of an X-Ray. As each element has a
unique atomic structure, the emitted X-rays are unique to each material. The number and energy of

the emitted X-rays are measured by an X-ray detector, which records an energy spectrum of intensity
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versus energy. The characteristic energy distribution in the spectrum provides information about the
composition of the sample, while the intensity of the peaks provides information about the amount of

each element present in a sample.

3.1.7 Sample Preparation

One of the challenges for imaging nanomaterials within cells or materials-cell interfaces lies
in sample preparation.®®' Sample preparation for TEM should ensure minimal alteration to the cellular
ultrastructure but also to the distribution and chemistry of nanoparticles within cells. The most
common procedure for preparing TEM samples at room temperature is fixation, dehydration and
embedding followed by ultramicrotomy. With chemical tissue fixation, cellular structures are
preserved in a state (both chemically and structurally) as close to living tissue as possible. Aldehydes
(i.e. glutaraldehyde or formaldehyde) are commonly used as crosslinking fixatives, which act by
creating covalent chemical bonds between proteins in tissue. Consequently, soluble proteins are
anchored to the cytoskeleton, which imparts additional rigidity to the tissue. Fixation is followed by
dehydration in ethanol and acetonitrile, and embedding in a plastic epoxy resin. With ultramicrotomy,
ultrathin resin embedded sections containing the cell-nanomaterial interface are mechanically

sectioned using a diamond knife.

3.1.8 Staining

To increase contrast in biological material and enhance fixation, heavy metal stains (i.e.
osmium tetroxide, uranyl acetate, lead citrate) can be used.”’

Osmium tetroxide is a strong oxidant that cross-links lipids, therefore it acts as a secondary
fixative of membranes but also increases contrast in TEM images, because of the high atomic number
of the osmium atoms. In the staining of the plasma membrane, osmium tetroxide binds to the head
regions of phospholipids, thus creating contrast with the neighbouring cytoplasm.

In uranyl acetate (UA) staining, uranyl ions bind to proteins and lipids with sialic acid
carboxyl groups (e.g. glycoproteins) and to nucleic acid phosphate groups of DNA and RNA.
Therefore UA provides contrast in membranes, nucleic acids and nucleic acids containing protein
complexes, such as ribosomes. The ability of uranyl ions to bind to phosphate groups also allows its
use for staining the headgroups of phospholipids.

Lead citrate enhances the contrasting effect for a wide range of cellular structures such as
ribosomes, lipid membranes, cytoskleleton and other compartments of the cytoplasm. The

enhancement of the contrasting effect depends on its interaction with reduced osmium, since osmium
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allows the attachment of lead ions to the polar groups of molecules. Lead citrate also interacts, to a

weaker extent, with UA and therefore lead citrate staining is employed after UA staining.

3.2 Laser scanning confocal microscopy

Laser scanning confocal microscopy (LSCM) represents one of the most significant advances
in optical microscopy, mainly by allowing visualization deep within both living and fixed cells and
tissues, and enabling the collection of sharply defined optical sections from which 3-dimensional
reconstructions can be created. In a conventional widefield optical epifluorescence microscope,
secondary fluorescence is emitted by the specimen through the whole excited volume, obscuring the
resolution of features that lie in the objective focal plane. The problem is intensified in thicker
specimens (> 2 pm), which exhibit such a high degree of fluorescence emission that most of the fine
detail of the sample is lost. The principal idea in the confocal approach is the use of spatial filtering
techniques to eliminate out-of-focus light or glare in specimens whose thickness exceeds the
immediate plane of focus. Even though resolution is somewhat enhanced with LSCM over
conventional widefield techniques, it is still considerably less than that of TEM, therefore LSCM can

be considered as a bridge between these two techniques.
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Figure 3.3 Schematic diagram of the instrumental configuration of a laser scanning confocal
microscope (LSCM).

In the setup of a LSCM (Figure 3.3), coherent light emitted by the laser system (excitation
source) passes through a pinhole aperture that is situated in a conjugate (confocal) plane with a

scanning point on the specimen. The laser light is directed by a dichroic mirror towards an assembly
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of scanning mirrors. As the laser is scanned across the specimen in a defined focal plane, secondary
fluorescence emitted from points on the specimen (in the same focal plane) is de-scanned by the same
mirrors, passes back through the dichroic mirror and is focused as a confocal point at the pinhole
aperture of the detector (e.g. photomultiplier tube). The significant amount of fluorescence emission
that occurs at points above or below the objective focal plane is not confocal with the pinhole and
forms extended Airy disks in the aperture plane. Since only a small fraction of the out-of-focus
fluorescence emission is delivered through the pinhole aperture, most of this light is not detected by
the photomultiplier and does not contribute to the resulting image. The resulting confocal 2-
dimensional images represent thin cross-sections through the sample. Refocusing the objective shifts
the excitation and emission points in the specimen to a new plane that becomes confocal with the
pinhole apertures of the light source and detector. Collection of images of planes at various depths
within the sample (known as z stacks) allows the formation of 3-dimensional reconstructions of the

sample.
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4 Effect of Lung Lining Fluid on the
Dissolution, Stability and Uptake of

AgNWs by Human Respiratory
Epithelial Cells

4.1 Introduction

One-dimensional nanomaterials are attracting increasing attention due to their unique
physicochemical properties.*® Silver nanowires (AgNWs) are considered as potential building blocks
for the next generation of optical, electronic and sensing devices.*’ 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, AgNWs may 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 relatively slow, macrophage-mediated
clearance,”® AgNWs have the potential to contribute to the buildup of dose.

Consequently, AgNWs have raised concerns due to the comparisons with asbestos fibres in
the lung and the induced mesothelioma.” *** In vitro work revealed that AgNWs were more toxic
than spherical AgNPs on alveolar epithelial cells.”' Recently, AgNWs were shown to produce dose-
dependent inflammation in murine lungs and responses dependent on both AgNW length and
dissolution rates.”* The toxicity of AgNWs has not been thoroughly investigated and discrepancies
still exist on the mechanism of biological action of AgNMs in general.**** The lack of consistency

could be in part due to the fact that most studies have not considered the fate of AgNMs in
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biologically relevant environments and alterations to the physicochemical properties of as-synthesized
NMs. This has been highlighted in recent work that revealed the sulfidation of AgNWs in cell culture

media'™®

as well as inside human alveolar epithelial type 1-like cells.” Due to the extremely low
solubility of Ag,S, 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).

Inhaled AgNWs that enter and deposit in the alveoli may adsorb LLF components, affecting
their subsequent cellular effects.”” ' 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.”> > 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.”* Previous work has demonstrated that AgNPs incubated with
DPPC were coated by a phospholipid corona, which delayed oxidative dissolution of AgNPs and
inhibited aggregation and coarsening.” However, few data exist on the stability of AgNMs in other
components of the LLF or in LLF from an animal model, as well as the consequences on the
bioreactivity of AgNWs with lung epithelial cells.

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. Moreover, the cellular uptake
and intracellular transformation of AgNWs with human alveolar epithelial type 1-like (TT1) and type
2 (AT2) cells was examined, following up to 24 hours of continuous exposure in the absence and
presence of Curosurf® or harvested primary human AT2 cell secretions (HAS). Type 2 alveolar cells
produce and continuously release pulmonary surfactant by exocytosis, therefore HAS contain both the
complete lipid as well as the full protein complement of human pulmonary surfactant.

Inductively Coupled Plasma—Optical Emission Spectroscopy (ICP-OES), in situ optical
microscopy and 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
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distribution of crystal phases, the structure of the lipid corona and the crystallinity of small
nanomaterials. ICP-OES was also used to quantify the amount of AgNWs taken up by TT1 and AT2
cells. Finally, a combination of high resolution and analytical TEM was employed to monitor the
interaction of AgNWs with TT1 cells over time. The binding of HAS proteins on AgNWs and the
effects of Curosurf® and HAS on the toxicity of AgNWs to TT1 and AT2 cells (cell viability,
inflammatory mediator release and generation of reactive oxygen species) were studied by

collaborators at the National Heart and Lung Institute and reported by Sweeney et al.**’

4.2 Methods

4.2.1 AgNW Synthesis

Pure AgNWs were synthesized using a modified polyol process, originally developed by Xia
et al*® Ethylene glycol (EG) acts as both solvent and reducing agent, whereas poly(vinyl
pyrrolidone) (PVP) is used as the capping agent. The reduction of Ag" ions by EG leads to the
formation of Ag nuclei at the early stages of the reaction. Due to the stronger affinity of PVP for the
(100) facets than the (111) facets of the Ag nuclei, this passivation leads to one-dimensional growth
and the formation of high aspect-ratio AgNWs. The process was optimized in order to: (i) Eliminate
the generation of AgNPs from the synthesis product, as the presence of different populations of
particles would confound the correlation between the observed effects and the physicochemical
properties of the particles. (ii) Avoid the use of other transition metal impurities, such as Cu **' or
Fe,** previously used to control the product morphology in the polyol synthesis of Ag nanostructures,
because their impact on the physicochemical properties of AgNWs is not well-understood. (iii)
Eliminate the need to control the rate of injection of the reactants, making the synthesis less

d.** The optimization of the synthesis conditions is described in Appendix A.

complicate

Briefly, Ethylene Glycol (EG, Sigma-Aldrich, anhydrous, 99.8%) (2.5 mL) was placed in a
double-neck round-bottom flask connected to a condenser. A stock solution of sodium chloride
(NaCl) (0.05 M) was prepared by dissolving NaCl in EG by bath sonication. The appropriate amount
of NaCl stock solution was added to the flask so that the concentration of NaCl in the final reaction
volume was 60 uM. The flask was heated in an oil bath at 160 °C for 30 minutes to remove trace
amounts of water. Meanwhile, argon flow (Ar, BOC, Pure Shield Argon) and magnetic stirring were
applied and maintained throughout the synthesis. Silver nitrate (AgNO;, 25 mM, Sigma-Aldrich,
>99%) and poly(vinyl pyrrolidone) (PVP, Sigma-Aldrich), with an average molecular weight
M,,=360k, were dissolved in EG (3.5 mL) by magnetic stirring in the dark. The molar ratio of PVP to

AgNO; in the final reaction volume was 1.5 and the concentrations of PVP were calculated in terms

of the repeating unit. To remove oxygen, the AgNO3/PVP/EG solution was purged with Ar for 30
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minutes. The AgNO;/PVP/EG solution (3.5 mL) was added to the reaction flask drop-wise. After
injection, the reaction mixture was refluxed at 160 °C and went through a number of colour changes
until the mixture became stable at approximately 90 min. The reaction was quenched by cooling the
flask in a room-temperature water bath. The reaction mixture was transferred to a centrifuge tube and
diluted with acetone 5 times by volume. The AgNWs were collected by centrifugation at 4500 rpm
for 10 min. The washing process was repeated by repeated cycles of centrifugation with ethanol and
three times with deionized (DI) water, to ensure that residual EG, PVP and unreacted Ag" ions were
removed. To confirm that most Ag” ions had been removed, their concentration in the synthesis
product was measured by Inductively Coupled Plasma—Optical Emission Spectroscopy (ICP-OES)
after ultrafiltration and was found to be under the ICP-OES detection limit (i.e. <0.6 ppb). Finally, the
sample was dispersed in deionized water (5 mL) and stored in a sealed glass container at 4 °C in the
dark, to avoid exposure to contaminations and reactions induced by the ambient atmosphere (e.g.
sulfidation due to gaseous hydrogen sulfide (H,S), carbonyl sulfide (OCS) and carbon disulfide (CS,)
in the atmosphere). All the experiments in this work were performed using a single batch of AgNWs.
Commercial AgNWs are available from at least 9 companies, with dimensions that range
between 20-200 nm in diameter and 2-200 pm in length.*** Therefore, the diameter of the AgNWs
synthesized for this work is at the average of this range while their length is at the lower-end of the
range. Most of previous in vitro and in vivo studies on AgNWs have been performed on commercially
available AgNWs.”>**>* For example, a recent work by Silva e al. compared the in vivo pulmonary
effects post instillation of commercial AgNWs of two different dimensions (“Short” AgNWs, length
2.0 um, diameter 33.1 nm and “Long” AgNWs, length 20.8 um, diameter 64.7 nm).**’ Both AgNWs
produced dose-dependent inflammation indicative of foreign body responses in the lung, but different
inflammatory responses depending on AgNW length or higher dissolution rates by the smaller
AgNWs. Details about AgNW fabrication methods are rarely disclosed by manufacturers and few
characterization data of the products are provided. However, differences in the synthesis procedures,
AgNW dimensions or capping agents may lead to differences in dissolution rates, agglomeration
kinetics and ultimately in toxicological responses.**® In this work, AgNWs were produced in-house in
order to have a full control over their physicochemical properties, which were thoroughly

characterized.

4.2.2 Animal LLF extraction

Male rats were anesthetized by injection of a lethal dose of ketamine/xylazine, and then
sacrificed by exsanguination. Bronchoalveolar lavage (BAL) was collected using buffered saline (1x-
10mL wash). Cells were removed from the BAL by centrifugation (300xg, 10 minutes at 4°C). The

supernatant (2mL) was utilized to fractionate small aggregate (SA, supernatant) and large aggregate
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(LA, pellet) portions of BAL. The LA was re-suspended in 0.9% saline. Protein content for both the
small (31.5pg/mL) and large (166.1pg/mL) aggregate fractions was determined by the bicinchoninic
acid assay (BCA), Thermo Scientific (Rockford, IL, USA). Phospholipid content of the large
aggregate fraction was assessed by determining the concentration of organic phosphate
(1.57pg/uL).**" This protocol was approved by the Rutgers University Institutional Animal Care and
Use Committee (IACUC) (Protocol Number: 06-028). The study was conducted in accordance with
the recommendations in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health.
The animal LLF extraction was carried out by Dr. Danielle Botelho in the laboratory of Prof.

Andrew Gow at the Department of Pharmacology and Toxicology, Rutgers University, United States.

4.2.3 AgNW incubations

AgNWs were incubated at a concentration of 25 pg/mL from the original stock solution (on a
Ag atom basis as determined by ICP-OES) in a temperature-controlled dri-block incubator at
physiological temperature (37 °C) for 1 hour up to 336 hours (2 weeks) in the dark. This dose was
selected in order to provide direct comparisons with previous work on spherical AgNPs” and on the
in vitro effects of AgNWs on human alveolar epithelial cells.” Accurate dosimetry in laboratory
evaluations of the effects of inhaled particles has been a subject of concern, but very few data on
AgNMs are currently available to evaluate realistic occupational and consumer exposures.™ In one
study, nanomaterial concentrations, including AgNPs, measured in air in manufacturing and research
and development laboratories were reviewed, to identify input levels for estimating the nanomaterial
mass retained in the human lung using the multiple-path particle dosimetry (MPPD) model. Model
results were then converted (using the surface area and volume delivered in different types of cell
culture well plates) to solution mass concentrations for in vitro testing. For AgNPs, alveolar retention
for a working-lifetime (45 years) exposure duration was similar to higher concentrations (~ 50-200
ug/mL), tested in in vitro studies in the literature. The alveolar retention for a 24 hour exposure
duration was equivalent to lower doses (~ 0.1-1 ug/mL) previously tested. Therefore, a dose
representative of the lower-end of those previously tested in in vitro studies of AgNMs was selected
for this study,'” whose primary aim is to deconvolute the effects of individual components of the LLF
on the physicochemistry of AgNWs.

The presence of complexing anions such as Cl” or S” is expected to lead to the precipitation of
insoluble silver species448, which would confound the measurement of free Ag" ions, therefore non-
interacting perchlorate buffers were selected as the dispersion medium. AgNWs were incubated in
Sodium Perchlorate (NaClO4-H,0O, Sigma-Aldrich, >99%) (0.1 M) and the pH of the buffers was
adjusted to 7 or 5, using either Perchloric Acid (HCIO,, Sigma-Aldrich, 70%, 99.999% trace metals
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basis) or Sodium Hydroxide (NaOH, Sigma-Aldrich, anhydrous, 99.99%). These pH values were
selected to simulate characteristic environments found in the lung. The interstitial and alveolar
extracellular fluids have a pH of ~7.4* and the cell cytoplasmic pH is ~7.2. In the endocytic
pathway of the cells, the pH decreases progressively from the early endosomes (pH~6.5) to late
endosomes (pH<6.0) and ultimately lysosomes (pH<5.5).**

To study the effect of each component of the lung surfactant on the stability of AgNWs,
various combinations of these components were incubated together. Human surfactant consists mostly
of phospholipids, with the most abundant being DPPC, therefore DPPC was used to study the effect
of phospholipids. The effect of the two hydrophobic surfactant-associated proteins, SP-B and SP-C,
was investigated using Curosurf® or the large aggregate (LA) fraction of murine LLF. Curosurf® is a
natural surfactant, prepared from porcine lungs and used for the treatment of endogenous pulmonary
surfactant deficiencies by intratracheal administration. Curosurf® contains almost exclusively
phospholipids but also about 1% of SP-B and SP-C, therefore resembles LA in its composition.
Finally, the roles of SP-A and SP-D on the stability of AgNWs were studied by adding the small
aggregate (SA) fraction of murine LLF. SA contains the more soluble components of the lung lining
fluid, such as the non-specific lung proteins IgG and albumin, but also the collectins SP-A and SP-D.
Atochina et al. showed that, in the bronchoalveolar lavage of control healthy mice, over 90% of
phospholipids, 100% of both SP-B and SP-C and about 60% of SP-A, could be found in the large
aggregate fraction. In contrast, the majority of SP-D and the remaining SP-A were found in the SA
fraction.*!

A stock solution of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Sigma-Aldrich,
semisynthetic, >99%) (10 mg/mL) in DI water was prepared by magnetic stirring overnight. DPPC,
Curosurf® (poractant alfa, Chiesi Farmaceutici, S.p.A.) and LA were used at amounts that correspond
to a total lipid concentration of 100 ug/mL. SA was used at amounts that correspond to a total protein
concentration of 100 pg/mL. These concentrations were chosen to correspond to the average values
observed in the surfactant obtained from the bronchoalveolar lavage fluid of healthy persons.*’ For the
phospholipids that constitute most of pulmonary surfactant, the critical micelle concentrations (CMC)
fall within the range of 107" to 10~ M.** For DPPC, for instance, a CMC of 10™'° M is equivalent to
7.34x10” pg/mL, therefore the formation of micelles is expected in our experiments. However, in
essentially all of the in vitro studies, and at estimated physiological concentrations, pulmonary

surfactant is well above its CMC.*?

4.2.4 Scanning Electron Microscopy (SEM)

The morphology and size distribution of the AgNWs were characterized using a LEO 1525
Field Emission Gun Scanning Electron Microscope (FEG-SEM, Carl Zeiss Microscopy GmbH, UK).
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The SEM was operated in secondary electron mode at an accelerating voltage of 5 kV, using the
InLens detector. Samples were prepared by drop-casting aliquots of the AgNW suspensions on a
piece of silicon wafer and dried under ambient conditions in a fume cupboard and in the dark.
Samples were stored under vacuum and in the dark. The size distribution of the AgNWs was

characterized using SEM images and ImagelJ software (http://rsb.info.nih.gov/ij/).

4.2.5 Transmission Electron Microscopy (TEM) Sample Preparation

To prepare TEM samples from the incubated AgNWs, aliquots were removed at each time
point and, after washing three times with DI water to remove excess salts or organic surfactant, they
were drop cast on 300 mesh holey carbon film TEM grids (TAAB) in the dark. The grids were blot-
dried with filter paper and were immediately placed under vacuum and in the dark to avoid reactions
induced by ambient atmosphere. The grids were imaged within a period of 2 weeks to ensure that no
degradation of the wires takes place under long storage periods. This was confirmed by preparing
TEM samples from as-synthesized AgNWs and performing TEM analysis after a storage period of up
to 3 months under vacuum, with no changes in their physicochemical properties detected (more than
100 wires analyzed, Figure Al, Appendix A). To enhance phospholipid contrast, samples were

positively stained for 40 s with 2% uranyl acetate in water.

42.6 TEM

Bright field transmission electron microscopy (BFTEM), high resolution transmission
electron microscopy (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 carried out using a JEOL JEM-2100F fitted with an EDX
detector (Oxford Instruments). The scattering intensity in HAADF-STEM is proportional to Z" (n ~
2), therefore this technique is highly sensitive to atomic number (Z) variations within the sample. An
accelerating voltage of 200 kV was used for both TEM and STEM experiments. For STEM
experiments, the inner and outer HAADF collection angles were 150 and 400 mrad, respectively, and

the probe diameter was <1 nm.

4.2.7 Light Microscopy (LM)

Aliquots were removed from the incubated AgNWs, placed on a clean glass slide,

coverslipped and immediately observed in reflectance mode, using a Leica DM2500 with reflected
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axis LED light source and a Leica DFC295 camera. The objective lenses used were an Olympus

50x/aperture 0.75 and an Olympus 100x/aperture 1.25.

4.2.8 Statistics

The LM/SEM/TEM images presented and the statistics on particles were obtained by viewing
several AgNWs (n>100 for each sample), from multiple areas of three samples prepared under

identical conditions.

4.2.9 Inductively Coupled Plasma—Optical Emission Spectroscopy (ICP-OES)

To determine the amount of free Ag” ions released from the incubated AgNWs at 1 hour up to
336 hours, aliquots were collected at each time point and centrifuged at 13000xg for 10 minutes
through 2 kDa centrifuge membranes (Sartorius Stedim VIVACON 500) to remove the AgNWs. The
amount of Ag' in the filtrates was measured by Inductively Coupled Plasma—Optical Emission
Spectroscopy (ICP-OES, Thermo Scientific, UK) with a silver detection limit of 0.6 pg/L. Each
experiment was repeated three times and the results are given as the mean + standard deviation of the
three repeats. The method of centrifugal filtration used leads to 100% of Ag” ion recovery, as has
previously demonstrated in a control experiment where a solution of AgNO; in DI water was
subjected to filtration and the total amount of Ag" added was measured by ICP-OES in the filtrate.'®
To confirm that secondary AgNPs are also filtered by the centrifuge membranes, AgNWs were
incubated at pH 7 for 24 hours. The Ultraviolet-Visible (UV-Vis) spectrum of the sample was

collected before and after filtration, with no peaks observed in the spectrum after filtration (Figure

A2, Appendix A).

4.2.10 TT1 and AT2 cell models

Ethics Statement: The human lung tissue used in this work was surplus tissue obtained
following resection for lung carcinoma. Written informed consent was obtained for all samples and
the study was carried out with the approval of the Royal Brompton and Harefield Ethical Committee
(Ref: 08/H0708/73).

The laboratory of Prof. Teresa Tetley has previously immortalised human AT]1-like cells
(derived from freshly isolated and cultured primary human AT2 cells) using transduction with the
catalytic subunit of telomerase (human telomerase reverse transcriptase; hTERT) and a temperature
sensitive mutant of simian virus 40 large-tumour antigen.*” These AT1-like (transformed type-1-like;
TT1) cells, the first human AT1-like cell line to be produced, are negative for the AT2 cell markers
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SP-C, alkaline phosphatase and thyroid transcription factor-1. Moreover, TT1 cells do not contain
lamellar bodies. They display a thin, attenuated morphology containing vesicles, being caveolae
positive. TT1 cells were cultured to confluence in either 24-well culture plates (for uptake study) or
96-well culture plates (for all other assays) using DCCM-1 tissue culture medium with 10 % new-
born calf serum (NCS), 0.05% G418 and 10% PSG. An initial cell seeding of 1x10°/well (24 well
culture plate) 0.1x10°/well (96 well culture plate) yielded a confluent monolayer after 48 hours.
Growth medium was replaced with serum-free DCCM-1 24 hours prior to AgNW exposure. Cells
were incubated in humidified 5% CO,/95% air at 37°C.

Primary human AT2 cells were isolated from human lung of grossly normal appearance
obtained following resection for lung carcinoma, as described by Witherden and Tetley.** Cells were
isolated from a minimum of three subjects per experiment, with a total of fifteen subjects used in this
study. Briefly, lung tissue sections were perfused by injection of 0.15 M sterile sodium chloride
saline solution until the draining lavage ran clear and the cell count was < 1x10*cells/ml. The tissue
was then perfused with trypsin (0.25% in Hanks balanced salt solution) and incubating at 37°C for 45
minutes; trypsin was replaced twice during the incubation period. The tissue was then finely chopped
in the presence of NCS, shaken for five minutes with DNase (250 ug/ml) at room temperature and
passed through a 400 um filter followed by a 40 um filter to remove large tissue debris. The cell-
containing filtrate was then centrifuged at 1300 rpm for 10 minutes and the resulting pellet was re-
suspended in DCCM-1 culture medium containing 50 pg/ml DNase. Cells were then incubated in
tissue culture flasks for two hours (humidified incubator, 5% CO0,/95% air at 37°C) to allow
differential adherence and removal of contaminating mononuclear cells. Non-adherent AT2 cells were
removed after 2 hours and the cell suspension was centrifuged at 1300 rpm for 10 minutes. The
resulting pellet was re-suspended in a DCCM-1 culture medium containing 10%NCS and 1% PSG
and cells were seeded on 96 well culture plates at 0.1x10° cells/well or 24 well culture plates at
0.5x10° cells/well. The 96 well culture plates were pre-coated with 50 ul of 1% PureCol collagen
solution (Leimuiden, Netherlands; Type I collagen) and allowed to air dry. Cells reached confluence
after 48 hours. These cells have been thoroughly characterised using electron microscopy, which
shows that the cells are cuboidal in morphology, have surfactant-containing lamellar bodies, tight
junctions and microvilli. Furthermore they stained positively for the AT2 cell marker alkaline
phosphatase and express surfactant proteins A and C and maintain their phenotype for up to six
days.**

The cell work was carried out by Dr. Sinbad Sweeney in the laboratory of Prof. Teresa Tetley
at the National Heart & Lung Institute, Imperial College London.
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4.2.11 Preparation of Curosurf® or HAS pre-incubated AgNWs

Harvested primary human AT2 cell secretions (HAS) were prepared by first culturing primary
human AT?2 cells to confluence in 24 well plates. Because pulmonary surfactant lies in very close
proximity to the cells, 900ul (of the Iml total culture medium) were removed to waste, leaving the
remaining 100pl (containing the pulmonary surfactant and other AT2 cell secretions) undisturbed.
The cultures were then rinsed with RPMI 1640 culture medium and the HAS-containing rinses were
pooled. Following this, no further processing of the HAS was performed. AgNWs were incubated at
room temperature and with agitation for 1 hour with a 1:1000 dilution of Curosurf® in RPMI 1640
culture medium, or with undiluted HAS. The incubated AgNWs were then centrifuged at 10000 x g
for 10 minutes and the pellet was washed twice with PBS by repeated cycles of centrifugation.
Following washing, the pre-incubated AgNWs were suspended in RPMI 1640 culture medium, ready
for cell exposure. HAS contain the complete lipid as well as the full protein complement of human
pulmonary surfactant, and were used to investigate the effect on uptake of AgNWs in TT1 cells.

This work was carried out by Dr. Sinbad Sweeney in the laboratory of Prof. Teresa Tetley at
the National Heart & Lung Institute, Imperial College London.

4.2.12 TT1 and AT2 treatment with AgNWs

TT1 cells were treated with AgNWs (bare or with Curosurf® or HAS) at concentrations
ranging from 0.1 - 25pg/ml, prepared in RPMI 1640 culture medium. AT2 cells were treated with
bare AgNWs at concentrations ranging from 1 - 25ug/ml, prepared in RPMI 1640 culture medium.
Both TT1 and AT2 cells were treated for 4 and 24 hours after which the conditioned medium
containing the extracellular AgNWs, was removed. Cells were washed three times with PBS, and
fresh RPMI 1640 culture medium was added for a further 24 hours to determine the bioreactivity
status of the cells one day post-exposure.

This work was carried out by Dr. Sinbad Sweeney in the laboratory of Prof. Teresa Tetley at
the National Heart & Lung Institute, Imperial College London.

4.2.13 Quantification of Ag in culture medium and cells by ICP-OES

To quantify the amount of AgNWs taken up by TT1 and AT2 cells, TT1 cells were treated
with AgNWs (bare or with Curosurf® or HAS) and AT2 cells were treated with bare AgNWs; the total
amount of AgNWs added to TT1 or AT2 cells for the uptake study was 25ug (i.e. 1 ml of a 25 ug/ml
solution of AgNWs, prepared in RPMI 1640 culture medium). Both TT1 and AT2 cells were exposed

for 1 and 24 hours, after which the treatments were removed. The cells were rinsed three times with 1
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mL of fresh RPMI 1640 culture medium. The initial treatments and subsequent washes, containing the
extracellular AgNWs, were collected and stored at -21 °C until further processing. Cells were scraped
with 1 ml of fresh RPMI 1640 medium and stored at -21 °C. Each experiment was repeated three
times. Cell culturing and exposure to AgNWs was performed by Dr. Sinbad Sweeney.

The amounts of Ag associated with the cells (i.e. the amount of AgNWs bound to the plasma
membrane plus the amount internalized), as well as the extracellular amounts of Ag, were determined
by ICP-OES, following acid digestion. Digestion procedures using only nitric acid (HNO;) have been
shown to produce inaccurate results for Ag analyses, whereas digestions based on mixtures of HNO3

and hydrochloric (HCI) acids lead to high Ag recovery rates.””

Therefore, the cell pellets and 400 uL
aliquots of the extracellular medium samples were digested with 5 mL of a 1:3 mixture of HNO;
(69%) and HCI (37%) overnight. The samples were diluted 10 times in ultrapure water (Milli-Q),

yielding clear digest solutions, and analysed by ICP-OES.

4.2.14 TEM, HRTEM and STEM-EDX analysis of AgNW uptake

Following the same treatment as described in paragraph 3.2.13, cells were rinsed with fresh
RPMI 1640 culture medium and then fixed in 2.5% glutaraldehyde in 0.1M PIPES buffer, pH 7.2 for
1 hour at 4°C. The fixatives were removed by washing the cells with 0.1 M PIPES buffer times. Cells
were scraped, transferred to 1.5 mL Eppendorf tubes and centrifuged at 1000 g for 20 minutes to
obtain cell pellets. The cell pellets were dehydrated in graded solutions of ethanol (50%, 70%, 95%,
and 100%), for 5 minutes three times in each, and then washed three times, for 10 minutes each, in
acetronitrile (Sigma). After dehydration, samples were progressively infiltrated with a Quetol-based
resin, produced by combining 8.75 g quetol, 13.75 g nonenyl succinic anhydride, 2.5 g methyl acid
anhydride, and 0.62 g benzyl dimethylamine (all from Agar Scientific). Samples were infiltrated in a
50% resin:acetonitrile solution for 2 hours, in a 75% resin:acetonitrile solution overnight and in
100% resin for 4 days, with fresh resin being replaced daily. The embedded samples were cured at 60
°C for 24 hours. Thin sections (90 nm) were cut from the resin blocks directly into a water bath using
an ultramicrotome and a diamond knife with a wedge angle of 35°. Sections were immediately
collected on bare, 300 mesh copper TEM grids (Agar Scientific), dried and stored under vacuum until
TEM analysis. No heavy metal staining process was used, as osmium tetroxide and potassium
ferricyanide have been shown to cause substantial changes in the morphology and chemistry of
AgNWs?

Bright field transmission electron microscopy (TEM) imaging was performed on a JEOL
2000 microscope operated at 80 kV. High Resolution Transmission Electron Microscopy (HRTEM)
and Scanning Transmission Electron Microscopy (STEM) was performed at 80 kV on a FEI Titan
80-300 TEM/STEM, fitted with a Cs (image) corrector and a SiLi Energy Dispersive X-Ray (EDX)
spectrometer (EDAX, Leicester UK). HRTEM and HAADF-STEM-EDX analyses were performed on
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non-stained samples. HAADF-STEM experiments were performed with a convergence semi-angle of
14 mrad and inner and outer HAADF collection angles of 49 and 239 mrad, respectively. The probe

diameter was <0.5 nm.

4.3 Results

4.3.1 Characterization of as-synthesized AgNWs
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Figure 4.1 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).

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

conditions, as previous work has shown that the chemistry of AgNWs changes if they are exposed to
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the environment.'™ Scanning electron microscopy (SEM) of the as-synthesized product showed that it
is composed only of nanowires (Figure 4.1a). The length distribution of AgNWs, measured from
several representative SEM images using ImageJ software, had an average of 1.5 + 1.4 um (Figure
2.1b), while the diameter distribution had an average of 79 = 21 nm (Figure 4.1c). Bright Field
Transmission Electron Microscopy (BFTEM) (Figure 4.1d) revealed a pentagonal cross-section of
the wires, since AgNWs synthesized by the polyol process grow from five-fold twinned Ag seeds
176

formed at the early stages of the reaction.

High Resolution TEM (HRTEM) images (Figure 4.1e), were 2.36 + 0.04 and 2.10 + 0.04 A, which

The lattice fringe spacings measured from phase contrast

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 4.1f) were 2.35 +
0.04, 2.04 £ 0.02, 1.43 £ 0.01 and 1.22 + 0.01 A, which are consistent with the bce 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 4.1e) corresponds to the PVP coating (Figure 1d). STEM-EDX shows that the AgNWs are
composed of pure Ag (Figure 4.1g, h) and confirms the absence of impurities in the synthesized

product. Finally, as-synthesized AgNWs had a negative surface charge of -14.8 + 0.1 mV in DI water.

4.3.2 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.””*" 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 4.2a). At pH 7, Ag" release was
negligible, and appeared to decrease over time, which could be correlated with the formation of
AgNPs as discussed in Chapter 4.3.5. On the other hand, pH 5 resulted in a higher ion release rate, as
has been reported for citrate-AgNPs.” In the presence of complete LLF at pH 7, 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 4.2b and Curosurf” + SA, Figure 4.2¢) had
no effect on the amount or rate of Ag” ions released at pH 7. 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 4.2a). This decrease in dissolution was
further investigated by incubating AgNWs in combinations of individual LLF components (Figure
4.2b, ¢). 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.” 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
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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 pH 5, 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 pg/mL, which is very low and unlikely to be toxic to cells. According
to Cronholm ef al., 1 ug/mL of Ag" (added as AgNO;) did not cause a significant increase in cell
death in human lung cell lines (A549 and BEAS-2B).*"!
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Figure 4.2 (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 (pH 7 and pH 5), in the presence and absence of LLF (a), DPPC + SA (b) or Curosurf®+
SA (c), for 1 hour up to 336 hours (14 days).

Page|124



Results

pH 5+LLF

7 days
[
(b) 1 hour +DPPC +Curosurf +LA

‘20 \ ‘20 ] ﬂ E
‘20 4 ‘20 ) ﬂ

1 hour

pH7

pH 5

24 hours 7 days

—_—
2]
S

pH 7+Curosurf+SA

pH 5+ Curosurf+SA

X-ray counts
(x10%a.u.)

0 15 20 25 30 35 40

Energy (keV)

Figure 4.3 (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). (c) 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
(i1, v) and 7 days (iii, vi). (d) A BFTEM image of AgNWs incubated at pH 5 for 14 days. (¢) A
HAADF-STEM image and (f) a STEM-EDX spectrum from the area marked in (d) of AgNWs
incubated with SA for 24 hours.
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4.3.3 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 artefacts during sample preparation for electron microscopy. Incubation of AgNWs in
complete LLF (Figure 4.3a), at both pH 7 (Figure 4.3a, i-iii) and pH 5 (Figure 4.3a, iv-vi) led to
agglomeration of the wires, which was evident after 24 hours (Figure 4.3a, ii and v) and 7 days
(Figure 4.3a, iii and vi). AgNWs were then incubated in individual LLF components, to examine
which are responsible for the observed agglomeration. In the absence of biomolecules, incubation at
both pH 7 (Figure 4.3b, i and ii) and pH 5 (Figure 4.3b, vi and vii) for 1 hour (Figure 4.3b, i and
vi) up to 1 week (Figure 4.3b, 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 4.3b, iii and viii), Curosurf® (Figure 4.3b, iv and ix) or the LA (Figure 4.3b, v and x) had
no effect on the apparent dispersion of AgNWs. These observations are in agreement with previous
work, where small angle X-ray scattering (SAXS) data indicated that DPPC prevented AgNPs from
agglomeration.” However, addition of the SA to Curosurf”, at both pH 7 (Figure 4.3c, i-iii) and pH 5
(Figure 4.3¢, iv-vi), resulted to agglomeration of the wires, observed from 24 hours of incubation
(Figure 4.3c, ii and v). To compare with previous findings, where incubation of citrate-AgNPs at pH
5 resulted to aggregation and coarsening of the NPs,”” TEM imaging was performed, but no pH-
induced coarsening of the AgNWs was observed (Figure 4.3d). 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.*> 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 Ag,S on the surface of AgNWs.'®”
% Incubation of AgNWs with SA, which includes the thiol-containing SP-A and SP-D proteins, did
not result in precipitation of Ag,S (Figure 4.3d, 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.'®

4.3.4 Characterization of the 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 4.4b) to an average of 7.6 = 5.2 nm, compared to that of AgNWs in the absence of
phospholipid components (Figure 4.4a), which was attributed to the coating of AgNWs by
phospholipids.
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Figure 4.4 (a-d and f-g) BFTEM images of AgNWs incubated in pH 7 buffer (a), with DPPC (b-d),
Curosurf® (f) and LA (g). In (c, d) and (f-g) 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).

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 phospholipids**, enhancing contrast. AgNWs incubated with DPPC, Curosurf® or the LA
showed striations that are parallel to the long axis of the AgNWs (Figure 4.4¢c, 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.**® 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
4.4e), was 3.8 £ 0.5 nm, which is close to the hydrocarbon bilayer thickness of 4.16 nm calculated by
Park et al™® The hydrophobic fatty acid tails of the DPPC molecule are comprised by 16
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hydrocarbons. Assuming that the carbon chains are stretched and a chain length between one carbon
and the next of 1.3 A, they estimated the maximum length of DPPC at 2.08 nm and thus 4.16 nm for a
bilayer.**® The average DPPC bilayer thickness previously measured by AFM was 5.0 nm, and was
shown to vary as a function of temperature and analysis technique.*’” The DPPC bilayer thickness on
citrate-AgNPs measured by TEM was 4.3 nm.” STEM-EDX analysis at the surface of AgNWs
(Figure 4.5a) revealed the presence of phosphorous (Figure 4.5b), while STEM-EDX elemental
mapping for silver (Figure 4.5¢) and phosphorous (Figure 4.5d) confirmed that AgNWs were coated
by phospholipids (Figure 4.5e).

—

Energy ikeV)

Figure 4.5 (a) HAADF-STEM image of a single AgNW and (b) corresponding EDX spectrum
collected from the area circled in (a), confirming the presence of phosphorus on the surface of
AgNWs. The samples was positively stained with uranyl acetate to enhance phospholipid contrast. (c-
e) The boxed area in (a) was further characterized by STEM-EDX (c¢) silver (Ag) and (d) phosphorus
(P) elemental mapping. (e) The overlaid image confirms that AgNWs are coated by phospholipids.

4.3.5 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 4.6a,
b), whereas in the presence of DPPC, inside the phospholipid layer (Figure 4.6e-f). After 7 days, a
larger number of NPs were observed (Figure 4.6¢c, d, Figure 4.7a). Analysis of their chemistry by
STEM-EDX revealed only the presence of Ag (Figure 4.7b) (the silicon (Si) peak is due to Si
contamination of the carbon grids)*®. Since the buffers used for the incubation of the AgNWs only
contained perchlorate ions, precipitation of insoluble Ag compounds such as Ag,O, AgCl, Ag,S or
Ag;PO, could not have occurred in solution. STEM-EDX elemental mapping (Figure 4.7¢) excluded
the formation of these Ag compounds as a result of environmental contaminations during the
experiments. HRTEM (Figure 4.7d) revealed a lattice spacing of 2.37 + 0.07 A, which corresponds to
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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

AgNPs.

Figure 4.6 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 NPs
formed were trapped in the PVP capping layer of AgNWs. (¢c) AgNWs incubated at pH 7 for 7 days.
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 pH 5 for 7 days. (e) AgNWs incubated
at pH 7 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.

These AgNPs were never detected in as-synthesized samples, by neither SEM (Figure 4.1a)
nor TEM/STEM (Figure 4.1d, 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,™ 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.*” **° Previous studies also reported that Ag”
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ions released from AgNPs were reduced by PVP and formed a secondary population of smaller
AgNPs.* %2 The size evolution of the particles (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 4.7e). 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 4.7f), possibly due to the higher rate of Ag" ion release from AgNWs
at pH 5. After 2 weeks, the size of AgNPs decreased, possibly due to dissolution of AgNPs

themselves, which is faster at pH 5.
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Figure 4.7 HAADF-STEM imaging, STEM-EDX elemental analysis and mapping and HRTEM
characterization of the secondary nanoparticles from the original AgNWs. (a) HAADF-STEM image
of AgNWs incubated in pH 7 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 pH
7 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 pH 7 (e) and pH 5 (f), for
24 hours and 14 days.
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4.3.6 AgNW uptake by TT1 and AT2 cells
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Figure 4.8 ICP-OES quantification of TT1 and AT2 intracellular (a) and extracellular (b) AgNWs

following 1- and 24-hour treatments. (c) Percentage of recovery of total applied Ag.
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The same AgNWs used in this work had previously been used in a study that showed their
uptake by TT1 cells by TEM.> AgNW uptake was rapid, as AgNWs had been found in the cytoplasm
and membrane-bound vesicles of TT1 cells after a 1-hour exposure.’ Therefore, in the present work,
the extent of AgNW uptake by TT1 and AT2 cells over 24 hours was quantified by measuring the
intracellular amounts of Ag, following continuous exposures for 1 hour and 24 hours. Moreover, the
effect of LLF on AgNW uptake was examined using two surfactant models: Curosurf® and HAS,
which contains the complete lipid and full protein complement of human pulmonary surfactant. TT1
cells took up approximately 53% of the 25 pug of AgNWs applied following 1-hour exposure, and
66% of the 25 ug of AgNWs applied, following 24-hour exposure (Figure 4.8a). Pre-incubation of
the AgNWs with Curosurf® resulted in a slightly higher uptake; TT1 cells took up approximately 58%
of the 25 ug of AgNWs applied, following 1-hour exposure, and 84% of the 25 nug of AgNWs applied,
following 24-hour exposure (Figure 4.8a). Strikingly, pre-incubating the AgNWs with HAS resulted
in a significant reduction in uptake; TT1 cells took up only around 5 and 8% of the 25 ug of AgNWs
applied, following 1- and 24-hour exposures, respectively. There was no AgNW uptake by AT2 cells
after 1- or 24- hour exposures (Figure 4.8a).

In agreement with the ICP-OES quantification data, BFTEM imaging showed that bare
AgNWs were taken up by TT1 cells following 1- and 24-hour exposures (Figure 4.9a, b, g, h). As
previously demonstrated,’ some of these AgNWs entered the TT1 cells by piercing the cell membrane
(Figure 4.9b). This “needle-like” mechanism of insertion into cells has also been reported for

) . 463
functionalized carbon nanotubes.

After 24 hours, AgNWs were located in endosome/lysosome-like
vesicles (Figure 4.9g, h). AgNWs that had been pre-incubated with Curosurf® were also internalised
and showed very similar uptake processes to bare AgNWs, indicating endosomal uptake of the
AgNWs (Figure 4.9¢, d, L, j). AgNWs were located in endosome/lysosome-like vesicles as well as in
the cell cytoplasm following 1-hour and 24-hour treatments of TT1 cells (Figure 4.9¢, d, i, j). Both in
the absence and presence of Curosurf®, degradation in the morphology of AgNWs was observed,
including hollowing-out and formation of small nanoparticles (Figure 4.9h, j). As described below,
this degradation was further examined by STEM-EDX and HRTEM. In contrast to bare AgNWs and
AgNWs pre-incubated with Curosurf”, BFTEM imaging revealed very little uptake of AgNWs that
had been pre-incubated with HAS for 1 hour (Figure 4.9e, f). After 24 hours, some AgNWs pre-

incubated with HAS were found extracellularly to the TT1 cells, close to the cell membrane (Figure

4.9k, 1). This low uptake of AgNWs + HAS corresponds with the ICP-OES data.

8}
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AgNWs+HAS

AgNWs AgNWs+Curosurf®

1 hour

AgNWs AgNWs+Curosurf® AgNWs+HAS

24 hours

Figure 4.9 BFTEM imaging of AgNW uptake by TT1 cells. TT1 cells were exposed to AgNWs in the
absence (a, b, g, h) and presence of Curosurf® (c, d, i, j) or HAS (e, f, k, 1) for 1 hour (a-f) and 24
hours (g-1). (b, d, h, j and 1) are magnifications of the areas squared in (a, c, g, i and k), respectively. N
= nucleus, C = cytoplasm, E/L = endosome/lysosome, ES = extracellular space.
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Figure 4.10 HAADF-STEM imaging and STEM-EDX analysis of TT1 epithelial cells exposed to
AgNWs in the absence (a-c, k-1) and presence of Curosurf® (d-f, m-o) or HAS (g-i, p-r), for 1 hour (a-
i) and 24 hours (j-r). The images show changes in the morphology of AgNWs after their interaction
with TT1 cells. (b, ¢, h, k, n and q) are magnifications of the areas squared in (a, d, g, j, m and p),
respectively. STEM-EDX spectra (c, f, 1, 1, o, r) were collected from the corresponding areas 1-6
marked in (b, e, h, k, n and q). The presence of sulfur in the EDX spectra indicates that the interaction
of AgNWs with TT1 cells leads to dissolution and precipitation of Ag,S.
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AgNWs

AgNWs + Curosurf®

500 nm 100 nm A dae
Figure 4.11 BFTEM (a, b, d, ¢) and HRTEM (c, f) images of TT1 epithelial cells incubated with

AgNWs for 24 hours in the absence (a-c) and presence of Curosurf”. (a) and (d) were collected from
the same areas shown in Figure 4.10 (k) and (n), respectively.

HAADF-STEM imaging confirmed changes in the morphology of AgNWs (bare and with
Curosurf”) taken up by TT1 cells after 1- (Figure 4.10a, b, d, e) and 24-hour exposures (Figure
4.10j, k, m, n). Ag(L) peaks and S(K) peaks were detected in the STEM-EDX spectra collected from
the edge of the wires (Figure 4.10c, f, 1, 0), suggesting the formation of silver sulphide (Ag,S). A
previous study has shown that intracellular internalisation of bare AgNWs by epithelial TT1 cells
resulted in the dissolution of the AgNWs and the precipitation of highly insoluble Ag,S (K, = 5.92 x
107").* This Ag,S formation could act as a “trap” for free Ag”, thus significantly limiting the short-
term toxicological effects of AgNWs. HRTEM imaging revealed that, following a 24-hour exposure
to bare AgNWs, crystalline particles had precipitated, with a lattice spacing of 3.02 = 0.09 A, which is
close to the spacing of the (111) planes of monoclinic Ag,S (ref. # 00-014-0072) (Figure 4.11a-c). In
the case of AgNWs + Curosurf®, the lattice fringe spacing measured was 2.49 = 0.08 A, which is
close to the spacing of the (112) planes of monoclinic Ag,S (ref. # 00-014-0072) (Figure 4.11d-e).
These findings, confirm the precipitation of crystalline Ag,S intracellularly. In accordance to BFTEM
observations, HAADF-STEM showed very little uptake of AgNWs that had been pre-incubated with
HAS for 1 hour (Figure 4.10g, h). After 24 hours, HAADF-STEM imaging showed that extracellular
AgNWs were close to but separated from the plasma membrane (Figure 4.10p, q). Although pre-
incubating AgNWs with HAS significantly reduced uptake of the AgNWs, they remained in close
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proximity to the TT1 cells and STEM-EDX indicated that there was dissolution and precipitation of
Ag,S (Figure 4.10i, r).

4.4 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 AgNMs, these transformations must be thoroughly examined. In the present work, by
performing careful characterization using both in sifu techniques to track dynamic information about
the colloidal stability of the AgNWs and spatially resolved high resolution elemental analysis, the
system parameters (i.e. pH, phospholipids, surfactant proteins, and capping agents) have been
deconvoluted, and new insights on the effects of each parameter on the stability of AgNWs have been
provided.

In summary, ex vivo adsorption of surfactant lipids on AgNWs has been shown for the first
time. 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, the small
aggregate fraction of the LLF was demonstrated to be responsible for the agglomeration of AgNWs
observed in LLF as well as the decreased release of Ag ions. The generation of a secondary
population of AgNPs from the original AgNWs has also been shown, possibly due to the reduction of
Ag" ions by the PVP capping of the wires. Alterations of AgNW properties in the LLF were
confirmed to have a significant impact on the uptake of AgNWs by TT1 cells. Pre-incubation of the
AgNWs with HAS resulted in a dramatic decrease in AgNW internalization, which may be attributed
to the SA-induced agglomeration of AgNWs observed in the LLF.

4.4.1 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 AgNW dissolution in different cellular compartments.
The dissolution of AgNPs is considered to be via a cooperative oxidation that involves both protons

and dissolved oxygen:’®
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1
ZAg(S) + EOZ(aq) + 2H+(aq) = 2Ag+(aq) + HZO(I) (41)

In the above 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
the data presented here, that the kinetics of AgNW dissolution are affected by the pH. Similar
observations have been made for both citrate’” and PVP capped AgNPs.**> However, the maximum
concentrations of Ag' ions measured are not likely to significantly contribute to the toxicity of

AgNWs "

4.4.2 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 previous work,
where DPPC coating of citrate-AgNPs delayed Ag' ion release and prevented aggregating and
coarsening.”” It has previously been suggested that the DPPC coating acts as a diffusion barrier to
molecular oxygen, decreasing the ion release kinetics. Here, it is suggested 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.'® This observation may now explain previous findings where
the bronchoalveolar lavage improved the dispersion of AgNPs.*** The adsorption of lipids on AgNWs
could directly affect their uptake by cells and the intracellular responses. Research on other classes of
nanomaterials has shown, for instance, that lipid adsorption led to increased internalization of TiO,
NPs*” and SWCNTs*'"’ by macrophages. In another work, human LLF increased the uptake of
polystyrene NPs by human alveolar epithelial cells, regardless of NP size or surface modification.*®
Moreover, coating MWCNTs*'' or SWCNTs*"?  with lipids evoked an increase in intracellular
reactive oxygen species (ROS) production. However, in the present work, pre-incubation of AgNWs
with Curosurf® did not significantly alter the internalization of AgNWs by TT1 cells. Furthermore, in
agreement to this finding, Curosurf® had no significant effect on the inflammatory (Figure 4.13) and
reactive oxygen species (ROS)-generating potential (Figure 4.14) of AgNWs, as reported by

Sweeney et al.**’
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4.4.3 Effect of surfactant-associated proteins

The addition of SA further reduced the amount of Ag" ions released, which explains the
decreased dissolution observed at pH 5 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
AgNWSs, at both pH values tested, consequently lowering the available surface area and thus the
dissolution rate. Recent work has suggested that incubation of various types of NPs with SP-A/D led

to NP agglomeration,” 2"

possibly through the selective binding of SP-A and/or SP-D to the
NPs.2'* 4% %6 Sweeney ef al. used the same AgNWs as the present work to examine protein binding
from HAS collected from human AT2 cells, by Western blot analysis.* Only 10% and 13% of the
total protein available in HAS bound to 1 and 25 pg/ml™' of AgNWs respectively, following 1-hour
incubation (Figure 4.12a). However, SP-A was specifically found to bind to AgNWs as indicated by
both an increase in the amount of SP-A in the AgNW-containing pellet and a decrease in the amount
of SP-A in the corresponding supernatant following centrifugation (Figure 4.12b). SP-D was also
found to bind specifically to AgNWs (Figure 4.12¢).”’ Therefore, the agglomeration of AgNWs
observed in the SA fraction of murine LLF may be attributed to the specific binding of SP-A and

SP-D on AgNWs.
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Figure 4.12 Total HAS protein and SP-A/SP-D protein binding to AgNWs. (A) Proportion of total
protein available in HAS, bound to 1 and 25 pg/mL of AgNWs. (B) Amount of SP-A (left) and SP-D
(right) protein bound to 1 and 25 pug/mL of AgNWs. The amount of SP-A or SP-D in the pellet (P)
and the amount of SP-A or SP-D in the corresponding supernatant (S) is shown following
centrifugation, in the absence and presence of AgNWs. Reprinted with permission from **°. Copyright
2013 The Royal Society of Chemistry.
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LLF 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.*® 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).>> 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.'>*

In a recent work by Silva et al., instillation of
AgNWs in rats led to the deposition of AgNWs in the deep lungs.”*’ Both AgNW lengths tested
produced significant numbers of Ag-positive macrophages at day 1.* Here, SP-A/D induced
agglomeration of the AgNW also within 24 hours; this finding could therefore explain both the high
uptake of AgNWs by macrophages in the Silva study, but also the dramatic decrease of uptake by
TT1 cells observed here. The toxicity of AgNWs against TT1 cells was further examined by Sweeney
et al. and, although Curosurf” had no effect, HAS conferred a protective effect to TT1 cells exposed
to AgNWs (Figure 4.13 and Figure 4.14).”° Following 24-hour treatment with 10 and 25 pg/ml of
AgNWs, the inflammatory chemokine human IL-8 release by TT1 cells significantly increased by a 2-
and 1.8-fold, respectively, and remained elevated at day 1 post-exposure. Pre-incubation of AgNWs
with HAS almost completely abolished the AgNW-induced IL-8 release, both during a 24-hour
exposure period and at day 1 post-exposure. TT1 cell superoxide levels significantly increased
following 4-hour treatment with 25 pg/ml of AgNWs, and following 24-hour treatment with 10 and
25 pg/ml of AgNWs. This increase remained at day 1 post-exposure. As seen for IL-8 release, HAS
eliminated the AgNW-induced ROS levels, following both the 24 hour treatment period and at day 1
post-exposure. **° Because pre-incubation of AgNWs with Curosurf® did not reduce the material’s
toxicity, it is likely that the protein component and not the lipid component of HAS is responsible for
its ability to reduce AgNW bioreactivity with TT1 cells. The evidence from the uptake data presented
here and the bioreactivity study discussed above suggests that the protein component of HAS (e.g.

SP-A and SP-D) may act to reduce AgNW bioreactivity by reducing AgNW uptake by TT1 cells.
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Figure 4.13 TT1 inflammatory mediator IL-8 release following 4- and 24-hour treatments with
AgNWs (bare (left) or pre-incubated with Curosurf® (middle) or HAS (right)) and after a 1-day post-
exposure recovery period. Increases in IL-8 release are presented in fold change (n= 3) + SD;
significant differences between non-treated and treated cells are indicated where *p <0.05. Reprinted
with permission from **. Copyright 2013 The Royal Society of Chemistry.
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Figure 4.14 Reactive oxygen species (ROS) levels in TT1 cells, following 4- and 24-hour treatments
with AgNWs (bare (left) or pre-incubated with Curosurf® (middle) or HAS (right)) and after a 1-day
post-exposure recovery period. Superoxide levels are presented in fluorescence units at Ex/Em:
485/595 nm (n = 3) + SD; significant differences between non-treated and treated cells are indicated
where * p <0.05. Reprinted with permission from **°. Copyright 2013 The Royal Society of
Chemistry.

4.4.4 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 humidity*®’
or in solution.*** 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.'” 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.
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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.'” Smaller AgNPs may
also be able to reach internal organelles more easily, inducing more pronounced toxic effects.”* Due

to their smaller size, they are also expected to have enhanced dissolution kinetics.”’

4.4.5 Intracellular transformation of AgNWs

Both in the absence and presence of Curosurf”, AgNWs were observed intracellularly, in the
cytoplasm and in membrane-bound vesicles after 1 hour and 24 hours. Moreover, precipitation of
Ag,S within the cell was detected. Chen et al. have suggested that Ag,S formation acts as a “trap” for
free Ag’, which could significantly limit the short-term toxicological effects of AgNWs. In
accordance to this hypothesis, Sweeney et al. showed that TT1 cell viability, measured using a
tetrazolium compound colorimetric assay (MTS), was not significantly changed following 4- and 24-
hour exposures to 1-25 pg/mL AgNWs.*’ The results presented here additionally suggest that the
toxic potential of AgNWs to TT1 cells may further be limited through the SP-A/D-induced decrease
in AgNW uptake. In contrast to other bio-persistent materials, such as asbestos, these results also
indicate that AgNWs may be degraded within the cellular environment and transform to Ag,S. This
process could occur by the action of sulfide species, including H,S, HS™ and S* inside the cells. These
species exist in all human tissues, including the lung. H,S is an important gasomediator resulting from
tissue desulfhydration of cysteine and is rapidly broken down by a combination of chemical and
enzyme reactions. The free gas H,S level in tissue is likely to be maintained on the order of nM
concentrations; however, the total concentration of sulfide species is thought to be much higher
(~uM).344’ 467

Chen et al. suggested that the cellular sulfidation of AgNWs may occur via two chemical
reactions:

(1) Oxidative/precipitation (in-direct) pathway, i.e. oxidative dissolution of silver (reaction
eq. 4.2) followed by sulfide precipitation (reaction eq. 4.3-4.5). This sulfidation process is effectively
independent of sulfide concentration, due to the extremely low K, of Ag,S, but determined by the

. . . . . 4
oxidative dissolution rate of silver.*®

249 +350, + 2H* > 2Ag* + H,0 4.2)
24g% + H,S > Ag,S + 2H* 4.3)
24g* + HS™ - Ag,S + H* (4.4)
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24g% + 5% > Ag,S 4.5)

(2) Particle-fluid reaction, i.e. a direct oxysulfidation route (reaction eq. 4.6-4.8), which is
dependent on the sulfide concentration, such that the reaction rate increases as the sulfide

concentration increases.

4Ag + 0, + 2H,S — 2Ag,S + 2H,0 (4.6)

4Ag + 0, + 2HS™ - 2Ag,S + 20H™ (4.7)

449 + 0, + 4H* + 252~ > 24g,S + 2H,0  (4.8)

At the early stages of intracellular transformation, the sulfidation transformation process is
likely dominated by the in-direct pathway. The Ag" ions released from the AgNW surface diffuse into
the cellular environment; Ag ions are rapidly re-precipitated as Ag,S nanoparticles within the
comparatively S-rich cytoplasm. With time, more Ag  ions dissolve, migrate within the
microenvironment of the AgNWs, and precipitate as new Ag,S nanoparticles or grow on the existing
AgS nuclei. On the other hand, S-species may also attack the AgNW surface through the direct
oxysulfidation reaction, a relatively slower reaction that leads to the formation of small Ag,S
nanoparticles around the AgNWs surface. These small particles on the AgNW surface then act as
nuclei, and grow into bigger Ag,S particles and coalescence to form a shell-like structure, which may

slow the dissolution rate of Ag" ions.

4.5 Conclusions

In conclusion, these findings show that different components of the LLF can significantly
alter the aggregation state and surface chemistry of AgNWs. These alterations are shown to change
the reactivity of AgNWs and how they are internalized and processed by the underlying epithelial
cells. It is also demonstrated that the protein component of AT2 cell secretions dramatically reduces
the uptake and bioreactivity of AgNWs by TT1 cells. It is suggested that the surfactant proteins SP-A
and SP-D are likely to be involved in these mechanisms, which require further investigation. This
study provides unique findings that are important for understanding interactions at the bio-nano
interface of the alveolar unit and the impact these could have on subsequent epithelial-endothelial
activity and nanoparticle translocation across the gas-liquid interface. More generally, the

observations presented here highlight the need for detailed dynamic and static characterization at the
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point of exposure in order to develop a holistic understanding into which parameters govern AgNM

bioreactivity, as the in situ properties of AgNMs may prevail over their inherent properties. Improving
our understanding of how the physicochemical properties of AgNMs change in the presence of

biomolecules is paramount for appreciating their true environmental and human health impact.
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S5 Towards Imaging the Antibacterial
Activity of AgNPs in M.tb-Infected
Alveolar Macrophages

5.1 Introduction

Bacterial infections of the pulmonary system are increasing. Almost half of today’s infections
are caused by strains of bacteria that are resistant to existing antibiotics. One particular concern is the
emergence of multidrug-resistant tuberculosis (MDR-TB). According to the World Health
Organization, such reported cases in Aftrica vastly increased by 650% within seven years - from 2,445
in 2005 to 18,146 in 2012 (WHO, Global Tuberculosis Report, 2013). The problem is not limited to
developing countries. In the US, at least 2 million people every year are infected by germs resistant to
antibiotics, making these infections more frequent than cancer (Centres for Disease Control and
Prevention, Antibiotic Resistance Threats in the United States, 2013). Despite the urgent medical need
for new antibiotics against TB, the pipeline for such drugs has slowed down over the past decades.
Meanwhile, the mismanagement of MDR-TB has led to the outbreak of extensively drug-resistant
TB (XDR-TB), raising concerns for a future TB epidemic. Global health organization agencies are
now calling for new approaches in the development of anti-TB treatments, in order to save millions of
lives worldwide.

Treatment of pulmonary TB has been standing at the same strategic point as it had been when
it started almost five decades ago. The most widely accepted approach involves the daily oral intake
of a cocktail of antibiotics, but has a prolonged treatment time and is associated with a high
percentage of side effects. This often results in low patient compliance, which in turn leads to an
increased risk of treatment failure, relapse and the development of drug-resistant TB strains.
Moreover, only a fraction of the anti-tuberculous drugs have sufficient tissue-penetrating properties to
reach the bronchoalveolar spaces, which are the desired sites of drug action. Consequently, novel

treatment options and modalities for TB are urgently needed. Mycobacterium tuberculosis (M.tb), the
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bacterium that causes TB, utilises alveolar macrophages (AM) as its niche environment for survival
and proliferation. Following phagocytosis, M.tb bacilli may spread infection by arresting phagosome
maturation.®” Therefore, AMs are appropriate targets for inhalable drug delivery systems for anti-
tuberculous therapy. To date, research on drug delivery systems focused on either polymeric or
liposomal microparticles loaded with anti-TB drugs. These systems have been shown to reduce
mycobacterial loads of AM and be many times more effective than the use of free drugs.*®

As discussed in Chapter 4, the increasing commercialisation of silver nanomaterials
(AgNMs) has led to the need to understand the occupational health, public safety and environmental
implications of these materials. However, along with concerns about toxic effects, there is potential
for enormous benefit via highly efficacious antibacterial modality. Silver nanoparticles (AgNPs) are
considered as potential therapeutic agents that could have a significant impact on respiratory research
and medicine, by offering a multifunctional platform that could simultaneously diagnose and treat

bacterial infections.”®” %

Due to their small size, AgNPs are expected to preferentially deposit in the
alveolar region of the lungs. Their antibacterial properties have been shown to depend on several
physicochemical properties of the particles, including their size, shape, chemistry and surface
coating."”* ***** Currently, the mechanisms by which AgNPs are able to reduce the activity of
bacteria are believed to arise due to a synergistic effect, including both direct particle-specific
biological effects and the release of Ag” ions.'”>*” One of the reasons which make AgNPs attractive
as antibacterial agents is that bacteria are not likely to become resistant to silver like antibiotics, due
to the wide range of possible interactions of Ag" ions with biomolecules.”® However, several
discrepancies in the published literature need to be addressed in order to draw accurate links between
the physicochemical properties of the particles and the observed biological effects.

The effects of AgNPs on bacteria are commonly evaluated by various in vitro viability
measurements. Biological assays can provide useful information about the antibacterial action of
AgNPs. However, more detailed mechanistic investigations of the cellular interactions with AgNPs
are necessary in order to provide insights about how to optimise the design of AgNPs for the
treatment of bacterial infections. Some reports have indicated that biophysical interactions may occur
between AgNPs and bacteria, such as biosorption, AgNP breakdown or aggregation and cellular
uptake.”> *7 AgNPs have been suggested to increase the permeability of bacterial cell membranes,
penetrate into the cytoplasm and disturb cellular functions.”®® The application of analytical electron
microscopy in this area could be invaluable, because it can provide high spatial resolution information
of the morphology and chemistry of AgNPs. Moreover, spatially resolved maps of the anatomical
distribution and physico-chemistry of AgNPs at the sub-cellular level and observation of changes in
the cellular ultrastructure could help deciphering the antibacterial mechanisms exerted by nano-Ag.
Therefore, nanoscale imaging methods have the potential to provide vital information about these

systems and, when used in conjunction with complementary quantitative studies (e.g. cell metabolism
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assays, bacterial proliferation assays, cytoplasmic membrane permeability assays), could provide a
holistic understanding of the system interactions.

The aim of the present work is to form a basis for the potential use of AgNPs as antibacterial
agents in M.tb-infected cells. Although the antimicrobial properties of AgNPs are being widely
investigated, these properties have not been previously explored in the context of bacteria residing
inside infected cells. First, the antibacterial effects of 20 nm citrate-coated AgNPs against M.tb bacilli
were examined. AgNPs were synthesized and characterized in-house to ensure that their
physicochemical properties were well-controlled. A colony forming unit (CFU) assay was employed
to assess the viability of M.tb exposed to AgNPs. A set of analytical transmission electron microscopy
(TEM) techniques was used to examine the ultrastructural damage in bacterial cells and the
localization of AgNPs, to provide clues about the mechanisms (e.g. dissolution, adherence to the cell
membrane or penetration inside the cytoplasm) by which the AgNPs induce cell damage.
Furthermore, TEM was used to visualize the damage induced by M.tb infection in THP-1
macrophages, a human acute monocytic leukemia cell line. THP-1 cells can be differentiated into

macrophage-like cells that mimic human macrophages,*’" 4>

and have been frequently used as a
cellular model of alveolar macrophages in in vitro studies.”” '®* Finally, the potential antibacterial
effects of AgNPs in M.tb-infected cells were examined by TEM, by simultaneously exposing THP-1

macrophages to both AgNPs and M.zb.

5.2 Methods

5.2.1 AgNP synthesis

Silver nanoparticles (AgNPs) were synthesised via chemical bath reduction, using sodium
borohydride as the reducing agent and citrate as the stabiliser. Briefly, silver nitrate (AgNO;, 1.0x10”
M, Sigma Aldrich, UK) and trisodium citrate (Na;C¢Hs0, 1.0x10° M, Fisher Scientific, UK)
solutions were added to 250 mL of boiling DI water. A sodium borohydride (NaBH,, 1.0 x 107 M,
Sigma Aldrich, UK) solution was then added drop-wise to the mixture over a period of 10 seconds.
The colour of the solution immediately turned to yellow, indicating the formation of silver
nanoparticles. Heating was continued for an additional 30 minutes, after which the solution was
cooled to room temperature. In order to remove impurities and excess citrate, the synthesis product
was washed by repeated cycles of centrifugation (10000xg) with de-ionized (DI) water. Finally,
citrate-coated AgNPs were suspended in DI water in a sealed glass vial and stored at 4°C in the dark.

AgNPs were synthesised and thoroughly characterized by Dr. Bey Fen Leo as described in .
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5.2.2 THP-I cell culture

THP-1 cells, a human acute monocytic leukemia cell line (Cat. No. TIB-202), were obtained
from American Type Culture Collection (ATCC) and cultured as per ATCC manual in RPMI 1640
supplemented with Penicillin/Streptomycin/L-Glutamine and 10% fetal bovine serum (Hyclone
Laboratories, Inc. Logan, Utah) and 0.05 mM 2-mercaptoethanol. THP-1 cells were induced to
differentiate into macrophage-like cells, which are often used as a model for human macrophages. *’"
*72 Cells were maintained at 37°C in a humidified 5% CO, environment. Cells were passaged every 3-
4 days. Cell culture was performed by Dr. Srijata Sarkar in the laboratory of Prof. Stephan Schwander
at Rutgers School of Public Health, NJ, USA.

5.2.3 Preparation of AgNPs and M.tb for in vitro cell exposure

For in vitro THP-1 cell exposure experiments, AgNP samples were diluted in complete cell
culture medium without antibiotics (RPMI 1640 supplemented with 10% pooled human AB serum
(PHS)), followed by sonication in a Branson 3510 water bath sonicator for 2 minutes, prior to addition
to the cell cultures. For THP-1 cell infection, an avirulent M.th strain (H37Ra, ATCC catalogue

number 25177) was used.

5.2.4 Colony forming unit (CFU) Assay

To evaluate direct, AgNP-mediated antibacterial effects, M.tb was grown in cell culture
media in the absence (non-treated control) or presence of AgNPs. Ten uL of M.tb stock (CFU 1x10’
/mL) were diluted to 1 mL with cell culture media (RPMI 1640 + 10% PHS) and incubated at 37°C in
rotation on a revolver (Labnet International, Inc., Edison, NJ) in the presence of 0, 10 and 25 pg/mL
of AgNPs or 0, 15.7 and 39.25 pg/mL of AgNOs; for 24 hours. AgNO; concentrations corresponded
to the amounts of Ag" ions present in 10 and 25 ug/mL of AgNPs, respectively. Ten pL of the culture
media samples were removed at 24 hours and serially 10-fold diluted in cell culture media without
antibiotics (RPMI 1640 + 10% PHS), plated in triplicate onto 7H10 agar plates and incubated for 21
days at 37 °C.*” M.tb colonies were counted and bacterial colonies (CFU) determined using a stereo
microscope at 40x magnification (Diagger Lab equipments, Vernon Hills, IL), and plotted as a
function of the AgNP concentration. M.th grown in NP-free culture media served as a control. The

CFU assay was carried out by Dr. Srijata Sarkar.
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5.2.5 Transmission electron microscopy (TEM)

To evaluate the antibacterial effects of AgNPs by TEM, M.tb were grown as described above
in the presence of 10 pg/mL of AgNPs for 24 hours. To evaluate the cellular uptake of AgNPs, THP-1
macrophages were incubated at 37°C in a humidified CO, environment for 24 hours in the presence of
0 (non-treated control) and 10 pg/mL of AgNPs. To examine the morphological changes of infected
cells as well as the effects of AgNPs on these cells, THP-1 cells were infected with M.th at a
multiplicity of infection (MOI) of ten bacilli per cell (MOI10), in the absence or presence of 10
pg/mL of AgNPs for 24 hours. Cell and bacteria exposures were performed by Dr. Srijata Sarkar.

Bacteria and cells were then rinsed with fresh RPMI 1640 culture medium and fixed in 2.5%
glutaraldehyde in 0.1M HEPES buffer, pH 7.2 for 1 hour at 4°C. The fixatives were removed by
washing the cells with 0.1 M HEPES buffer 3 times. Cells were scraped, transferred to 1.5 mL
Eppendorf tubes and centrifuged at 5000 g for 20 minutes to obtain cell pellets. Then, the cell pellets
were osmicated (1% osmium tetroxide (OsO,4) in 0.1 M HEPES). Potassium ferricyanide, which is
usually used in osmication, was emitted from the staining process because it has been shown to
significantly alter the physicochemistry of Ag nanomaterials.” Following washing 3 times with DI
water, the cell pellets were dehydrated in graded solutions of ethanol (50%, 70%, 95%, and 100%),
for 5 minutes three times in each, and then washed three times, for 10 minutes each, in acetronitrile
(Sigma Aldrich, UK). After dehydration, samples were progressively infiltrated with a Quetol-based
resin, produced by combining 8.75 g quetol, 13.75 g nonenyl succinic anhydride, 2.5 g methyl acid
anhydride and 0.62 g benzyl dimethylamine (all from Agar Scientific, UK). Samples were infiltrated
in a 50% resin:acetonitrile solution for 2 hours, in a 75% resin:acetonitrile solution overnight and in
100% resin for 4 days, with fresh resin being replaced daily. The embedded samples were cured at 60
°C for 24 hours. Thin sections (90 nm) were cut from the resin blocks directly into a water bath using
an ultramicrotome and a diamond knife with a wedge angle of 35°. Sections were immediately
collected on bare, 300 mesh copper TEM grids (Agar Scientific, UK), dried and stored under vacuum
until TEM analysis. In some cases, sections were post-stained with 2% uranyl acetate in 70% ethanol
and lead citrate for 5 min each.

Bright field TEM imaging was performed on a JEOL 2000 microscope operated at 80 kV and
fitted with an energy dispersive X-Ray (EDX) detector (Oxford Instruments, UK). High resolution
transmission electron microscopy (HRTEM) and high angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) was performed at 80 kV on a FEI Titan 80/300
TEM/STEM, fitted with a Cs (image) corrector and a SiLi EDX spectrometer (EDAX, Leicester UK).
HAADF-STEM experiments were performed with a convergence semi-angle of 14 mrad and inner
and outer HAADF collection angles of 49 and 239 mrad, respectively. The probe diameter was <0.5

nm.
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5.3 Results

5.3.1 Characterization of as-synthesized AgNPs
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Figure 5.1 Characterization of as-synthesized AgNPs. BFTEM image of as-synthesized AgNPs (a),
their size distribution (b) (n = 200) and a SAED pattern (c¢) collected from an area containing multiple
AgNPs. Reprinted with permission from ref. . Copyright 2013 American Chemical Society.

AgNPs were synthesized in-house in order to ensure a full control over their physicochemical
properties. Their complete characterization has been reported by Leo ef al.”’ In summary, AgNPs had
a spherical morphology (Figure 5.1a), with an average diameter of 14 = 1.6 nm (Figure 5.1b).
Selected area electron diffraction (SAED) patterns (Figure S.1c¢) revealed that as-synthesized AgNPs
had 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). TEM-EDX analysis confirmed that
sulfidation of AgNPs had not occurred and all impurities had been removed after washing with DI

water.” AgNPs had a negative surface charge of —17.9 = 3.0 mV.”

5.3.2 Effect of AgNPs on M.tb viability

To evaluate the antibacterial properties of AgNPs against M.tb, bacterial growth was assessed
by CFU assays. M.tb growth was reduced to around 50% after a 24-hour exposure of M.tb to 10
pg/mL of AgNPs (Figure 5.2). A dose of 25 pg/mL of AgNPs induced a further 10% decrease in
M.tb growth. AgNO; was used as a positive control for M.tb killing at equivalent doses as AgNPs, but
both doses completely abrogated M.tb growth. These findings are in accordance to previous reports in
the literature. For instance, Bondarenko et al. recently evaluated the toxicity of AgNPs with different
surface coatings to Gram-negative and Gram-positive bacterial strains.'” For AgNPs, the 4-hour half

maximal effective concentration (ECsy) varied widely between bacterial strains, from 0.35 to 46
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ng/mL. However, Ag” ions were much more toxic to bacteria, with the 4-hour EC50 varying only

slightly between bacterial strains, from 0.3 to 1.2 ug/mL."”
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Figure 5.2 Effect of AgNPs and Ag” ions on the viability of M.th measured by a CFU assay. Results
are represented as mean = SD from two independent experiments.

The morphology of non-treated bacteria was examined by BFTEM. Figure 5.3a shows a
control M.tb bacterium, with a diameter of around 700 nm. The M.tb bacterium is known to be rod-

h.*” The cytosol had a nearly

shaped and measures around 0.5 pm in diameter and 1-4 pm in lengt
uniform electron density, while the nucleoid (Figure 5.3a, arrow), which contains the genetic material
of the bacterium, may be discerned against the cytosol. Bacterial DNA, which is thought to appear as
strands under electron microscopy, seems to be randomly distributed in the nucleoid. Figure 5.3b
shows the cellular envelope of M.zb, revealing the complex structure of its cell wall. Although M.tb is
classified as a Gram positive bacterium, it does not retain any bacteriological stain (e.g. the crystal
violet stain used in the Gram staining method of bacterial differentiation*””) due to the high lipid
content in its wall. The cell wall of M.tb (Figure 5.3¢) has a unique waxy composition, consisting of
three covalently linked polymers: the basal peptidoglycan (PG) layer, an intermediate electron-
transparent layer (ETL) that is probably composed of the mycolic acid covalently bound to
arabinogalactan and an outer electron dense layer formed by slight heavy metal deposits bordering the

lipid-rich ETL.*’® The architectural arrangement of the lipids and glycolipids on the outer surface of

the mycobacterial cell envelope confers to the bacilli properties such as a strong resistance to
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degradation by host enzymes, impermeability to toxic macromolecules, and inactivation of reactive

oxygen and nitrogen derivatives.’”
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Figure 5.3 (a) Bright field transmission electron microscopy (BFTEM) image of a control M.tb
bacterial cell. The arrow indicates the bacterial nucleoid. (b) is the magnification of the area squared
in (a) showing the structure of the bacterial cell envelope. (¢) Schematic representation of the complex
M.th cell envelope. LAM: lipoarabinomannans, LM: lipomannans, PIM: phosphatidylinositol
mannosides. Reprinted with permission from ref. *’’. Copyright 2000 Macmillan Magazines Ltd.
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Figure 5.4 (a-f) BFTEM images of ultrastructural damage in M.tbh bacterial cells treated with 10
pg/mL of AgNPs for 24 hours, showing disorganization of the cell wall structure (a-e, arrows) and
detachment of the cell membrane from the cell wall (f, arrow) (d) is the magnification of the area
squared in (c).
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Figure 5.5 (a-d) BFTEM images of ultrastructural damage in M.tb bacterial cells treated with 10
pg/mL of AgNPs for 24 hours, showing vesicles emanating from the cell wall (a, arrows), rupture of
the cell membrane (b, arrow) and leakage of cytoplasmic content (B, double arrow) and appearance of
an electron-light area in the centre of bacteria (c, d, arrows).

The ultrastructural damage in bacterial cells exposed to AgNPs was examined by TEM, using
a dose of 10 pg/mL of AgNPs, which represents around 50% reduction from the CFU value of control
cells. Following a 24 treatment with AgNPs, several types of ultrastructural damage were observed in
bacterial cells by TEM (Figure 5.4 and Figure 5.5). Instead of the smooth cell surface of untreated
bacteria (Figure 5.3a), damage was observed in the cell envelope of bacteria treated with AgNPs, that
ranged from an undulating appearance (Figure 5.4a, arrow) to a complete disorganization of the cell
surface (Figure 5.4b, arrow). This disorganization of the cell wall was particularly evident in areas
close to AgNPs (Figure 5.4c-e, arrows). In several cases, the cell membrane had detached from the
cell wall, leading to the formation of a gap (Figure 5.4f, arrow). Furthermore, vesicles were detected
emanating from the cell wall (Figure 5.5a, arrow), as well as rupture of the cell envelope (Figure
5.5b, arrow) and leakage of intracellular content (Figure 5.5b, double arrow). Similar mechanisms of
cell wall damage have been recently reported by Mei ef al. in both Gram-negative (E. coli and P.
aeruginosa) and Gram-positive bacteria (S. aureus and B. amyloliquefaciens), using AgNPs

functionalized with antimicrobial peptides (AMPs).**® Finally, an electron light region often appeared
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in the centre of M.¢b treated with AgNPs, with strands of electron dense material visible in this region
(Figure 5.5c, e, arrows). This finding resembles those of previous studies, following treatment of
E.coli with AgNPs or Ag" ions.”> *** It has been suggested that the formation of this low density

region is a mechanism of defence, by which bacteria conglomerate their DNA to protect it from toxic

296, 322

compounds, when the bacteria sense a disturbance of the cell membrane.
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Figure 5.6 (a-c) BFTEM images of M.¢b bacterial cells treated with 10 pg/mL of AgNPs for 24 hours,
showing AgNPs interacting with the cell wall. (b) is the magnification of the area squared in (a). (d)
HRTEM image collected from the area squared in (c). (¢) HAADF-STEM image collected from the
same area as (c). (f) STEM-EDX spectrum collected from the area marked in (e).
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Furthermore, analytical TEM techniques were used to investigate the localization of AgNPs
with respect to bacterial cells. Figure 5.6a-b shows AgNP interacting with the bacterial cell wall,
evident by the change in the cell wall outline (Figure 5.6b, arrow). AgNPs were found adhering on
the cell wall, which appeared severely disorganized (Figure 5.6¢). The lattice spacing of the particles
measured from HRTEM images (Figure 5.6d) was 2.38 A, which is close to the (111) interplanar
spacing of metallic silver (ref. #01-087-0597). STEM-EDX analysis revealed only presence of Ag in
the EDX spectrum (Figure 5.6f), confirming that the particles were metallic AgNPs and that no
chemical transformation had occurred. TEM (Figure 5.6¢) and HAADF-STEM (Figure 5.6e)
imaging also indicated that aggregation and coarsening of the particles may have taken place, which
could be due to the local acidic pH at the plasma membrane.'” As demonstrated by a previous work
using the same AgNPs as this study, a decrease in pH from 7 to 5 and 3 enhanced the dissolution rate
of AgNPs, promoting particle aggregation and coarsening. These observations suggest that an
increased Ag' release could be expected close the bacterial cell wall, leading to a higher cellular
uptake of Ag" ions, as has been hypothesized by recent work.'** %

Additionally, several small particles were observed translocating across the cell wall and
inside the cell cytosol (Figure 5.7a, b). HRTEM imaging (Figure 5.7¢) showed that these particles
had a lattice spacing of 0.205 A, which corresponds to the (200) spacing of bulk Ag (ref. #01-087—
0597). Compared to the background spectrum (Figure 5.7g), Ag was detected in the STEM-EDX
spectra collected from the particles (Figure 5.7h), confirming that the particles were metallic AgNPs.
Only small individual particles, and not particle aggregates, were found inside the cell cytoplasm. The
average size of these particles, measured from several TEM images (n=100), was 8 + 4 nm. Particle
size is considered as one of the main physicochemical properties that may affect the bactericidal
behaviour of AgNPs.”' Morones et al. exposed Gram-negative bacteria to AgNPs with sizes from 1
to 100 nm and showed that only the smallest particles, with diameters of 1-10 nm, were found on the
surface of the cell wall and inside the bacteria.®® The authors suggested that the mechanism through
which AgNPs were able to penetrate into bacteria was mediated by changes to the structure of the cell
wall, which led to an increase in its permeability.”” Moreover, another work demonstrated the effect
of particle aggregation by comparing 20-30 nm citrate-coated AgNPs to citrate- and polycyclic
aromatic hydrocarbon (PAH)-coated gold nanoparticles (AuNPs). PAH-coated AuNPs, that did not
tend to aggregate, bounded more strongly to cell walls and penetrated more readily inside bacteria
than citrate-capped AgNPs, which aggregated more readily.”” Consequently, the aggregation and
coarsening of AgNPs observed close to the cell wall could be the reason for the limited uptake of

particles inside M.tb bacteria.
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Figure 5.7 (a-d) BFTEM images of M.tb bacterial cells treated with 10 pg/mL of AgNPs for 24 hours,
showing AgNPs translocating across the cell wall and inside the cell cytosol. (b) and (d) are
magnifications of the areas squared in (a) and (c), respectively. (¢) HRTEM image collected from the
area squared in (d). (f) HAADF-STEM image collected from the same area as (c). (g, h) STEM-EDX

spectra collected from the areas marked in (e).
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5.3.3 Treatment of THP-1 cells with AgNPs

Figure 5.8 (a, b) BFTEM images of control (non-treated) THP-1 cells. N: nucleus, C: cytoplasm and
ES: extracellular space.
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Figure 5.9 (a-c) BFTEM images of THP-1 cells treated with 10 pg/mL of AgNPs for 24 hours.
AgNPs were observed in the cytoplasm of THP-1 cells (b and c, arrows) (d) TEM-EDX spectrum
collected from the area marked in (c). N: nucleus, C: cytoplasm and ES: extracellular space.
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Prior to examining the potential antibacterial effects of AgNPs in M.th-infected cells, THP-1
macrophages were separately treated with AgNPs or M.tb. Figure 5.9a-¢ shows BFTEM images of
THP-1 macrophages exposed to 10 pg/mL of AgNPs. The viability and cytotoxicity of AgNPs on
THP-1 cells were assessed by collaborators at the Rutgers School of Public Health using a water
soluble tetrazolium salts (MTS) assay, which measures the metabolic activity of cells, and lactate
dehydrogenase (LDH) release assay, which is associated with cellular membrane damage. No
significant AgNP-mediated cytotoxicity was observed in THP-1 macrophages exposed to 0-50 pg/mL
AgNPs for 4 or 24 hours (data not shown). Since AgNPs were not toxic to the cells at any of the doses
tested, a dose of 10 ug/mL was selected in order to correspond to the dose used in AgNP-treated M.zb.
In accordance to viability measurements, no morphological changes were observed in AgNP-treated
THP-1 macrophages (Figure 5.9a) compared to control (non-treated) cells (Figure 5.8). BFTEM
imaging revealed the presence of electron dense material in the cytoplasm of THP-1 macrophages
(Figure 5.9b, ¢, arrows). TEM-EDX spectra (Figure 5.9d) collected from the areas around this
material showed the presence of Ag, indicating that these particles correspond to AgNPs. TEM data
showed that a limited amount of AgNPs was present intracellularly in THP-1 macrophages. This
observation could be due to the fact that, at the time-point of the experiments (24 hours), AgNPs had
already dissolved in the acidic environment of lysosomes.” Alternatively, uptake of the AgNPs by
THP-1 cells may be limited. The pathways by which NPs enter cells may vary widely depending on
the cell type, chemical composition of the NP surface,”” particle size and agglomeration state.'**
Haase et al. suggested that THP-1 macrophages may internalize AgNPs through both phagocytic and
non-phagocytic mechanisms.'* Using TEM imaging, they showed aggregated AgNPs in vesicles but
also individual particles distributed throughout the cytoplasm without being surrounded by membrane
envelopes. The authors speculated that aggregated AgNPs were incorporated via phagocytosis while
single AgNPs entered cells via non-phagocytic routes. Moreover, the surface charge of NPs may
largely influence the uptake mechanism by cells. In general, due to the negatively charged character
of the cell plasma membrane, anionic NPs, such as the AgNPs used in the present work, are

internalized less efficiently than neutral or cationic NPs.>**

5.3.4 Infection of THP-1 cells with M.tb

In order to visualize the damage induced by M.tb infection in THP-1 macrophages, cells were
infected with a MOI of 10 for 24 hours. Figure 5.10 shows that the cell infection was successful, with
several bacilli residing intracellularly (arrows). These bacilli were found in membrane-bound
endosomal/lysosomal-like vesicles (Figure S5.10b-d). Macrophages are known to be the main

303

reservoir of infection by M.tb.” After phagocytosis by the macrophage, M.tb bacilli are taken up in

phagocytic vacuoles. Their ability to manipulate the phagosome where they reside and prevent the
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normal maturation of this organelle into an acidic, hydrolytic compartment, enables their survival
within cells. As shown in Figure 5.11a-b severe damage was observed in THP-1 cells following
infection. The cells appeared necrotic, with no visible cell membrane and release of cell organelles in
the extracellular space. Mycobacteria are known to be retained within phagocytic vacuoles until the
host cell dies through necrosis or apoptosis.’” These two forms of cell death may have drastically
different outcomes for the course of infection.”’® Apoptosis (programmed cell death) results in the
ordered degradation of cellular contents and the formation of apoptotic vesicles. It has been
demonstrated that the apoptotic pathway is directly associated with mycobacterial killing.*” On the
other hand, necrotic cell death is the disordered, energy independent death of the cell. M.tb has been
suggested to interfere in processes linked to cell apoptosis, with a necrosis-like form of death taking
place instead, which allows the release of viable mycobacteria for subsequent re-infection.*® This
hypothesis is further supported by the observed structure of mitochondria in M.th-infected cells.
Figure 5.11d-e shows morphological perturbations in the ultrastructure of mitochondria in M.zb-
infected cells compared to the mitochondria of control cells (Figure 5.11¢), with increased electron
density and clear definition of the cristae. Similar findings have been reported by Jamwal ef al. who
suggested that these structural changes indicate an augmentation in the functional activity of

mitochondria, which could be linked to an inhibition of the apoptotic response by M.tb.*"

Figure 5.10 (a-d) BFTEM images of THP-1 macrophages after a 24 hour infection with M.th
(MOI10). (b) is the magnification of the area squared in (a) The bacilli can be seen contained within
membrane-bound vacuoles in the host cell (a-arrows, b, ¢, d). N: nucleus, C: cytoplasm, E/L:
endosome/lysosome and ES: extracellular space.
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Figure 5.11 (a-b) BFTEM images of THP-1 macrophages after a 24 hour infection with M.th
(MOI10), showing a necrotic cell death. N: nucleus. M.th bacilli are indicated by arrows. (c-e)
BFTEM images of mitochondria (indicated by arrows) in control (non-treated) THP-1 macrophages
(a) and THP-1 macrophages infected for 24 hours with M.¢tb (MOI10).

5.3.5 Simultaneous treatment of THP-1 cells with M.tb and AgNPs

Having examined THP-1 macrophages separately treated with AgNPs or M.tb, THP-1 cells
were simultaneously exposed to both AgNPs and M.tb to investigate possible antimicrobial effects of
the AgNPs in infected macrophages. Similar to findings described above, THP-1 cells were infected
by M.th, which were found in membrane-bound vacuoles (Figure 5.12a-b). Severe damage was
observed in THP-1 cells, including cell swelling (Figure 5.12¢) and cell death reminiscent of necrosis
(Figure 5.12d). Since AgNP treatment alone had not caused any morphological alterations to THP-1
cells (Figure 5.9a), these effects may be attributed to M.zb infection. However, the structure of M.th
bacilli was also compromised. Bacteria found in the extracellular space presented damage similar to
what was observed with M.th exposed to AgNPs (Figure 5.13a). Damage was particularly evident for
bacteria close to AgNPs (Figure 5.13c, d), with leakage of bacterial intracellular content (Figure
5.13d, arrow). Morphological changes were also observed in bacteria residing in the endosomes of
host cells (Figure 5.13b). Compared to their morphology in the absence of AgNPs (Figure 5.10b-d),

an evident disorganization of the cell wall (Figure 5.13b, arrow) and the appearance of an electron
Page]|lo6l



Towards Imaging the Antibacterial Activity of AgNPs in M.tb-Infected Alveolar Macrophages
light region were observed in the presence of AgNPs. Damage in intracellular bacteria could be due to
a simultaneous internalization of both M.tb bacilli and AgNPs by THP-1 cells, as shown in Figure
5.13e. TEM-EDX (Figure 5.13g) confirmed the presence of Ag in the particles close to the bacterial
cell, while the observed coarsening of the particles may be indicative of a dissolution process close to
the acidic environment of the bacterial cell wall. Alternatively, AgNP uptake may have taken place
after infection of THP-1 cells by M.tb. Figure 5.14a, f shows an infected macrophage, with bacilli in
phagocytic vesicles. AgNPs were found close to the plasma membrane of the macrophage, as well as
in the cell cytoplasm (Figure 5.14b). Morcover, AgNPs were observed close to an M.tb-containing
vacuole (Figure 5.14¢, g), with AgNPs possibly interacting with the bacterial cell wall (Figure 5.14d,
h). HRTEM imaging (Figure 5.14e) revealed a lattice spacing of 2.37 A, which is close to the (111)
interplanar spacing of metallic silver (ref. #01-087-0597). STEM-EDX analysis (Figure 5.14h)
revealed only presence of Ag in the EDX spectrum, confirming that the observed particles correspond

to metallic AgNPs.

Figure 5.12 (a-d) BFTEM images of THP-1 macrophages after a 24 hour simultaneous infection with
M.tb (MOI10) and treatment with 10 pg/mL AgNPs. (b) is the magnification of the area squared in (a)
The bacilli can be seen contained within membrane-bound vacuoles in the host cell (a, b), while
morphological alterations included cell swelling (c) and necrosis (d). N: nucleus, E/L:
endosome/lysosome and ES: extracellular space.
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Figure 5.13 (a-f) BFTEM images of M.tb bacilli after a 24 hour simultaneous infection with M.tb
(MOI10) and treatment with 10 pg/mL AgNPs. (d) is the magnification of the area squared in (c).
Morphological alterations in bacilli in the extracellular space (a, ¢, d) and in phagocytic vacuoles (b).
(e, f) Simultaneous uptake of M.tb and AgNPs by THP-1 macrophages. (g) TEM-EDX spectrum
collected from the area marked in (f). C: cytoplasm, E/L: endosome/lysosome and ES: extracellular
space.
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Figure 5.14 (a-d) BFTEM images of THP-1 macrophages after a 24 hour simultaneous infection with
M.tb (MOI10) and treatment with 10 pg/mL AgNPs, showing bacilli in phagocytic vacuoles (a) and
internalization of AgNPs (b-d). (b, ¢) are magnifications of the corresponding areas squared in (a). (d)
is the magnification of the area squared in (c). (¢) HRTEM image collected from the area squared in
(d). (f-h) HAADF-STEM images collected from the same area imaged in (a). (g, h) are magnifications
of the corresponding areas squared in (f). (i) STEM-EDX spectrum collected from the area marked in
(h). N: nucleus, C: cytoplasm, E/L: endosome/lysosome and ES: extracellular space.
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5.4 Discussion

The data presented in this work has provided evidence for the antibacterial activity of AgNPs
against M.tb. In terms of anti-TB drug development, this study suggests that AgNPs may represent
useful candidates for therapeutic systems. The antibacterial properties of AgNPs against a wide range
of Gram-positive and Gram-negative bacterial strains are being investigated.”' However, these
properties have not been previously explored in the case of an M.fb strain. Zhou et al. reported
antibacterial effects of 20-30 nm citrate-coated AgNPs on bacillus Calmette-Guérin (BCG), which is a
strain of the attenuated bovine tuberculosis bacillus, Mycobacterium bovis, by recording fluorescent
protein expression levels.*” Treatment of BCG with 1-10 ug/ml of AgNPs caused a similar reduction
in cell viability as an antibiotic positive control (hygromycin). This dose range is close to the dose
shown here to induce a 50% reduction in M.t growth. However, no further mechanistic data were
provided, while data obtained in other mycobacteria may not be representative of M.th, which has
unique structure and functions. In the present work, AgNPs were toxic to M.th, with a wide range of
ultrastructural changes shown by TEM, such as cell wall disorganization, leakage of intracellular
contents and possible DNA damage. Analytical TEM techniques revealed that AgNPs interacted with
the bacterial cell wall, which is considered as one of the first points of attack and important for their
antimicrobial activity.*' This activity is currently thought to rise from a synergistic effect, where Ag"
ions are required for their antibacterial effects, but cell-NP contact increases Ag' release and the
amount of cellular uptake of Ag" ions."”*'*> Recent studies have hypothesised that dissolution at the

cell membrane is the primary mechanism of action of AgNPs.””

Here, the aggregation and
coarsening of AgNPs observed close to the cell wall, indicative of a dissolution process,” provides
direct evidence to this hypothesis. Several studies have also suggested that a change in cell wall

permeability leads to the penetration of particles inside the cytoplasm.*'

In the present work, high-
resolution and analytical TEM indicated that AgNPs were internalized by M., but only smaller non-
aggregated particles were found in the cytoplasm. Therefore, further research is required in order to
completely understand the effects of particle size and aggregation in the interaction of AgNPs with
the cell wall of M.tb and their internalization in the cytoplasm. Determining the optimal particle size
for enhanced interaction between AgNPs and bacteria will enable to increase their antibacterial
activity with the minimum applied dose.

TEM imaging showed that in THP-1 macrophages exposed to AgNPs, no morphological
changes in the cell structure were observed for the dose and time point tested. Moreover, preliminary
cell viability data provided no evidence of cytotoxicity of AgNPs against THP-1 cells. In the
literature, the toxicity of AgNPs has been reported, with toxicological outcomes including oxidative
stress, lipid peroxidation, inhibition of mitochondrial activity, damage of DNA, and cell apoptosis.™

Therefore, more detailed studies combining viability assays and imaging are needed in order to
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understand the effects of AgNP exposure to alveolar macrophages. The biggest challenge in future
studies will be to determine a “therapeutic window”, where AgNPs can be used as antibacterial
therapeutics for infected cells with minimum effects on the metabolism of healthy cells.”’’ The low
toxicity of AgNPs to THP-1 cells observed here may be correlated to the low amount of AgNPs
detected intracellularly by TEM. Previous studies have demonstrated that the amount and rate of
uptake of AgNPs by cells can differ by several orders of magnitude depending on the size, shape,
aggregation state surface charge, and surface functionalization of the particles.” These properties may
also affect the pathway through which AgNPs are internalized within cells, with important
implications for intracellular trafficking and the activity of particles against bacteria. In TB drug
design, it is important to target therapeutics not only to specific cell types but also to the correct sub-
cellular compartments. Therefore, in future studies, a more comprehensive investigation on the
cellular uptake and localization of AgNPs is required, using particles of different sizes and surface
properties. Further research is also necessary in order to identify appropriate molecular targets of the
disease, which could lead to the design of AgNPs coated with ligands that target specific receptors.
Also, since THP-1 is an immortalized cell line, the extent to which THP-1 cells mimic macrophages
in vivo is not entirely known. Hence, future work could be extended to other cell types such as
primary macrophages.

Finally, TEM of THP-1 cells simultaneously exposed to both AgNPs and M.tb provided
evidence of bacterial damage, both in the extracellular space as well as inside phagosomal vacuoles.
The preliminary data provided here indicate that this damage may be due to interaction between
AgNPs and M.tb bacilli residing in vacuoles, following internalization of the particles by THP-1 cells.
However, as Ag' ions alone are also toxic to bacteria, bacterial degradation may have also occurred
due to dissolution of the AgNPs, either extracellularly or intracellularly. Therefore, to elucidate
separate effects of particles and ions, further investigation is needed using a Ag ionic control. To build
upon the present findings, the cell culture system could also be improved by applying AgNPs to
macrophages pre-infected by M.tb, instead of simultaneous exposure. Moreover, along with imaging,
biological assays may be employed to provide quantitative information on the bacterial ingestion and
killing by macrophages in the absence and presence of AgNPs. Nonetheless, the present work shows
that the use of analytical TEM techniques can provide invaluable information of the localization,
morphology and chemistry of AgNPs. In forthcoming studies, spatially resolved maps of the
anatomical distribution and physico-chemistry of AgNPs at the sub-cellular level and observation of
changes in the cellular ultrastructure will be pivotal in the development of effective and safe AgNP

platforms for therapeutic treatment.
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5.5 Conclusions

In summary, AgNPs have been shown to represent useful candidates for the development of
TB therapeutic systems. AgNPs induced a wide range of ultrastructural damage to M.tb, including cell
wall disorganization, leakage of intracellular contents and possible DNA damage. This was probably
mediated by interaction of AgNPs with the bacterial cell wall, through a synergistic particulate and
ionic effect. Further investigation is however necessary in order to completely elucidate these effects.
Bacterial damage was also demonstrated when AgNPs were concurrently applied with M.tb infection
in THP-1 macrophages. Preliminary TEM data indicated that one possible mechanism could be the
interaction of AgNPs with M.tb bacilli in vacuoles, following internalization of the AgNPs by THP-1
cells. In conclusion, the findings presented here could be used to guide the design of further studies

into the design of AgNP-based therapeutics.
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6 Effect of Pulmonary Surfactant on the
Dissolution, Stability and Uptake of
ZnONWs by Human Respiratory
Epithelial Cells

6.1 Introduction

Along with AgNWs, the unique properties of ZnO have placed ZnO nanowires (ZnONWs) at
the forefront of application-driven nanotechnology, for optoelectronic devices (e.g. light emitting
diodes, laser diodes, solar cells), energy harvesting devices, sensors and catalysts.>*” The high-sensing
capability and high electron mobility of ZnONWSs are being explored for various biomedical
applications, such as biosensors for intracellular measurements.*> ** In particular, efforts are
underway to use ZnONWs for cancer detection and therapy.*****® Due to the antibacterial properties
of ZnO,”™* ** ZnONWs also have great potential for the fabrication of medical devices to prevent
antimicrobial infections’”” including antimicrobial facemasks and tissues.**®*"" Therefore, inhalation
of ZnONWs represents a key exposure route to investigate, both from the perspective of intentional
(diagnosis/therapy) and unintentional (hazard) scenarios.

Although inhalation of 1D-NMs has raised particular concerns for adverse health effects, the
effects of ZNONWSs on human health upon exposure are currently unclear.”’® In the alveoli, where
removal is dominated by relatively slow, macrophage-mediated clearance,”® build-up of ZnONWs
would potentially result in high alveolar concentrations. Ultrafine ZnO is already known to cause

31352 1y vivo inhalation of ZnO nanoparticles (ZnONPs) induced

pulmonary inflammation in humans.
systemic inflammation, as well as cardiac inflammation and fibrosis.’® The toxicity of ZnONPs has
been reported for various in vitro mammalian systems,’ ® including human bronchial epithelial cells

(BEAS-2B).*”**" Their cytotoxicity was mediated through reactive oxygen species (ROS) generation
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378, 379 380381 and/or genotoxicity.”*> *** However, there is a paucity of

and oxidative stress, apoptosis
research regarding the bioreactivity of ZnONWs in the lungs.”** *** In a previous work, ZnONWs
were toxic to human monocyte derived macrophages (HDMs) at similar concentrations as ZnCl,.>** A
rise in intracellular Zn®>" concentrations was correlated to cell death, showing that ZnONW toxicity
was due to a local release of Zn®" inside cells rather than the high-aspect nature of the wires.
Therefore, the bioreactivity of ZnONWs with the pulmonary epithelium needs to be further
investigated, in order to uncover their toxic potential, and enable the design of efficient systems for
biomedical applications.

More importantly, the effects of the lung lining fluid (LLF), which represents a first line of
defence of the lungs against inhaled NMs, on the physicochemical properties of ZnONWSs and the
consequences on their bioreactivity have not been sufficiently studied.*”*** The main component of
the LLF is pulmonary surfactant (PS), which forms a monolayer at the air-liquid interface. As has
already been demonstrated in Chapter 4, AgNWs incubated with PS were coated by a phospholipid
corona, which delayed their oxidative dissolution and inhibited aggregation. However, no data exist in
the literature on the stability of ZnONWs in the PS, or their subsequent bioreactivity with alveolar
epithelial cells.

Given the central role of dissolution in the bioreactivity of ZnONMs and the fact that several

428, 431

- - 427 412 427 . . .
factors may affect dissolution (e.g. size,””’ shape,” = pH, complexing anions , organic

378 47 " characterization of ZnONWSs at the local point of exposure in cellular

components
microenvironment is essential in order to draw accurate conclusions about their bioreactivity in sifu.
The purpose of the present work was to examine the impact of PS on the stability of ZnONWs and the
subsequent effects on their interaction with alveolar epithelial cells. Inductively Coupled Plasma—
Optical Emission Spectroscopy (ICP-OES), dynamic light scattering (DLS), zeta-potential and
analytical transmission electron microscopy (TEM) techniques were combined to investigate the
dissolution kinetics and colloidal stability of ZnONWSs. The effects of PS were compared to those of
serum, to investigate whether they are unique to the PS or general to a particle corona. The cellular
toxicity of ZnONWs with two lengths (30 nm x 1 and 3 um) was studied in relation to cell viability of

453

human alveolar epithelial type 1-like cells (TT1).™” Alveolar epithelial type 1 cells (AT1) cover 95%
of the total alveolar surface, and are therefore susceptible to inhaled nanosized particles. Alveolar
epithelial type 2 cells (AT2) synthesize and secrete PS. As AT1 cells are not commercially available,
a unique TT1 cell line was used, generated from immortalised primary human AT2 cells and showing
characteristics of AT1 cells.*” Recent findings also suggest that TT1, but not AT2 cells, govern
uptake and potential translocation of inhaled NPs across the pulmonary epithelial barrier.*”® The
bioreactivity of ZnONWs was compared to exposure to ZnCl,, as well as ZnONWs pre-incubated

with a model PS. A combination of TEM and ICP-OES were used to monitor and quantify the amount

of particle uptake by cells. Finally, the kinetic intracellular dissolution of ZnONWSs and its correlation
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to dynamic cell death were investigated by confocal microscopy of live TT1 cells exposed to

ZnONWs.

6.2 Methods

6.2.1 Materials

Short zinc oxide nanowires (S-ZnONWs, 90 nmx1 pm, dry powder), long zinc oxide
nanowires (L-ZnONWs, 300 nmx4-5 um, dry powder), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC, semisynthetic, >99%), RPMI-1640 cell culture medium and Dulbecco’s Phosphate Buffered
Saline (PBS) were purchased from Sigma-Aldrich, UK. Propidium lodide (PI), Hoechst 33342 and
FluoZin™-3, AM were purchased from Invitrogen, UK. Curosurf® was kindly donated by Chiesi
Pharmaceuticals, Cheadle, UK. Stock solutions of ZnONWs were prepared by briefly sonicating 10
mg of powders in 1 mL of deionized (DI) water. Fresh stock solutions were prepared at the beginning

of each experimental set.

6.2.2 ZnONW stability and dissolution experiments

6.2.2.1 ZnONW incubations

ZnONWs were incubated at a concentration of 25 pg/mL from a 10 mg/mL stock solution in
a temperature-controlled dri-block incubator at physiological temperature (37 °C), for 0-48 hours.
Accurate dosimetry in laboratory evaluations of the effects of inhaled particles has been a subject of
concern, but very few data on ZnONMs are currently available to evaluate realistic occupational and
consumer exposures.” One study used the multiple-path particle dosimetry (MPPD) model to
estimate nanomaterial masses retained in the human lung, as a function of diameter and aspect ratio,

489

for short- and long-term exposure durations (24-hour and 45-year working lifetime).”™ Based on that

“% the dimensions of the ZnONWSs used in the present work and a 5 mg/m’ exposure

study,
(corresponding to the average threshold limit value (TLV) for ZnO recommended by the
Occupational Safety and Health Administration (OSHA, USA) and the National Institute for
Occupational Safety and Health (NIOSH, USA)), the alveolar mass retained per alveolar surface was
estimated to be in the order of 1-2.25 pg/cm” for a 24-h exposure and in the order of 100-225 pg/cm’
for a working lifetime exposure. Assuming that the NM mass retained at the lung surface can be
correlated to NM mass sedimented on the bottom surface of a well in in vitro experimentsfgg these

values correspond to doses of 1.25-3.6 ug/mL and 160-360 pg/mL, respectively. Therefore, a
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concentration representative of the lower-end of these ranges was used for these experiments.
Moreover, the dose of 25 pg/mL was selected in order to provide direct comparisons with the work on
the effects of LLF on AgNWs (Chapter 4).**

The presence of complexing anions such as PO,” in cell culture media or simulated body
fluids is expected to lead to the precipitation of insoluble zinc compounds, which would confound the
measurement of free Zn®" ions in solution.*' Therefore, normal saline (NS) solution (0.9% Sodium
Chloride (BDH, 99.5%) in DI water) was selected as the dispersion medium. The pH of the buffers
was adjusted to 7 or 5, using either Hydrochloric Acid (HCl, Sigma-Aldrich, 37%) or Sodium
Hydroxide (NaOH, Sigma-Aldrich, anhydrous, 99.99%). These pH values were selected to simulate
characteristic environments found in the lung.

To study the effects of PS on the stability of ZnONWSs, two model surfactants were used,
DPPC and Curosurf”. A stock solution of DPPC (10 mg/mL) in DI water was prepared by magnetic
stirring overnight. DPPC and Curosurf® were used at amounts that correspond to a total lipid
concentration of 100 ug/mL, to correspond to the average values observed in the bronchoalveolar
lavage fluid of healthy persons.*”’ To investigate the effect of serum, ZnONWs were incubated in NS

solutions (pH 7 and 5) containing 10% newborn calf serum (NCS; Invitrogen, UK).

6.2.2.2 Inductively Coupled Plasma—Optical Emission Spectroscopy (ICP-OES)

To determine the amount of free Zn”" ions released from the incubated ZnONW:s from 0 up to
48 hours, aliquots were collected at each time point and centrifuged at 13000xg for 10 minutes
through 2 kDa centrifuge membranes (Sartorius Stedim VIVACON 500) to remove the ZnONWs.
The amount of Zn>" in the filtrates was measured by Inductively Coupled Plasma—Optical Emission
Spectroscopy (ICP-OES, Thermo Scientific, UK) with a Zn®" detection limit of 5 ng/mL. Each
experiment was repeated three times and the results are reported as the mean + standard deviation

(SD).

6.2.2.3 Transmission Electron Microscopy (TEM) sample preparation

To prepare TEM samples from the incubated ZnONWs, aliquots were removed at each time
point and, after washing three times with DI water to remove excess salts or organic PS, they were
drop cast on 300 mesh holey carbon film TEM grids (TAAB) in the dark. The grids were blot-dried
with filter paper and were immediately placed under vacuum to avoid reactions induced by ambient
atmosphere. To enhance phospholipid contrast, samples were positively stained with 2% uranyl

acetate in DI water.
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For dissolution of ZnONWs at pH 5 a different sample preparation was followed. Aliquots of
as-received ZnONWs from a stock solution in DI water were drop cast on 300 mesh holey carbon
film TEM grids. The grids were blot-dried with filter paper and aliquots of the pH 5 dissolution
buffer, with or without DPPC/Curosurf®/NCS, were immediately drop cast on the grids. After 10
seconds, the grids were again blot-dried with filter paper. The same procedure was repeated with DI
water 3 times, to remove excess salts or biomolecules. Finally, the grids were placed under vacuum

for drying and storage.

6.2.2.4 TEM

Bright field transmission electron microscopy (BFTEM), high resolution transmission
electron microscopy (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 carried out using a JEOL 2000, a JEOL JEM-2100F or an
FEI Titan 80/300 TEM/STEM fitted with a Cs (image) corrector. The scattering intensity in HAADF-
STEM is proportional to Z" (n ~ 2), therefore this technique is highly sensitive to atomic number (Z)
variations within the sample. An accelerating voltage of 200 kV was used in TEM/STEM experiments
for characterization of ZnONWs and dissolution experiments, while a voltage of 80 kV was used in
TEM/STEM experiments for cell imaging and analysis. For STEM experiments using the JEOL JEM-
2100F, the inner and outer HAADF collection angles were 150 and 400 mrad, respectively, and the
probe diameter was <1 nm. STEM experiments with the FEI Titan were performed with a
convergence semi-angle of 14 mrad and inner and outer HAADF collection angles of 49 and 239
mrad, respectively, and the probe diameter was <0.5 nm. The TEM images presented and the statistics
on ZnONWs were obtained by viewing several ZnONWs (n>100 for each sample), from multiple

areas of 3 samples (n=3) prepared under identical conditions.

6.2.2.5 Dynamic Light Scattering (DLS) and {-Potential

DLS and {-Potential measurements were performed on a Zetasizer Nano ZS (Malvern, UK) at
25 °C. To characterize as-received ZnONWSs, samples were prepared in DI water (pH 6.4) or RPMI-
1640 (pH 7.2), at a concentration of 25 pg/mL, and were bath sonicated for 1 minute immediately
before collecting each measurement. To investigate the effect of PS and 10% NCS on the
agglomeration of S-ZnONWs over time, samples were prepared at a concentration of 25 pg/mL in DI
water (pH 6.4), to exclude effects of ionic salts or other biomolecules present in cell culture media.™

For agglomeration measurements, samples were bath sonicated for 1 minute immediately before the
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t=0 measurement, but were gently mixed with a pipette for all subsequent measurements. Each

measurement consisted of 10 readouts and was repeated in triplicate, with the mean + SD reported.

6.2.2.6 Endotoxin analysis

Endotoxin assays were performed using an LAL Chromogenic Endotoxin Quantitation Kit
(Thermo Scientific, UK). All the glassware used for the ZnONM-suspension preparation and LAL
assays was used after oven sterilization at 120°C for at least 2 hours. Three separate experiments were
performed (n=3) and results represent endotoxin units (EU)/mL. Endotoxin analysis was performed

by Dr. Pakatip Ruenraroengsak.

6.2.3  Cell Viability and analysis of Zn*" uptake

6.2.3.1 TTI treatment with ZnONW3s

The immortalized ATI1-like human alveolar epithelial cell line (TT1) was created from
primary human alveolar epithelial type 2 cells (AT2), isolated from lung tissue with normal
appearance following surgery for lung cancer as previously described by Kempt et al.*® TT1 cells
were cultured in complete DCCM-1 medium (Cadama, UK) supplemented with a mixture of
100U/100U/2mM of Penicillin/Streptomycin/L-Glutamin (SPG; Invitrogen, UK) and 10% newborn
calf serum (NCS; Invitrogen, UK). Cells were seeded at 10,000 cells/well on 96 well plates (Corning,
UK) and maintained at 37 °C with 5% CO, to reach confluence. Cells were serum starved by
incubating with serum free DCCM-1 for 24 hours before ZnONM exposure. After starving, TT1 cells
were rinsed twice with serum-free RPMI-1640 medium (Sigma, UK) before being exposed to ZnCl,
or ZnONWs for 4 and 24 hours. ZnCl, or ZnONWs were prepared in serum-free RPMI-1640
medium, at concentrations ranging from 0-100 pg/ml and bath sonicated at 135W, 42 kHz (VWR,
UK) for 1 min immediately before exposure. To assess the effect of serum on the bioreactivity of
ZnONWSs, S-ZnONWs were prepared in RPMI-1640 medium containing 10% NCS. To investigate
the effect of PS, ZnONWSs were incubated at room temperature and with agitation for 24 hours with a
1:1000 dilution of Curosurf® in RPMI 1640 culture medium. The incubated ZnONWSs were
centrifuged at 10000xg for 10 minutes and the pellet was washed twice with PBS by repeated cycles
of centrifugation. Following washing, the pre-incubated ZnONWs were suspended in serum-free
RPMI 1640 culture medium for cell exposure. Cell culture was performed by Dr. Pakatip

Ruenraroengsak.
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6.2.3.2  Cell viability assessment (WST assay)

Cell viability of cells exposed to ZnCl,, S-ZnONWs and L-ZnONWs was analysed using the
cell proliferation reagent 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene
disulfonate, (WST-1; Roche, UK). Briefly, cells were exposed to ZnONMSs, 0-100 pg/ml, for 4 and 24
hours. The cells were rinsed 3x with PBS and incubated with RPMI-1640 medium containing WST-1
tetrazolium salt (dilution 1:10 from stock) for 1 hour. The medium was collected and the absorbance
at 450nm was measured. Cell viability was calculated in relation to the control non-treated (NT) cells
and data are presented as percent viability in proportion to that of the NT-cells. Three separate
experiments were performed (n=3) and the data are presented as mean + SD. The WST assay was

performed in collaboration with Dr. Pakatip Ruenraroengsak.

6.2.3.3 Lactate dehydrogenase assay (LDH)

After 4- and 24-hour cell exposures, the conditioned medium was collected and centrifuged at
14,000 g for 20 min to remove the cell debris and residual ZnONMs. LDH was analyzed using the
Cytotoxicity Detection kit PLUS (LDH; Roche, UK). For the control and substance control, a known
concentration of LDH standard (0.05 U/ml) was incubated with a sample of RPMI medium, with or
without increasing concentrations of the ZnONMs, and the assay performed in an identical manner.
There was no significant interference of the ZnONWSs, which were removed by centrifugation prior to
reading the optical density (n=3). The LDH assay was performed in collaboration with Dr. Pakatip

Ruenraroengsak.

6.2.3.4 Quantification of intracellular Zn** by ICP-OES

To quantify the amount of Zn*" taken up by TT1 cells, TT1 cells were treated with ZnCl, or
S-ZnONWs (bare or pretreated with Curosurf”); the total amount of Zn added to TT1 cells for the
uptake study was 25 pg (i.e. 1 ml of a 25 pg/ml solution of ZnCl, or S-ZnONWSs, prepared in RPMI-
1640 culture medium). TT1 cells were exposed for 24 hours, after which the conditioned medium was
removed. The cells were rinsed three times with 1 mL of fresh RPMI-1640 culture medium. The
initial treatments and subsequent washes, containing the extracellular Zn, were stored at -21 °C until
further processing. Cells were scraped into 1 ml of fresh RPMI-1640 medium and stored at -21 °C.
Each experiment was repeated three times.

The intracellular amounts of Zn®" were determined by ICP-OES, following acid digestion.

The cell pellets were digested with 5 mL. of HNOj; (Sigma-Aldrich, 69%) overnight. The samples
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were diluted in ultrapure water (Milli-Q) to a final concentration of 5%, yielding clear digest

solutions, and analysed by ICP-OES.

6.2.3.5 TEM quantification of S-ZnONW uptake

Following the same treatment as described in “Quantification of intracellular Zn*" by ICP-
OES”, cells were rinsed with fresh RPMI 1640 culture medium and then fixed with 2.5%
glutaraldehyde in 0.1M HEPES buffer, pH 7.2 for 1 hour at 4 °C.*** The fixatives were removed by
washing the cells with 0.1 M HEPES buffer 3 times. Cells were scraped, transferred to 1.5 mL
Eppendorf tubes and centrifuged at 1000xg for 20 minutes to obtain cell pellets. The cell pellets were
not stained by osmium, since the staining chemicals may cause dissolution of the ZnONWs.? The cell
pellets were dehydrated in graded solutions of ethanol (50%, 70%, 95%, and 100%), for 5 minutes
three times in each, and then washed three times, for 10 minutes each, in acetonitrile (Sigma). After
dehydration, samples were progressively infiltrated with a Quetol-based resin, produced by
combining 8.75 g quetol, 13.75 g nonenyl succinic anhydride, 2.5 g methyl acid anhydride, and 0.62 g
benzyl dimethylamine (all from Agar Scientific). Samples were infiltrated in a 50% resin:acetonitrile
solution for 2 hours, in a 75% resin:acetonitrile solution overnight and in 100% resin for 4 days, with
fresh resin being replaced daily. The embedded samples were cured at 60 °C for 24 hours. The
fixation, dehydration and embedding process had no effect on the solubility or chemistry of ZnONWs
(Appendix B, Figure 10.1). Thin sections (90 nm) were cut from the resin blocks directly into a
water bath using an ultramicrotome and a diamond knife with a wedge angle of 35°. Sections were
immediately collected on bare, 300 mesh gold TEM grids (Agar Scientific), dried and stored under

vacuum until TEM analysis.

6.2.3.6 Cellular dissolution of ZnONMs correlated to cell death assessed using laser scanning

confocal microscopy of live cells

TT1 cells were routinely grown on glass-bottom petri dishes (u-Dish*™, ibidi GmbH, UK)
in complete medium as described above and maintained at 37 °C with 5% CO, to reach confluence.
Cells were serum starved for 24 hours before exposure to ZnONWs. Cells were rinsed 2x with PBS
and incubated with Hoechst 33342 in RPMI1640, to stain cell nuclei, at 37 °C with 5% CO, for 30
min. Cells were rinsed 3x with PBS and incubated with 5 uM of Zn*"-selective indicator (FluoZin™-
3, AM) in serum-free RPMI, for 30min at 37 °C with 5% CO,. Cells were then rinsed 2x with warm
PBS and fresh RPMI medium containing 10pg/ml of PI. Live imaging of the TT1 cells started
immediately after addition of the Pl-containing medium (t=0min), using a Leica SP5 MP (Leica,

Germany) inverted confocal microscope, with an environmental chamber set at 37 °C with 5% CO,.
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RPMI medium containing 25 pg/ml of S-ZnONWs was added immediately and the cells were
imaged. FluoZin™-3 and PI were detected at excitation/emission wavelengths of 488/516nm and
535/617nm, respectively. Images were acquired every 10 min over 3-4 hours, using a 63x objective
(oil immersion). The data were analysed using ImageJ software (FIJI), and the fluorescent signals at
the time before addition of the ZnONMs were measured for background subtraction of the exposed
cells. The data are presented as mean fluorescent intensity (MFI) £ SD. Three separate experiments
were performed for each sample. Seven different cells (n=3 with a total of 21 observed cells) were
randomly selected from each experiment and their MFI values after background subtraction were
analysed and plotted against time of monitoring. Confocal imaging was performed in collaboration

with Dr. Pakatip Ruenraroengsak.

6.2.4  Statistical analysis

In vitro cell-free dissolution, DLS and {-potential experiments were repeated at least three
times. Values are shown as mean + SD. Statistical analyses were carried out using one-way ANOVA
in Origin 9.1. Differences were considered statistically significant at p<0.05.

Toxicity data of ZnCl, and ZnONWs (WST and LDH) were analysed using two-way analysis
of variance (ANOVA) with a Post-Hoc (Bonferroni) test to confirm the difference between ZnCl,, S-
and L-ZnONWs at different concentrations using GraphPad Prism® 5.0. A similar analysis was
applied to determine the difference in different treatments (£ 10% NCS or Curosurf®) at different
ZnONWSs concentrations. In confocal experiments, differences in MFI values of red and green
fluorescent signals over time were also analysed using 2-way ANOVA. Differences were considered

significant at **p<(0.01 and ***p<0.001. Values are presented as mean + SD.

6.3 Results and Discussion

6.3.1 Characterization of ZnO Nanomaterials

The as-received ZnONWs (AR-ZnONWSs) were characterized by transmission electron
microscopy (TEM) (Figure 6.1), high resolution TEM (HRTEM) (Figure 6.1), selected area electron
diffraction (SAED) (Appendix B, Figure 10.2), energy dispersive X-Ray spectroscopy (TEM-EDX)
(Figure 6.1), dynamic light scattering (DLS) (Table 6.1) and zeta ({) potential (Table 6.1). High-
aspect ratio S-ZnONWs (Figure 6.1a-f) and L-ZnONWSs (Figure 6.1g-1) had average lengths of 1.3 +
1.1 um (Figure 6.1d) and 3.3 £ 2.9 um (Figure 6.1j), respectively. Both types of ZnONWs had

similar diameters (Figure 6.1b, h), with averages of 28 = 15 nm (Figure 6.1e) and 27 £ 16 nm
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(Figure 6.1k), respectively. The ZnONW nominal dimensions provided by the manufacturer (90
nmx1 um for S-ZnONWSs and 300 nmx4-5 pm for L-ZnONWSs) were, therefore, not representative of
their actual dimensions measured by TEM. Figure 6.1c, i are HRTEM images of S-ZnONWs and L-
ZnONWs with the arrows indicating the long axis of the wires. The ZnONWSs were crystalline and the
lattice fringe spacings were 2.58 + 0.04 A and 2.61 + 0.05 A, respectively, corresponding to the
interplanar spacing of wurtzite ZnO (002) lattice planes (JCPDS #89-1397). This is in accordance to
previous findings that showed that the [0001] direction is the preferred growth direction for
ZnONWs. ™ For both types of ZnONWs, the interplanar spacings measured from SAED patterns
(Appendix B, Figure 10.2), collected from areas containing several nanowires, corresponded to the
(100), (002), (102), (110) and (103) planes of wurtzite ZnO. Finally, the composition of ZnONWs and
absence of impurities were confirmed by TEM-EDX (Figure 6.1f, 1). Endotoxin assays indicated that
ZnONW suspensions contained very low levels of endotoxin, with 0.0014 = 0.0001 EU/mL for S-
ZnONWSs and 0.0009 + 0.0002 EU/mL for L-ZnONWs.
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Figure 6.1 Physicochemical characterization of “short” (S-ZnONWs; a-f) and “long” (L-ZnONWs; g-
1) ZnO nanowires. Low-magnification bright field transmission electron microscopy (BFTEM; a, g),
high-magnification BFTEM (b, h) and high resolution TEM (HRTEM; c, i) images of S-ZnONWs
and L-ZnONWs respectively, and their length (d, j) and diameter (e, k) distributions. In (c, i) the
arrows represent the direction of the long axis of ZnONWSs. (f, 1) TEM energy dispersive X-Ray
(TEM-EDX) spectra collected from areas containing multiple S-ZnONWs (f) and L-ZnONWs (1). The
curves in (d, e, j and k) represent the Gaussian fit to the data.
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Table 6.1 shows the hydrodynamic sizes of ZnONWs by DLS and their {-potentials, in DI
water and RPMI-1640 cell culture medium. Although S-ZnONWs and L-ZnONWs were dispersed by
bath sonication immediately before measurement, their hydrodynamic sizes were not representative of
the sizes measured by TEM in either medium. This is because NP size information in DLS is obtained
by measuring the particle’s diffusion coefficient, which, in the case of high-aspect ratio NMs, has
both a translational and rotational component. The measured sizes may therefore be interpreted only
as the sizes of spherical particles that would have the same diffusion coefficient as S-ZnONWs and L-
ZnONWs. The {-potential had similar magnitudes for both types of ZnONWs in each medium, with

positive values in DI water, but which became negative in RPMI-1640.

DI water (pH 6.4) RPMI-1640 (pH 7.2)
Material | 4 drodynamic si C-potential | Hydrodynamic si {-potential
ro namic size -potentia roaynamic Size ~-potentia
ydrody ooy SP ydrody oop 5P
(nm) (mV) (nm) (mV)
S-ZnONWs 815+ 104 035  16.0+09 1164 + 130 044  -104+0.6
L-ZnONWs 957 + 132 033 119403 1319 + 190 044  -103+08

Table 6.1 Hydrodynamic sizes and polydispersity indices (PDI) measured by dynamic light scattering
(DLS), and C-potential of S-ZnONWs and L-ZnONWs in DI-water and RPMI-1640 cell culture
medium.

6.3.2 PS alters ZnONW dissolution kinetics and coats ZnONWs with a phospholipid corona

First, the effects of PS on ZnONW dissolution were examined at different pH values,
representative of environments found in the lung and that mimic endocytotic conditions. The main
paradigm describing the toxicity of ZnONMs is the accumulation of ZnO inside cells due to cellular
uptake of the ZnONMs.****7 In the endocytic pathway, the pH progressively decreases from about
7.1 to lower than 5.5 in lysosomes. Consequently, following uptake, pH-triggered intracellular
dissolution may lead to the release of Zn>" ions, which are toxic at elevated levels.*****” However, the
effects of PS on the solubility of ZnONMSs have not been previously explored. In the absence of PS,
ZnONW dissolution was strongly pH-dependent (Figure 6.2a). At pH 7, both types of ZnONWs
tested were relatively stable. The amount of Zn®>" ions released increased over time and reached
equilibrium after 4 hours, with a maximum of about 10% of ZnO solubilized. At pH 5, there was an
apparent instantaneous and complete dissolution of ZnONWs. Similarly, previous work has
demonstrated an increase in ZnO dissolution at lower pH, for both spherical ZnONPs**" ** and
ZnONWs.*** *12 These findings indicate that ZnONWs will be fairly stable extracellularly; therefore

their toxicity is expected to be triggered by their rapid intracellular dissolution. Furthermore, no
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significant differences in the dissolution kinetics were observed between the two types of ZnONWs
tested, at pH 5 or pH 7. In principle, an increased surface area, leading to a higher surface free energy
and activity of NPs as their size decreases, is expected to lead to an enhanced dissolution for smaller

particles.”"

However, a size selective etching of ZnONMSs has rarely been measured experimentally,
and only for very small particles (< 10 nm diameter).”* ** In accordance with our findings, most
previous studies have reported similar dissolution rates and equilibrium Zn** concentrations between

bulk- and nano-ZnO particl o7 422,423

as well as ZnONM s of different sizes and shapes*®, which is
usually attributed to aggregation of the particles. Agglomeration would lead to the formation of
irregularly shaped structures and decrease the rate of particle dissolution.*”® Due to aggregation, the
reactive surface area of NMs exposed to solution is reduced, while the solution properties within the

aggregates may differ from the bulk solution.
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Figure 6.2 PS reduces the dissolution kinetics of S-ZnONWs at lysosomal pH. (a) Inductively coupled
plasma optical emission spectroscopy (ICP-OES) analysis of the amount of free Zn>" ions released
from S-ZnONWs and L-ZnONWs incubated in normal saline (NS) solutions at pH 7 and pH 5, for 0
up to 48 hours. (b, ¢) ICP-OES analysis of the amount of free Zn®" ions released from S-ZnONWs
incubated in NS at pH 7 (b) or pH5 (c), in the absence or presence of DPPC, Curosurf® or 10% NCS.
Each experiment was repeated 3 times (n=3) and data are presented as mean = SD.
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Since dissolution was the same for S-ZnONWs and L-ZnONWs, the effects of PS and 10%
newborn calf serum (NCS) on dissolution kinetics were examined only for S-ZnONWs (Figure 6.2b,
¢). At pH 7 (Figure 6.2b), the presence of DPPC or Curosurf® had no effect on the dissolution
kinetics of S-ZnONWs, as we have also demonstrated in the case of silver nanowires (AgNWs).*** In
contrast, 10% NCS markedly accelerated the amounts of Zn®" ions released, with the maximum
fraction of S-ZnONWSs solubilized reaching around 24% after 48 hours (p<0.05). Previous studies

have shown that ZnO NP dissolution increased in the presence of foetal bovine serum (FBS),** as

well as bovine serum albumin (BSA)**

. This increase in dissolution may be due to the adsorption of
proteins (e.g. albumin) from NCS on the surface of ZnONWs and the formation of a protein corona.*”
Serum albumin could act as Zn>" binding ligand, changing the reaction equilibrium and inducing a
higher Zn*" liberation from the ZnONWs.**” At pH 5 (Figure 6.2¢), the addition of DPPC or 10%
NCS did not lead to large differences in the dissolution of S-ZnONWSs. A prominent decrease in
dissolution was, however, observed in the presence of Curosurf®. Instead of immediate dissolution,
only 35% of S-ZnONWs had solubilized within 1 hour and dissolution reached equilibrium at 60%
after 8 hours. This finding supports the work on AgNWs, where Curosurf® was more effective than
DPPC in delaying the dissolution of AgNWs at pH 5 (Figure 4.2).*° Similar to AgNWs,** the reason
for a reduced S-ZnONW dissolution could be their coating by phospholipids, which blocks direct
contact between the NW surface and the aqueous environment.

The morphological alteration of S-ZnONWs in the absence and presence of PS and 10% NCS
against time and pH was examined by TEM (Figure 6.3). After incubation at pH 7 for 1 hour, no
noticeable changes were observed in the morphology of the S-ZnONWs, which still appeared to have
smooth surfaces (Figure 6.3a), in agreement with the low dissolution measured at this time point by
ICP-OES (Figure 6.2a). After 24 hours at pH 7, S-ZnONWs had been substantially etched and
presented irregular surfaces (Figure 6.3b). Similar observations were made for S-ZnONWs
incubated at pH 7 for 24 hours in the presence of DPPC (Figure 6.3c), Curosurf® (Figure 6.3d) and
10% NCS (Figure 6.3e). In a previous work, the flat surfaces of the hexagonal cross section of ZnO
wires also became rough following their interaction with DI water.*” Since dissolution of S-ZnONWs
was very rapid at pH 5 (Figure 6.2a), their morphology was inspected at very short incubation times.
Within 10 seconds at pH 5, in the absence (Figure 6.3f) or presence of 10% NCS (Figure 6.3g) or
DPPC (Figure 6.3h), S-ZnONWs had been severely etched. They no longer appeared as continuous
wires but had dissolved to smaller individual and irregular particles. The incubation media only
contained CI ions, therefore the precipitation of insoluble Zn compounds was not expected. The
lattice spacing measured from HRTEM images (Figure 6.3i) was 2.56 + 0.06 A, which corresponds
to the (002) interplanar spacing of wurtzite ZnO (JCPDS #89-1397). STEM-EDX (Figure 6.3j, k)
revealed only the presence of Zn and O, confirming that the observed structures correspond to
dissolved S-ZnONWs. Similar morphological alterations have been previously reported for ZnONWs
in simulated body fluids at pH 7.4 and pH 5.2.>** Zhou er al. showed that ZnO wires dissolved in a
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range of biofluids.*”” The etching process usually started at the edges of the hexagonal cross-section
of the wires, leaving the flat surfaces initially spared and resulting in a rough appearance of the wires.
The number of edges, kinks or defect sites in NMs may create “hot spots” of dissolution.*** Moreover,
differences in surface energies of different crystallographic planes may affect dissolution rates.
ZnONWSs grow along their polar (0001) direction, and the top polar (002) face that is more unstable
than the side crystal faces may be etched preferentially; therefore anisotropic dissolution of ZnONWs
is expected.”® However, such anisotropic dissolution has not been observed here. Illy et al. suggested
that diffusion limitations on the dissolution process and chloride stabilization of the (002) planes must

412

also be taken into account to explain the selective etching of ZnONWSs.” “ In their work, anisotropic

dissolution was observed for ZnO nanorods with a diameter >100 nm, whereas nanorods with a

diameter <100 nm, like the ZnONWs used in this work, dissolved homogeneously.*
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Figure 6.3 PS reduces the etching of S-ZnONWs at lysosomal pH and forms a phospholipid corona.
(a-e) BFTEM images of S-ZnONWs incubated in NS at pH7 for 1 hour (a) or 24 hours (b-¢), in the
absence (a, b) or presence of DPPC (c), Curosurf® (d) or 10% NCS (e). (f-h) BFTEM images of S-
ZnONWs incubated in NS at pH5 for 10 seconds, in the absence (f) or presence of 10% NCS (g) or
DPPC (h). (i) HRTEM image of the area marked 1 in (h). (j) High angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) image of S-ZnONWs incubated in NS at pH5 for
10 seconds (k) STEM-EDX spectrum collected from the area marked 2 in (j). (I-n) BFTEM images of
S-ZnONWs incubated in NS at pHS5 in the presence of Curosurf® for 24 hours. (m) is the
magnification of the area squared in (1). In (n) samples were positively stained with uranyl acetate
(UA) to enhance phospholipid contrast and shows multiple phospholipid bilayers formed on the
surface of S-ZnONWs. (o) Intensity line profile collected from the line marked 3 in (n).
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In contrast to the rapid etching of S-ZnONWs at pH 5, incubation of S-ZnONWs at pH 5 in

the presence of Curosurf” for 10 seconds led to no observable changes to their structure (Appendix B,
Figure 10.3). After 24 hours of incubation, even though considerable etching had taken place at their
surface, S-ZnONWs still appeared as continuous wires (Figure 6.31). These observations support the
decrease in S-ZnONW dissolution at pH 5 in the presence of Curosurf” measured by ICP-OES
(Figure 6.2¢). Imaging at higher magnification revealed the presence of an amorphous layer at the
surface of S-ZnONWs (Figure 6.3m), which was attributed to the coating of S-ZnONWs by
phospholipids. As shown for AgNWs incubated with Curosurf®”, the AgNWs were coated by

496
The same

phospholipid bilayers (Figure 4.4) that delayed their dissolution kinetics (Figure 4.2).
approach was followed to reveal the organization of phospholipids on the surface of S-ZnONWs, by
positively staining samples with uranyl acetate. After staining, striations parallel to the long axis of
the S-ZnONWs were observed (Figure 6.3n). Since the hydrophilic head groups of phospholipid
molecules produce dark contrast whereas the hydrophobic fatty acid tails produce bright contrast,*’
the outermost surface of the lipid coating of S-ZnONWs, facing the aqueous environment,
corresponds to hydrophilic head groups (similar for more than 100 S-ZnONWs inspected). When
strongly hydrophilic groups are able to interact with the surrounding aqueous medium, the sorption of
an organic compound on nanoparticles facilitates the stability of the nanoparticle dispersion.*®
Therefore, the coating of S-ZnONWs by phospholipids is expected to improve their dispersion in
aqueous media. The bilayer thickness was measured by collecting several intensity line profiles
(Figure 6.30) and had an average of 3.9 + 0.6 nm. This value is the same as the bilayer thickness
measured for AgNWs and close to the estimated maximum hydrocarbon bilayer thickness of 4.16
nm.”® In contrast to AgNWs, where phospholipids from various sources (DPPC, Curosurf® and

murine LLF, Figure 4.4) coated AgNWs, no evidence was found that DPPC was able to coat S-
ZnONWs (Appendix B, Figure 10.4).

6.3.3 PS reduces the agglomeration of ZnONWs

Even though the use of DLS to accurately estimate the dimensions of 1-dimensional NMs
may not be straightforward, hydrodynamic size measurements could be used as an indication of
agglomeration in NM dispersions. The hydrodynamic size of S-ZnONWs in the absence or presence
of DPPC quickly increased within 1 hour of incubation in DI water (Figure 6.4a). However, for S-
ZnONWs incubated with Curosurf® or 10% NCS, the hydrodynamic size remained relatively constant
from 0 up to 48 hours. These results were corroborated with {-potential measurements (Figure 6.4b).
In the absence or presence of DPPC, S-ZnONWs had a positive (-potential immediately after
incubation, which dropped close to 0 within 1 or 4 hours of incubation, respectively. Incubation of S-

ZnONWs with either Curosurf® or 10% NCS led to a negative {-potential, with higher magnitudes in
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the case of Curosurf®. Although in both cases the {-potential magnitude slightly decreased over time,

it remained lower than -10 mV after 48 hours.
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Figure 6.4 PS decreases the agglomeration of S-ZnONWs and imparts a negative surface charge. (a)
Hydrodynamic size and (b) (-potential of S-ZnONWSs incubated in DI water, in the absence or
presence of DPPC, Curosurf or 10 % NCS. Each experiment was repeated 3 times (n=3) and data are
presented as mean =+ SD.

Taken together, DLS and (-potential measurements indicate that S-ZnONWSs agglomerate
rapidly in DI water, with no effect by the presence of DPPC. In contrast, both Curosurf® and 10%
NCS prevented the agglomeration of S-ZnONWs. These findings may be correlated with the coating
of ZnONWs by a phospholipid corona in the presence of Curosurf® but not of DPPC. The principle
underlying this effect is possibly that surfactant molecules adsorb and form lipid bilayers on the
surface of the particles by virtue of their amphiphilic nature, thus sterically stabilizing the particles.*®
The absence of similar effects when ZnONWs were incubated with DPPC instead of Curosurf® may
be due to the more complex composition of Curosurf®.*” Apart from DPPC, which is a zwitterionic
phospholipid, Curosurf® also contains anionic phospholipids, such as phosphatidylglycerol and
phosphatidylserine, as well as the hydrophobic surfactant proteins SP-B and SP-C.*”* Previous studies
have indicated that ionic surfactant molecules are superior in contributing to both charge and steric
stabilization of nanoparticles.””® Furthermore, SP-B/C are known to act as a “fusogen” that promotes
lipid mixing and increases the adsorption rate of phospholipids.*’ In the case of 10% NCS, previous
studies have shown that serum proteins stabilized ZnONPs against aggregation and sedimentation. ***
*% One possible stabilising agent in serum is albumin, the most abundant protein in serum, which may
adsorb to the surface of ZnO creating a protein corona.” Albumin carries a negative charge (around -
20 elementary charges per molecule) at physiologic pH and may therefore stabilise particles by

imparting a net surface charge,””' as indicated by the {-potential measurements.
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6.3.4 PS increases ZnONW bioreactivity with TT1 cells

(a) WST assay T=4h (b) WST assay T=24h
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Figure 6.5 PS increases the bioreactivity of S-ZnONWs with type I-like (TT1) human alveolar
epithelial cells. (a, b) Cell viability (WST assay; n=3, **p<0.01, ***p<0.001) and (c, d) LDH release
(n=3, **p<0.01, ***p<0.001) following treatment of TT1 cells with S-ZnONWs and L-ZnONWs for
4 hours (a, ¢) and 24 hours (b, d). ZnCl, was used as a control for free Zn>" ions. (e, f) Cell viability
(WST assay; n=3, **p<0.01, ***p<0.001) following treatment of TT1 cells with S-ZnONWs for 24
hours, in the absence or presence of 10% NCS (e) or Curosurf” (f).

Having examined how the properties of high-aspect ratio ZnONWs change over time at
different pH values and in the presence of PS, their bioreactivity with human alveolar epithelial type
I-like (TT1) cells was tested. Their bioreactivity was assessed by a water soluble tetrazolium salts
(WST) assay and lactate dehydrogenase (LDH) release assay, which measure the metabolic activity of
cells and necrotic cell death, respectively. To compare with the effects of Zn*" ions, ZnCl, was used
as a source of soluble ionic zinc. The WST assay demonstrated a time- and concentration-dependent
decrease in cell viability following exposure of TT1 cells to the Zn compounds (Figure 6.5a, b).
Compared to the non-treated (NT) control, both S-ZnONWs and L-ZnONWs significantly reduced
the viability of TT1 cells at doses of 1 pg/mL and above after 4 hours (Figure 6.5a), whereas the
threshold of ZnCl,-induced cell death was at 5 pg/mL. This threshold, between 1 and Smg/mL of
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ZnONWs, was a consistent feature of the cell death studies. Thus, after 24 hours, significant cell death
occurred following exposure to 5 pg/mL and above of all materials tested, the degree and profile of
which was similar (where cell death plateaued with increasing ZnONW concentration; Figure 6.5b),
and, with the exception of the 1pg/mL dose, was significantly greater than that observed at 4 hours.
The median lethal doses (LDsy) after 24 hours were estimated to be 10.13 pg/ml for ZnCl,, 10.90
pg/ml for S-ZnONWSs and 11.18 pg/ml for L-ZnONWs, in terms of Zn>" ion concentration. Therefore,
both lengths of ZnONWs exhibited similar effects on the viability of TT1 cells, in accordance to the
similar dissolution kinetics in cell-free in vitro measurements (Figure 6.2a). Their LDs, values are
close to the LDsydoses previously measured for human MDMs exposed to ZnCl, and high aspect ratio
ZnONWSs.>* Similarly, ZnO nanorods (20-70 nmx100-200 nm) were toxic to human aortic
endothelial cells at doses above 10 pg/mL,> while 70 and 420 nm ZnONPs had similar toxicities in
the human lung carcinoma cell line A549.%*” Moreover, both types of ZnONWs had similar effects to
those observed with ZnCl,. Along with the pH-dependent profile of ZnONM dissolution (Figure
6.3a), this finding suggests that ZnONW bioreactivity is dominated by intracellular dissolution and
release of toxic Zn”" ions. Previous studies have also shown that the toxicity of spherical and rod-
shaped ZnONPs (10-200 nm) to mouse neuronal stem cells was independent of particle shape and
size, and similar to ZnCl,.3%

LDH release after 4 hours was not significant compared to the NT control for any of the
materials at the dose range tested (Figure 6.5c). Relative to the NT control, exposure to up to 100
pg/mL of ZnCl, for 24 hours did not result in significant LDH release (Figure 6.5d). Addition of
ZnCl, to the cell culture medium may have caused supersaturation of Zn>" with respect to the zinc
carbonate and/or phosphate equilibrium solubility of the medium, leading to the formation of
particulates with unknown effects on membrane integrity.””> In contrast, both S-ZnONWs and L-
ZnONWs caused a similar degree of cellular LDH leakage after 24-hour exposures to doses of 10
pug/mL and above (Figure 6.5d). Normally, early-stage plasma membrane permeabilization (within 3-
6 hours) is associated with necrosis whereas its delayed occurrence is the signature of apoptosis and
secondary necrosis at a later stage. Therefore, our findings indicate that ZnONWs induce early-stage
programmed TT1 cell death without disrupting the plasma membrane, and, in the absence of
macrophage efferocytosis and other cell death clearance mechanisms, induction of late stage cellular
necrosis. Non-necrotic cell death has also been suggested to occur after application of 5 and 200 nm
ZnONPs to a breast adenocarcinoma cell line (MCF-7) and a nasopharyngeal carcinoma cell line
(KB).”” Ahamed et al. suggested that ZnO nanorods (50x150 nm) caused apoptosis in A549 cells by
inducing the expression of Hsp70, a biomarker of cell damage, upregulating the cell cycle checkpoint
protein p53 and downregulating the antiapoptotic protein, survivin.*** Using TEM, Muller ez al.
demonstrated that human MDMs treated with ZnONWs or ZnCl, showed signs of both apoptosis,
such as chromatin condensation and mitochondrial pyknosis, as well as necrosis, such as plasma

membrane rupture and leaching of cytoplasmic contents.”** This heterogeneity in cellular responses
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could be due to the fact that, in the case of ZnONWs, cells are exposed to highly variable local
concentrations of zinc.

Since both types of ZnONWs and ZnCl, had similar effects on the viability of TT1 cells, the
effects of PS and 10% NCS were assessed only for S-ZnONWSs. Exposure of TT1 cells to S-ZnONWs
for 24 hours with the addition of 10% NCS led to a similar decrease in cell viability to that observed
in the absence of serum, regardless of exposure dose (Figure 6.5¢). Even though 10% NCS treatment
caused a slightly increased dissolution of ZnONWs at pH 7 (Figure 6.2b), this had no effect on the
viability of TT1 cells compared to that observed with bare ZnONWSs. In accordance to this finding,
Hsiao et al. showed that the enhanced extracellular Zn>" release by micro- and nano-ZnO particles in
serum-containing tissue culture medium did not contribute as a main factor in the cytotoxicity of the
ZnO particles.” On the other hand, despite the decrease in dissolution at pH 5 (Figure 6.2c),
exposure to S-ZnONWs pre-incubated with Curosurf” led to a significantly higher decrease (from 40-
50% cell death to 70-80% cell death; p<0.001, n=3) in TT1 viability compared to bare S-ZnONWs,
for doses of 5 ug/mL and above (Figure 5f).

6.3.5 PS increases the uptake of S-ZnONWs by TT1 cells

In order to test whether the differences in cell viability in the presence of Curosurf® arise due
to differences in the amounts of S-ZnONWs internalized by the cells, uptake in TT1 cells was
quantified by ICP-OES analysis (Figure 6.6a). TT1 cells were incubated with S-ZnONWs, in the
absence and presence of Curosurf® or 10% NCS, while ZnCl, was used as an ionic control. After 4
hours, TT1 cells had taken up similar amounts of ZnCl,, S-ZnONWSs in serum-free medium and S-
ZnONWs in medium containing NCS, which was approximately 10% of that applied to the cells
(Figure 6.6a). In contrast, pre-incubation of the wires with Curosurf® led to about a 4-fold increase in
intracellular zinc (in serum-free medium; Figure 6.6a). The percentage of cells positive for S-
ZnONW uptake estimated by BF-TEM imaging indicated that a similar higher degree of
internalization had taken place for S-ZnONWs pre-incubated with Curosurf® compared to bare S-
ZnONWs (Figure 6.6b). Therefore, the higher toxicity of S-ZnONW:s in the presence of Curosurf®
(Figure 6.5¢) can be correlated with the higher extent of intracellular uptake (Figure 6.6a, b) of S-
ZnONWSs, which may be attributed to the formation of a phospholipid corona (Figure 6.3n). Previous
findings have shown that human lung lining fluid increases the uptake of polystyrene NPs, regardless
of NP size or surface modification.*® It has also been demonstrated that Curosurf® slightly increased
the uptake of AgNWs by TT1 cells after 24 hours (Figure 4.8). Konduru et al. suggested that the
phospholipid coating on single walled carbon nanotubes represented an “eat me” signal on their
surface that facilitated their recognition and internalization by macrophages.*'’ In the presence of 10%

NCS, however, no significant effect on S-ZnONW uptake in TT1 cells was observed. The exact role
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of adsorbed protein in NP uptake is not clear, with some studies suggesting that proteins promote NP
uptake via receptor-mediated endocytosis while others have demonstrated a reduction or no effect in

504

uptake. It is likely that differential adsorption of components of serum proteins by different

nanomaterials impacts on the bioreactivity and mode of cellular uptake, if any. In one study, the
addition of 5-10% FBS to the cell culture medium prevented agglomeration and sedimentation of
ZnONPs and lowered their toxicity against A549 cells.*** The authors suggested that the formation of
a protein corona around the ZnONPs protected the cells from direct interaction with the particles,

decreasing their toxicity.
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Figure 6.6 PS increases the S-ZnONW uptake by human alveolar epithelial cells. (a) ICP-OES
quantification of the amount of intracellular Zn*" in TT1 cells, following treatment for 4 hours with
ZnCl, or S-ZnONWs, in the absence or presence of 10% NCS or Curosurf®. Experiments were
repeated 3 times (n=3) and data are presented as mean = SD. (b) BFTEM quantification of
intracellular Zn in TT1 cells treated for 4 hours with S-ZnONWs, in the absence or presence of
Curosurf®. Experiments were repeated 3 times (n=3) and data are presented as mean + SD. BFTEM
images (c, d, g, h) of TT1 cells exposed to S-ZnONWs in the absence (c, d) or presence (g, h) of
Curosurf® (n=3). (d) and (h) are magnifications of the areas squared in (c) and (g) respectively. (e, i)
TEM-EDX spectra collected from the areas circled in (d) and (h) respectively. (f, j) HAADF-STEM
images of TT1 cells exposed to S-ZnONWs in the absence (f) or presence (j) of Curosurf® (n=3). (C:
cytoplasm; ES: extracellular space)
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The morphology of S-ZnONWs taken up by TT1 cells in the absence and presence of
Curosurf” was investigated by TEM. BF-TEM imaging of TT1 cells exposed to S-ZnONWs for 4
hours revealed that there were no intact S-ZnONWs intracellularly, either in the absence (Figure 6.6c¢,
d) or presence (Figure 6.6g, h) of Curosurf”. Instead, electron dense material was observed inside
TT1 cells, and TEM-EDX (Figure 6.6e, i) showed the presence of Zn in the areas around this
material, both in the absence (Figure 6.6e) and presence of Curosurf® (Figure 6.6i). Zn peaks were
not detected in TEM-EDX spectra collected from areas in the extracellular space (Appendix B,
Figure 10.5). HAADF-STEM imaging, a technique sensitive to local atomic number variations in
samples, confirmed the presence of material with high atomic number inside TT1 cells (Figure 6.6f,
j, arrows). This material was attributed to remnants of S-ZnONWs following intracellular dissolution.
In most of the studies where TEM imaging was employed to examine cells exposed to ZnONPs, no
particles could be detected intracellularly, possibly due to their rapid dissolution.’” For instance,
within 1 hour of exposure of human MDMs to ZnONWSs, no intact wires were observed

intracellularly, but cells instead contained “ghost” structures of electron dense material.***

6.3.6 PS delays the intracellular dissolution of S-ZnONWs within TT1 cells and the onset of
cellular damage

To further investigate the correlation between intracellular ZnONW dissolution and cell
death, the cellular distribution and dissolution of S-ZnONWs were dynamically analysed in live TT1
cells by laser scanning confocal microscopy. TT1 cells were preloaded with a Zn®>" indicator
(FluoZin™-3, AM), which is a cell- permeant acetoxymethyl (AM) ester that displays green
fluorescence upon binding of ionic Zn*". Propidium iodide (PI), a red fluorescent dye that is
membrane impermeable and generally excluded from viable cells, was added to stain the nuclei of
necrotic cells. Following introduction of S-ZnONWs, the cells were imaged at regular intervals up to
3 hours (Figure 6.7). In the absence of Curosurf”, green fluorescence was observed within 20min
following exposure (Figure 6.7b), indicating a rise in intracellular Zn*" concentrations. This was
confirmed by an increase in the mean fluorescence intensity (MFI) of FluoZin""-3 (Figure 6.7K).
Within 1 hour, the FluoZin""-3 MFI had reached its maximum value, followed by a drop in
FluoZin™-3 fluorescence, possibly indicating leakage of the Zn*'-dye complex from the cells.
Concomitantly, an increase in PI fluorescence was observed, indicating necrotic cell death. TT1 cells
exhibited a heterogeneous response to S-ZnONWSs, with some cells dying within 40 minutes (Figure
6.7¢), while others more than 2.5 hours (Figure 6.7i) after exposure. This heterogeneity may be due
to the tendency of S-ZnONWSs to agglomerate, leading to exposure of TT1 cells to highly variable
concentrations of S-ZnONWs in different areas of the TT1 cell monolayer. Together with the effects

of pH on dissolution shown in Figure 6.3, these findings suggest that the toxicity of S-ZnONWs is
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due to an intracellular increase in ionic Zn>" following uptake and dissolution of the ZnONWs inside

244

cells, as has been also demonstrated for human MDMs.
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Figure 6.7 Intracellular dissolution of S-ZnONWs within live TT1 cells correlates to cell viability. (a-
j) Live TT1 cells were incubated with S-ZnONWs at 37°C with 5% CO, and imaged by laser scanning
confocal microscopy every 20 minutes (a-j) up to 3 hours. Cells were stained with Hoechst 33342
(blue, nuclei) and FluoZin™-3, AM (green, Zn>") prior to exposure to S-ZnONWs in Pl-containing
(red, necrotic cells) serum free RPMI cell culture medium. (k) The dynamic intracellular dissolution
of S-ZnONWs (green line) and their effect on cell viability (red line; PI), were quantified by
measuring the mean fluorescent intensity (MFI) of FluoZin"-3, AM (l; green in a-j) and PI (m; red in
a-j) against time in six cells from one single experiment. Region of interests (ROI 1-6, squared in 1,
m) indicate the areas where the fluorescent signals were measured and plotted in k. (n) Three
experiments were performed with a total of 21 cells observed, and the signals of Zn*" and PI were
plotted against the time in comparison to the background signals obtained from non-treated cells (NT-
Zn*" and NT-PI; n=3 with a total of 21 cells observed , *#%p<0.001).
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Figure 6.8 PS delays intracellular dissolution of Curosurf"-preincubated S-ZnONWs within live TTI
cells, and the onset of cell damage. (a-0) Live TT1 cells were incubated with S-ZnONWs pre-
incubated with Curosurf® and imaged by laser scanning confocal microscopy every 20 minutes up to 5
hours. Cells were stained with Hoechst 33342 (blue, nuclei) and FluoZin"™-3, AM (green, Zn”") prior
to exposure to S-ZnONWs in Pl-containing (red, necrotic cells) serum free RPMI cell culture
medium. (p) There was no significant Zn>" release from the Curosurf®-preincubated S-ZnONWs
(green line) and no necrotic cell death (red line) was observed within 3 hours of exposure. A
significant release of Zn** (p<0.001; n=3 with a total of 21 cells observed ) was observed after 4
hours of exposure (green line in p, yellow arrows in q indicate areas of Zn’' release), with no
significant necrotic cell death (red line in p). S-ZnONWs, imaged in reflectance mode (magenta in q,
white arrows) remained in the system close to areas of Zn®" release.

When TT1 cells were exposed to S-ZnONWs pre-incubated with Curosurf®, no release of
Zn*" was observed within cells over the first 3 hours after the addition of S-ZnONWs (Figure 6.8a-0).
This finding indicates that Curosurf” may delay the intracellular release of Zn>* from S-ZnONWs, by

coating their surface with a phospholipid corona, as previously observed in cell-free in vitro
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measurements (Figure 6.3n). Significant intracellular release of Zn>* from ZnONWs was observed 4
hours after exposure; however no significant PI fluorescence was measured within the timeframe of
the experiment (Figure 6.8p-q). Since pre-incubation of S-ZnONWs with Curosurf® resulted to a
higher decrease of TT1 viability at 24 hours compared to bare S-ZnONWs (Figure 6.5f), these results
suggest that, by delaying intracellular dissolution, the phospholipid corona also delayed cellular
damage. The intracellular processing of nanoparticle coronas following uptake, and the consequences
on the cytotoxic effects of the nanoparticles are not well understood. Recent findings suggest that
biomolecular coronas are retained by nanoparticles as they are internalized by cells and are trafficked
to the lysosomes on the nanoparticle’s surface.” In the lysosomes, the coronas may protect the cells
from damage induced by the bare nanoparticle, until the biomeolecules are enzymatically cleared and
the nanoparticle’s surface is re-exposed.” *"" Ma et al. have recently demonstrated that the rate of
proteolytic degradation of protein coronas on gold nanoparticles (AuNPs) varied between different
proteins, with half times (time required for degradation of 50% of the corona) ranging from around 4
to 70 hours, and this variation correlated with the degree of cellular damage.”” Similarly, in our
experiments, the delayed toxicity of the Curosurf” pre-incubated ZnONWSs may be a result of the time
needed for the enzymatic degradation of the phospholipid corona, possibly by phospholipases, which
are known to be present in lung tissue.’” In type 2 alveolar epithelial cells, the degradation half time
of internalized DPPC has been measured at around 2 hours.’'" Therefore, further investigation is
required in order to fully understand the role of phospholipid coronas on the internalization of
nanoparticles, the intracellular fate of the corona and its impact on the accompanying toxicity of

nanoparticles.

6.4 Conclusions

Since the first interaction of any nanoparticle that reaches the alveoli will be with the
pulmonary surfactant (PS), its effects on the physicochemical properties of nanoparticles could have a
significant impact on their bioreactivity. In this work, by performing detailed characterization we
were able to provide new insights on the effects of PS on the dissolution and colloidal stability of
ZnONWs, as well as their bioreactivity toward TT1 human alveolar epithelial cells. In summary, in
vitro adsorption of PS lipids on ZnONWs has been demonstrated. This lipid corona delayed the
kinetics of Zn®* ion release from ZnONWs at acidic pH. TEM imaging indicated that the adsorbed
phospholipids formed a coating on the surface of ZnONWs and that the polar headgroups of
phospholipids faced away from the ZnONWs toward the aqueous phase, which could improve their
dispersion in solution. DLS and C-potential measurements confirmed that PS prevented the
agglomeration of ZnONWSs, possibly through contributions of both steric and charge stabilization.
Scanning confocal microscopy imaging of live TT1 cells showed that cell damage correlated with an
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increase in intracellular ionic Zn>" following uptake and dissolution of ZnONWSs inside cells.
Moreover, confocal imaging suggested that the coating of ZnONWs by a phospholipid corona slowed
down their dissolution kinetics intracellularly, which also delayed the onset of cellular damage.
However, pre-incubation of ZnONWs with PS led to uptake of the ZnONWSs by a higher percentage
of TT1 cells; this increase in cellular uptake dominated over their delayed intracellular dissolution and
resulted to a higher reduction in cell viability after 24 hours. On the other hand, serum had no
significant effect on ZnONW uptake or cell viability, despite also preventing the agglomeration of
ZnONWs, probably through a protein corona. These findings illustrate that the nature of nanoparticle
corona, its effect on particle uptake and the intracellular fate of the nanoparticles have interconnected
roles on the interaction between nanoparticles and alveolar epithelial cells, and require further
investigation. Furthermore, our data indicate that, in the case of ZnONWSs, their bioreactivity may not
be strongly dependent on their aspect ratio, which did not significantly change their dissolution
kinetics or toxicity against TT1 cells. In conclusion, our findings show that the PS can significantly
alter the dissolution kinetics, aggregation state and surface chemistry of ZnONWs, with important
consequences on how they are internalized and processed by the underlying epithelial cells. This work
highlights that combinations of spatially resolved static and dynamic techniques are required to
develop a holistic understanding of the parameters that govern ZnONW bioreactivity at the point of
exposure and to accurately predict their risks on human health and the environment. More generally,
our observations illustrate that the role of PS is central in understanding interactions at the bio-nano
interface of the alveoli, and their impact on subsequent epithelial-endothelial nanoparticle

translocation.
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7 Synthesis of ZnONWSs

7.1 Introduction

Various techniques have been used for the synthesis of ZnO nanowires (ZnONWs), with final
products of different dimensions or capping agents, leading to differences in dissolution rates,
agglomeration kinetics and ultimately toxicological responses. For commercially available ZnONWs,
details about their fabrication procedures are rarely disclosed by manufacturers and few
characterization data of the products are provided. For instance, as demonstrated in Chapter 6, the
sizes of two different types of commercially available ZnONWs measured by TEM were different
than those stated by the manufacturer. Therefore, in-house synthesis of ZnONWs with well-controlled
physicochemical properties is desirable for bioreactivity studies.

ZnO is a versatile functional material, with a rich family of 1D nanostructures such as
nanotubes, nanorods, nanowires, nanobelts, nanorings, and nanosprings. ZnO crystallizes with the
Waurtzite structure, which is a hexagonal crystal system that consists of tetrahedrally coordinated Zn
and O atoms with alternating layers of oxygen and zinc ions along the major c-axis. The (001)
planes, which are perpendicular to the c-axis are composed uniquely of either Zn>* or O* ions and are
therefore polar. The (110), (100), and (010) faces, which are parallel to the c-axis, are composed of
Zn-0 dimers with overall neutral charge and are non-polar.”"’

Several techniques have been developed for the fabrication of 1D ZnO nanostructures, such
as sol-gel, physical vapour deposition, vapour-liquid-solid growth, metal-organic chemical vapour
deposition and pulsed laser deposition.’’> These methods, however, present various limitations, such
as low yield or poor control over the shape and dimensionality of the nanostructures. Some of them
operate at high vacuum or temperature or are costly, which may limit their potential implementation.
Electrochemical deposition in solutions has emerged as a promising technique, due to its simplicity,
operation at low temperatures, low cost and scalability.’"

The electrodeposition of ZnO films was first reported independently by Peulon et al. and
Izaki et al>'*>" Izaki et al. cathodically deposited transparent ZnO films from aqueous zinc nitrate

(Zn(NOs),) solutions on glass substrates coated with tin oxide.”'> Peulon et al. employed a similar
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method, using zinc chloride (ZnCl,) solutions.”’ They suggested that film growth was a
heterogeneous process, taking place under quasi-thermodynamic equilibrium conditions at the
interface.’'® Deposition temperature and bath composition were also shown to be key parameters in
the final quality of the deposited film. At temperatures lower than 50 °C, amorphous insulating
hydrated ZnO films (ZnO-Zn(OH), mixtures) were obtained, whereas at higher temperatures,
conductive and crystalline ZnO films were formed. Typically, deposition temperatures did not exceed
100 °C.

The principle of ZnO electrodeposition is quite simple and is based on the chemical
precipitation of ZnO. The application of a potential in the electrochemical cell leads to the reduction
of a hydroxide precursor and the formation of hydroxide ions. Molecular oxygen (O,) is the most

widely used precursor, but the use of hydrogen peroxide (H,O,) or nitrate (NO3’) has also been

reported:”"’
0, + 2H,0 + 4e~ - 40H™ (7.1)
NO;~ + H,0 4+ 2¢~ - NO, +20H™ (7.2)
H,0, + 2e™ - 20H (7.3)

The production of hydroxide ions increases the local pH at the vicinity of the substrate
(cathode) surface, leading to supersaturation and precipitation of zinc hydroxide on the cathode.

Finally, zinc hydroxide spontaneously dehydrates into ZnO:

Zn** +20H™ & Zn(0H), > Zn0(g + H,0  (7.4)

The formation of ZnO nuclei onto the substrate by heteronucleation is followed by their
growth into a film.”"® The growth mode can change from planar film growth to nano-island growth by
varying the growth conditions. The effects of electrodeposition parameters on film morphology,
thickness, transparency, roughness and crystallographic orientation have been extensively studied.
Parameters that may influence the film morphology include the substrate lattice parameter, the pH and
chemical composition of the electrolyte, the type and concentration of oxygen precursor, the applied
potential and whether the electrode surface has undergone a pre-activation treatment to assist
nucleation.’'® By controlling these parameters, 1D nanostructures, such as nanowires, can be obtained.

The growth mechanism for the formation of ZnONWs remains controversial. Elias et al.

carried out a systematic study of the influence of Zn*" ions at low concentrations.’” They explained
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the formation of 1D nanostructures by a limited diffusion of Zn*" ions, which preferentially react at
the top of the rods and thus lead to a growth along the c-axis.’'’ Belghiti ef al., on the other hand,
argued that such a limitation would lead to the formation of conical structures.’* They suggested that
preferential growth takes place due to the higher reactivity of the (002) polar faces, while the nonpolar
side faces are not reactive enough for growth.”** Illy ez al. studied a wide range of Zn>* concentrations
and showed that neither of the mechanisms proposed could fully explain the formation of structures
observed.’"'

Several studies have reported the synthesis of ZnO nanowires and nanorods by
electrochemical deposition. For instance, ZnO nanorods were grown on polycrystalline Zn foil by
electrodeposition in an aqueous solution of ZnCl, and calcium chloride (CaCl,) at 80 °C.”*' Their
diameters ranged from 60 to 140 nm and their length was 1.8 pum. ZnO nanorods with diameters 100-
300 nm and a length of 2 um were also fabricated on indium-doped tin oxide covered glass from
Zn(NOs), solutions.’”” Finally, Illy et al. demonstrated the formation of ZnO nanorods on Mylar

covered with a 20 nm-thick sputtered gold film.”"

For low Zn(NOs), concentrations (< 2 mM), the
nanorods were shown to grow along screw dislocations. Pyramidal structures were observed on the
top of the rods, and over time the rods maintained a constant diameter and did not coalesce. The mean
rod diameter could be simply controlled by varying the concentration of Zn(NOs), independently of
other deposition parameters.

Electrochemical deposition may also be used in template-assisted synthesis, where a template
is used to direct 1D growth.”” The obtained shape, direction and size of the nanostructure are
determined by the architecture of the porous template. ZnONWs have been electrodeposited into two
types of templates with cylindrical channels, anodic alumina membranes (AAM) and track-etched
polycarbonate membranes (PCM). Polycarbonate membranes are commercially available with a wide
range of pore diameters (10-2000 nm), but their pore density is relatively low (10° cm™), an order of
magnitude lower than that of AAM. Additionally, some channels may intersect within the membranes
due to the pore-production process.’> In template-assisted synthesis, one side of the porous template
is first coated with a thin layer of metal, such as gold, to act as the working electrode in the three-
electrode electrochemical cell. Deposition of the NWs occurs inside the pores of the template, starting
from the deposited metal side, while the duration of deposition determines the length of the prepared
NWs. Finally, the deposited NWs are obtained by removing the conductive layer and the template.
The templates can be removed by dissolving them in a solvent in which the NWs are insoluble. ***>**

ZnONWSs have been synthesized by template-assisted electrodeposition within PCM, in an
aqueous solution of KCI and ZnCl, using H,O, as the oxygen precursor.’” Lai and Riley showed that
monocrystalline ZnONWs were obtained through the reduction of nitrate ions (0.01 M Zn(NO3),) at a
constant potential of -0.7 V at 90 °C, while polycrystalline NWs were deposited by reduction of
peroxide ions at a fixed potential of -0.2 V at 22 °C.**® Therefore, increasing the temperature of

deposition increased the structural quality of the obtained wires.””” *** Sharma et al. deposited

Page|197



Synthesis of ZnONWs

ZnONWs using 0.1 M Zn(NOj), at 75 °C, under different potentials (-0.8, -1.0 and -1.2 V) and
showed that ZnONWs grown at higher negative potentials had a higher fraction of large size
crystallites.”** Recently, high aspect ratio ZnONWs were prepared by ECD into PCM in an aqueous
solution of 0.1 M Zn(NO), solution under a potential of -0.8 V, at 65 °C.**

The purpose of this work is to synthesize and characterize ZnONWs with well-controlled
dimensions. Template-free electrochemical deposition was employed to synthesize films of ZnONWs
on substrates, while a protocol was developed for the removal of the NWs from the substrates.
Template-assisted electrochemical deposition within track-etched PCM was also used for ZnONW
synthesis. The morphology and size of the obtained products were characterized by scanning electron

microscopy (SEM).

7.2 Methods

7.2.1 Template-Free Synthesis of ZnONWs

7.2.1.1 Preparation of the working electrode

The working electrode for the cathodic deposition of ZnONWs was a 12 nm gold (Au) film
sputtered on glass (Emitech k575X). Prior to sputtering, microscope glass slides (VWR, UK) were
successively washed in Acetone (VWR, UK), Methanol (VWR, UK), 1.0 M Sodium Hydroxide
(NaOH, VWR, UK), and deionized (DI) water. The electrical connection between the Au film and an
electrical wire was achieved by a drop of silver paint (Agar, UK), covered by copper tape. The contact
was then covered with insulating paint (Miccro Super XP200 Lacquer, Hi-Tek Products Ltd, UK) and
dried in ambient atmosphere overnight. Before deposition, the films were cleaned with compressed

air.

7.2.1.2  Electrochemical deposition

Potassium chloride (KCl, 0.1 M, VWR, UK) was used as the supporting electrolyte and zinc
chloride (ZnCl,, 0.1 mM, Sigma-Aldrich, UK) was used as the zinc precursor. All the chemicals were
of analytical grade and were used without further purification. Oxygen gas (O,, BOC, UK) was
bubbled for 30 minutes prior to electrodeposition, to saturate the solution with O,, and maintained
throughout the deposition. The temperature was kept constant at 85 °C using a hot plate equipped
with a temperature sensor. The electrochemical cell employed a three-clectrode setup. The Au-coated

glass slide served as the working electrode, while a platinum (Pt) mesh and a silver/silver chloride
Page|198



Methods
(Ag/AgCl)/KCl  electrode were used as the counter and reference electrode, respectively.
Electrodeposition was performed under the potentiostatic transient mode, with a potential of -0.9 V
vs. Ag/AgCl. A potentiostat (VersaSTAT 3, Princenton Applied Research, USA) was used to control
the potential and measure the current. The deposition was terminated when the desired amount of
charge had passed through the system. The deposited films were washed by briefly immersing in DI

water, dried in ambient atmosphere and stored in a desiccator.

7.2.1.3 Liberation of ZnONWs from the substrate

Gold is known to become unstable and dissolve in the positive potential region, especially in
solutions containing chloride ions.”” To liberate the nanowires from the substrate, the Au film was
oxidized by the application of an anodic potential. Potassium Chloride (KCl, 0.05 M, VWR, UK) was
used as the electrolyte in a similar setup as for electrodeposition. A potential of 1.4 V was applied and
maintained until all of the Au was oxidized (i.e. the measured current reduced to 0). The substrate was
left to dry in ambient atmosphere. The electrical connections were carefully removed and the
substrates were sonicated in ethanol (VWR, UK) for 2 minutes. The ethanol dispersions of the NWs
were mixed with hexane at a 2:1 hexane:ethanol ratio and the NWs were collected by centrifugation at

4500 rpm for 15 min. The resulting pellets were redispersed in ethanol.

7.2.2 Template- Assisted Synthesis of ZnONWs

Whatman™ Nuclepore™ Polycarbonate Track-Etched Membranes (Sigma Aldrich, UK)
were used as templates for ZnONW growth by electrochemical deposition. The membranes had a
thickness of 6 pm, a diameter of 25 mm and a pore density of 6x10° cm™. Membranes with two
different nominal pore sizes were used, 50 nm (PCM50) and 30 nm (PCM30). One side of the
membranes was sputter coated with a 100 nm layer of Au, to serve as a working electrode. A Pt mesh
and a Ag/AgCl electrode were used as the counter and reference electrodes, respectively. Based on
previous work,*** electrodeposition was conducted using a zinc nitrate (Zn(NOs),, 0.1 M, VWR, UK)
aqueous solution under a constant potential of -0.8 V vs. Ag/AgCl at 70 °C. The ECD was carried out
for 30 min. Prior to electrodeposition, the membrane was placed in the cell with Zn(NOs3), solution for
30 min, under stirring, to equilibrate the temperature and allow wetting of the pores.

After electrodeposition, the polycarbonate templates were dissolved by incubation in 2 mL
dichloromethane (VWR, UK) for 1 hour. The solution was gently agitated to dislodge the NWs and
the gold foil was removed with tweezers. The ZnONWs were collected by centrifugation at 4500 rpm

for 15 min and the resulting pellets were washed 6 times with 2 mL dichloromethane to remove
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undissolved polycarbonate residue. Finally, the dichloromethane was evaporated using a stream of

nitrogen and the NWs were suspended in ethanol.

7.2.3 Scanning Electron Microscopy (SEM)

The morphology and size distribution of the ZnONWs were characterized using a LEO 1525
Field Emission Gun Scanning Electron Microscope (FEG-SEM, Carl Zeiss Microscopy GmbH, UK).
The SEM was operated in secondary electron mode at an accelerating voltage of 5 kV, using the
InLens detector. The size distribution of the Zn NWs was characterized using SEM images and

Image] software (http://rsb.info.nih.gov/ij/).

7.3 Results and Discussion

7.3.1 Template-Free Synthesis of ZnONWs

Films of ZnO nanowires on gold-sputtered glass substrates were successfully fabricated by
cathodic electrodeposition, according to protocols previously developed in Ryan’s group (Figure
7.1).>'" 31330 By controlling the deposition parameters, ZnO films with distinct morphologies may be
obtained.”"® The concentration of ZnCl, used here corresponds to a low supersaturation level of the
solution, which has been associated with the formation of isolated ZnO nanorods.”'' SEM imaging of
the top view of the deposited films showed that they consisted of isolated ZnONWSs with a hexagonal
cross section (Figure 7.1a). SEM imaging of the side view of the films showed that the NWs were
perpendicular to the substrate and that no coalescence was observed (Figure 7.1b). The diameter of
the ZnONWs, measured from several top-view SEM images, was 37 £ 13 nm (Figure 7.1e). The
diameter of the ZnONWs may be tuned by increasing either the Zn** concentration in solution or the
applied potential.”"’

To detach the ZnONWs from the glass substrates, the Au layer was first dissolved by
application of an anodic potential. Immediately after Au electro-dissolution, the NWs were no longer
perpendicular to the glass substrate but had detached from their point of attachment with the Au layer,
while they still remained on the glass surface (Figure 7.1¢). Their length, immediately after the
removal of Au, was 670 + 250 nm. (Figure 7.1f) ZnONWs of the desired length can be easily
obtained by controlling the total amount of charge passed through the system during

electrodeposition.
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Figure 7.1 (a-d) SEM images of ZnONWs synthesized by template-free electrodeposition. Top-view
(a), diameter distribution (e) and 30° side view (b) of ZnONWs films grown on Au-coated glass
substrates. Top-view (c) and length distribution (f) of ZnONWs after dissolution of the Au layer.
SEM image (d) and length distribution (d) of ZnONWs after their removal from the substrates.

To obtain suspensions of ZnONWSs, the glass substrates were sonicated in ethanol briefly, to
minimize breakage of the wires, and the NWs were collected by centrifugation. Figure 7.1d shows an
SEM image of the collected NWs. The NWs were successfully liberated from the glass substrates and
appeared clean. Their diameter was uniform along their length, with some exhibiting conical tips. The
length of the wires after removal from the substrates was 340 = 330 nm (Figure 7.1g). Compared
with the length distribution of the NWs immediately after Au dissolution (Figure 7.1f), the length of

the collected NWs had a wider distribution, while its average value had significantly decreased.
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7.3.2 Template-Assisted Synthesis of ZnONWs
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Figure 7.2 SEM images (a, b, e, f), length distributions (¢, g) and diameter distributions (d, h) of
ZnONWSs synthesized by template-assisted electrodeposition, using track-etched polycarbonate
membranes with nominal pore sizes of 50 nm (PCM50, a-¢) and 30 nm (PCM30, e-h).
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High aspect ratio ZnONWSs were also synthesized by electrodeposition into polycarbonate
templates with two different pore sizes (Figure 7.2). ZnONWs obtained with PCM50 had a slightly
tapered shape with narrower tips (Figure 7.2a, b), while those obtained with PCM30 had a uniform
diameter throughout their length (Figure 7.2e, f). The length distributions of the NWs were 1.4 + 0.8
pm for PCM50 (Figure 7.2¢) and 1.1 £ 1.0 um for PCM30 (Figure 7.2g). Purification and separation
of the ZnONWs from the templates possibly caused some breakages, leading to wide variations in the
length of the wires. Although the nominal pore size was 50 nm, ZnONWs grown in PCMS50 had a
diameter of 140 £ 50 nm, possibly due to pore swelling during electrodeposition (Figure 7.2e, f).
These NWs may therefore not be suitable for bio-reactivity studies, since the cut-off for cellular
uptake of nanoparticles is usually considered to be less than 100 nm.”” ZnONWs synthesized in

PCM30 had a diameter of 90 = 10 nm (Figure 7.2h).

7.4 Conclusions

In summary, ZnONWs were synthesized by template-free and template-assisted
electrodeposition and successfully collected and purified. Using both methods, the ZnONW diameters
could be tuned to the desired range, with relatively well-controlled lengths. However, the amounts of
ZnONWSs obtained by either method were not enough for use in in vitro toxicity studies. In future
studies, further optimization of the protocols to minimize damage during removal of the ZnONWs
from the substrates/templates, and up-scaling of the procedures to increase their yield could allow

obtaining ZnONWSs with controlled physicochemical properties for bioreactivity studies.
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8 Conclusions and Future Work

The present thesis has explored the in vitro bioreactivity of Ag and ZnONWs with
immortalised type 1 human alveolar epithelial (TT1) cells. The effects of the lung lining fluid (LLF),
which is expected to be the pulmonary system’s first line of defence for inhaled NMs, have not been
previously investigated. In order to accurately predict the mechanisms of biological action of Ag and
ZnONWs with the underlying epithelium, however, transformations of their physicochemical
properties in the LLF must be thoroughly examined. In the present work, detailed characterization
was performed, using correlative techniques that provided both dynamic information about the
colloidal stability of the NWs and spatially resolved high resolution elemental analysis. This
characterization allowed to deconvolute the system parameters (such as pH, phospholipids and
surfactant proteins), and provide new insights on the effects of each parameter on the stability of the
NWs. These effects were shown to significantly impact the reactivity of Ag and ZnONWs and the
way they are internalized and processed by alveolar epithelial cells.

AgNWs have been recognised as potential occupational and environmental hazards; therefore
their human health effects need to be assessed before their production and use are spread more
widely. Several papers have shown that AgNWs are able to access the alveoli in the deep lung in
vivo,” ** but few data exist on their interaction with the pulmonary epithelium using immortalised
type 1 human alveolar epithelial cells.” In the present work, AgNWs were successfully synthesized by
a modified polyol process, which ensured a full control over the initial physicochemistry of the
material tested. The Ag” ion release kinetics from AgNWs were pH-dependent, which could lead to
different extents of AgNW dissolution at different stages of the endocytic pathway. However, the
amounts of free Ag” ions measured, were not high enough to expect a significant contribution to the
overall toxicity of AgNWs, based on previous measurements on the toxicity of AgNO;.**' By
incubating AgNWs with phospholipids, in either simple (DPPC) or more complex mixtures
(Curosurf®, LA), the ex vivo adsorption of surfactant lipids on AgNWs was shown for the first time.
The formation of a lipid corona resulted to a delay in the kinetics of Ag" ion release from AgNWs.
Using TEM combined with uranyl acetate staining and EDX elemental analysis, the organization of
adsorbed phospholipids on the AgNW surface was revealed. The polar headgroups of the
phospholipids faced away from the AgNWs toward the aqueous phase, supporting the improved
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dispersion of AgNMs in the presence of phospholipids observed in previous studies.*** Pre-incubation
of AgNWs with Curosurf® did not significantly increase the internalization of AgNWs by human
alveolar type-1-like (TT1) epithelial cells, as previous findings would suggest.”’" This finding,
however, could be due to the fact that uptake by TT1 cells was already quite high for bare AgNWs
(about 53% within 1 hour and 66% within 24 hours). Incubation of the AgNWs in complete murine
LLF resulted to their agglomeration and a decreased release of Ag” ions. Using combinations of
separate LLF components, agglomeration of the AgNWs was ascribed to the small aggregate (SA)
fraction of the LLF. This result was correlated with the specific binding of SP-A and SP-D on
AgNWs, measured in a recent study by Sweeney et al., where AgNWs synthesized for the present
thesis were used.*” As a consequence of SA-induced agglomeration, pre-incubation of the AgNWs
with complete LLF, in the form of alveolar surfactant harvested from human alveolar type-2 (AT2)
cells, resulted in a dramatic decrease in AgNW internalization in TT1 cells. In accordance to this
finding, Sweeney et al. showed that, pre-incubation of AgNWs with LLF, almost completely
abolished the AgNW-induced inflammation and generation of reactive oxygen species (ROS) in TT1
cells. Finally, interaction of AgNWs with TT1 cells, either in the absence or presence of LLF, led to
transformation of the AgN'W morphology and precipitation of Ag,S. This process could occur through
the action of sulfide species that exist inside cells, such as H,S, HS and S*.*** As previously
suggested,” Ag,S formation could act as a “trap” for free Ag", thus significantly limiting the short-
term toxicological effects of AgNWs. These findings suggest that, in contrast to other bio-persistent
materials, such as asbestos, AgNWs may be degraded within the cellular environment and transform
to insoluble Ag,S.

To expand on these findings and improve our understanding on the mechanisms of interaction
between inhaled AgNWs and the pulmonary epithelium, further investigation of AgNW effects on
pulmonary surfactant (PS) function would be valuable. Recently, the Langmuir-Blodgett trough was
used to evaluate the impact of multi-walled carbon nanotubes (MWCNTSs) on PS monolayers, in their
near-native state at the air-water interface.””’ MWCNTs influenced the function of PS, such as
compression resistance and maximum obtainable pressure. These effects were found to be MWCNT

531

length-dependent. In another similar work, atomic force microscopy (AFM) and time-of-flight
secondary ion mass spectrometry (TOF-SIMS) revealed the topography and chemical composition of
PS monolayers following interaction with polyorganosiloxane NPs.”> TOF-SIMS, a technique for
high-resolution surface and thin film analysis that enables label-free detection of chemical
composition, allowed the detection of individual PS components (e.g. DPPC and SP-C). These
techniques could therefore be applied in the case of AgNWs. Since MWCNT effects were length-

dependent,5 31

the AgNW synthesis protocol described here could be modified to provide samples with
larger lengths (e.g. 10 and 20 pm). The aspect ratio of AgNWs has also been stated to define the onset
of frustrated macrophage phagocytosis, an important factor in the post-exposure inflammatory

response.”” *** Therefore, the effects of AgNW length on their bioreactivity with alveolar epithelial
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cells could be explored, and expanded to other cell types like alveolar macrophages. These
investigations could include quantitative analysis of dissolution and changes to the AgNW chemistry
and structure following cellular uptake, which lacked from previous studies. Analytical and high-
resolution TEM could be combined with other techniques to monitor the uptake and processing of
AgNWs inside cells, such as confocal and SIMS imaging. /n vitro studies could be performed using
co-cultures of type-1 and type-2 cells, and alveolar macrophages, to provide a more physiologically
relevant model. Finally, in vivo inhalation studies using these AgNWs would allow for further
investigation of the pro-inflammatory potential of AgNWs in the lung and would allow performing a
systematic assessment of the AgNW properties that contribute to lung injury, which is currently
missing from the literature.

The present work has also provided new data on the impact of PS on the stability of
ZnONWs, and the subsequent effects on their interaction with alveolar epithelial cells. Dissolution of
ZnONWs was strongly pH-dependent, suggesting that their toxicity is likely triggered by rapid
intracellular dissolution. Dissolution kinetics was similar for both lengths of ZnONW:s tested, possibly
due to rapid agglomeration of the wires. In accordance to this finding, both lengths of ZnONWSs had
the same effects on the viability of TT1 cells, which were comparable to that of Zn>" ions. Using
similar techniques as with AgNWs, the formation of a phospholipid corona was demonstrated for
ZnONWs incubated with Curosurf”. This lipid corona decreased the dissolution kinetics of ZnHONWs
at pH 5 and prevented their agglomeration, possibly through contributions of both steric and charge
stabilization. Moreover, confocal imaging suggested that the coating of ZnONWs by a phospholipid
corona slowed down their dissolution kinetics intracellularly, which also delayed the onset of cellular
damage. However, pre-incubation of ZnONWs with PS led to uptake of the ZnONWs by a higher
percentage of TT1 cells; this increase in cellular uptake dominated over their delayed intracellular
dissolution and resulted to a higher reduction in cell viability after 24 hours. Incubation of ZnONWs
with serum also prevented their agglomeration, likely through stabilization by albumin, which adsorbs
to the surface of the wires creating a protein corona.*”> However, in contrast to Curosurf®, serum had
no effect on the uptake or toxicity of ZnONWSs to TT1 cells.

The contrasting effects between Curosurf® and serum on the toxicity of ZnONWs with
alveolar epithelial cells indicate that the nature of NP corona may have varied effects on ZnONW
bioreactivity, and therefore require further investigation. In the case of AgNWs, the small aggregate
(SA) fraction of the LLF was the component that had the most pronounced impact on their uptake and
toxicity, but these effects have not been investigated in the case of ZnONWSs. Therefore, the
experiments presented here could be extended to include the complete LLF and its separate fractions,
as well as other cell types like alveolar macrophages. Approaches relying on multiple cell co-cultures
and experimental setups that may be used at the air-liquid interface could also be explored, to
understand how the full LLF influences cell uptake, and to represent more realistic exposure scenarios

of ZnONW inhalation. Furthermore, the electrochemical deposition methods presented here for the
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synthesis of ZnONWSs could be further optimized and scaled-up, to provide ZnONWs with well-
defined physicochemical properties for these studies. Ultimately, ZnONWSs should be tested by in
vivo inhalation studies, to explore their effects on lung function and inflammation, which have not
been previously investigated. Iron doping®’ and silica coating™® of ZnONPs have been previously
shown to reduce the dissolution of the particles and consequently their toxicity. Similar strategies
could be investigated to synthesize safer-by-design ZnONWs. Recently, ZnONWs synthesized by
vapour deposition exhibited intrinsic fluorescence, which was used for targeted imaging of cancer

485
cells.

The fluorescence properties of ZnONWs could thus be employed to dynamically track their
uptake and dissolution within cells, e.g. by confocal microscopy. Finally, the use of ZnONWs as
optical signal enhancing platforms for in vitro biodetection could be explored, as recent developments
suggest that 1D ZnO NMs have the potential to contribute a significant impact to this field.**

Apart from concerns about the potential toxic effects of Ag NMs, their well-known
antibacterial properties could lead the way for the development of novel therapeutic agents for
bacterial infections of the pulmonary system. In the present work, exposure of M.tb to AgNPs led to a
wide range of ultrastructural damage of the bacterial cells, such as cell wall disorganization, leakage
of intracellular contents and possibly DNA damage. Bacterial damage was also observed when
AgNPs were concurrently applied with M.¢h infection in alveolar macrophages. These observations
could be due to interaction between AgNPs and the bacterial cell wall, through a synergistic
particulate and ionic effect. Although further investigation is required to completely elucidate these
effects, this work demonstrates that AgNPs represent useful candidates for the treatment of
tuberculosis, and could be used to inform the design of future experiments.

Future work in this area could focus on improving our understanding on the stability of
AgNPs and the kinetics of Ag™ ion release at the nano-bio interface. Environmental SEM using
hydrated cells may be applied for dynamic “in-sifu” characterization of the particle-cell interface,
providing valuable information about the interactions of AgNPs with cellular components. SIMS,
which has the potential to examine the functional segregation of lipids in cell membranes, could be
used to investigate the mechanisms of bacterial cell wall damage induced by AgNPs. The experiments
on M.th-infected cells described in the present work were performed with the THP-1 cell line, but the
extent to which THP-1 cells mimic macrophages in vivo is not fully understood. Hence, future work
could be extended to other cell types such as primary alveolar macrophages. Moreover, a more
comprehensive investigation of the cellular uptake and localization of AgNPs in macrophages is
required, using particles of different sizes and surface coatings or charges. As the work on Ag and
ZnONWs demonstrated, the LLF could have significant effects on their physicochemical properties
and their subsequent toxicity. These effects should therefore be investigated for AgNPs, to guide the
design of effective and safe therapeutics. Along with TEM, imaging techniques with a higher field of
view (e.g. confocal microscopy) or biological assays could provide quantitative information on the

bacterial ingestion and killing by macrophages in the absence and presence of AgNPs. Once in vitro
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systems have been optimized, animal models, which mimic the whole spectrum of susceptibility and
resistance of human populations to tuberculosis, would be useful for testing AgNPs as prospective
therapeutic agents.

Ultimately, the data generated through this study could be used to inform regulators or
government agencies on how to establish accurate risk assessment procedures for Ag and ZnO NMs.
These procedures would allow appropriate regulation of these classes of NMs, to ensure that safe
products are produced and the hazards associated with their handling are minimized. Finally, this
work may also be useful in the area of nanomedicine, informing the design of efficient and safe

nanodrugs.
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9 Appendix A

9.1 Optimization of AgNW synthesis protocol

For the synthesis of silver nanowires, the polyol process developed by Xia’s group was used
as a basis** and optimized to obtain pure AgNWs with controlled size distributions. The protocol for
the standard synthesis is described in Chapter 4.2.1. To investigate the effect of Cl” in the formation
of AgNWs, syntheses were performed in ambient atmosphere, in the absence and presence of a trace
amount of NaCl in the reaction mixture (72 pM in final reaction volume). In both cases, PVP with a
molecular weight of 55k was used and the molar ratio of PVP (in terms of monomeric units) to
AgNO; was 1.5. The reaction was carried out for 22 h and aliquots were removed from the reaction
solution at several time points in order to study the morphological evolution of the particles. Figure
9.1 shows SEM images of the samples collected from the reaction mixture 10 min, 1 h, 1.5 hand 22 h
after PVP and AgNO; were added.

In the absence of CI', both spherical particles and nanorods were formed after 10 minutes
(Figure 9.1a). The observation that some particles are formed even after 10 minutes of reaction
indicates that the reducing reaction of silver ions is very rapid. EG has been shown to have a high
reducing power at 160 °C, with more than 80% of silver being reduced after heating with PVP for 10

>3 As the reaction proceeds (Figure 9.1b-d), the number and size of particles increased.

minutes.
However, there are practically no high-aspect ratio AgNWs observed, only a few rods with small
lengths. These findings illustrate that Cl” has an important role in the polyol synthesis of AgNWs. CI’
has been suggested to adsorb on seeds and provide electrostatic stabilization of the seeds formed at
the initial stage of Ag reduction.”** When no CI is present, Ag seeds quickly aggregate and form large
irregular particles (Figure 9.1e), which grow at the expense of nanorods.

In the presence of CI', after 10 min (Figure 9.1e) the sample was composed of a mixture of
spherical and rod-shaped particles. The formation of rod-shaped particles depends on the slow
addition rate of the reactants and the use of PVP as a coordination agent. A slow addition rate ensures
that multiply twinned particles formed at the initial stage of the reduction process are
thermodynamically stable.'”® Preferential adsorption of PVP on different crystallographic planes of

Page|211



Appendix A

these particles leads to the formation of nanorods.'’

After 1 h, rod-shaped particles increased in
length and formed silver nanowires (Figure 9.1f). The size of spherical nanoparticles also increased
but a lower population was observed compared to nanowires. After 1.5 h, the product consisted of
high-aspect ratio AgNWs and only a very small number of particles, possibly due to Ostwald
ripening, which causes the larger-sized nanowires to grow at the expense of smaller spherical particles

(Figure 9.1g)

0 uM NaCl 72 uM NaCl

10 min

1h

1.5 h

Figure 9.1 (a-h)SEM images of Ag nanostructures obtained by a polyol process at 160 °C, using PVP
with M, = 55k, a [PVP]/[AgNQO;] ratio equal to 1.5, in the absence (a-d) and presence of 72 uM NaCl
(e-h). Reaction times were 10 min (a, €), 1 h (b, f), 1.5 h (¢, g) and 22 h (d, h).

Page|212



Appendix A

It was hypothesized that after prolonged reaction times, Ostwald ripening would cause an
increase in the yield of nanowires and eliminate the number of nanoparticles. However, after 22 h, the
number and size of spherical particles increased, whereas the yield of nanowires decreased (Figure
9.1g). This observation may be due to the fact that the reaction was performed in ambient atmosphere.
The presence of chloride together with O, has been suggested to enhance the oxidative dissolution of

silver.’®

Continuous dissolution and reprecipitation of Ag may lead to the formation of nanoparticle
morphologies without the multiply twinned structure, which grow to irregular particles through
Ostwald ripening. When higher concentrations of NaCl were used (360 or 1440 uM in final reaction
volume), very few AgNWs had been formed after 1.5 h in the case of 360 uM NaCl (Figure 9.2a),
and only small AgNPs in the case of 1440 uM NaCl (Figure 9.2b). The increase in the amount of CI
led to higher oxidative etching and the formation of irregular particles. The above results suggest that
the optimum reaction time for the formation of AgNWs was 1.5 hours, which is consistent with the

literature, where reaction times between 1 and 1.5 hours have been reported.

Figure 9.2 (a-b) SEM images of Ag nanostructures obtained by a polyol process at 160 °C, using PVP
with My=55k, a [PVP]/[AgNOs] ratio equal to 1.5, in the presence of 360 uM (a) or 1440 uM (b)
NaCl.

The role of the average molecular weight of PVP on the yield and quality of AgNWs was also
investigated. PVP with three different molecular weights was used: M,, = 55k, 360k and 1300k
(indicated 55PVP, 360PVP and 1300PVP respectively). In all cases, 72 uM of NaCl was included in
the reaction and the molar ratio of PVP to AgNO; was 1.5. SEM imaging of the synthesis products
showed that AgNWs were formed in all cases. With 55PVP, the product was a mixture of NPs and
NWs (Figure 9.3a). When 360PVP was used, the ratio of NWs to NPs increased and the NWs
obtained had a higher aspect ratio, compared to 55PVP (Figure 9.3b). PVP is known to preferentially
adsorb on different faces of the Ag seeds formed at the initial stages of the reaction.'”® With 55PVP,
the PVP molecules may not be long enough to sufficiently passivate different faces on the Ag seeds,

which could then experience isotropic growth and evolve into spherical NPs. On the other hand, the
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much higher length of 1300PVP molecules possibly hinders the addition of silver atoms on crystal
seeds. Consequently, aggregated particles and nanorods with irregular shapes were formed (Figure
9.3¢). Since 360PVP produced the highest yield of AgNWs as well as a smaller number of AgNPs
particles, all further studies were carried out using 360PVP.

Figure 9.3 (a-c) SEM images of Ag nanostructures obtained by a polyol process at 160 °C, using PVP
with M,,= 55k (a), My = 360k (b), and M,,~ 1300k (c). The [PVP]/[AgNOs] ratio was 1.5 and 72 uM
NaCl were used.

The effect of molar ratio of PVP to AgNO; to Ag nanostructures was also examined. Silver
nanostructures were synthesized with 360PVP and 72 uM NaCl, with a [PVP]/[AgNO;] ratio of 1.5
and 3.0 and 6.0. Since a low precursor concentration is important in the polyol process,*’ the
concentration of AgNO; was kept the same as in previous syntheses and the ratio was varied by
changing the concentration of PVP. For a [PVP]/[AgNOs] ratio of 1.5 and 3.0, a high yield of AgNWs
was obtained (Figure 9.4a-d). Characterization of the AgNW dimensions showed that, with
increasing PVP concentration, the aspect ratio of the AgNWs also increased (Table 2.1). These
findings indicate that the aspect ratio of AgNWs can be controlled by changing the concentration of
PVP. However, a large increase in PVP concentration led to a product consisting of AgNWs as well
as several other AgNP morphologies (Figure 9.4e, f). Therefore, the presence of PVP to a large
excess may lead to the tight coverage and stabilization of many types of the Ag seeds formed during
nucleation, leading to the growth mode of several particle morphologies.

Although AgNWs were successfully prepared using the polyol process, the synthesized
products were a mixture of AgNWs with AgNPs. The bioreactivity of AgNPs largely depends on their
physicochemical properties; therefore samples consisting of pure AgNWs were required. Since the
above experiments were performed in air, an enhanced oxidative etching of the multiply twinned
seeds at the presence of O, and Cl' may have taken place. A decrease in the population of multiply
twinned seeds at the initial stages of the reaction leads to a decrease in the population of AgNWs,
while the population of particles with other morphologies increases. To eliminate other morphologies
from the final product, all the reactants were purged with argon prior to following syntheses and the
reaction was carried out under argon atmosphere. Complete physicochemical characterization of the
obtained AgNWs is described in Chapter 4.3.1.
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Figure 9.4 SEM images of Ag nanostructures obtained by a polyol process at 160 °C, using PVP with
M,, = 360k, 72 uM NaCl, and a [PVP]/[AgNOs] ratio equal to 1.5 (a, b), 3.0 (c, d) and 6.0 (e, f).

[PVP]/[AgNO;] Length (um) Diameter (nm) Aspect Ratio
1.5 1.5+1.4 79 +21 18.99
3.0 10.5+£8.5 73 £37 143.8

Table 9.1 Dimensions of AgNWs synthesized by a polyol process at 160 °C, using PVP with M, =
360k, 72 uM NacCl, and a [PVP]/[AgNQO;] ratio equal to 1.5 or 3.0.
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9.2 AgNW TEM sample storage

. gm

Figure 9.5 TEM images of a sample prepared from as-synthesized AgNWs, imaged after a 3-month
storage period under vacuum and in the dark.

9.3 AgNW sample filtration
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Figure 9.6 UV-Vis spectra of AgNWs incubated at pH 7 for 24 hours, before and after centrifugation
at 13000xg for 10 minutes through 2 kDa centrifuge membranes.
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9.4 AgNW incubation with DPPC

/L
(311)-”// i
‘ (220)

Figure 9.7 (a-b) STEM-EDX spectrum collected from the circled area imaged in Figure 4.5a. (c)
HRTEM image and (d) SAED pattern collected from AgNWs incubated with DPPC at pH 7 (same
sample as Figure 4.5a-e). The interplanar spacings in the SAED pattern correspond to the (111),
(200), (220) and (311) planes of the bcc form of bulk Ag (ref. # 01-087-0597), confirming that the
crystallography of AgNWs incubated with DPPC has not changed.
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9.5 The crystal structure of silver and various silver compounds

h k 1 dA) 2Theta (deg) Intensity (%)

Ag : Cubic, ICSD ref. (01-087-0597 )

1 1 1 2.35917 38.115 100
2 0 0 2.0431 44.299 45.7
2 2 0 1.44469 64.443 22.5
3 1 1 1.23204 77.397 22.2
Ag,0 : Cubic, ICSD ref. (01-041-1104 )
1 1 1 2.7290 32.791 100
2 0 0 2.3620 38.067 28
AgCl : Cubic, ICSD ref. (01-031-1238 )

1 1 3.20300 27.831 50
2 0 0 2.77400 32.244 100
2 2 0 1.96200 46.234 50

Ag3;PO, : Cubic, ICSD ref. (00-006-0505 )

2 1 0 2.68900 33.293 100

1 1 2.45400 36.588 35
3 2 0 1.66760 55.022 20

Ag»S: Monoclinic, ICSD ref. (00-014-0072)

-1 1 1 3.437 25.902 35
0 1 2 3.383 26.323 20
1 1 1 3.08 28.967 60
-1 1 2 2.836 31.521 70
1 2 0 2.664 33.614 45
-1 2 1 2.606 34.385 100
0 2 2 2.583 34.701 70
1 1 2 2.456 36.557 70
1 2 1 2.44 36.806 80
0 1 3 2.421 37.105 60
-1 0 3 2.383 37.719 75
0 3 1 2.213 40.74 45
2 0 0 2.083 43.407 45
-1 2 3 1.963 46.209 20

Table 9.2 The crystal structure of silver and various silver compounds based on the Inorganic Crystal
Structure Database. Only the main peaks, with intensity > 20 % are listed.
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10 Appendix B

10.1 Effect of embedding procedure on ZnONW stability

A 50 pL mixture of ZnONWs (25 pg/mL) in 1 % Agarose (low gelling temperature,
BioReagent, for molecular biology, Sigma) was prepared at 40 °C and allowed to gel at 4 °C. Gel
pieces were subsequently fixed, dehydrated and embedded in Quetol-based resin (without treatment
with osmium tetroxide or bulk staining with uranyl acetate) as described in the section TEM statistical
analysis of S-ZnONW uptake” of the main manuscript. Thin sections (90 nm) were cut from the resin
blocks, collected on bare 300 mesh gold TEM grids (Agar Scientific) and analysed with a JEOL 2000

TEM
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Figure 10.1 Electron microscopy characterization illustrates the effect of the fixation, dehydration
and embedding procedure on the stability of ZnONWSs. No heavy metal staining was used. ZnONWs
were embedded with Quetol and thin sections (90 nm) were collected for TEM imaging and analysis.
(a, b) Bright field transmission electron microscopy (BFTEM) images and energy dispersive X-Ray
(EDX) spectrum (c) collected from the area circled in (b). This analysis demonstrated that the TEM
sample preparation processes did not alter the morphology or chemistry of the ZnONWs.
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10.2 ZnONW SAED patterns

Figure 10.2 (a-b) Selected area electron diffraction (SAED) patterns collected from areas containing
several S-ZnONWs (a) and L-ZnONWs (b). The interplanar spacings measured from SAED patterns
were 2.83 £ 0.02 A, 2.59 £ 0.06 A, 1.95+0.04 A, 1.61 £ 0.06 A and 1.45 £ 0.03 A for S-ZnONWs
and 2.82 + 0.04 A, 2.57 £ 0.05 A, 1.92 + 0.05 A, 1.59 + 0.05 A and 1.47 + 0.04 A for L-ZnONWs.
These values correspond to the (100), (002), (102), (110) and (103) planes of bulk wurtzite ZnO
(JCPDS #89-1397).

10.3 ZnONW incubations with PS

ET0

Figure 10.3 BF-TEM image of S-ZnONWs incubated in NS with Curosurf, at pH5 for 10 seconds.
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Appendix B

Figure 10.4 (a-b) BF-TEM images of S-ZnONWs incubated in NS with DPPC, at pHS5 for 24 hours,
stained with uranyl acetate to enhance phospholipid contrast.

10.4 TEM uptake of ZnONWs
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Figure 10.5 (a-b) TEM-EDX spectra collected from areas in the extracellular space of the samples
shown in Figure 6d, h, of TT1 cells exposed to S-ZnONWs in the absence (a) or presence (b) of
Curosurf”, showing that Zn peaks were not detected extracellularly.

Page|221




Page|222



11 References

1. Bondarenko, O.; Juganson, K.; Ivask, A.;
Kasemets, K.; Mortimer, M.; Kahru, A. Toxicity of
Ag, CuO and ZnO nanoparticles to selected
environmentally relevant test organisms and
mammalian cells in vitro: a critical review.
Archives of toxicology 2013, 87, 1181-200.

2. Piccinno, F.; Gottschalk, F.; Seeger, S.;
Nowack, B. Industrial production quantities and
uses of ten engineered nanomaterials in Europe and
the world. Journal of Nanoparticle Research 2012,
14, 1-11.

3. Chen, S.; Goode, A. E.; Sweeney, S.;
Theodorou, 1. G.; Thorley, A. J.; Ruenraroengsak,
P.; Chang, Y.; Gow, A.; Schwander, S.; Skepper,
J.; Zhang, J. J.; Shaffer, M. S.; Chung, K. F;
Tetley, T. D.; Ryan, M. P.; Porter, A. E. Sulfidation
of silver nanowires inside human alveolar epithelial
cells: a potential detoxification mechanism.
Nanoscale 2013, 5, 9839-47.

4. National =~ Nanotechnology  Initiative.
http://www.nano.gov/nanotech-
101/what/definition.

5. Global Information.

http://www.giiresearch.com/report/go138620-
nanotechnology.html.

6. Kahru, A.; Dubourguier, H. C. From
ecotoxicology to nanoecotoxicology. Toxicology
2010, 269, 105-19.

7. Oberdorster, G.;  Oberdorster, E.;
Oberdorster, J. Nanotoxicology: An Emerging
Discipline Evolving from Studies of Ultrafine
Particles. Environmental health perspectives 20085,
113, 823-839.

8. Nel, A.; Xia, T.; Madler, L.; Li, N. Toxic
Potential of Materials at the Nanolevel. Science
2006, 311, 622-627.

9. Lam, C. W.; James, J. T.; McCluskey, R.;
Hunter, R. L. Pulmonary toxicity of single-wall
carbon nanotubes in mice 7 and 90 days after
intratracheal instillation. Toxicological sciences: an

official journal of the Society of Toxicology 2004,
77, 126-34.

10. Warheit, D. B.; Laurence, B. R.; Reed, K.
L.; Roach, D. H.; Reynolds, G. A.; Webb, T. R.
Comparative pulmonary toxicity assessment of
single-wall carbon nanotubes in rats. Toxicological
sciences : an official journal of the Society of
Toxicology 2004, 77, 117-25.

11. Oberdorster, G. Safety assessment for
nanotechnology and nanomedicine: concepts of
nanotoxicology. Journal of internal medicine 2010,
267, 89-105.

12. Dhawan, A.; Sharma, V. Toxicity
assessment of nanomaterials: methods and
challenges. Analytical and bioanalytical chemistry
2010, 398, 589-605.

13. Savolainen, K.; Alenius, H.; Norppa, H.;
Pylkkanen, L.; Tuomi, T.; Kasper, G. Risk
assessment of engineered nanomaterials and
nanotechnologies--a review. Toxicology 2010, 269,
92-104.

14. Li, S. D.; Huang, L. Pharmacokinetics and
biodistribution of nanoparticles. Mo/ Pharm 2008,
5, 496-504.

15. Rushton, E. K.; Jiang, J.; Leonard, S. S.;
Eberly, S.; Castranova, V.; Biswas, P.; Elder, A.;
Han, X.; Gelein, R.; Finkelstein, J.; Oberdorster, G.
Concept of assessing nanoparticle hazards
considering  nanoparticle dosemetric and
chemical/biological response metrics. Journal of
toxicology and environmental health. Part A 2010,
73, 445-61.

16. Jiang, J.; Oberdorster, G.; Elder, A.;
Gelein, R.; Mercer, P.; Biswas, P. Does
Nanoparticle Activity Depend upon Size and
Crystal Phase? Nanotoxicology 2008, 2, 33-42.

17. Donaldson, K.; Stone, V.; Tran, C.;
Kreyling, W.; Borm, P. Nanotoxicology.
Occupational and Environmental Medicine 2004,
61, 727-728.

N
N
(98]

Page



References

18. Shvedova, A. A.; Kisin, E. R.; Mercer, R.;
Murray, A. R.; Johnson, V. J.; Potapovich, A. L;
Tyurina, Y. Y.; Gorelik, O.; Arepalli, S;
Schwegler-Berry, D.; Hubbs, A. F.; Antonini, J.;
Evans, D. E.; Ku, B. K.; Ramsey, D.; Maynard, A.;
Kagan, V. E.; Castranova, V.; Baron, P. Unusual
inflammatory and fibrogenic pulmonary responses
to single-walled carbon nanotubes in mice.
American journal of physiology. Lung cellular and
molecular physiology 2005, 289, L698-708.

19. Donaldson, K.; Murphy, F.; Schinwald,
A.; Duffin, R.; Poland, C. A. Identifying the
pulmonary hazard of high aspect ratio
nanoparticles to enable their safety-by-design.
Nanomedicine (London, England) 2011, 6, 143-56.

20. Donaldson, K.; Murphy, F.; Duffin, R.;
Poland, C. Asbestos, carbon nanotubes and the
pleural mesothelium: a review of the hypothesis
regarding the role of long fibre retention in the
parietal pleura, inflammation and mesothelioma.
Particle and fibre toxicology 2010, 7, 5.

21. AshaRani, P. V.; Mun, G. L. K.; Hande,
M. P.; Valiyaveettil, S. Cytotoxicity and
Genotoxicity of Silver Nanoparticles in Human
Cells. ACS Nano 2009, 3, 279-290.

22. Jeng, H. A.; Swanson, J. Toxicity of metal
oxide nanoparticles in mammalian cells. Journal of
environmental science and health. Part A,
Toxic/hazardous substances & environmental
engineering 2006, 41, 2699-711.

23, Gojova, A.; Guo, B.; Kota, R. S
Rutledge, J. C.; Kennedy, I. M.; Barakat, A. L
Induction of Inflammation in Vascular Endothelial
Cells by Metal Oxide Nanoparticles: Effect of
Particle Composition.  Environmental — health
perspectives 2007, 115, 403-409.

24. Semmler, M.; Seitz, J.; Erbe, F.; Mayer,
P.; Heyder, J.; Oberdorster, G.; Kreyling, W. G.
Long-term clearance kinetics of inhaled ultrafine
insoluble iridium particles from the rat lung,
including transient translocation into secondary
organs. Inhalation Toxicology 2004, 16, 453-9.

25. Elder, A.; Oberdorster, G. Translocation
and effects of ultrafine particles outside of the lung.
Clinics in  occupational and environmental

medicine 2006, 5, 785-96.

26. Wang, J.; Zhou, G.; Chen, C.; Yu, H;
Wang, T.; Ma, Y.; Jia, G.; Gao, Y.; Li, B.; Sun, J.;
Li, Y.; Jiao, F.; Zhao, Y.; Chai, Z. Acute toxicity
and biodistribution of different sized titanium
dioxide particles in mice after oral administration.
Toxicology letters 2007, 168, 176-85.

217. Vertegel, A. A.; Siegel, R. W.; Dordick, J.
S. Silica Nanoparticle Size Influences the Structure
and Enzymatic Activity of Adsorbed Lysozyme.

Page|[224

Langmuir: the ACS journal of surfaces and colloids
2004, 20, 6800-6807.

28. Halliwell B., G. J. M. C. Free Radicals in
Biology and Medicine. Oxford Univ. Press: Oxford,
1999.

29. Bakand, S.; Hayes, A.; Dechsakulthorn, F.
Nanoparticles: a review of particle toxicology
following  inhalation  exposure.  [nhalation
Toxicology 2012, 24, 125-135.

30. Li, J. J. e.; Muralikrishnan, S.; Ng, C.-T ;
Yung, L.-Y. L.; Bay, B.-H. Nanoparticle-induced
pulmonary toxicity. Experimental biology and
medicine 2010, 235, 1025-1033.

31. Tetley, T. D. Health effects of
nanomaterials. Biochemical Society transactions
2007, 35, 527-31.

32. Blank, F. G., P.; Rothen-Rutishauser, B. .
In vitro human lung cell culture models to study the
toxic potential of nanoparticles. In Nanotoxicity,
John Wiley & Sons, Ltd.: Chichester, UK, 1999; pp
379-395.

33. Lundborg, M.; Johard, U.; Lastbom, L.;
Gerde, P.; Camner, P. Human alveolar macrophage
phagocytic function is impaired by aggregates of
ultrafine carbon particles. Environmental Research
2001, 86, 244-53.

34, Muhlfeld, C.; Gehr, P.; Rothen-
Rutishauser, B. Translocation and cellular entering
mechanisms of nanoparticles in the respiratory
tract. Swiss medical weekly 2008, 138, 387-91.

3s. Kreyling, W. G., Moller, W., Semmler-
Behnke, M., Oberdorster, G. . Particle dosimetry:
Deposition and clearance from the respiratory tract
and translocaton to extra-pulmonary sites. In
Particle Toxicology, Donaldson, K., Borm, P., Ed.
CRC Press: Boca Raton, FL, 2007; pp 47-74.

36. Walton, W. H. Airborne dusts. In Mineral
Fibers and Health, Liddell, D., Miller, K., Ed.
CRC Press: Boca Raton, FL, 1991; pp 55-77.

37. Sturm, R.; Hofmann, W. A theoretical
approach to the deposition and clearance of fibers
with variable size in the human respiratory tract. J.
Hazardous Materials 2009, 170, 210-218.

38. Hogberg, S. M.; Akerstedt, H. O.;
Lundstrom, T. S.; Freund, J. B. Respiratory
Deposition of Fibers in the Non-Inertial Regime—
Development and Application of a Semi-Analytical
Model. Aerosol Science and Technology 2010, 44,
847-860.

39. Murgia, X.; de Souza Carvalho, C.; Lehr,
C.-M. Overcoming the pulmonary barrier: new
insights to improve the efficiency of inhaled
therapeutics. In  European  Journal  of
Nanomedicine, 2014; Vol. 6, p 157.



40. Griese, M. Pulmonary surfactant in health
and human lung diseases. The European
Respiratory Journal 1999, 13, 1455-1476.

41. A. M. Hillery, A. W. L. a. J. S. Drug
Delivery and Targeting for Pharmacists and
Pharmaceutical Scientist. Taylor & Francis,
London: 2001.

42. Creuwels, L. A.; van Golde, L. M,
Haagsman, H. P. The pulmonary surfactant system:
biochemical and clinical aspects. Lung 1997, 175,
1-39.

43, Zasadzinski, J. A.; Ding, J.; Warriner, H.
E.; Bringezu, F.; Waring, A. J. The physics and
physiology of lung surfactants. Current Opinion in
Colloid & Interface Science 2001, 6, 506-513.

44, Goerke, J. Pulmonary  surfactant:
functions and molecular composition. Biochimica
et Biophysica Acta (BBA) - Molecular Basis of
Disease 1998, 1408, 79-89.

45. Avery, M.; Mead, J. SUrface properties in
relation to atelectasis and hyaline membrane
disease. A.M.A. Journal of Diseases of Children
1959, 97, 517-523.

46. Schurch, S.; Gehr, P.; Im Hof, V.; Geiser,
M.; Green, F. Surfactant displaces particles toward
the epithelium in airways and alveoli. Respiration
physiology 1990, 80, 17-32.

47. Goerke, J.; Gonzales, J. Temperature
dependence of dipalmitoyl phosphatidylcholine
monolayer stability. Journal of applied physiology:
respiratory, environmental and exercise physiology
1981, 51, 1108-14.

48. Zuo, Y. Y.; Possmayer, F. How does
pulmonary surfactant reduce surface tension to
very low values? Journal of applied physiology
2007, 102, 1733-4.

49. Johansson, J.; Curstedt, T.; Robertson, B.
The proteins of the surfactant system. Eur Respir J
1994, 7, 372-91.

50. Theodorou, I.; Ryan, M.; Tetley, T.;
Porter, A. Inhalation of Silver Nanomaterials—
Seeing the Risks. [International journal of
molecular sciences 2014, 15, 23936-23974.

51. Thorley, A. J; Tetley, T. D. New
perspectives in nanomedicine. Pharmacology &
Therapeutics 2013, 140, 176-185.

52. Geiser, M.; Schurch, S.; Gehr, P.
Influence of surface chemistry and topography of
particles on their immersion into the lung's surface-
lining layer. Journal of applied physiology 2003,
94, 1793-801.

53. Mijailovich, S. M.; Kojic, M.; Tsuda, A.
Particle-induced indentation of the alveolar

References

epithelium caused by surface tension forces.
Journal of Applied Physiology (1985) 2010, 109,
1179-1194.

54. Wells, M. A.; Abid, A.; Kennedy, 1. M.;
Barakat, A. I. Serum proteins prevent aggregation
of Fe203 and ZnO nanoparticles. Nanotoxicology
2012, 6, 837-46.

55. Harishchandra, R. K.; Saleem, M.; Galla,
H. J. Nanoparticle interaction with model lung
surfactant monolayers. Journal of the Royal
Society, Interface / the Royal Society 2010, 7 Suppl
1, S15-26.

56. Chen, X.; Schluesener, H. J. Nanosilver: a
nanoproduct in medical application. Toxicology
letters 2008, 176, 1-12.

57. Marambio-Jones, C.; Hoek, E. M. V. A
review of the antibacterial effects of silver
nanomaterials and potential implications for human
health and the environment. Journal of
Nanoparticle Research 2010, 12, 1531-1551.

58. Hansen, S. F.; Baun, A. When enough is
enough. Nature nanotechnology 2012, 7, 409-11.

59. Wijnhoven, S. Nano-silver: a review of
available data and knowledge gaps in human and
environmental risk assessment. Nanotoxicology
2009, 3, 109-138.

60. Link, S.; El-Sayed, M. A. Spectral
properties and relaxation dynamics of surface
plasmon electronic oscillations in gold and silver
nanodots and nanorods. Journal of Physical
Chemistry B 1999, 103, 8410-8426.

61. Kamat, P. V. Photophysical,
photochemical and photocatalytic aspects of metal
nanoparticles. Journal of Physical Chemistry B
2002, 106, 7729-7744.

62. http://www.nanotechproject.org/cpi/.

63. Eturska, M.; Obreshkova, E. Argyria in
the prolonged use of adsorgan. Vutreshni bolesti
1979, 18, 121-3.

64. Spencer, W. H.; Garron, L. K.; Contreras,
F.; Hayes, T. L.; Lai, C. Endogenous And
Exogenous Ocular And Systemic  Silver
Deposition. Transactions of the Ophthalmological
Societies of the United Kingdom 1980, 100, 171-
178.

65. Fabrega, J.; Luoma, S. N.; Tyler, C. R.;
Galloway, T. S.; Lead, J. R. Silver nanoparticles:
Behaviour and effects in the aquatic environment.
Environment International 2011, 37, 517-531.

66. Foldbjerg, R.; Dang, D. A.; Autrup, H.
Cytotoxicity and  genotoxicity of  silver
nanoparticles in the human lung cancer cell line,
A549. Archives of toxicology 2011, 85, 743-50.

Page|225



References

67. Park, M. V.; Neigh, A. M.; Vermeulen, J.
P.; de la Fonteyne, L. J.; Verharen, H. W.; Briede,
J. J.; van Loveren, H.; de Jong, W. H. The effect of
particle size on the cytotoxicity, inflammation,
developmental toxicity and genotoxicity of silver
nanoparticles. Biomaterials 2011, 32, 9810-7.

68. Costa, C. S.; Ronconi, J. V.; Daufenbach,
J. F.; Goncalves, C. L.; Rezin, G. T.; Streck, E. L.;
Paula, M. M. In vitro effects of silver nanoparticles
on the mitochondrial respiratory chain. Molecular
and cellular biochemistry 2010, 342, 51-6.

69. Suresh, A. K.; Pelletier, D. A.; Wang, W.;
Morrell-Falvey, J. L.; Gu, B.; Doktycz, M. J.
Cytotoxicity induced by engineered silver
nanocrystallites is dependent on surface coatings
and cell types. Langmuir : the ACS journal of
surfaces and colloids 2012, 28, 2727-35.

70. Kim, H. R.; Kim, M. J.; Lee, S. Y.; Oh, S.
M.; Chung, K. H. Genotoxic effects of silver
nanoparticles stimulated by oxidative stress in
human normal bronchial epithelial (BEAS-2B)
cells. Mutation research 2011, 726, 129-35.

71. Stoehr, L. C.; Gonzalez, E.; Stampfl, A;
Casals, E.; Duschl, A.; Puntes, V.; Oostingh, G. J.
Shape matters: effects of silver nanospheres and

wires on human alveolar epithelial cells. Particle
and fibre toxicology 2011, 8, 36.

72. Arora, S.; Jain, J.; Rajwade, J. M.
Paknikar, K. M. Cellular responses induced by
silver nanoparticles: In vitro studies. Toxicology
letters 2008, 179, 93-100.

73. Kang, K.; Jung, H.; Lim, J. S. Cell Death
by Polyvinylpyrrolidine-Coated Silver
Nanoparticles is Mediated by ROS-Dependent
Signaling. Biomolecular Therapeutics 2012, 20,
399-405.

74. Piao, M. J.; Kang, K. A.; Lee, 1. K.; Kim,
H. S.; Kim, S.; Choi, J. Y.; Choi, J.; Hyun, J. W.
Silver nanoparticles induce oxidative cell damage
in human liver cells through inhibition of reduced
glutathione and induction of mitochondria-involved
apoptosis. Toxicology letters 2011, 201, 92-100.

75. Schinwald, A.; Donaldson, K. Use of
back-scatter  electron  signals to  visualise
cell/nanowires interactions in vitro and in vivo;
frustrated phagocytosis of long fibres in
macrophages and  compartmentalisation in
mesothelial cells in vivo. Particle and fibre
toxicology 2012, 9, 34.

76. Liu, J.; Hurt, R. H. Ion Release Kinetics
and Particle Persistence in Aqueous Nano-Silver
Colloids. Environmental science & technology
2010, 44,2169-2175.

717. Zhang, W.; Yao, Y.; Sullivan, N.; Chen,
Y. Modeling the Primary Size Effects of Citrate-

Page|226

Coated Silver Nanoparticles on Their Ion Release
Kinetics. Environmental science & technology
2011, 45, 4422-4428.

78. Liu, J. Y.; Hurt, R. H. Ion Release
Kinetics and Particle Persistence in Aqueous Nano-
Silver  Colloids.  Environmental science &
technology 2010, 44, 2169-2175.

79. Leo, B. F.; Chen, S.; Kyo, Y.; Herpoldt,
K. L.; Terrill, N. J.; Dunlop, I. E.; McPhail, D. S.;
Shaffer, M. S.; Schwander, S.; Gow, A.; Zhang, J.;
Chung, K. F.; Tetley, T. D.; Porter, A. E.; Ryan, M.
P. The stability of silver nanoparticles in a model
of pulmonary surfactant. Environmental science &
technology 2013, 47, 11232-40.

80. Tejamaya, M.; Romer, 1.; Merrifield, R.
C.; Lead, J. R. Stability of citrate, PVP, and PEG
coated silver nanoparticles in ecotoxicology media.

Environmental science & technology 2012, 46,
7011-7.

81. Kittler, S.; Greulich, C.; Diendorf, J.;
Koller, M.; Epple, M. Toxicity of Silver
Nanoparticles Increases during Storage Because of
Slow Dissolution under Release of Silver Ions.
Chemistry of Materials 2010, 22, 4548-4554.

82. Yang, X.; Gondikas, A. P.; Marinakos, S.
M.; Auffan, M.; Liu, J.; Hsu-Kim, H.; Meyer, J. N.
Mechanism of silver nanoparticle toxicity is
dependent on dissolved silver and surface coating

in Caenorhabditis elegans. Environmental science
& technology 2012, 46, 1119-27.

83. Stebounova, L.; Guio, E.; Grassian, V.
Silver nanoparticles in simulated biological media:
a study of aggregation, sedimentation, and
dissolution. Journal of Nanoparticle Research
2011, 13,233-244.

84. Liu, J.; Sonshine, D. A.; Shervani, S.;
Hurt, R. H. Controlled Release of Biologically
Active Silver from Nanosilver Surfaces. ACS Nano
2010, 4, 6903-6913.

85. Xiu, Z. M.; Zhang, Q. B.; Puppala, H. L.;
Colvin, V. L.; Alvarez, P. J. J. Negligible Particle-
Specific ~ Antibacterial ~ Activity of  Silver
Nanoparticles. Nano Letters 2012, 12, 4271-4275.

86. Navarro, E. Toxicity of  Silver
Nanoparticles to Chlamydomonas reinhardtii.
Environmental science & technology 2008, 42,
8959-8964.

87. Choi, O.; Hu, Z. Size Dependent and
Reactive Oxygen Species Related Nanosilver
Toxicity to Nitrifying Bacteria. Environmental
science & technology 2008, 42, 4583-4588.

88. Fabrega, J.; Fawcett, S. R.; Renshaw, J.
C.; Lead, J. R. Silver Nanoparticle Impact on
Bacterial Growth: Effect of pH, Concentration, and



Organic  Matter.  Environmental science &
technology 2009, 43, 7285-7290.

89. Yin, L.; Cheng, Y.; Espinasse, B,
Colman, B. P.; Auffan, M.; Wiesner, M.; Rose, J.;
Liu, J.; Bernhardt, E. S. More than the ions: the
effects of silver nanoparticles on Lolium

multiflorum. Environmental science & technology
2011, 45, 2360-7.

90. Eckhardt, S.; Brunetto, P. S.; Gagnon, J.;
Priebe, M.; Giese, B.; Fromm, K. M. Nanobio
silver: its interactions with peptides and bacteria,
and its uses in medicine. Chemical reviews 2013,
113, 4708-54.

91. Kuhlbusch, T. A.; Asbach, C.; Fissan, H.;
Gohler, D.; Stintz, M. Nanoparticle exposure at
nanotechnology workplaces: a review. Particle and
fibre toxicology 2011, 8, 22.

92. Sun, T. Y.; Gottschalk, F.; Hungerbuhler,
K.; Nowack, B. Comprehensive probabilistic
modelling of environmental emissions of
engineered nanomaterials. Environmental pollution
2014, 185, 69-76.

93. Ostraat, M. L.; Thornburg, J. W.; Malloy,
Q. G. J. Measurement Strategies of Airborne
Nanomaterials. Environmental Engineering

Science 2013, 30, 126-132.

94. Park, J.; Kwak, B. K.; Bae, E.; Lee, J.;
Kim, Y.; Choi, K.; Yi, J. Characterization of
exposure to silver nanoparticles in a manufacturing
facility. Journal of Nanoparticle Research 2009,
11, 1705-1712.

95. Tsai, C.-J.; Wu, C.-H.; Leu, M.-L.; Chen,
S.-C.; Huang, C.-Y.; Tsai, P.-J; Ko, F.-H.
Dustiness test of nanopowders using a standard
rotating drum with a modified sampling train.
Journal of Nanoparticle Research 2009, 11, 121-
131.

96. Nazarenko, Y.; Han, T. W.; Lioy, P. J;
Mainelis, G. Potential for exposure to engineered
nanoparticles from nanotechnology-based
consumer spray products. Journal of exposure

science & environmental epidemiology 2011, 21,
515-28.

97. Lorenz, C.; Hagendorfer, H.; Goetz, N.;
Kaegi, R.; Gehrig, R.; Ulrich, A.; Scheringer, M.;
Hungerbiihler, K. Nanosized aerosols from
consumer sprays: experimental analysis and
exposure modeling for four commercial products.
Journal of Nanoparticle Research 2011, 13, 3377-
3391.

98. Mitrano, D. M.; Rimmele, E.; Wichser,
A.; Emi, R.; Height, M.; Nowack, B. Presence of
Nanoparticles in Wash Water from Conventional
Silver and Nano-silver Textiles. ACS Nano 2014, 8,
7208-7219.

References

99, Alfaro-Moreno, E.; Nawrot, T. S.;
Nemmar, A.; Nemery, B. Particulate matter in the
environment: pulmonary and cardiovascular

effects. Current opinion in pulmonary medicine
2007, 13, 98-106.

100. Hussain, S. M.; Schlager, J. J. Safety
evaluation of silver nanoparticles: inhalation model
for chronic exposure. Toxicological sciences : an
official journal of the Society of Toxicology 2009,
108, 223-4.

101. Takenaka, S.; Karg, E.; Roth, C.; Schulz,
H.; Ziesenis, A.; Heinzmann, U.; Schramel, P.;
Heyder, J. Pulmonary and Systemic Distribution of
Inhaled Ultrafine Silver Particles in Rats.
Environmental health perspectives 2001, 109, 547-
551.

102. Sung, J. H.; Ji, J. H.; Yoon, J. U.; Kim, D.
S.; Song, M. Y.; Jeong, J.; Han, B. S.; Han, J. H;
Chung, Y. H.; Kim, J.; Kim, T. S.; Chang, H. K_;
Lee, E. J.; Lee, J. H.; Yu, 1. J. Lung function
changes in Sprague-Dawley rats after prolonged
inhalation exposure to silver nanoparticles.
Inhalation Toxicology 2008, 20, 567-574.

103. Kim, Y. S.; Kim, J. S.; Cho, H. S.; Rha, D.
S.; Kim, J. M.; Park, J. D.; Choi, B. S.; Lim, R.;
Chang, H. K.; Chung, Y. H.; Kwon, I. H.; Jeong, J.;
Han, B. S.; Yu, 1. J. Twenty-Eight-Day Oral
Toxicity, Genotoxicity, and Gender-Related Tissue
Distribution of Silver Nanoparticles in Sprague-
Dawley Rats. Inhaalation Toxicology 2008, 20,
575-583.

104. Kim, W. Y.; Kim, J.; Park, J. D.; Ryu, H.
Y.; Yu, L. J. Histological study of gender
differences in accumulation of silver nanoparticles
in kidneys of Fischer 344 rats. Journal of
toxicology and environmental health. Part A 2009,
72,1279-84.

105. Tang, J.; Xiong, L.; Wang, S.; Wang, J.;
Liu, L.; Li, J; Yuan, F.; Xi, T. Distribution,
Translocation and Accumulation of Silver

Nanoparticles in Rats. Journal of Nanoscience and
Nanotechnology 2009, 9, 4924-4932,

106. Wang, X.; Ji, Z.; Chang, C. H.; Zhang, H.;
Wang, M.; Liao, Y.-P.; Lin, S.; Meng, H.; Li, R
Sun, B.; Winkle, L. V.; Pinkerton, K. E.; Zink, J. I;
Xia, T.; Nel, A. E. Use of Coated Silver
Nanoparticles to Understand the Relationship of
Particle Dissolution and Bioavailability to Cell and
Lung Toxicological Potential. Small 2014, 10, 385-
398.

107. Danscher, G.; Norgaard, J. O.; Baatrup, E.
Autometallography: tissue metals demonstrated by
a silver enhancement kit. Histochemistry 1987, 86,
465-9.

108. Ji, J. H.; Jung, J. H.; Kim, S. S.; Yoon, J.
U.; Park, J. D.; Choi, B. S.; Chung, Y. H.; Kwon, L.

Page|227



References

H.; Jeong, J.; Han, B. S.; Shin, J. H.; Sung, J. H;
Song, K. S.; Yu, I. J. Twenty-eight-day inhalation
toxicity study of silver nanoparticles in Sprague-
Dawley rats. Inhalation Toxicology 2007, 19, 857-
71.

109. Hyun, J.-S.; Lee, B. S.; Ryu, H. Y.; Sung,
J. H.; Chung, K. H.; Yu, 1. J. Effects of repeated
silver nanoparticles exposure on the histological
structure and mucins of nasal respiratory mucosa in
rats. Toxicology letters 2008, 182, 24-28.

110. Lee, H.-Y.; Choi, Y.-J.; Jung, E.-J.; Yin,
H.-Q.; Kwon, J.-T.; Kim, J.-E.; Im, H.-T.; Cho, M.-
H.; Kim, J.-H.; Kim, H.-Y.; Lee, B.-H. Genomics-
based screening of differentially expressed genes in
the brains of mice exposed to silver nanoparticles

via inhalation. Journal of Nanoparticle Research
2010, 12, 1567-1578.

111. Song, K. S.; Sung, J. H.; Ji, J. H.; Lee, J.
H.; Lee, J. S.; Ryu, H. R.; Lee, J. K.; Chung, Y. H.;
Park, H. M.; Shin, B. S.; Chang, H. K.; Kelman,
B.; Yu, L. J. Recovery from silver-nanoparticle-
exposure-induced lung inflammation and lung
function changes in Sprague Dawley rats.
Nanotoxicology 2013, 7, 169-180.

112. Kim, J. S.; Sung, J. H.; Ji, J. H.; Song, K.
S.; Lee, J. H.; Kang, C. S.;; Yu, . J. In vivo
Genotoxicity of Silver Nanoparticles after 90-day
Silver Nanoparticle Inhalation Exposure. Safety
and Health at Work 2011, 2, 34-38.

113. Tiwari, D. K.; Jin, T.; Behari, J. Dose-
dependent in-vivo toxicity assessment of silver
nanoparticle in Wistar rats. Toxicology mechanisms
and methods 2011, 21, 13-24.

114. Rahman, M. F.; Wang, J.; Patterson, T.
A.; Saini, U. T.; Robinson, B. L.; Newport, G. D.;
Murdock, R. C.; Schlager, J. J.; Hussain, S. M.;
Ali, S. F. Expression of genes related to oxidative
stress in the mouse brain after exposure to silver-25
nanoparticles. Toxicology letters 2009, 187, 15-21.

115. ACGIH, Silver and Compounds: TLV
Chemical Substances 7th Edition, 2001.

116. Sung, J. H.; Ji, J. H.; Park, J. D.; Yoon, J.
U.; Kim, D. S.; Jeon, K. S.; Song, M. Y.; Jeong, J.;
Han, B. S.; Han, J. H.; Chung, Y. H.; Chang, H. K;
Lee, J. H.; Cho, M. H.; Kelman, B. J.; Yu, L. J.
Subchronic  Inhalation  Toxicity of  Silver
Nanoparticles. Toxicological Sciences 2009, 108,
452-461.

117. NIOSH: Occupational Health Guidelines
for Chemical Hazards: Silver Metal and Soluble
Silver  Compounds,  National Institute for
Occupational Safety and Health (NIOSH), 1981.

118. Tsai, S.-J.; Ada, E.; [Isaacs, J;
Ellenbecker, M. Airborne nanoparticle exposures
associated with the manual handling of

Page|228

nanoalumina and nanosilver in fume hoods.
Journal of Nanoparticle Research 2009, 11, 147-
161.

119. Lee, J. H.; Kwon, M.; Ji, J. H.; Kang, C.
S.; Ahn, K. H.; Han, J. H.; Yu, 1. J. Exposure
assessment of workplaces manufacturing nanosized
TiO2 and silver. Inhalation Toxicology 2011, 23,
226-36.

120. Lee, J.; Ahn, K.; Kim, S.; Jeon, K.; Lee,
J.; Yu, I. Continuous 3-day exposure assessment of
workplace manufacturing silver nanoparticles.
Journal of Nanoparticle Research 2012, 14, 1-10.

121. Kong, B.; Seog, J. H.; Graham, L. M,;
Lee, S. B. Experimental considerations on the
cytotoxicity of nanoparticles. Nanomedicine
(London, England) 2011, 6, 929-41.

122. Diaz, B.; Sanchez-Espinel, C.; Arruebo,
M.; Faro, J.; de Miguel, E.; Magadan, S.; Yague,
C.; Fernandez-Pacheco, R.; Ibarra, M. R
Santamaria, J.; Gonzalez-Fernandez, A. Assessing
methods for blood cell cytotoxic responses to

inorganic  nanoparticles and  nanoparticle
aggregates. Small 2008, 4, 2025-34.

123. Nan, A.; Bai, X.; Son, S. J.; Lee, S. B;
Ghandehari, H. Cellular uptake and cytotoxicity of
silica nanotubes. Nano Letters 2008, 8, 2150-4.

124. Chang, J. S.; Chang, K. L.; Hwang, D. F.;
Kong, Z. L. In vitro cytotoxicitiy of silica
nanoparticles at high concentrations strongly
depends on the metabolic activity type of the cell
line. Environmental science & technology 2007,
41, 2064-8.

125. Kim, S.; Ryu, D. Y. Silver nanoparticle-
induced oxidative stress, genotoxicity and
apoptosis in cultured cells and animal tissues.
Journal of applied toxicology 2013, 33, 78-89.

126. de Lima, R.; Seabra, A. B.; Duran, N.
Silver nanoparticles: a brief review of cytotoxicity
and genotoxicity of chemically and biogenically
synthesized nanoparticles. Journal of applied
toxicology 2012, 32, 867-879.

127. Eom, H.-J.; Choi, J. p38 MAPK
Activation, DNA Damage, Cell Cycle Arrest and
Apoptosis As Mechanisms of Toxicity of Silver
Nanoparticles in Jurkat T Cells. Environmental
science & technology 2010, 44, 8337-8342.

128. Hsin, Y. H.; Chen, C. F.; Huang, S.; Shih,
T. S.; Lai, P. S.; Chueh, P. J. The apoptotic effect
of nanosilver is mediated by a ROS- and JNK-
dependent mechanism involving the mitochondrial
pathway in NIH3T3 cells. Toxicology letters 2008,
179, 130-9.

129. Sanpui, P.; Chattopadhyay, A.; Ghosh, S.
S. Induction of Apoptosis in Cancer Cells at Low



Silver Nanoparticle Concentrations using Chitosan
Nanocarrier. ACS Applied Materials & Interfaces
2011, 3,218-228.

130. Kim, S.; Choi, J. E.; Choi, J.; Chung, K.-
H.; Park, K.; Yi, J.; Ryu, D.-Y. Oxidative stress-
dependent toxicity of silver nanoparticles in human
hepatoma cells. Toxicology in Vitro 2009, 23,
1076-1084.

131. Liu, W.; Wu, Y.; Wang, C.; Li, H. C;
Wang, T.; Liao, C. Y.; Cui, L.; Zhou, Q. F.; Yan,
B.; Jiang, G. B. Impact of silver nanoparticles on
human cells: effect of particle size. Nanotoxicology
2010, 4, 319-30.

132. Braydich-Stolle, L. K.; Lucas, B
Schrand, A.; Murdock, R. C.; Lee, T.; Schlager, J.
J.; Hussain, S. M.; Hofmann, M.-C. Silver
Nanoparticles Disrupt GDNF/Fyn kinase Signaling
in Spermatogonial Stem Cells. Toxicological
Sciences 2010, 116, 577-589.

133. Braydich-Stolle, L.; Hussain, S.; Schlager,
J. J.; Hofmann, M. C. In vitro cytotoxicity of
nanoparticles in mammalian germline stem cells.
Toxicological sciences 2005, 88, 412-9.

134. Schrand, A. M.; Braydich-Stolle, L. K.;
Schlager, J. J.; Dai, L.; Hussain, S. M. Can silver
nanoparticles be useful as potential biological
labels? Nanotechnology 2008, 19, 235104.

135. Hussain, S. M.; Hess, K. L.; Gearhart, J.
M.; Geiss, K. T.; Schlager, J. J. In vitro toxicity of
nanoparticles in BRL 3A rat liver cells. Toxicology
in vitro 2005, 19, 975-83.

136. Hussain, S. M.; Javorina, A. K.; Schrand,
A. M.; Duhart, H. M.; Ali, S. F.; Schlager, J. J. The
interaction of manganese nanoparticles with PC-12
cells induces dopamine depletion. Toxicological
sciences 2006, 92, 456-63.

137. Hackenberg, S.; Scherzed, A.; Kessler,
M.; Hummel, S.; Technau, A.; Froelich, K.
Ginzkey, C.; Koehler, C.; Hagen, R.; Kleinsasser,
N. Silver nanoparticles: Evaluation of DNA
damage, toxicity and functional impairment in
human mesenchymal stem cells. Toxicology letters
2011, 201, 27-33.

138. Liu, P.; Guan, R.; Ye, X.; Jiang, J.; Liu,
M.; Huang, G.; Chen, X. Toxicity of nano- and
micro-sized silver particles in human hepatocyte
cell line LO2. Journal of Physics: Conference
Series 2011, 304, 012036.

139. Ahamed, M.; Karns, M.; Goodson, M.;
Rowe, J.; Hussain, S. M.; Schlager, J. J.; Hong, Y.
DNA damage response to different surface
chemistry of silver nanoparticles in mammalian
cells. Toxicology and applied pharmacology 2008,
233, 404-10.

References

140. Gopinath, P.; Gogoi, S. K.; Sanpui, P
Paul, A.; Chattopadhyay, A.; Ghosh, S. S.
Signaling gene cascade in silver nanoparticle
induced apoptosis. Colloids and Surfaces B:
Biointerfaces 2010, 77, 240-245.

141. Miura, N.; Shinohara, Y. Cytotoxic effect
and apoptosis induction by silver nanoparticles in
HeLa cells. Biochemical and biophysical research
communications 2009, 390, 733-737.

142. Li, P.-W.; Kuo, T.-H.; Chang, J.-H.; Yeh,
J.-M.; Chan, W.-H. Induction of cytotoxicity and
apoptosis in mouse Dblastocysts by silver
nanoparticles. Toxicology letters 2010, 197, 82-87.

143. Wei, L.; Tang, J.; Zhang, Z.; Chen, Y.;
Zhou, G.; Xi, T. Investigation of the cytotoxicity
mechanism of silver nanoparticles in vitro.
Biomedical materials (Bristol, England) 2010, 5,
044103.

144, Frohlich, E.; Salar-Behzadi, S.
Toxicological assessment of inhaled nanoparticles:
role of in vivo, ex vivo, in vitro, and in silico
studies. International journal of molecular sciences
2014, 15, 4795-822.

145. Zabner, J.; Karp, P.; Seiler, M.; Phillips,
S. L.; Mitchell, C. J.; Saavedra, M.; Welsh, M.;
Klingelhutz, A. J. Development of cystic fibrosis
and noncystic fibrosis airway cell lines. American
journal of physiology. Lung cellular and molecular
physiology 2003, 284, L.844-54.

146. Worle-Knirsch, J. M.; Pulskamp, K.
Krug, H. F. Oops they did it again! Carbon
nanotubes hoax scientists in viability assays. Nano
Letters 2006, 6, 1261-8.

147. Casey, A.; Herzog, E.; Davoren, M.;
Lyng, F. M.; Byrne, H. J.; Chambers, G.
Spectroscopic analysis confirms the interactions
between single walled carbon nanotubes and

various dyes commonly used to assess cytotoxicity.
Carbon 2007, 45, 1425-1432.

148. Ciofani, G.; Danti, S.; D'Alessandro, D.;
Moscato, S.; Menciassi, A. Assessing cytotoxicity
of boron nitride nanotubes: Interference with the

MTT assay. Biochemical and biophysical research
communications 2010, 394, 405-11.

149. Park, M. V.; Annema, W.; Salvati, A.;
Lesniak, A.; Elsaesser, A.; Barnes, C.; McKerr, G.;
Howard, C. V.; Lynch, I.; Dawson, K. A.; Piersma,
A. H.; de Jong, W. H. In vitro developmental
toxicity test detects inhibition of stem cell
differentiation by silica nanoparticles. Toxicology
and applied pharmacology 2009, 240, 108-16.

150. Schulze, C.; Schaefer, U. F.; Ruge, C. A,;
Wohlleben, W.; Lehr, C. M. Interaction of metal
oxide nanoparticles with lung surfactant protein A.

Page|229



References

European  journal of  pharmaceutics  and
biopharmaceutics 2011, 77, 376-83.

151. Lee, Y. S.; Kim, D. W.; Lee, Y. H.; Oh, J.
H.; Yoon, S.; Choi, M. S.; Lee, S. K.; Kim, J. W_;
Lee, K.; Song, C. W. Silver nanoparticles induce
apoptosis and G2/M arrest via PKCzeta-dependent
signaling in A549 lung cells. Archives of toxicology
2011, 85, 1529-40.

152. Carlson, C.; Hussain, S. M.; Schrand, A.
M.; K. Braydich-Stolle, L.; Hess, K. L.; Jones, R.
L.; Schlager, J. J. Unique Cellular Interaction of
Silver Nanoparticles: Size-Dependent Generation
of Reactive Oxygen Species. The Journal of
Physical Chemistry B 2008, 112, 13608-13619.

153. Nguyen, K. C.; Seligy, V. L.; Massarsky,
A.; Moon, T. W.; Rippstein, P.; Tan, J.; Tayabali,
A. F. Comparison of toxicity of uncoated and
coated silver nanoparticles. Journal of Physics:
Conference Series 2013, 429, 012025.

154. Oh, W.-K.; Kim, S.; Choi, M.; Kim, C.;
Jeong, Y. S.; Cho, B.-R.; Hahn, J.-S.; Jang, J.
Cellular Uptake, Cytotoxicity, and Innate Immune
Response of Silica—Titania Hollow Nanoparticles
Based on Size and Surface Functionality. ACS
Nano 2010, 4, 5301-5313.

155. Kawata, K.; Osawa, M.; Okabe, S. In vitro
toxicity of silver nanoparticles at noncytotoxic
doses to HepG2 human hepatoma cells.

Environmental science & technology 2009, 43,
6046-51.

156. Lim, D. H.; Jang, J.; Kim, S.; Kang, T.;
Lee, K.; Choi, I. H. The effects of sub-lethal
concentrations of silver nanoparticles on
inflammatory and stress genes in human
macrophages using cDNA microarray analysis.
Biomaterials 2012, 33, 4690-9.

157. Navarro, E.; Piccapietra, F.; Wagner, B.;
Marconi, F.; Kaegi, R.; Odzak, N.; Sigg, L.; Behra,
R. Toxicity of Silver Nanoparticles to
Chlamydomonas reinhardtii. Environmental
science & technology 2008, 42, 8959-8964.

158. Lewis, L. N. Chemical -catalysis by
colloids and clusters. Chemical reviews 1993, 93,
2693-2730.

159. Gliga, A. R.; Skoglund, S.; Wallinder, I.
O.; Fadeel, B.; Karlsson, H. L. Size-dependent
cytotoxicity of silver nanoparticles in human lung
cells: the role of cellular uptake, agglomeration and
Ag release. Particle and fibre toxicology 2014, 11,
11.

160. AshaRani, P. V. Hande, M.;
Valiyaveettil, S. Anti-proliferative activity of silver
nanoparticles. BMC Cell Biology 2009, 10, 1-14.

Page|230

161. Verma, N. K.; Conroy, J.; Lyons, P. E;
Coleman, J.; O'Sullivan, M. P.; Kornfeld, H.;
Kelleher, D.; Volkov, Y. Autophagy induction by
silver nanowires: a new aspect in the
biocompatibility assessment of nanocomposite thin
films. Toxicology and applied pharmacology 2012,
264,451-61.

162. Gu, Y. J.; Cheng, J.; Lin, C. C.; Lam, Y.
W.; Cheng, S. H.;, Wong, W. T. Nuclear
penetration of surface functionalized gold
nanoparticles. Toxicology and applied
pharmacology 2009, 237, 196-204.

163. Zhang, M.; Li, J.; Xing, G.; He, R.; Li,
W.; Song, Y.; Guo, H. Variation in the
internalization of differently sized nanoparticles
induces different DNA-damaging effects on a
macrophage cell line. Archives of toxicology 2011,
85, 1575-88.

164. Haase, A.; Tentschert, J.; Jungnickel, H.;
Graf, P.; Mantion, A.; Draude, F.; Plendl, J.; Goetz,
M. E.; Galla, S.; Masi¢, A.; Thuenemann, A. F.;
Taubert, A.; Arlinghaus, H. F.; Luch, A. Toxicity
of silver nanoparticles in human macrophages:
uptake, intracellular distribution and cellular
responses. Journal of Physics: Conference Series
2011, 304, 012030.

165. Cronholm, P.; Karlsson, H. L.; Hedberg,
J.; Lowe, T. A.; Winnberg, L.; Elihn, K,
Wallinder, 1. O.; Moller, L. Intracellular Uptake
and Toxicity of Ag and CuO Nanoparticles: A
Comparison Between Nanoparticles and their
Corresponding Metal lons. Small 2013.

166. Panté, N.; Kann, M. Nuclear Pore
Complex Is Able to Transport Macromolecules

with Diameters of ~39 nm. Molecular Biology of
the Cell 2002, 13, 425-434,

167. Yuan, Y.; Liu, C.; Qian, J.; Wang, J;
Zhang, Y. Size-mediated cytotoxicity and apoptosis
of hydroxyapatite nanoparticles in human
hepatoma HepG2 cells. Biomaterials 2010, 31,
730-740.

168. Jena, P.; Mohanty, S.; Mallick, R.; Jacob,
B.; Sonawane, A. Toxicity and antibacterial
assessment of chitosan-coated silver nanoparticles
on human pathogens and macrophage cells.
International journal of nanomedicine 2012, 7,
1805-18.

169. Herzog, F.; Clift, M. J. D.; Piccapietra, F.;
Behra, R.; Schmid, O.; Petri-Fink, A.; Rothen-
Rutishauser, B. Exposure of silver-nanoparticles
and silver-ions to lung cells in vitro at the air-liquid
interface. Particle and fibre toxicology 2013, 10.

170. Schleh, C.; Kreyling, W. G.; Lehr, C. M.
Pulmonary surfactant is indispensable in order to



simulate the in vivo situation. Particle and fibre
toxicology 2013, 10, 6.

171. Rivera Gil, P.; Oberdorster, G.; Elder, A.;
Puntes, V.; Parak, W. J. Correlating Physico-
Chemical with Toxicological Properties of
Nanoparticles: The Present and the Future. Acs
Nano 2010, 4, 5527-5531.

172. Rothen-Rutishauser, B.; Mueller, L.;
Blank, F.; Brandenberger, C.; Muehlfeld, C.; Gehr,
P. A newly developed in vitro model of the human
epithelial airway barrier to study the toxic potential
of nanoparticles. A/tex 2008, 25, 191-6.

173. Blank, F.; Rothen-Rutishauser, B.; Gehr,
P. Dendritic cells and macrophages form a
transepithelial network against foreign particulate

antigens. American journal of respiratory cell and
molecular biology 2007, 36, 669-77.

174. Rothen-Rutishauser, B.; Muhlfeld, C.;
Blank, F.; Musso, C.; Gehr, P. Translocation of
particles and inflammatory responses after
exposure to fine particles and nanoparticles in an
epithelial airway model. Particle and fibre
toxicology 2007, 4, 9.

175. Blank, F.; Wehrli, M.; Lehmann, A.;
Baum, O.; Gehr, P.; von Garnier, C.; Rothen-
Rutishauser, B. M. Macrophages and dendritic cells
express tight junction proteins and exchange
particles in an in vitro model of the human airway
wall. Immunobiology 2011, 216, 86-95.

176. Xia, Y.; Xiong, Y.; Lim, B.; Skrabalak, S.
E.  Shape-controlled  synthesis of  metal
nanocrystals: simple chemistry meets complex
physics? Angewandte Chemie 2009, 48, 60-103.

177. Warheit, D. B. How Meaningful are the
Results of Nanotoxicity Studies in the Absence of
Adequate Material Characterization? Toxicological
Sciences 2008, 101, 183-185.

178. Brar, S. K.; Verma, M. Measurement of
nanoparticles by light-scattering techniques. 7rAC
Trends in Analytical Chemistry 2011, 30, 4-17.

179. Tomaszewska, E.; Soliwoda, K.;
Kadziola, K.; Tkacz-Szczesna, B.; Celichowski, G.;
Cichomski, M.; Szmaja, W.; Grobelny, J. Detection
Limits of DLS and UV-Vis Spectroscopy in
Characterization of Polydisperse Nanoparticles
Colloids. Journal of Nanomaterials 2013, 2013, 10.

180. Khlebtsov, B. N.; Khlebtsov, N. G. On the
measurement of gold nanoparticle sizes by the
dynamic light scattering method. Colloid J 2011,
73,118-127.

181. Milne, J. L. S.; Borgnia, M. J.; Bartesaghi,
A.; Tran, E. E. H.; Earl, L. A.; Schauder, D. M.;
Lengyel, J.; Pierson, J.; Patwardhan, A,
Subramaniam, S. Cryo-electron microscopy — a

References

primer for the non-microscopist. FEBS Journal
2013, 280, 28-45.

182. Elechiguerra, J. L.; Larios-Lopez, L.; Liu,
C.; Garcia-Gutierrez, D.; Camacho-Bragado, A.;
Yacaman, M. J. Corrosion at the nanoscale: The
case of silver nanowires and nanoparticles.
Chemistry of Materials 2005, 17, 6042-6052.

183. Laban, G.; Nies, L. F.; Turco, R. F;
Bickham, J. W.; Sepulveda, M. S. The effects of
silver  nanoparticles on  fathead minnow
(Pimephales promelas) embryos. Ecotoxicology
(London, England) 2010, 19, 185-95.

184. Beer, C.; Foldbjerg, R.; Hayashi, Y.;
Sutherland, D. S.; Autrup, H. Toxicity of silver
nanoparticles - nanoparticle or silver ion?
Toxicology letters 2012, 208, 286-92.

185. Lee, Y. J.; Kim, J.; Oh, J.; Bae, S.; Lee,
S.; Hong, I. S.; Kim, S. H. Ion-release kinetics and
ecotoxicity effects of silver nanoparticles.

Environmental toxicology and chemistry 2012, 31,
155-9.

186. Chappell, M. A.; Miller, L. F.; George, A.
J.; Pettway, B. A.; Price, C. L.; Porter, B. E;
Bednar, A. J.; Seiter, J. M.; Kennedy, A. J;
Steevens, J. A. Simultaneous dispersion-dissolution
behavior of concentrated silver nanoparticle
suspensions in the presence of model organic
solutes. Chemosphere 2011, 84, 1108-1116.

187. Liu, J.; Wang, Z.; Liu, F. D.; Kane, A. B.;
Hurt, R. H. Chemical transformations of nanosilver
in biological environments. ACS Nano 2012, 6,
9887-99.

188. Glover, R. D.; Miller, J. M.; Hutchison, J.
E. Generation of metal nanoparticles from silver
and copper objects: nanoparticle dynamics on
surfaces and potential sources of nanoparticles in
the environment. ACS Nano 2011, 5, 8950-7.

189. Chen, S.; Theodorou, I. G.; Goode, A. E.;
Gow, A.; Schwander, S.; Zhang, J.; Chung, K. F.;
Tetley, T. D.; Shaffer, M. S.; Ryan, M. P.; Porter,
A. E. High-Resolution Analytical Electron
Microscopy Reveals Cell Culture Media-Induced
Changes to the Chemistry of Silver Nanowires.
Environmental science & technology 2013, 47,
13813-13821.

190. Levard, C.; Hotze, E. M.; Lowry, G. V.;
Brown, G. E., Jr. Environmental Transformations
of Silver Nanoparticles: Impact on Stability and
Toxicity. Environmental science & technology

2012, 46, 6900-6914.

191. Levard, C.; Reinsch, B. C.; Michel, F. M;
Oumahi, C.; Lowry, G. V., Brown, G. E.
Sulfidation processes of PVP-coated silver
nanoparticles in aqueous solution: impact on

Page|231]



References

dissolution rate. Environmental science &
technology 2011, 45, 5260-6.

192. Reinsch, B. C.; Levard, C.; Li, Z.; Ma, R.;
Wise, A.; Gregory, K. B.; Brown, G. E., Jr;
Lowry, G. V. Sulfidation of silver nanoparticles
decreases Escherichia coli growth inhibition.
Environmental science & technology 2012, 46,
6992-7000.

193. Bondarenko, O.; Ivask, A.; Kakinen, A.;
Kurvet, I.; Kahru, A. Particle-cell contact enhances
antibacterial activity of silver nanoparticles. PLoS
One 2013, 8, e64060.

194. Ivask, A.; ElIBadawy, A.; Kaweeteerawat,
C.; Boren, D.; Fischer, H.; Ji, Z.; Chang, C. H.;
Liu, R.; Tolaymat, T.; Telesca, D.; Zink, J. L;
Cohen, Y.; Holden, P. A.; Godwin, H. A. Toxicity
Mechanisms in Escherichia coli Vary for Silver
Nanoparticles and Differ from Ionic Silver. ACS
Nano 2013, 8, 374-386.

195. Bondarenko, O.; Ivask, A.; Kékinen, A.;
Kurvet, 1., Kahru, A. Particle-Cell Contact
Enhances Antibacterial ~ Activity of  Silver
Nanoparticles. PLoS ONE 2013, 8, e64060.

196. Pratsinis, A.; Hervella, P.; Leroux, J.-C.;
Pratsinis, S. E.; Sotiriou, G. A. Toxicity of Silver
Nanoparticles in Macrophages. Small 2013, 9,
2576-2584.

197. Monopoli, M. P.; Aberg, C.; Salvati, A.;
Dawson, K. A. Biomolecular coronas provide the
biological identity of nanosized materials. Nature
Nano 2012, 7, 779-786.

198. Lynch, 1., Dawson, K. A. Protein-
nanoparticle interactions. Nano Today 2008, 3, 40-
47.

199. Cedervall, T.; Lynch, I.; Lindman, S.;
Berggard, T.; Thulin, E.; Nilsson, H.; Dawson, K.
A.; Linse, S. Understanding the nanoparticle—
protein corona using methods to quantify exchange
rates and affinities of proteins for nanoparticles.
Proceedings of the National Academy of Sciences
2007, 104, 2050-2055.

200. Powers, C. M.; Badireddy, A. R.; Ryde, L.
T.; Seidler, F. J.; Slotkin, T. A. Silver nanoparticles
compromise neurodevelopment in PCI12 cells:
critical contributions of silver ion, particle size,
coating, and composition. Environmental health
perspectives 2011, 119, 37-44.

201. Kittler, S.; Greulich, C.; Gebauer, J. S.;
Diendorf, J.; Treuel, L.; Ruiz, L.; Gonzalez-Calbet,
J. M.; Vallet-Regi, M.; Zellner, R.; Koller, M.;
Epple, M. The influence of proteins on the
dispersability and cell-biological activity of silver

nanoparticles. Journal of Materials Chemistry
2010, 20, 512-518.

Page|232

202. Yen, H. J; Hsu, S. H.; Tsai, C. L.
Cytotoxicity and immunological response of gold
and silver nanoparticles of different sizes. Small
2009, 5, 1553-61.

203. Gnanadhas, D. P.; Ben Thomas, M.;
Thomas, R.; Raichur, A. M.; Chakravortty, D.
Interaction of silver nanoparticles with serum
proteins affects their antimicrobial activity in vivo.
Antimicrob Agents Chemother 2013, 57, 4945-55.

204. Bell, R. A.; Kramer, J. R. Structural
chemistry and geochemistry of silver-sulfur
compounds:  Critical review. Environmental
Toxicology and Chemistry 1999, 18, 9-22.

205. Porter, D.; Sriram, K.; Wolfarth, M.;
Jefferson, A.; Schwegler-Berry, D.; Andrew, M. E.;
Castranova, V. A biocompatible medium for
nanoparticle dispersion. Nanotoxicology 2008, 2,
144-154.

206. Sager, T. M.; Porter, D. W.; Robinson, V.
A.; Lindsley, W. G.; Schwegler-Berry, D. E.;
Castranova, V. Improved method to disperse
nanoparticles for in vitro and in vivo investigation
of toxicity. Nanotoxicology 2007, 1, 118-129.

207. MacCuspie, R. I.; Allen, A. J.; Hackley,
V. A. Dispersion stabilization of silver
nanoparticles in synthetic lung fluid studied under
in situ conditions. Nanotoxicology 2011, 5, 140-56.

208. Bakshi, M. S.; Zhao, L.; Smith, R.;
Possmayer, F.; Petersen, N. O. Metal nanoparticle
pollutants interfere with pulmonary surfactant
function in vitro. Biophysical journal 2008, 94,
855-68.

209. Stringer, B.; Kobzik, L. Alveolar
macrophage uptake of the environmental
particulate titanium dioxide: role of surfactant
components. American journal of respiratory cell
and molecular biology 1996, 14, 155-60.

210. Konduru, N. V.; Tyurina, Y. Y.; Feng, W.;
Basova, L. V.; Belikova, N. A.; Bayir, H.; Clark,
K.; Rubin, M.; Stolz, D.; Vallhov, H.; Scheynius,
A.; Witasp, E.; Fadeel, B.; Kichambare, P. D.; Star,
A.; Kisin, E. R.; Murray, A. R.; Shvedova, A. A.;
Kagan, V. E. Phosphatidylserine Targets Single-
Walled Carbon Nanotubes to Professional
Phagocytes In Vitro and In Vivo. PLoS ONE 2009,
4, e4398.

211. Gasser, M.; Wick, P.; Clift, M. J.; Blank,
F.; Diener, L.; Yan, B.; Gehr, P.; Krug, H. F;
Rothen-Rutishauser, B. Pulmonary surfactant
coating of multi-walled carbon nanotubes
(MWCNTSs) influences their oxidative and pro-
inflammatory potential in vitro. Particle and fibre
toxicology 2012, 9, 17.

212. Herzog, E.; Byrne, H. J.; Davoren, M.;
Casey, A.; Duschl, A.; Oostingh, G. J. Dispersion



medium modulates oxidative stress response of
human lung epithelial cells upon exposure to
carbon nanomaterial samples. Toxicology and
applied pharmacology 2009, 236, 276-281.

213. Schleh, C.; Rothen-Rutishauser, B.;
Kreyling, W. G. The influence of pulmonary
surfactant on nanoparticulate drug delivery
systems. European journal of pharmaceutics and
biopharmaceutics 2011, 77, 350-2.

214. Salvador-Morales, C.; Townsend, P.;
Flahaut, E.; Vénien-Bryan, C.; Vlandas, A.; Green,
M. L. H; Sim, R. B. Binding of pulmonary
surfactant proteins to carbon nanotubes; potential
for damage to lung immune defense mechanisms.
Carbon 2007, 45, 607-617.

215. Ruge, C. A; Schaefer, U. F.; Herrmann, J.;
Kirch, J.; Canadas, O.; Echaide, M.; Pérez-Gil, J.;
Casals, C.; Miiller, R.; Lehr, C.-M. The Interplay of
Lung Surfactant Proteins and Lipids Assimilates
the Macrophage Clearance of Nanoparticles. PLoS
ONE 2012, 7(7): e40775.

216. Zhao, F.; Zhao, Y.; Liu, Y.; Chang, X
Chen, C.; Zhao, Y. Cellular Uptake, Intracellular
Trafficking, and Cytotoxicity of Nanomaterials.
Small 2011, 7, 1322-1337.

217. Nel, A. E.; Madler, L.; Velegol, D.; Xia,
T.; Hoek, E. M.; Somasundaran, P.; Klaessig, F.;
Castranova, V.; Thompson, M. Understanding
biophysicochemical interactions at the nano-bio
interface. Nature materials 2009, 8, 543-57.

218. Verma, A.; Stellacci, F. Effect of Surface
Properties on Nanoparticle-Cell Interactions. Small
2010, 6, 12-21.

219. Mailander, V.; Landfester, K. Interaction
of nanoparticles with cells. Biomacromolecules
2009, 10, 2379-400.

220. Conner, S. D.; Schmid, S. L. Regulated
portals of entry into the cell. Nature 2003, 422, 37-
44,

221. Soldati, T.; Schliwa, M. Powering
membrane traffic in endocytosis and recycling.
Nature reviews. Molecular cell biology 2006, 7,
897-908.

222. Harush-Frenkel, O.; Debotton, N.; Benita,
S.; Altschuler, Y. Targeting of nanoparticles to the
clathrin-mediated endocytic pathway. Biochemical

and biophysical research communications 2007,
353,26-32.

223. Greulich, C.; Diendorf, J.; Simon, T.;
Eggeler, G.; Epple, M.; Koller, M. Uptake and
intracellular distribution of silver nanoparticles in

human mesenchymal stem cells. Acta biomaterialia
2011, 7, 347-354.

References

224. Geiser, M.; Rothen-Rutishauser, B.; Kapp,
N.; Schurch, S.; Kreyling, W.; Schulz, H.;
Semmler, M.; Im Hof, V.; Heyder, J.; Gehr, P.
Ultrafine particles cross cellular membranes by
nonphagocytic mechanisms in lungs and in
cultured cells. Environmental health perspectives
2005, 113, 1555-60.

225. Rimai, D. S.; Quesnel, D. J.; Busnaina, A.
A. The adhesion of dry particles in the nanometer
to micrometer-size range. Colloids and Surfaces A:
Physicochemical and Engineering Aspects 2000,
165, 3-10.

226. Lehmann, A. D.; Parak, W. J.; Zhang, F.;
Ali, Z.; Rocker, C.; Nienhaus, G. U.; Gehr, P.;
Rothen-Rutishauser, B. Fluorescent—Magnetic
Hybrid Nanoparticles Induce a Dose-Dependent
Increase in Proinflammatory Response in Lung
Cells in vitro Correlated with Intracellular
Localization. Small 2010, 6, 753-762.

227. Geiser, M.; Casaulta, M.; Kupferschmid,
B.; Schulz, H.; Semmler-Behnke, M.; Kreyling, W.
The role of macrophages in the clearance of
inhaled ultrafine titanium dioxide particles.
American journal of respiratory cell and molecular
biology 2008, 38, 371-6.

228. Johnston, H. J.; Semmler-Behnke, M.;
Brown, D. M.; Kreyling, W.; Tran, L.; Stone, V.
Evaluating the uptake and intracellular fate of
polystyrene  nanoparticles by primary and
hepatocyte cell lines in vitro. Toxicology and
applied pharmacology 2010, 242, 66-78.

229. Motskin, M.; Wright, D. M.; Muller, K.;
Kyle, N.; Gard, T. G.; Porter, A. E.; Skepper, J. N.
Hydroxyapatite = nano  and  microparticles:
Correlation of particle properties with cytotoxicity
and biostability. Biomaterials 2009, 30, 3307-3317.

230. Wang, L.; Liu, Y.; Li, W.; Jiang, X.; Ji,
Y.; Wu, X.; Xu, L.; Qiu, Y.; Zhao, K.; Wei, T.; Li,
Y.; Zhao, Y.; Chen, C. Selective targeting of gold
nanorods at the mitochondria of cancer cells:
implications for cancer therapy. Nano Letters 2011,
11, 772-80.

231. Panyam, J.; Zhou, W. Z.; Prabha, S,
Sahoo, S. K.; Labhasetwar, V. Rapid endo-
lysosomal escape of poly(DL-lactide-co-glycolide)
nanoparticles: implications for drug and gene
delivery. FASEB journal : official publication of
the Federation of American Societies for
Experimental Biology 2002, 16, 1217-26.

232. Ji, Z.; Wang, X.; Zhang, H.; Lin, S,
Meng, H.; Sun, B.; George, S.; Xia, T.; Nel, A. E;
Zink, J. 1. Designed synthesis of CeO2 nanorods
and nanowires for studying toxicological effects of
high aspect ratio nanomaterials. ACS Nano 2012, 6,
5366-80.

N
(98]
(%]

Page



References

233, Chu, Z.; Zhang, S.; Zhang, B.; Zhang, C.;
Fang, C.-Y.; Rehor, I.; Cigler, P.; Chang, H.-C,;
Lin, G.; Liu, R.; Li, Q. Unambiguous observation
of shape effects on cellular fate of nanoparticles.
Scientific Reports 2014, 4.

234, Panariti, A.; Miserocchi, G.; Rivolta, I.
The effect of nanoparticle uptake on cellular
behavior: disrupting or enabling functions?

Nanotechnology, science and applications 2012, 5,
87-100.

235. Dausend, J.; Musyanovych, A.; Dass, M.;
Walther, P.; Schrezenmeier, H.; Landfester, K.;
Mailinder, V. Uptake Mechanism of Oppositely
Charged Fluorescent Nanoparticles in HeLa Cells.
Macromolecular Bioscience 2008, 8, 1135-1143.

236. Brandenberger, C.; Miihlfeld, C.; Ali, Z.;
Lenz, A.-G.; Schmid, O.; Parak, W. J.; Gehr, P.;
Rothen-Rutishauser, B. Quantitative Evaluation of
Cellular Uptake and Trafficking of Plain and
Polyethylene Glycol-Coated Gold Nanoparticles.
Small 2010, 6, 1669-1678.

237. Schinwald, A.; Murphy, F. A.; Prina-
Mello, A.; Poland, C. A.; Byrne, F.; Movia, D
Glass, J. R.; Dickerson, J. C.; Schultz, D. A,
Jeffree, C. E.; Macnee, W.; Donaldson, K. The
threshold length for fiber-induced acute pleural
inflammation: shedding light on the early events in
asbestos-induced mesothelioma.  Toxicological
sciences 2012, 128, 461-70.

238. Teeguarden, J. G.; Hinderliter, P. M.; Orr,
G.; Thrall, B. D.; Pounds, J. G. Particokinetics in
vitro: dosimetry considerations for in vitro
nanoparticle toxicity assessments. Toxicological
sciences 2007, 95, 300-12.

239, Daskalakis, K. D.; O'Connor, T. P.;
Crecelius, E. A. Evaluation of Digestion
Procedures for Determining Silver in Mussels and

Oysters. Environmental science & technology
1997, 31, 2303-2306.

240. Singh, R. P.; Ramarao, P. Cellular uptake,
intracellular trafficking and cytotoxicity of silver
nanoparticles. Toxicology letters 2012, 213, 249-
259.

241. Cronholm, P.; Karlsson, H. L.; Hedberg,
J.; Lowe, T. A.; Winnberg, L.; Elihn, K
Wallinder, I. O.; Moller, L. Intracellular Uptake
and Toxicity of Ag and CuO Nanoparticles: A
Comparison Between Nanoparticles and their
Corresponding Metal lons. Small 2013, 9, 970-982.

242, Park, E. J.; Y1, J.; Kim, Y.; Choi, K.; Park,
K. Silver nanoparticles induce cytotoxicity by a
Trojan-horse type mechanism. Toxicology in 2010,
24, 872-8.

243, Vanwinkle, B. A.; de Mesy Bentley, K.
L.; Malecki, J. M.; Gunter, K. K.; Evans, I. M.;

Page|[234

Elder, A.; Finkelstein, J. N.; Oberdorster, G.;
Gunter, T. E. Nanoparticle (NP) uptake by type I
alveolar epithelial cells and their oxidant stress
response. Nanotoxicology 2009, 3, 307-318.

244, Muller, K. H.; Kulkarni, J.; Motskin, M.;
Goode, A.; Winship, P.; Skepper, J. N.; Ryan, M.
P.; Porter, A. E. pH-dependent toxicity of high
aspect ratio ZnO nanowires in macrophages due to
intracellular dissolution. ACS Nano 2010, 4, 6767-
79.

245. Babu, A.; Templeton, A. K.; Munshi, A
Ramesh, R. Nanoparticle-Based Drug Delivery for
Therapy of Lung Cancer: Progress and Challenges.
Journal of Nanomaterials 2013, 2013, 11.

246. Paranjpe, M.; Muller-Goymann, C. C.
Nanoparticle-mediated pulmonary drug delivery: a
review. International journal of molecular sciences
2014, 15, 5852-73.

247. Alexander, J. W. History of the medical
use of silver. Surgical infections 2009, 10, 289-92.

248. Dasaraju, P. V.; Liu, C. Infections of the
Respiratory System. In Medical Microbiology,
Baron, S., Ed. The University of Texas Medical
Branch at Galveston: Galveston TX, 1996.

249. Speert, D. P. Bacterial infections of the
lung in normal and immunodeficient patients.
Novartis Foundation symposium 2006, 279, 42-51;
disussion 51-5, 216-9.

250. Lawrence, T.; Natoli, G. Transcriptional
regulation of macrophage polarization: enabling
diversity ~ with  identity.  Nature  reviews.
Immunology 2011, 11, 750-61.

251. Clemens, D. L.; Horwitz, M. A.
Characterization of  the Mycobacterium
tuberculosis phagosome and evidence that
phagosomal maturation is inhibited. The Journal of
experimental medicine 1995, 181, 257-70.

252. Keane, J.; Remold, H. G.; Kornfeld, H.
Virulent Mycobacterium tuberculosis strains evade
apoptosis of infected alveolar macrophages.
Journal of immunology (Baltimore, Md. : 1950)
2000, 164, 2016-20.

253. Loeuillet, C.; Martinon, F.; Perez, C.;
Munoz, M.; Thome, M.; Meylan, P. R.
Mycobacterium  tuberculosis subverts innate
immunity to evade specific effectors. Journal of
immunology (Baltimore, Md. : 1950) 2006, 177,
6245-55.

254. Wang, W.; Zhu, R.; Xie, Q.; Li, A.; Xiao,
Y.; Li, K.; Liu, H.; Cui, D.; Chen, Y.; Wang, S.
Enhanced Dbioavailability and efficiency of
curcumin for the treatment of asthma by its
formulation in  solid lipid nanoparticles.



International journal of nanomedicine 2012, 7,
3667-77.

255. Xu, P.; Yin, Q.; Shen, J.; Chen, L.; Yu,
H.; Zhang, Z.; Li, Y. Synergistic inhibition of
breast cancer metastasis by silibinin-loaded lipid
nanoparticles containing TPGS. International
Journal of Pharmaceutics 2013, 454, 21-30.

256. Varshosaz, J.; Ghaffari, S.; Mirshojaei, S.
F.; Jafarian, A.; Atyabi, F.; Kobarfard, F.; Azarmi,
S. Biodistribution of amikacin solid lipid
nanoparticles after pulmonary delivery. BioMed
research international 2013, 2013, 136859.

257. Chuan, J.; Li, Y.; Yang, L.; Sun, X;
Zhang, Q.; Gong, T.; Zhang, Z. Enhanced
rifampicin delivery to alveolar macrophages by
solid lipid nanoparticles. Journal of Nanoparticle
Research 2013, 15, 1-9.

258. Zhao, Y. Z.; Li, X.; Lu, C. T.; Xu, Y. Y.;
Lv, H. F.; Dai, D. D.; Zhang, L.; Sun, C. Z.; Yang,
W.; Li, X. K.; Zhao, Y. P.; Fu, H. X_; Cai, L.; Lin,
M.; Chen, L. J.; Zhang, M. Experiment on the
feasibility of using modified gelatin nanoparticles
as insulin pulmonary administration system for
diabetes therapy. Acta diabetologica 2012, 49, 315-
25.

259. Paranjpe, M.; Neuhaus, V.; Finke, J. H;
Richter, C.; Gothsch, T.; Kwade, A.; Buttgenbach,
S.; Braun, A.; Muller-Goymann, C. C. In vitro and
ex vivo toxicological testing of sildenafil-loaded
solid lipid nanoparticles. Inhalation Toxicology
2013, 25, 536-43.

260. Trivedi, R.; Redente, E. F.; Thakur, A.;
Riches, D. W.; Kompella, U. B. Local delivery of
biodegradable pirfenidone nanoparticles
ameliorates bleomycin-induced pulmonary fibrosis
in mice. Nanotechnology 2012, 23, 505101.

261. Zhao, T.; Chen, H.; Dong, Y.; Zhang, J;
Huang, H.; Zhu, J.; Zhang, W. Paclitaxel-loaded
poly(glycolide-co-epsilon-caprolactone)-b-D-
alpha-tocopheryl  polyethylene  glycol 2000
succinate nanoparticles for lung cancer therapy.
International journal of nanomedicine 2013, 8,
1947-57.

262. Yoo, D.; Guk, K.; Kim, H.; Khang, G.;
Wu, D.; Lee, D. Antioxidant polymeric
nanoparticles as novel therapeutics for airway
inflammatory diseases. International Journal of
Pharmaceutics 2013, 450, 87-94.

263. Sinha, B.; Mukherjee, B.; Pattnaik, G.
Poly-lactide-co-glycolide nanoparticles containing
voriconazole for pulmonary delivery: in vitro and

in vivo study. Nanomedicine : nanotechnology,
biology, and medicine 2013, 9, 94-104.

264. Trapani, A.; Di Gioia, S.; Ditaranto, N.;
Cioffi, N.; Goycoolea, F. M.; Carbone, A.; Garcia-

References

Fuentes, M.; Conese, M.; Alonso, M. J. Systemic
heparin delivery by the pulmonary route using
chitosan and glycol chitosan nanoparticles.
International Journal of Pharmaceutics 2013, 447,
115-23.

265. Varshosaz, 1 Taymouri, S.;
Hamishehkar, H. Fabrication of polymeric
nanoparticles of poly(ethylene-co-vinyl acetate)
coated with chitosan for pulmonary delivery of
carvedilol. Journal of Applied Polymer Science
2014, 131, n/a-n/a.

266. Sharma, K.; Somavarapu, S.; Colombani,
A.; Govind, N.; Taylor, K. M. Nebulised siRNA
encapsulated crosslinked chitosan nanoparticles for
pulmonary delivery. International Journal of
Pharmaceutics 2013, 455, 241-7.

267. Elhissi, A. M. A.; Islam, M. A.; Arafat,
B.; Taylor, M.; Ahmed, W. Development and
characterisation  of  freeze-dried  liposomes
containing two anti-asthma drugs. Micro & Nano
Letters, IET 2010, 5, 184-188.

268. Hoesel, L. M.; Flier, M. A,
Niederbichler, A. D.; Rittirsch, D.; McClintock, S.
D.; Reuben, J. S.; Pianko, M. J.; Stone, W.; Yang,
H.; Smith, M.; Sarma, J. V.; Ward, P. A. Ability of
antioxidant liposomes to prevent acute and
progressive pulmonary injury. Antioxidants &
redox signaling 2008, 10, 973-81.

269. Liu, C.; Shi, J.; Dai, Q.; Yin, X.; Zhang,
X.; Zheng, A. In-vitro and in-vivo evaluation of
ciprofloxacin liposomes for pulmonary
administration. Drug development and industrial
pharmacy 2015, 41, 272-8.

270. Kleemann, E.; Schmehl, T.; Gessler, T.;
Bakowsky, U.; Kissel, T.; Seeger, W. Iloprost-
containing liposomes for aerosol application in
pulmonary arterial hypertension: formulation

aspects and stability. Pharmaceutical research
2007, 24,277-87.

271. Willis, L.; Hayes, D., Jr.; Mansour, H. M.
Therapeutic liposomal dry powder inhalation
aerosols for targeted lung delivery. Lung 2012,
190, 251-62.

272. Ribeiro, A. M.; Souza, A. C.; Amaral, A.
C.; Vasconcelos, N. M.; Jeronimo, M. S.; Carneiro,
F. P.; Faccioli, L. H.; Felipe, M. S.; Silva, C. L
Bocca, A. L. Nanobiotechnological approaches to
delivery of DNA vaccine against fungal infection. J
Biomedical Nanotechnology 2013, 9, 221-30.

273. Murata, M.; Yonamine, T.; Tanaka, S.;
Tahara, K.; Tozuka, Y.; Takeuchi, H. Surface
modification of liposomes using polymer-wheat
germ agglutinin conjugates to improve the
absorption of peptide drugs by pulmonary
administration. Journal of pharmaceutical sciences
2013, 102, 1281-9.

Page|235



References

274. Jaafar-Maalej, C.; Andrieu, V.; Elaissari,
A.; Fessi, H. Beclomethasone-loaded lipidic
nanocarriers for pulmonary drug delivery:
preparation, characterization and in vitro drug
release. Journal ~ of  Nanoscience and
Nanotechnology 2011, 11, 1841-51.

275. Wu, X.; Hayes, D., Jr.; Zwischenberger, J.
B.; Kuhn, R. J.; Mansour, H. M. Design and
physicochemical characterization of advanced
spray-dried tacrolimus multifunctional particles for
inhalation. Drug design, development and therapy
2013, 7, 59-72.

276. Ali, R.; Mittal, G.; Ali, R.; Kumar, M.;
Kishan Khar, R.; Ahmad, F. J.; Bhatnagar, A.
Development, characterisation and
pharmacoscintigraphic ~ evaluation of  nano-
fluticasone propionate dry powder inhalation as
potential antidote against inhaled toxic gases.
Journal of microencapsulation 2013, 30, 546-58.

277. Roa, W. H.; Azarmi, S.; Al-Hallak, M. H.;
Finlay, W. H.; Magliocco, A. M.; Lobenberg, R.
Inhalable nanoparticles, a non-invasive approach to
treat lung cancer in a mouse model. Journal of
controlled release official journal of the
Controlled Release Society 2011, 150, 49-55.

278. Park, C. W.; Li, X.; Vogt, F. G.; Hayes,
D., Jr.; Zwischenberger, J. B.; Park, E. S
Mansour, H. M. Advanced spray-dried design,
physicochemical characterization, and aerosol
dispersion performance of vancomycin and
clarithromycin multifunctional controlled release
particles for targeted respiratory delivery as dry
powder inhalation aerosols. International Journal
of Pharmaceutics 2013, 455, 374-92.

279. Srinivasan, A. R.; Shoyele, S. A. Self-
associated submicron IgG1 particles for pulmonary
delivery: effects of non-ionic surfactants on size,

shape, stability, and aerosol performance. AAPS
PharmSciTech 2013, 14, 200-10.

280. Datir, S. R.; Das, M.; Singh, R. P.; Jain, S.
Hyaluronate  Tethered, “Smart” Multiwalled
Carbon Nanotubes for Tumor-Targeted Delivery of
Doxorubicin. Bioconjugate Chemistry 2012, 23,
2201-2213.

281. Govender, R.; Phulukdaree, A.; Gengan,
R. M.; Anand, K.; Chuturgoon, A. A. Silver
nanoparticles of Albizia Adianthifolia: the
induction of apoptosis in a human lung carcinoma
cell line. University of KwaZulu-Natal, Durban,
2012.

282. Zhou, G.; Wang, W. Synthesis of silver
nanoparticles and their antiproliferation against
human lung cancer cells in vitro. Oriental Journal
of Chemistry 2012, 28, 651.

283. Peng, G.; Tisch, U.; Adams, O.; Hakim,
M.; Shehada, N.; Broza, Y. Y.; Billan, S.; Abdah-

Page|236

Bortnyak, R.; Kuten, A.; Haick, H. Diagnosing
lung cancer in exhaled breath wusing gold
nanoparticles. Nature nanotechnology 2009, 4,
669-673.

284. Chen, Y. H.; Tsai, C. Y.; Huang, P. Y,;
Chang, M. Y.; Cheng, P. C.; Chou, C. H.; Chen, D.
H.; Wang, C. R.; Shiau, A. L.; Wu, C. L.
Methotrexate conjugated to gold nanoparticles
inhibits tumor growth in a syngeneic lung tumor
model. Molecular Pharmaceutics 2007, 4, 713-722.

285. Ma, L. L.;; Tam, J. O.; Willsey, B. W_;
Rigdon, D.; Ramesh, R.; Sokolov, K.; Johnston, K.
P. Selective Targeting of Antibody Conjugated
Multifunctional Nanoclusters (Nanoroses) to
Epidermal Growth Factor Receptors in Cancer
Cells. Langmuir : the ACS journal of surfaces and
colloids 2011, 27, 7681-7690.

286. Lkhagvadulam, B.; Kim, J. H.; Yoon, L;
Shim, Y. K. Size-Dependent Photodynamic
Activity of Gold Nanoparticles Conjugate of Water
Soluble Purpurin-18-N-Methyl-D-Glucamine.
BioMed research international 2013, 2013, 10.

287. Chernousova, S.; Epple, M. Silver as
antibacterial agent: ion, nanoparticle, and metal.
Angewandte Chemie 2013, 52, 1636-53.

288. Eckhardt, S.; Brunetto, P. S.; Gagnon, J.;
Priebe, M.; Giese, B.; Fromm, K. M. Nanobio
Silver: Its Interactions with Peptides and Bacteria,
and Its Uses in Medicine. Chemical reviews 2013,
113, 4708-4754.

289. Braun, G. B.; Friman, T.; Pang, H.-B.;
Pallaoro, A.; Mendoza, T. H. d.; A.Willmore, A.-
M.; Kotamraju, V. R.; Mann, A. P.; Zhi-Gang She;
Sugahara, K. N.; Reich, N.; Teesalu, T.; Ruoslahti,
E. Etchable plasmonic nanoparticle probes to
image and quantify cellular internalization. NMAT
2014, 3982, 1-8.

290. Pal, S.; Tak, Y. K.; Song, J. M. Does the
Antibacterial Activity of Silver Nanoparticles
Depend on the Shape of the Nanoparticle? A Study
of the Gram-Negative Bacterium Escherichia coli.
Applied and environmental microbiology 2007, 73,
1712-1720.

291. Sotiriou, G. A.; Pratsinis, S. E.
Antibacterial Activity of Nanosilver lons and
Particles. Environmental science & technology

2010, 44, 5649-5654.

292. Daima, H. K.; Selvakannan, P. R.;
Kandjani, A. E.; Shukla, R.; Bhargava, S. K
Bansal, V. Synergistic influence of
polyoxometalate surface corona towards enhancing
the antibacterial performance of tyrosine-capped
Ag nanoparticles. Nanoscale 2014, 6, 758-765.

293. McQuillan, J. S.; Groenaga Infante, H.;
Stokes, E.; Shaw, A. M. Silver nanoparticle



enhanced silver ion stress response in Escherichia
coli K12. Nanotoxicology 2012, 6, 857-866.

294, Ramirez-Lee, M. A.; Rosas-Hernandez,
H.; Salazar-Garcia, S.; Gutiérrez-Hernandez, J. M.;
Espinosa-Tanguma, R.; Gonzalez, F. J.; Ali, S. F.;
Gonzalez, C. Silver nanoparticles induce anti-
proliferative effects on airway smooth muscle cells.
Role of nitric oxide and muscarinic receptor
signaling pathway. Toxicology letters 2014, 224,
246-256.

295. Park, J.; Lim, D.-H.; Lim, H.-J.; Kwon,
T.; Choi, J.-s.; Jeong, S.; Choi, I.-H.; Cheon, J. Size
dependent macrophage responses and toxicological
effects of Ag  nanoparticles.  Chemical
communications 2011, 47, 4382-4384.

296. Morones, J. R.; Elechiguerra, J. L.
Camacho, A.; Holt, K.; Kouri, J. B.; Ramirez, J. T.;
Yacaman, M. J. The bactericidal effect of silver
nanoparticles. Nanotechnology 2005, 16, 2346-53.

297. Sondi, I.; Salopek-Sondi, B. Silver
nanoparticles as antimicrobial agent: a case study
on E. coli as a model for Gram-negative bacteria.
Journal of Colloid and Interface Science 2004,
275, 177-182.

298. Xu, X.-H. N.; Brownlow, W. J.; Kyriacou,
S. V.; Wan, Q.; Viola, J. J. Real-Time Probing of
Membrane Transport in Living Microbial Cells
Using Single Nanoparticle Optics and Living Cell
Imaging. Biochemistry 2004, 43, 10400-10413.

299. Autenrieth, S. E.; Warnke, P.; Wabnitz, G.
H.; Lucero Estrada, C.; Pasquevich, K. A
Drechsler, D.; Ginter, M.; Hochweller, K.
Novakovic, A.; Beer-Hammer, S.; Samstag, Y.;
Hammerling, G. J.; Garbi, N.; Autenrieth, 1. B.
Depletion of Dendritic Cells Enhances Innate Anti-
Bacterial Host Defense through Modulation of
Phagocyte Homeostasis. PLoS Pathog 2012, 8,
€1002552.

300. Colombo, M. I. Pathogens and autophagy:
subverting to survive. Cell Death and
Differentiation 2005, 12 Suppl 2, 1481-3.

301. Yuan, K.; Huang, C.; Fox, J.; Laturnus,
D.; Carlson, E.; Zhang, B.; Yin, Q.; Gao, H.; Wu,
M. Autophagy plays an essential role in the
clearance of Pseudomonas aeruginosa by alveolar
macrophages. Journal of cell science 2012, 125,
507-515.

302. Moller, J.; Luhmann, T.; Chabria, M.;
Hall, H.; Vogel, V. Macrophages lift off surface-
bound bacteria using a filopodium-lamellipodium
hook-and-shovel mechanism. Scientific Reports
2013, 3.

303. Russell, D. G. Mycobacterium
tuberculosis: here today, and here tomorrow.

References

Nature reviews. Molecular cell biology 2001, 2,
569-586.

304. Podinovskaia, M.; Lee, W.; Caldwell, S.;
Russell, D. G. Infection of macrophages with
Mycobacterium  tuberculosis  induces  global
modifications to phagosomal function. Cellular
Microbiology 2013, 15, 843-859.

305. Lee, J.; Repasy, T.; Papavinasasundaram,
K.; Sassetti, C.; Kornfeld, H. Mycobacterium
tuberculosis Induces an Atypical Cell Death Mode
to Escape from Infected Macrophages. PLoS ONE
2011, 6, e18367.

306. Jamwal, S.; Midha, M. K.; Verma, H. N_;
Basu, A.; Rao, K. V. S.; Manivel, V.
Characterizing virulence-specific perturbations in
the mitochondrial function of macrophages infected
with  mycobacterium  tuberculosis.  Scientific
Reports 2013, 3.

307. Yang, X.; Gondikas, A. P.; Marinakos, S.
M.; Auffan, M.; Liu, J.; Hsu-Kim, H.; Meyer, J. N.
Mechanism of Silver Nanoparticle Toxicity Is
Dependent on Dissolved Silver and Surface
Coating in Caenorhabditis elegans. Environmental
science & technology 2011, 46, 1119-1127.

308. Xiu, Z.-m.; Zhang, Q.-b.; Puppala, H. L;
Colvin, V. L.; Alvarez, P. J. J. Negligible Particle-
Specific ~ Antibacterial ~ Activity of  Silver
Nanoparticles. Nano Leters. 2012, 12, 4271-4275.

309. Choi, O.; Deng, K. K.; Kim, N.-J.; Ross
Jr, L.; Surampalli, R. Y.; Hu, Z. The inhibitory
effects of silver nanoparticles, silver ions, and
silver chloride colloids on microbial growth. Water
research 2008, 42, 3066-3074.

310. Chen, X.; Schluesener, H. J. Nanosilver:
A nanoproduct in medical application. Toxicology
letters 2008, 176, 1-12.

311. Morones-Ramirez, J. R.; Winkler, J. A.;
Spina, C. S.; Collins, J. J. Silver Enhances
Antibiotic  Activity  Against Gram-negative
Bacteria. Science translational medicine 2013, 5,
190ra81-190ra81.

312. Marambio-Jones, C.; Hoek, E. V. A
review of the antibacterial effects of silver
nanomaterials and potential implications for human
health and the environment. Journal of
Nanoparticle Research 2010, 12, 1531-1551.

313. Li, W.-R.; Xie, X.-B.; Shi, Q.-S.; Zeng,
H.-Y.; Ou-Yang, Y.-S.; Chen, Y.-B. Antibacterial
activity and mechanism of silver nanoparticles on
Escherichia coli. Applied Microbiology and
Biotechnology 2010, 85, 1115-1122.

314. Mirzajani, F.; Ghassempour, A.;
Aliahmadi, A.; Esmaeili, M. A. Antibacterial effect

Page|237



References

of silver nanoparticles on Staphylococcus aureus.
Research in Microbiology 2011, 162, 542-549.

315. Matsumura, Y.; Yoshikata, K.; Kunisaki,
S.-i.; Tsuchido, T. Mode of Bactericidal Action of
Silver Zeolite and Its Comparison with That of
Silver Nitrate. Applied and environmental
microbiology 2003, 69, 4278-4281.

316. Holt, K. B.; Bard, A. J. Interaction of
Silver(I) lons with the Respiratory Chain of
Escherichia coli: An Electrochemical and
Scanning Electrochemical Microscopy Study of the
Antimicrobial Mechanism of Micromolar Ag'.
Biochemistry 2005, 44, 13214-13223.

317. Lok, C.-N.; Ho, C.-M.; Chen, R.; He, Q.-
Y.; Yu, W.-Y.; Sun, H.; Tam, P. K.-H.; Chiu, J.-F.;
Che, C.-M. Proteomic Analysis of the Mode of
Antibacterial Action of Silver Nanoparticles.
Journal of Proteome Research 2006, 5, 916-924.

318. Park, H.-J.; Kim, J. Y.; Kim, J.; Lee, J.-H.;
Hahn, J.-S.; Gu, M. B.; Yoon, J. Silver-ion-
mediated reactive oxygen species generation
affecting bactericidal activity. Water research
2009, 43, 1027-1032.

3109. Gordon, O.; Vig Slenters, T.; Brunetto, P.
S.; Villaruz, A. E.; Sturdevant, D. E.; Otto, M.;
Landmann, R.; Fromm, K. M. Silver Coordination
Polymers for Prevention of Implant Infection:
Thiol Interaction, Impact on Respiratory Chain
Enzymes, and Hydroxyl Radical Induction.
Antimicrobial Agents and Chemotherapy 2010, 54,
4208-4218.

320. Hwang, E. T.; Lee, J. H.; Chae, Y. J;
Kim, Y. S.; Kim, B. C.; Sang, B.-I.; Gu, M. B.
Analysis of the Toxic Mode of Action of Silver
Nanoparticles Using Stress-Specific
Bioluminescent Bacteria. Small 2008, 4, 746-750.

321. Sintubin, L.; De Gusseme, B.; Van der
Meeren, P.; Pycke, B. G.; Verstracte, W.; Boon, N.
The antibacterial activity of biogenic silver and its
mode of action. Applied Microbiology and
Biotechnology 2011, 91, 153-162.

322. Feng, Q. L.; Wu, J.; Chen, G. Q.; Cui, F.
Z.; Kim, T. N.; Kim, J. O. A mechanistic study of
the antibacterial effect of silver ions on Escherichia
coli and Staphylococcus aureus. Journal of
Biomedical Materials Research 2000, 52, 662-668.

323. Nover, L.; Scharf, K. D. Heat stress
proteins and transcription factors. Cellular and
Molecular Life Sciences 1997, 53, 80-103.

324. Wong, K. K. Y.; Liu, X. Silver
nanoparticles-the real "silver bullet" in clinical
medicine? Medicinal Chemical Communications
2010, 1, 125-131.

Page|238

325. Raffi, M.; Hussain, F.; Bhatti, T. M.
Akhter, J. 1., Hameed, A.; Hasan, M. M.
Antibacterial Characterization of Silver
Nanoparticles against E. Coli ATCC-15224.
Journal of Materials Science & Technology 2008,
24, 192-196.

326. Liu, J.; Wang, Z.; Liu, F. D.; Kane, A. B;
Hurt, R. H. Chemical Transformations of
Nanosilver in Biological Environments. ACS Nano
2012, 6, 9887-9899.

327. Jin, X.; Li, M.; Wang, J.; Marambio-
Jones, C.; Peng, F.; Huang, X.; Damoiseaux, R.;
Hoek, E. M. V. High-Throughput Screening of
Silver Nanoparticle Stability and Bacterial
Inactivation in Aquatic Media: Influence of

Specific lons. Environmental science & technology
2010, 44, 7321-7328.

328. Taglietti, A.; Diaz Fernandez, Y. A,
Amato, E.; Cucca, L.; Dacarro, G.; Grisoli, P.;
Necchi, V.; Pallavicini, P.; Pasotti, L.; Patrini, M.
Antibacterial Activity of Glutathione-Coated Silver
Nanoparticles against Gram Positive and Gram
Negative Bacteria. Langmuir : the ACS journal of
surfaces and colloids 2012, 28, 8140-8148.

329. Zhou, Y.; Kong, Y.; Kundu, S.; Cirillo, J.
D.; Liang, H. Antibacterial activities of gold and
silver nanoparticles against Escherichia coli and
bacillus Calmette-Guerin. Journal of
nanobiotechnology 2012, 10, 19.

330. Raimondi, F.; Scherer, G. G.; Kotz, R.;
Wokaun, A. Nanoparticles in Energy Technology:
Examples from Electrochemistry and Catalysis.
Angewandte Chemie International Edition 2005,
44,2190-2209.

331. Porter, A.; McGuire, E. Electron
Microscopy of Interactions Between Engineered
Nanomaterials and Cells. In Encyclopedia of
Nanotechnology, Bhushan, B., Ed. Springer
Netherlands: 2012; pp 741-749.

332. Murray, R. G. E.; Steed, P.; Elson, H. E.
The Location Of The Mucopeptide In Sections Of
The Cell Wall Of Escherichia Coli And Other
Gram-Negative Bacteria. Canadian Journal of
Microbiology 1965, 11, 547-560.

333. Shockman, G. D.; Barrett, J. F. Structure,
function, and assembly of cell walls of gram-
positive bacteria. Annual review of microbiology
1983, 37, 501-27.

334. Lin, J. J.; Lin, W. C.; Dong, R. X.; Hsu, S.
H. The cellular responses and antibacterial
activities of silver nanoparticles stabilized by
different polymers. Nanotechnology 2012, 23,
065102.

33s. Suresh, A. K.; Pelletier, D. A.; Wang, W.;
Morrell-Falvey, J. L.; Gu, B.; Doktycz, M. .



Cytotoxicity Induced by Engineered Silver
Nanocrystallites Is Dependent on Surface Coatings
and Cell Types. Langmuir : the ACS journal of
surfaces and colloids 2012, 28, 2727-2735.

336. Silhavy, T. J.; Kahne, D.; Walker, S. The
Bacterial Cell Envelope. Cold Spring Harbor
Perspectives in Biology 2010, 2, a000414.

337. Zhang, Y.; Peng, H.; Huang, W.; Zhou,
Y.; Zhang, X.; Yan, D. Hyperbranched
Poly(amidoamine) as the Stabilizer and Reductant
To Prepare Colloid Silver Nanoparticles in Situ and
Their Antibacterial Activity. The Journal of
Physical Chemistry C 2008, 112, 2330-2336.

338. Mei, L.; Lu, Z.; Zhang, W.; Wu, Z;
Zhang, X.; Wang, Y.; Luo, Y.; Li, C; Jia, Y.
Bioconjugated nanoparticles for attachment and
penetration into pathogenic bacteria. Biomaterials
2013, 34, 10328-37.

339. Lv, H.; Zhang, S.; Wang, B.; Cui, S.; Yan,
J. Toxicity of cationic lipids and cationic polymers
in gene delivery. Journal of Controlled Release
2006, 114, 100-109.

340. Cai, J.; Yue, Y.; Rui, D.; Zhang, Y.; Liu,
S.; Wu, C. Effect of Chain Length on Cytotoxicity
and  Endocytosis of  Cationic  Polymers.
Macromolecules 2011, 44, 2050-2057.

341. Weidenmaier, C.; Peschel, A. Teichoic
acids and related cell-wall glycopolymers in Gram-
positive physiology and host interactions. Nature
Reviews Microbiology 2008, 6, 276-287.

342. Liu, L.; Xu, K.; Wang, H.; Jeremy Tan, P.
K.; Fan, W.; Venkatraman, S. S.; Li, L.; Yang, Y.-
Y. Self-assembled cationic peptide nanoparticles as
an efficient antimicrobial agent. Nature Nano 2009,
4, 457-463.

343, Wang, H.; Xu, K.; Liu, L.; Tan, J. P. K
Chen, Y.; Li, Y.; Fan, W.; Wei, Z.; Sheng, J.;
Yang, Y.-Y.; Li, L. The efficacy of self-assembled
cationic antimicrobial peptide nanoparticles against
Cryptococcus neoformans for the treatment of
meningitis. Biomaterials 2010, 31, 2874-2881.

344, Perry, M. M.; Hui, C. K.; Whiteman, M.;
Wood, M. E.; Adcock, I.; Kirkham, P,
Michaeloudes, C.; Chung, K. F. Hydrogen sulfide
inhibits proliferation and release of IL-8 from
human airway smooth muscle cells. American
Jjournal of respiratory cell and molecular biology

2011, 45, 746-52.

345. Silva, R. M.; Xu, J.; Saiki, C.; Anderson,
D. S.; Franzi, L. M.; Vulpe, C. D.; Gilbert, B.; Van
Winkle, L. S.; Pinkerton, K. E. Short versus long
silver nanowires: a comparison of in vivo
pulmonary effects post instillation. Particle and
fibre toxicology 2014, 11, 52.

References

346. Donaldson, K.; Murphy, F.; Schinwald,
A.; Duffin, R.; Poland, C. A. Identifying the
pulmonary hazard of high aspect ratio
nanoparticles to enable their safety-by-design.
Nanomedicine nanotechnology, biology, and
medicine 2010, 6, 143-156.

347. Djurisic, A. B.; Chen, X.; Leung, Y. H.;
Man Ching Ng, A. ZnO nanostructures: growth,
properties and applications. Journal of Materials
Chemistry 2012, 22, 6526-6535.

348. Wang, Z. L.; Song, J. Piezoelectric
nanogenerators based on zinc oxide nanowire
arrays. Science 2006, 312, 242-6.

349. Wang, Z. L. Splendid one-dimensional
nanostructures of zinc oxide: a new nanomaterial
family for nanotechnology. ACS Nano 2008, 2,
1987-92.

350. Brown, J. J. Zinc fume fever. The British
journal of radiology 1988, 61, 327-9.

351. Kuschner, W. G.; D'Alessandro, A.;
Wintermeyer, S. F.; Wong, H.; Boushey, H. A.;
Blanc, P. D. Pulmonary responses to purified zinc
oxide fume. Journal of investigative medicine : the
official publication of the American Federation for
Clinical Research 1995, 43, 371-8.

352. Fine, J. M.; Gordon, T.; Chen, L. C,;
Kinney, P.; Falcone, G.; Beckett, W. S. Metal fume
fever: characterization of clinical and plasma IL-6
responses in controlled human exposures to zinc
oxide fume at and below the threshold limit value.
Journal of occupational and environmental
medicine / American College of Occupational and
Environmental Medicine 1997, 39, 722-6.

353. Sayes, C. M.; Reed, K. L.; Warheit, D. B.
Assessing toxicity of fine and nanoparticles:
comparing in vitro measurements to in Vivo
pulmonary toxicity profiles. Toxicological sciences
. an official journal of the Society of Toxicology
2007, 97, 163-80.

354, Wang, B.; Feng, W. Y.; Wang, T. C.; Jia,
G.; Wang, M.; Shi, J. W.; Zhang, F.; Zhao, Y. L.;
Chai, Z. F. Acute toxicity of nano- and micro-scale
zinc powder in healthy adult mice. Toxicology
letters 2006, 161, 115-23.

355. Cho, W. S.; Duffin, R.; Poland, C. A,
Howie, S. E.; MacNee, W.; Bradley, M.; Megson,
I. L.; Donaldson, K. Metal oxide nanoparticles
induce unique inflammatory footprints in the lung:
important implications for nanoparticle testing.
Environmental health perspectives 2010, 118,
1699-706.

356. Cho, W. S.; Duffin, R.; Howie, S. E.;
Scotton, C. J.; Wallace, W. A.; Macnee, W.;
Bradley, M.; Megson, 1. L.; Donaldson, K.
Progressive severe lung injury by zinc oxide

Page|239



References

nanoparticles; the role of Zn2+ dissolution inside
lysosomes. Particle and fibre toxicology 2011, 8,
27.

357. Xia, T.; Zhao, Y.; Sager, T.; George, S.;
Pokhrel, S.; Li, N.; Schoenfeld, D.; Meng, H.; Lin,
S.; Wang, X.; Wang, M.; Ji, Z.; Zink, J. 1.; Madler,
L.; Castranova, V.; Lin, S.; Nel, A. E. Decreased
dissolution of ZnO by iron doping yields
nanoparticles with reduced toxicity in the rodent
lung and zebrafish embryos. ACS Nano 2011, 5,
1223-35.

358. Cho, W. S.; Duffin, R.; Poland, C. A,
Duschl, A.; Oostingh, G. J.; Macnee, W.; Bradley,
M.; Megson, 1. L.; Donaldson, K. Differential pro-
inflammatory effects of metal oxide nanoparticles
and their soluble ions in vitro and in vivo; zinc and
copper nanoparticles, but not their ions, recruit
eosinophils to the lungs. Nanotoxicology 2012, 6,
22-35.

359. Wallenborn, J. G.; McGee, J. K,
Schladweiler, M. C.; Ledbetter, A. D.; Kodavanti,
U. P. Systemic translocation of particulate matter-
associated metals following a single intratracheal
instillation in rats. Toxicological sciences . an
official journal of the Society of Toxicology 2007,
98, 231-9.

360. Chuang, H.-C.; Juan, H.-T.; Chang, C.-N.;
Yan, Y.-H.; Yuan, T.-H.; Wang, J.-S.; Chen, H.-C.;
Hwang, Y.-H.; Lee, C.-H.; Cheng, T.-J.
Cardiopulmonary toxicity of pulmonary exposure
to occupationally relevant zinc oxide nanoparticles.
Nanotoxicology 2014, 8, 593-604.

361. Brayner, R.; Ferrari-Iliou, R.; Brivois, N.;
Djediat, S.; Benedetti, M. F.; Fiévet, F.
Toxicological Impact Studies Based on Escherichia
coli Bacteria in Ultrafine ZnO Nanoparticles
Colloidal Medium. Nano Letters 2006, 6, 866-870.

362. Nair, S.; Sasidharan, A.; Divya Rani, V.
V.; Menon, D.; Nair, S.; Manzoor, K.; Raina, S.
Role of size scale of ZnO nanoparticles and
microparticles on toxicity toward bacteria and
osteoblast cancer cells. Journal of materials
science. Materials in medicine 2009, 20 Suppl 1,
S235-41.

363. Premanathan, M.; Karthikeyan, K.
Jeyasubramanian, K.; Manivannan, G. Selective
toxicity of ZnO nanoparticles toward Gram-
positive bacteria and cancer cells by apoptosis
through lipid peroxidation. Nanomedicine
nanotechnology, biology, and medicine 2011, 7,
184-92.

364. Adams, L. K.; Lyon, D. Y.; Alvarez, P. J.
Comparative eco-toxicity of nanoscale TiO2, SiO2,
and ZnO water suspensions. Water research 2006,
40, 3527-32.

Page|240

365. Reddy, K. M.; Feris, K.; Bell, J.; Wingett,
D. G.; Hanley, C.; Punnoose, A. Selective toxicity
of zinc oxide nanoparticles to prokaryotic and
eukaryotic systems. Applied physics letters 2007,
90, 213902-1-213902-3.

366. Zhang, L.; Jiang, Y.; Ding, Y.; Povey, M.;
York, D. Investigation into the antibacterial
behaviour of suspensions of ZnO nanoparticles
(ZnO  nanofluids). Journal of Nanoparticle
Research 2006, 9, 479-489.

367. Zhang, L. L.; Jiang, Y. H.; Ding, Y. L
Daskalakis, N.; Jeuken, L.; Povey, M.; O'Neill, A.
J; York, D. W. Mechanistic investigation into
antibacterial behaviour of suspensions of ZnO

nanoparticles against E. coli. Journal of
Nanoparticle Research 2010, 12, 1625-1636.

368. Jaisai, M.; Baruah, S.; Dutta, J. Paper
modified with ZnO nanorods — antimicrobial
studies. Beilstein Journal of Nanotechnology 2012,
3, 684-691.

369. Wang, X.; Yang, F.; Yang, W.; Yang, X.
A study on the antibacterial activity of one-
dimensional ZnO nanowire arrays: effects of the
orientation and plane surface.  Chemical
communications 2007, 4419-4421.

370. Jansson, T.; Clare-Salzler, Z. J.; Zaveri, T.
D.; Mehta, S.; Dolgova, N. V.; Chu, B. H.; Ren, F.;
Keselowsky, B. G. Antibacterial effects of zinc

oxide nanorod surfaces. Journal of Nanoscience
and Nanotechnology 2012, 12, 7132-8.

371. Okyay, T. O.; Bala, R. K.; Nguyen, H. N.;
Atalay, R.; Bayam, Y.; Rodrigues, D. F.
Antibacterial properties and mechanisms of toxicity
of sonochemically grown ZnO nanorods. RSC
Advances 2015, 5, 2568-2575.

372. Blinova, 1.; Ivask, A.; Heinlaan, M.;
Mortimer, M.; Kahru, A. Ecotoxicity of
nanoparticles of CuO and ZnO in natural water.
Environmental pollution 2010, 158, 41-7.

373. Wong, S. W.; Leung, P. T.; Djurisic, A.
B.; Leung, K. M. Toxicities of nano zinc oxide to
five marine organisms: influences of aggregate size
and ion solubility. Analytical and bioanalytical
chemistry 2010, 396, 609-18.

374. Li, M.; Zhu, L.; Lin, D. Toxicity of ZnO
Nanoparticles to Escherichia coli: Mechanism and
the Influence of Medium  Components.

Environmental science & technology 2011, 45,
1977-1983.

375. Li, M.; Pokhrel, S.; Jin, X.; Maedler, L.;
Damoiseaux, R.; Hoek, E. M. V. Stability,
Bioavailability, and Bacterial Toxicity of ZnO and
Iron-Doped ZnO Nanoparticles in Aquatic Media.
Environmental science & technology 2011, 45,
755-761.



376. Vandebriel, R. J.; De Jong, W. H. A
review of mammalian toxicity of ZnO
nanoparticles.  Nanotechnology, science and
applications 2012, 5, 61-71.

3717. Yang, H.; Liu, C.; Yang, D.; Zhang, H.;
Xi, Z. Comparative study of cytotoxicity, oxidative
stress and genotoxicity induced by four typical
nanomaterials: the role of particle size, shape and

composition. Journal of applied toxicology : JAT
2009, 29, 69-78.

378. Xia, T.; Kovochich, M.; Liong, M,
Madler, L.; Gilbert, B.; Shi, H.; Yeh, J. I.; Zink, J.
I.; Nel, A. E. Comparison of the Mechanism of
Toxicity of Zinc Oxide and Cerium Oxide

Nanoparticles Based on Dissolution and Oxidative
Stress Properties. ACS Nano 2008, 2, 2121-2134.

379. Huang, C. C.; Aronstam, R. S.; Chen, D.
R.; Huang, Y. W. Oxidative stress, calcium
homeostasis, and altered gene expression in human
lung epithelial cells exposed to ZnO nanoparticles.
Toxicology in vitro : an international journal
published in association with BIBRA 2010, 24, 45-
55.

380. Ahamed, M.; Akhtar, M. J.; Raja, M,;
Ahmad, I.; Siddiqui, M. K.; AlSalhi, M. S;
Alrokayan, S. A. ZnO nanorod-induced apoptosis
in human alveolar adenocarcinoma cells via p53,
survivin and bax/bcl-2 pathways: role of oxidative
stress. Nanomedicine : nanotechnology, biology,
and medicine 2011, 7, 904-13.

381. Akhtar, M. J.; Ahamed, M.; Kumar, S.;
Khan, M. M.; Ahmad, J.; Alrokayan, S. A. Zinc
oxide nanoparticles selectively induce apoptosis in
human cancer cells through reactive oxygen
species. [International journal of nanomedicine
2012, 7, 845-57.

382. Wilhelmi, V.; Fischer, U.; Weighardt, H.;
Schulze-Osthoff, K.; Nickel, C.; Stahlmecke, B.;
Kuhlbusch, T. A.; Scherbart, A. M.; Esser, C.;
Schins, R. P.; Albrecht, C. Zinc oxide nanoparticles
induce necrosis and apoptosis in macrophages in a
p47phox- and Nrf2-independent manner. PLoS One
2013, 8, e65704.

383. Hackenberg, S.; Zimmermann, F. Z;
Scherzed, A.; Friehs, G.; Froelich, K.; Ginzkey, C.;
Koehler, C.; Burghartz, M.; Hagen, R.; Kleinsasser,
N. Repetitive exposure to zinc oxide nanoparticles
induces dna damage in human nasal mucosa mini
organ cultures. Environmental and molecular
mutagenesis 2011, 52, 582-9.

384. Wu, W.; Samet, J. M.; Peden, D. B,
Bromberg, P. A. Phosphorylation of p65 is required
for zinc oxide nanoparticle-induced interleukin 8
expression in human bronchial epithelial cells.
Environmental health perspectives 2010, 118, 982-
7.

References

385. Ng, K. W.; Khoo, S. P. K.; Heng, B. C,;
Setyawati, M. L.; Tan, E. C.; Zhao, X.; Xiong, S.;
Fang, W.; Leong, D. T.; Loo, J. S. C. The role of
the tumor suppressor p53 pathway in the cellular
DNA damage response to zinc oxide nanoparticles.
Biomaterials 2011, 32, 8218-8225.

386. Hsiao, I. L.; Huang, Y.-J. Effects of
various physicochemical characteristics on the
toxicities of ZnO and TiO2 nanoparticles toward
human lung epithelial cells. Science of the Total
Environment 2011, 409, 1219-1228.

387. Lin, W.; Xu, Y.; Huang, C.-C.; Ma, Y.
Shannon, K. B.; Chen, D.-R.; Huang, Y.-W.
Toxicity of nano- and micro-sized ZnO particles in
human lung epithelial cells. Journal of
Nanoparticle Research 2008, 11, 25-39.

388. Yuan, J. H.; Chen, Y.; Zha, H. X.; Song,
L.J.;Li, C.Y.; Li, J. Q.; Xia, X. H. Determination,
characterization and cytotoxicity on HELF cells of
ZnO nanoparticles. Colloids and surfaces B,
Biointerfaces 2010, 76, 145-50.

389. Deng, X.; Luan, Q.; Chen, W.; Wang, Y.;
Wu, M.; Zhang, H.; Jiao, Z. Nanosized zinc oxide
particles induce neural stem cell apoptosis.
Nanotechnology 2009, 20.

390. Tripathy, N.; Hong, T.-K.; Ha, K.-T;
Jeong, H.-S.; Hahn, Y.-B. Effect of ZnO
nanoparticles aggregation on the toxicity in RAW
264.7 murine macrophage. Journal of Hazardous
Materials 2014, 270, 110-117.

391. Brunner, T. J.; Wick, P.; Manser, P.;
Spohn, P.; Grass, R. N.; Limbach, L. K.; Bruinink,
A.; Stark, W. J. In Vitro Cytotoxicity of Oxide
Nanoparticles: Comparison to Asbestos, Silica,
and the Effect of Particle Solubility. Environmental
science & technology 2006, 40, 4374-4381.

392. Palmiter, R. D. Protection against zinc
toxicity by metallothionein and zinc transporter 1.
Proceedings of the National Academy of Sciences
of the United States of America 2004, 101, 4918-
23.

393. Song, W.; Zhang, J.; Guo, J.; Zhang, J.;
Ding, F.; Li, L.; Sun, Z. Role of the dissolved zinc
ion and reactive oxygen species in cytotoxicity of
ZnO nanoparticles. Toxicology letters 2010, 199,
389-97.

394, George, S.; Pokhrel, S.; Xia, T.; Gilbert,
B.; Ji, Z.; Schowalter, M.; Rosenauer, A.;
Damoiseaux, R.; Bradley, K. A.; Madler, L.; Nel,
A. E. Use of a Rapid Cytotoxicity Screening
Approach To Engineer a Safer Zinc Oxide
Nanoparticle through Iron Doping. ACS Nano
2010, 4, 15-29.

395. Hsiao, I. L.; Huang, Y.-J. Titanium Oxide
Shell Coatings Decrease the Cytotoxicity of ZnO

Page|24]



References

Nanoparticles. Chemical research in toxicology
2011, 24, 303-313.

396. Sotiriou, G. A.; Watson, C.; Murdaugh, K.
M.; Darrah, T. H.; Pyrgiotakis, G.; Elder, A.; Brain,
J. D.; Demokritou, P. Engineering safer-by-design
silica-coated ZnO nanorods with reduced DNA

damage potential. Environmental Science-Nano
2014, 1, 144-153.

397. Gilbert, B.; Fakra, S. C.; Xia, T.; Pokhrel,
S.; Madler, L.; Nel, A. E. The Fate of ZnO
Nanoparticles Administered to Human Bronchial
Epithelial Cells. ACS Nano 2012, 6, 4921-4930.

398. Xu, M.; Li, J.; Hanagata, N.; Su, H.; Chen,
H.; Fujita, D. Challenge to assess the toxic
contribution of metal cation released from
nanomaterials for nanotoxicology - the case of ZnO
nanoparticles. Nanoscale 2013, 5, 4763-4769.

399. Moos, P. J.; Chung, K.; Woessner, D.;
Honeggar, M.; Cutler, N. S.; Veranth, J. M. ZnO
Particulate Matter Requires Cell Contact for
Toxicity in Human Colon Cancer Cells. Chemical
research in toxicology 2010, 23, 733-739.

400. Li, Z.; Yang, R.; Yu, M.; Bai, F.; Li, C;
Wang, Z. L. Cellular Level Biocompatibility and
Biosafety of ZnO Nanowires. The Journal of
Physical Chemistry C 2008, 112, 20114-20117.

401. Kim, W.; Ng, J. K.; Kunitake, M. E.;
Conklin, B. R.; Yang, P. Interfacing Silicon
Nanowires with Mammalian Cells. Journal of the
American Chemical Society 2007, 129, 7228-7229.

402. Lee, J.; Kang, B. S.; Hicks, B,
Chancellor, T. F., Jr.; Chu, B. H.; Wang, H. T.;
Keselowsky, B. G.; Ren, F.; Lele, T. P. The control
of cell adhesion and viability by zinc oxide
nanorods. Biomaterials 2008, 29, 3743-9.

403. Zaveri, T. D.; Dolgova, N. V.; Chu, B. H,;
Lee, J.; Wong, J.; Lele, T. P.; Ren, F.; Keselowsky,
B. G. Contributions of surface topography and
cytotoxicity to the macrophage response to zinc
oxide nanorods. Biomaterials 2010, 31, 2999-3007.

404. Vallee, B. L.; Falchuk, K. H. The
biochemical basis of zinc  physiology.
Physiological reviews 1993, 73, 79-118.

405. Stefanidou, M.; Maravelias, C.; Dona, A.;
Spiliopoulou, C. Zinc: a multipurpose trace
element. Archives of toxicology 2006, 80, 1-9.

406. Overbeck, S.; Rink, L.; Haase, H.
Modulating the immune response by oral zinc
supplementation: a single approach for multiple
diseases. Archivum immunologiae et therapiae
experimentalis 2008, 56, 15-30.

407. Prasad, A. S. Zinc in human health: effect
of zinc on immune cells. Molecular medicine
(Cambridge, Mass.) 2008, 14, 353-7.

Page|242

408. Lansdown, A. B.; Mirastschijski, U.;
Stubbs, N.; Scanlon, E.; Agren, M. S. Zinc in
wound healing: theoretical, experimental, and
clinical aspects. Wound repair and regeneration :
official publication of the Wound Healing Society
[and] the European Tissue Repair Society 2007,
15, 2-16.

409. Cuajungco, M. P.; Faget, K. Y. Zinc takes
the center stage: its paradoxical role in Alzheimer's
disease. Brain research. Brain research reviews
2003, 41, 44-56.

410. Bitanihirwe, B. K.; Cunningham, M. G.
Zinc: the brain's dark horse. Synapse (New York,
N.Y.) 2009, 63, 1029-49.

411. Sensi, S. L.; Paoletti, P.; Bush, A. I;
Sekler, 1. Zinc in the physiology and pathology of
the CNS. Nature reviews Neuroscience 2009, 10,
780-91.

412. Illy, B. N.; Ingham, B.; Toney, M. F.;
Nandhakumar, I.; Ryan, M. P. Understanding the
selective  etching of electrodeposited ZnO
nanorods. Langmuir : the ACS journal of surfaces
and colloids 2014, 30, 14079-85.

413. Wander, A.; Harrison, N. M. An ab-initio
study of ZnO(1120). Surface Science 2000, 468,
L851-L855.

414, Gan, X.; Li, X.; Gao, X.; Yu, W.
Investigation on chemical etching process of ZnO

nanorods toward nanotubes. Journal of Alloys and
Compounds 2009, 481, 397-401.

415. Sensi, S. L.; Yin, H. Z.; Carriedo, S. G.;
Rao, S. S.; Weiss, J. H. Preferential Zn2+ influx
through Ca®*-permeable AMPA/kainate channels
triggers prolonged mitochondrial superoxide
production. Proceedings of the National Academy
of Sciences of the United States of America 1999,
96, 2414-9.

416. Frazzini, V.; Rockabrand, E;
Mocchegiani, E.; Sensi, S. L. Oxidative stress and
brain aging: is zinc the link? Biogerontology 2006,
7,307-14.

417. Brown, A. M.; Kristal, B. S.; Effron, M.
S.; Shestopalov, A. I.; Ullucci, P. A.; Sheu, K. F.;
Blass, J. P.; Cooper, A. J. Zn2+ inhibits alpha-
ketoglutarate-stimulated mitochondrial respiration
and the isolated alpha-ketoglutarate dehydrogenase
complex. The Journal of biological chemistry
2000, 275, 13441-7.

418. Dineley, K. E.; Votyakova, T. V.
Reynolds, I. J. Zinc inhibition of cellular energy
production: implications for mitochondria and

neurodegeneration. Journal of neurochemistry
2003, 85, 563-70.



419. Gazaryan, 1. G.; Krasinskaya, 1. P;
Kristal, B. S.; Brown, A. M. Zinc irreversibly
damages major enzymes of energy production and
antioxidant defense prior to mitochondrial
permeability transition. The Journal of biological
chemistry 2007, 282, 24373-80.

420. Wudarczyk, J.; Debska, G.; Lenartowicz,
E. Zinc as an inducer of the membrane
permeability transition in rat liver mitochondria.
Archives of Biochemistry and Biophysics 1999,
363, 1-8.

421. Jiang, D.; Sullivan, P. G.; Sensi, S. L
Steward, O.; Weiss, J. H. Zn(2+) induces
permeability transition pore opening and release of
pro-apoptotic peptides from neuronal mitochondria.
The Journal of biological chemistry 2001, 276,
47524-9.

422, Franklin, N. M.; Rogers, N. J.; Apte, S.
C.; Batley, G. E.; Gadd, G. E.; Casey, P. S.
Comparative Toxicity of Nanoparticulate ZnO,
Bulk ZnO, and ZnCl2 to a Freshwater Microalga
(Pseudokirchneriella subcapitata): The Importance
of Particle Solubility. Environmental science &
technology 2007, 41, 8484-8490.

423. Mortimer, M.; Kasemets, K.; Kahru, A.
Toxicity of ZnO and CuO nanoparticles to ciliated
protozoa Tetrahymena thermophila. Toxicology
2010, 269, 182-189.

424, Miller, R. J.; Lenihan, H. S.; Muller, E.
B.; Tseng, N.; Hanna, S. K.; Keller, A. A. Impacts
of Metal Oxide Nanoparticles on Marine

Phytoplankton.  Environmental  science &
technology 2010, 44, 7329-7334.

425. Baek, Y.-W.; An, Y.-J. Microbial toxicity
of metal oxide nanoparticles (CuO, NiO, ZnO, and
Sb203) to Escherichia coli, Bacillus subtilis, and
Streptococcus aureus. Science of the Total
Environment 2011, 409, 1603-1608.

426. Peng, X.; Palma, S.; Fisher, N. S.; Wong,
S. S. Effect of morphology of ZnO nanostructures
on their toxicity to marine algae. Aquatic
Toxicology 2011, 102, 186-196.

427. Bian, S.-W.; Mudunkotuwa, 1. A,
Rupasinghe, T.; Grassian, V. H. Aggregation and
Dissolution of 4 nm ZnO Nanoparticles in Aqueous
Environments: Influence of pH, Ionic Strength,
Size, and Adsorption of Humic Acid. Langmuir :
the ACS journal of surfaces and colloids 2011, 27,
6059-6068.

428. Mudunkotuwa, I. A.; Rupasinghe, T.; Wu,
C. M.; Grassian, V. H. Dissolution of ZnO
nanoparticles at circumneutral pH: a study of size
effects in the presence and absence of citric acid.
Langmuir : the ACS journal of surfaces and
colloids 2012, 28, 396-403.

References

429, Miao, A.-J.; Zhang, X.-Y.; Luo, Z.; Chen,
C.-S.; Chin, W.-C.; Santschi, P. H.; Quigg, A. Zinc
oxide—engineered nanoparticles: Dissolution and
toxicity to marine phytoplankton. Environmental
Toxicology and Chemistry 2010, 29, 2814-2822.

430. Reed, R. B.; Ladner, D. A.; Higgins, C. P.;
Westerhoff, P.; Ranville, J. F. Solubility of nano-
zinc oxide in environmentally and biologically

important matrices. Environmental toxicology and
chemistry / SETAC 2012, 31, 93-9.

431. Lv, J. T.; Zhang, S. Z.; Luo, L.; Han, W_;
Zhang, J.; Yang, K.; Christie, P. Dissolution and
Microstructural Transformation of ZnO
Nanoparticles under the Influence of Phosphate.
Environmental science & technology 2012, 46,
7215-7221.

432, Ma, R.; Levard, C.; Michel, F. M.; Brown,
G. E.; Lowry, G. V. Sulfidation Mechanism for
Zinc Oxide Nanoparticles and the Effect of
Sulfidation on Their Solubility. Environmental
science & technology 2013, 47, 2527-2534.

433, Hayat, M. A. Principles and Techniques
of Electron Microscopy Biological Applications.
4th ed. ed.; Cambridge University Press:
Cambridge, 2000.

434, Bell, D.; Erdman, N. Low Voltage
Electron Microscopy: Principles and Applications.
John Wiley & Sons Ltd: Chichester, 2013.

435, Williams, D.; Carter, C. Transmission
electron microscopy: a textbook for materials
science. Springer: New York, 2009.

436. Xia, Y.; Yang, P.; Sun, Y.; Wu, Y,
Mayers, B.; Gates, B.; Yin, Y.; Kim, F.; Yan, H.
One-Dimensional ~ Nanostructures:  Synthesis,
Characterization, and Applications. Advanced
Materials 2003, 15, 353-389.

437. Melosh, N. A.; Boukai, A.; Diana, F.;
Gerardot, B.; Badolato, A.; Petroff, P. M.; Heath, J.
R. Ultrahigh-density nanowire lattices and circuits.
Science 2003, 300, 112-5.

438. Schlesinger, R. B., Ben-Jebria, A., Dahl,
A. R., Snipes, M. B., Ultman, J. Disposition of
inhaled toxicants. In Handbook of Human
Toxicology, Massaro, E. J., Ed. CRC Press: Boca
Raton, FL, 1997; pp 493-550.

439, Sweeney, S.; Theodorou, I G
Zambianchi, M.; Chen, S.; Gow, A.; Schwander,
S.; Zhang, J. J.; Chung, K. F.; Shaffer, M. S.; Ryan,
M. P.; Porter, A. E.; Tetley, T. D. Silver nanowire
interactions with primary human alveolar type-II
epithelial cell secretions: contrasting bioreactivity
with human alveolar type-I and type-II epithelial
cells. Nanoscale 2015.

Page|243



References

440. Sun, Y.; Xia, Y. Large-Scale Synthesis of
Uniform Silver Nanowires Through a Soft, Self-
Seeding, Polyol Process. Advanced Materials 2002,
14, 833-837.

441. Korte, K. E.; Skrabalak, S. E.; Xia, Y.
Rapid synthesis of silver nanowires through a
CuCl- or CuCl2-mediated polyol process. Journal
of Materials Chemistry 2008, 18, 437.

442. Wiley, B.; Sun, Y.; Xia, Y. Polyol
Synthesis of Silver Nanostructures: Control of
Product Morphology with Fe(II) or Fe(IlI) Species.
Langmuir : the ACS journal of surfaces and
colloids 2005, 21, 8077-8080.

443, Jiu, J.; Murai, K.; Kim, D.; Kim, K
Suganuma, K. Preparation of Ag nanorods with
high yield by polyol process. Materials Chemistry
and Physics 2009, 114, 333-338.

444. Nanowerk  Nanomaterials  Database.
http://www.nanowerk.com/nanowire-database.php
(accessed 25/02/2015).

445. George, S.; Lin, S. J.; Jo, Z. X.; Thomas,
C.R,; Li, L. J.; Mecklenburg, M.; Meng, H.; Wang,
X.; Zhang, H. Y.; Xia, T.; Hohman, J. N.; Lin, S.;
Zink, J. I.; Weiss, P. S.; Nel, A. E. Surface Defects
on Plate-Shaped Silver Nanoparticles Contribute to
Its Hazard Potential in a Fish Gill Cell Line and
Zebrafish Embryos. ACS Nano 2012, 6, 3745-3759.

446. Scanlan, L. D.; Reed, R. B.; Loguinov, A.
V.; Antczak, P.; Tagmount, A.; Aloni, S,
Nowinski, D. T.; Luong, P.; Tran, C.; Karunaratne,
N.; Pham, D.; Lin, X. X.; Falciani, F.; Higgins, C.
P.; Ranville, J. F.; Vulpe, C. D.; Gilbert, B. Silver
Nanowire Exposure Results in Internalization and
Toxicity to Daphnia magna. ACS Nano 2013, 7,
10681-10694.

447. Atochina-Vasserman, E. N.; Abramova, E.
V.; Tomer, Y.; Scott, P.; Nazarov, V. A.; Kruglov,
S. V.; Beers, M. F.; Gow, A. J.; Malyshev, 1. Y.
SP-D-dependent regulation of NO metabolism in
lipopolysaccharide-stimulated peritoneal
macrophages. Bulletin of experimental biology and
medicine 2009, 147, 415-20.

448. Liu, J.; Sonshine, D. A.; Shervani, S.;
Hurt, R. H. Controlled Release of Biologically
Active Silver from Nanosilver Surfaces. ACS Nano
2010, 4, 6903-6913.

449. Moss, O. R. Simulants of lung interstitial
fluid. Health physics 1979, 36, 447-8.

450. Demaurex, N. pH Homeostasis of cellular
organelles. News in physiological sciences : an
international journal of physiology produced
jointly by the International Union of Physiological
Sciences and the American Physiological Society
2002, 17, 1-5.

Page|244

451. Atochina, E. N.; Beck, J. M.; Scanlon, S.
T.; Preston, A. M.; Beers, M. F. Pneumocystis
carinii pneumonia alters expression and distribution
of lung collectins SP-A and SP-D. The Journal of
laboratory and clinical medicine 2001, 137, 429-
39.

452. Rugonyi, S.; Biswas, S. C.; Hall, S. B.
The biophysical function of pulmonary surfactant.

Respiratory Physiology & Neurobiology 2008, 163,
244-255.

453, Kemp, S. J.; Thorley, A. J.; Gorelik, J.;
Seckl, M. J.; O'Hare, M. J.; Arcaro, A.; Korchev,
Y.; Goldstraw, P.; Tetley, T. D. Immortalization of
Human Alveolar Epithelial Cells to Investigate
Nanoparticle Uptake. American  journal of
respiratory cell and molecular biology 2008, 39,
591-597.

454, Witherden, 1. R.; Tetley, T. D. Isolation
and Culture of Human Alveolar Type 11
Pneumocytes. Methods in molecular medicine
2001, 56, 137-46.

455. Li, X.; Lenhart, J. J.; Walker, H. W.
Aggregation Kinetics and Dissolution of Coated
Silver Nanoparticles. Langmuir : the ACS journal
of surfaces and colloids 2012, 28, 1095-1104.

456. Park, S.-H.; Oh, S.-G.; Mun, J.-Y.; Han,
S.-S. Effects of silver nanoparticles on the fluidity
of bilayer in phospholipid liposome. Colloids and
Surfaces B: Biointerfaces 2005, 44, 117-122.

457. Leonenko, Z. V.; Finot, E.; Ma, H.;
Dahms, T. E.; Cramb, D. T. Investigation of
temperature-induced phase transitions in DOPC
and DPPC  phospholipid bilayers using
temperature-controlled scanning force microscopy.
Biophysical journal 2004, 86, 3783-93.

458. Boonrungsiman, S.; Fearn, S.; Gentleman,
E.; Spillane, L.; Carzaniga, R.; McComb, D. W ;
Stevens, M. M.; Porter, A. E. Correlative
spectroscopy of silicates in mineralised nodules
formed from osteoblasts. Nanoscale 2013, 5, 7544-
51.

459. Washio, I.; Xiong, Y.; Yin, Y.; Xia, Y.
Reduction by the End Groups of Poly(vinyl
pyrrolidone): A New and Versatile Route to the
Kinetically Controlled Synthesis of Ag Triangular
Nanoplates. Advanced Materials 2006, 18, 1745-
1749.

460. Kan, C.; Wang, C.; Zhu, J; Li, H.
Formation of gold and silver nanostructures within
polyvinylpyrollidone (PVP) gel. Journal of Solid
State Chemistry 2010, 183, 858-865.

461. Glover, R. D.; Miller, J. M.; Hutchison, J.
E. Generation of Metal Nanoparticles from Silver
and Copper Objects: Nanoparticle Dynamics on



Surfaces and Potential Sources of Nanoparticles in
the Environment. ACS Nano 2011, 5, 8950-8957

462. Yu, S.4j.; Yin, Y.-g.; Chao, J.-b.; Shen,
M.-h.; Liu, J.-f. Highly Dynamic PVP-Coated
Silver Nanoparticles in Aquatic Environments:
Chemical and Morphology Change Induced by
Oxidation of Ag’ and Reduction of Ag'.
Environmental science & technology 2013, 48,
403-411.

463. Al-Jamal, K. T.; Nerl, H.; Muller, K. H.;
Ali-Boucetta, H.; Li, S.; Haynes, P. D.; Jinschek, J.
R.; Prato, M.; Bianco, A.; Kostarelos, K.; Porter, A.
E. Cellular uptake mechanisms of functionalised
multi-walled carbon nanotubes by 3D electron
tomography imaging. Nanoscale 2011, 3, 2627-35.

464. MacCuspie, R. I.; Allen, A. J.; Hackley,
V. A. Dispersion stabilization of silver
nanoparticles in synthetic lung fluid studied under
in situ conditions. Nanotoxicology 2011, 5, 140-
156.

465. Thorley, A. J.; Ruenraroengsak, P.; Potter,
T. E.; Tetley, T. D. Critical Determinants of Uptake
and Translocation of Nanoparticles by the Human
Pulmonary Alveolar Epithelium. ACS Nano 2014,
8, 11778-11789.

466. Ruge, C. A.; Schaefer, U. F.; Herrmann,
J.; Kirch, J.; Canadas, O.; Echaide, M.; Perez-Gil,
J.; Casals, C.; Muller, R.; Lehr, C. M. The interplay
of lung surfactant proteins and lipids assimilates
the macrophage clearance of nanoparticles. PLoS
One 2012, 7, 40775.

467. Furne, J.; Saeed, A.; Levitt, M. D. Whole
tissue hydrogen sulfide concentrations are orders
of magnitude lower than presently accepted values.
2008; Vol. 295, p R1479-R1485.

468. Liu, J.; Pennell, K. G.; Hurt, R. H.
Kinetics and mechanisms of nanosilver

oxysulfidation.  Environmental  science &
technology 2011, 45, 7345-53.

469. Lawlor, C.; O'Sullivan, M. P.; Rice, B.;
Dillon, P.; Gallagher, P. J.; O'Leary, S.; Shoyele,
S.; Keane, J.; Cryan, S. A. Therapeutic aerosol
bioengineering of targeted, inhalable microparticle
formulations to treat Mycobacterium tuberculosis

(MTb). Journal of materials science. Materials in
medicine 2012, 23, 89-98.

470. Lawlor, C.; Kelly, C.; O’Leary, S.;
O’Sullivan, M. P.; Gallagher, P. J.; Keane, J;
Cryan, S. A. Cellular targeting and trafficking of
drug delivery systems for the prevention and
treatment of MTb. Tuberculosis 2011, 91, 93-97.

471. Auwerx, J. The human leukemia cell line,
THP-1: a multifacetted model for the study of
monocyte-macrophage differentiation. Experientia
1991, 47, 22-31.

References

472. Park, E. K.; Jung, H. S.; Yang, H. L.; Yoo,
M. C.; Kim, C.; Kim, K. S. Optimized THP-1
differentiation is required for the detection of
responses to weak stimuli. Inflammation research :

official journal of the European Histamine
Research Society 2007, 56, 45-50.

473. Carranza, C.; Juarez, E.; Torres, M.;
Ellner, J. J; Sada, E.; Schwander, S. K.
Mycobacterium tuberculosis growth control by
lung macrophages and CD8 cells from patient
contacts. American Journal of Respiratory and
Critical Care Medicine 2006, 173, 238-45.

474, Ducati, R. G.; Ruffino-Netto, A.; Basso,
L. A.; Santos, D. S. The resumption of
consumption -- a review on tuberculosis. Memorias
do Instituto Oswaldo Cruz 2006, 101, 697-714.

475. Salton, M. R. J.; Kim, K. S. Structure. In
Medical Microbiology, Baron, S., Ed. The
University of Texas Medical Branch at Galveston:
Galveston TX, 1996.

476. Velayati, A. A.; Farnia, P.; Ibrahim, T. A.;
Haroun, R. Z.; Kuan, H. O.; Ghanavi, J.; Farnia, P.;
Kabarei, A. N.; Tabarsi, P.; Omar, A. R,
Varahram, M.; Masjedi, M. R. Differences in cell
wall thickness between resistant and nonresistant
strains of Mycobacterium tuberculosis: using
transmission electron microscopy. Chemotherapy
2009, 55, 303-7.

477. Park, S.-H.; Bendelac, A. CD]1-restricted
T-cell responses and microbial infection. Nature
2000, 406, 788-792.

478. Butler, R. E.; Brodin, P.; Jang, J.; Jang,
M.-S.; Robertson, B. D.; Gicquel, B.; Stewart, G.
R. The Balance of Apoptotic and Necrotic Cell
Death in Mycobacterium tuberculosis Infected
Macrophages Is Not Dependent on Bacterial
Virulence. PLoS ONE 2012, 7, e47573.

479. Oddo, M.; Renno, T.; Attinger, A.;
Bakker, T.; MacDonald, H. R.; Meylan, P. R. Fas
ligand-induced apoptosis of infected human
macrophages reduces the viability of intracellular
Mycobacterium tuberculosis. Journal of
immunology (Baltimore, Md. : 1950) 1998, 160,
5448-54.

480. Lee, J.; Repasy, T.; Papavinasasundaram,
K.; Sassetti, C.; Kornfeld, H. Mycobacterium
tuberculosis Induces an Atypical Cell Death Mode
to Escape from Infected Macrophages. PLoS ONE
2011, 6, e18367.

48]1. Lopez-Heras, M.; Theodorou, 1. G.; Leo,
B. F.; Ryan, M. P.; Porter, A. E. Towards
understanding the antibacterial activity of Ag
nanoparticles: electron microscopy in the analysis
of the materials-biology interface in the lung.
Environmental Science: Nano 20185.

Page|245



References

482. Hahm, J.-i. Zinc Oxide Nanomaterials for
Biomedical Fluorescence Detection. Journal of

nanoscience and nanotechnology 2014, 14, 475-
4860.

483. Zhang, Y.; Nayak, T. R.; Hong, H.; Cai,
W. Biomedical Applications of Zinc Oxide
Nanomaterials. Current molecular medicine 2013,
13, 1633-1645.

484. Rasmussen, J. W.; Martinez, E.; Louka,
P.; Wingett, D. G. Zinc Oxide Nanoparticles for
Selective Destruction of Tumor Cells and Potential
for Drug Delivery Applications. Expert opinion on
drug delivery 2010, 7, 1063-1077.

485. Hong, H.; Shi, J.; Yang, Y.; Zhang, Y.;
Engle, J. W.; Nickles, R. J.; Wang, X.; Cai, W.
Cancer-targeted optical imaging with fluorescent
zinc oxide nanowires. Nano Letters 2011, 11,
3744-50.

486. Mitra, S.; Subia, B.; Patra, P.; Chandra, S.;
Debnath, N.; Das, S.; Banerjee, R.; Kundu, S. C.;
Pramanik, P.; Goswami, A. Porous ZnO nanorod
for targeted delivery of doxorubicin: in vitro and in
vivo response for therapeutic applications. Journal
of Materials Chemistry 2012, 22, 24145-24154.

487. Kumar, A.; Pandey, A. K.; Singh, S. S;
Shanker, R.; Dhawan, A. Engineered ZnO and
TiO2 nanoparticles induce oxidative stress and
DNA damage leading to reduced viability of
Escherichia coli. Free Radical Biology and
Medicine 2011, 51, 1872-1881.

488. Theodorou, I. G.; Botelho, D.; Schwander,
S.; Zhang, J.; Chung, K. F.; Tetley, T. D.; Shaffer,
M. S.; Gow, A.; Ryan, M. P.; Porter, A. E. Static
and Dynamic Microscopy of the Chemical Stability
and Aggregation State of Silver Nanowires in
Components of Murine Pulmonary Surfactant.
Environmental science & technology 2015, 49,
8048-56.

489. Gangwal, S.; Brown, J. S.; Wang, A,
Houck, K. A.; Dix, D. J.; Kavlock, R. J.; Hubal, E.
A. Informing selection of nanomaterial
concentrations for ToxCast in vitro testing based on

occupational exposure potential. Environmental
health perspectives 2011, 119, 1539-46.

490. Yang, P.; Yan, H.; Mao, S.; Russo, R.;
Johnson, J.; Saykally, R.; Morris, N.; Pham, J.; He,
R.; Choi, H. J. Controlled Growth of ZnO
Nanowires and Their Optical Properties. Advanced
Functional Materials 2002, 12, 323-331.

491. Pierre, L.; Alain, M.; Mireille, T.
Solubility = of  nanoparticles: nonextensive
thermodynamics approach. Journal of Physics:
Condensed Matter 2007, 19, 436229.

Page|246

492. Meulenkamp, E. A. Size Dependence of
the Dissolution of ZnO Nanoparticles. The Journal
of Physical Chemistry B 1998, 102, 7764-7769.

493, Rubasinghege, G.; Lentz, R. W.; Park, H.;
Scherer, M. M.; Grassian, V. H. Nanorod
Dissolution Quenched in the Aggregated State.

Langmuir : the ACS journal of surfaces and
colloids 2010, 26, 1524-1527.

494, Hsiao, I. L.; Huang, Y. J. Effects of serum
on cytotoxicity of nano- and micro-sized ZnO
particles. Journal of nanoparticle research : an
interdisciplinary forum for nanoscale science and
technology 2013, 15, 1829.

495, Sasidharan, N. P.; Chandran, P.; Sudheer
Khan, S. Interaction of colloidal zinc oxide
nanoparticles with bovine serum albumin and its
adsorption isotherms and kinetics. Colloids and
Surfaces B: Biointerfaces 2013, 102, 195-201.

496. Theodorou, I. G.; Botelho, D. J;
Schwander, S.; Zhang, J.; Chung, K. F.; Tetley, T.
D.; Shaffer, M. S. P.; Gow, A.; Ryan, M. P.; Porter,
A. E. Static and dynamic microscopy of the
chemical stability and aggregation state of silver
nanowires in components of murine pulmonary
surfactant provides insights into bio-nano
interactions. Environmental science & technology
2015.

497. Zhou, J.; Xu, N. S.; Wang, Z. L.
Dissolving Behavior and Stability of ZnO Wires in
Biofluids: A Study on Biodegradability and
Biocompatibility of ZnO Nanostructures. Advanced
Materials 2006, 18, 2432-2435.

498. Chappell, M. A.; Miller, L. F.; George, A.
J.; Pettway, B. A.; Price, C. L.; Porter, B. E;
Bednar, A. J.; Seiter, J. M.; Kennedy, A. J;
Steevens, J. A. Simultaneous dispersion-dissolution
behavior of concentrated silver nanoparticle

suspensions in the presence of model organic
solutes. Chemosphere 2011, 84, 1108-16.

499. Zhang, H.; Fan, Q.; Wang, Y. E.; Neal, C.
R.; Zuo, Y. Y. Comparative study of clinical
pulmonary surfactants using atomic force
microscopy. Biochimica et Biophysica Acta (BBA)
- Biomembranes 2011, 1808, 1832-1842.

500. Wells, M. A.; Abid, A.; Kennedy, 1. M,;
Barakat, A. I. Serum proteins prevent aggregation
of Fe203 and ZnO nanoparticles. Nanotoxicology
2012, 6, 837-846.

501. Rezwan, K.; Meier, L. P.; Rezwan, M.;
Voros, J.; Textor, M.; Gauckler, L. J. Bovine
Serum Albumin Adsorption onto Colloidal Al203
Particles: A New Model Based on Zeta Potential
and UV—Vis Measurements. Langmuir : the ACS
journal of surfaces and colloids 2004, 20, 10055-
10061.



502. Mu, Q.; David, C. A.; Galceran, J.; Rey-
Castro, C.; Krzeminski, L..; Wallace, R.; Bamiduro,
F.; Milne, S. J.; Hondow, N. S.; Brydson, R;
Vizcay-Barrena, G.; Routledge, M. N.; Jeuken, L.
J. C.; Brown, A. P. Systematic Investigation of the
Physicochemical Factors That Contribute to the
Toxicity of ZnO Nanoparticles. Chemical research
in toxicology 2014, 27, 558-567.

503. Sasidharan, A.; Chandran, P.; Menon, D.;
Raman, S.; Nair, S.; Koyakutty, M. Rapid
dissolution of ZnO nanocrystals in acidic cancer
microenvironment leading to preferential apoptosis.
Nanoscale 2011, 3, 3657-3669.

504. Tedja, R.; Lim, M.; Amal, R.; Marquis, C.
Effects of Serum Adsorption on Cellular Uptake
Profile and Consequent Impact of Titanium
Dioxide Nanoparticles on Human Lung Cell Lines.
ACS Nano 2012, 6, 4083-4093.

505. Shi, J.; Karlsson, H. L.; Johansson, K.;
Gogvadze, V.; Xiao, L.; Li, J.; Burks, T.; Garcia-
Bennett, A.; Uheida, A.; Muhammed, M.; Mathur,
S.; Morgenstern, R.; Kagan, V. E.; Fadeel, B.
Microsomal glutathione transferase 1 protects
against toxicity induced by silica nanoparticles but
not by zinc oxide nanoparticles. ACS Nano 2012, 6,
1925-38.

506. Wang, F.; Yu, L.; Monopoli, M. P
Sandin, P.; Mahon, E.; Salvati, A.; Dawson, K. A.
The biomolecular corona is retained during
nanoparticle uptake and protects the cells from the
damage induced by cationic nanoparticles until
degraded in the lysosomes. Nanomedicine:
Nanotechnology, Biology and Medicine 2013, 9,
1159-1168.

507. Sée, V.; Free, P.; Cesbron, Y.; Nativo, P.;
Shaheen, U.; Rigden, D. J.; Spiller, D. G.; Fernig,
D. G.; White, M. R. H.; Prior, I. A.; Brust, M.;
Lounis, B.; Lévy, R. Cathepsin L Digestion of
Nanobioconjugates upon Endocytosis. ACS Nano
2009, 3, 2461-2468.

508. Ma, Z.; Bai, J.; Jiang, X. Monitoring of
the Enzymatic Degradation of Protein Corona and
Evaluating the Accompanying Cytotoxicity of
Nanoparticles. ACS Applied Materials & Interfaces
2015.

509. Hwang, S. C.; Park, K. H.; Ha, M. J.; Noh,
I. S.; Park, T. B.; Lee, Y. H. Distribution of
phospholipase C isozymes in normal human lung
tissue and their immunohistochemical localization.
Journal of Korean medical science 1996, 11, 305-
13.

510. Fisher, A. B.; Dodia, C. Role of
phospholipase A2 enzymes in degradation of
dipalmitoylphosphatidylcholine by granular
pneumocytes. Journal of lipid research 1996, 37,
1057-64.

References

511. Illy, B. N.; Ingham, B.; Ryan, M. P. Effect
of Supersaturation on the Growth of Zinc Oxide
Nanostructured  Films by  Electrochemical
Deposition. Crystal Growth & Design 2010, 10,
1189-1193.

512. Singh, D. P. Synthesis and growth of ZnO
nanowires. Science of advanced materials 2010, 2,
245-272.

513. Vayssieres, L. Growth of arrayed
nanorods and nanowires of ZnO from aqueous
solutions. Advanced Materials 2003, 15, 464-466.

514. Peulon, S.; Lincot, D. Cathodic
electrodeposition from aqueous solution of dense
or open-structured zinc oxide films. Advanced
Materials 1996, 8, 166-170.

515. Izaki, M.; Omi, T. Transparent zinc oxide
films prepared by electrochemical reaction. Applied
Physics Letters 1996, 68, 2439-2440.

516. Peulon, S.; Lincot, D. Mechanistic Study
of Cathodic Electrodeposition of Zinc Oxide and
Zinc Hydroxychloride Films from Oxygenated
Aqueous Zinc Chloride Solutions. Journal of The
Electrochemical Society 1998, 145, 864-874.

517. Goux, A.; Pauporté, T.; Chivot, J.; Lincot,
D. Temperature effects on ZnO electrodeposition.
Electrochimica Acta 2005, 50, 2239-2248.

518. Illy, B. Electrodeposition of Zinc Oxide
Nanostructured Films. Imperial College London,
London, 2009.

519. Elias, J.; Tena-Zaera, R.; Lévy-Clément,
C. Electrochemical deposition of ZnO nanowire
arrays with tailored dimensions. Journal of
Electroanalytical Chemistry 2008, 621, 171-177.

520. Belghiti, H. E.; Pauporté, T.; Lincot, D.
Mechanistic study of ZnO nanorod array
electrodeposition. Physica status solidi (a) 2008,
205, 2360-2364.

521. Illy, B.; Shollock, B. A.; Macmanus-
Driscoll, J. L.; Ryan, M. P. Electrochemical growth
of ZnO nanoplates. Nanotechnology 2005, 16, 320-
4,

522. Xu, L.; Guo, Y.; Liao, Q.; Zhang, J.; Xu,
D. Morphological control of ZnO nanostructures by
electrodeposition. The Journal of Physical
Chemistry B 2005, 109, 13519-13522.

523. Lai, M.; Riley, D. J. Templated
electrosynthesis of nanomaterials and porous
structures. Journal of Colloid and Interface Science
2008, 323, 203-12.

524. Sharma, S. K.; Rammohan, A.; Sharma,
A. Templated one step electrodeposition of high
aspect ratio n-type ZnO nanowire arrays. Journal
of Colloid and Interface Science 2010, 344, 1-9.

Page|247



References

525. Leprince-Wang, Y.; Yacoubi-Ouslim, A.;
Wang, G. Structure study of electrodeposited ZnO
nanowires. Microelectronics journal 2005, 36, 625-
628.

526. Lai, M.; Riley, D. J. Templated
Electrosynthesis of Zinc Oxide Nanorods.
Chemistry of Materials 2006, 18, 2233-2237.

527. Sima, M.; Enculescu, I.; Sima, M.; Vasile,
E. Semiconductor nanowires obtained by template
method. Journal of optoelectronics and advanced
materials 2007, 9, 1551-1554.

528. Sima, M.; Enculescu, I.; Vasile, E.
Growth of ZnO micro and nanowires using the

template method. Journal of optoelectronics and
advanced materials 2006, 8, 824.

529. Wang, J.; Shao, Y.; Jin, Y.; Wang, F.;
Dong, S. Electrochemical thinning of thicker gold
film with qualified thickness for surface plasmon
resonance sensing. Analytical Chemistry 2005, 77,
5760-5765.

530. Illy, B. N.; Cruickshank, A. C.;
Schumann, S.; Da Campo, R.; Jones, T. S.; Heutz,
S.; McLachlan, M. A.; McComb, D. W_; Riley, D.
J.; Ryan, M. P. Electrodeposition of ZnO layers for
photovoltaic  applications:  controlling  film

Page|248

thickness and orientation. Journal of Materials
Chemistry 2011, 21, 12949-12957.

531. Melbourne, J.; Clancy, A.; Seiffert, J.;
Skepper, J.; Tetley, T. D.; Shaffer, M. S. P.; Porter,
A. An investigation of the carbon nanotube — Lipid
interface and its impact upon pulmonary surfactant
lipid function. Biomaterials 2015, 55, 24-32.

532. Schinwald, A.; Chernova, T.; Donaldson,
K. Use of silver nanowires to determine thresholds
for fibre length-dependent pulmonary inflammation
and inhibition of macrophage migration in vitro.
Particle and fibre toxicology 2012, 9, 47.

533. Wiley, B.; Sun, Y.; Xia, Y. Synthesis of
Silver Nanostructures with Controlled Shapes and
Properties. Accounts of Chemical Research 2007,
40, 1067-1076.

534, Goia, D. V. Preparation and formation
mechanisms of uniform metallic particles in
homogeneous solutions. Journal of Materials
Chemistry 2004, 14, 451-458.

535. Wiley, B.; Herricks, T.; Sun, Y.; Xia, Y.
Polyol Synthesis of Silver Nanoparticles: Use of
Chloride and Oxygen to Promote the Formation of
Single-Crystal, Truncated Cubes and Tetrahedrons.
Nano Letters 2004, 4, 1733-1739.



12 Appendix C

Summary of permission for third party

copyright works

Type of
Page W8 Copyright Work out of OIS O Permission | Permission | Orphan
Number L SIS il it copyright o requested refused work
figure, year reproduce
map, etc.
Page 37 | Figure Arch Toxicol 2013 ©2013
Jul; 87(7):1181-200. The
doi: 10.1007/5s00204- Author(s) v
013-1079-4. Epub
2013 Jun 1.
Page 38 | Figure Nanoscale 2013, 5, ©2013
9839-47. The Royal v
Society of
Chemistry
Page 44 Table Environ Health
Perspect. 2005 Jul; v
113(7): 823-839.
Page 45 Figure Toxicology. 2010 © 2010
Mar 10;269(2-3):92- Elsevier
104. doi: Ireland v
10.1016/j.tox.2010.01. | Ltd
013. Epub 2010 Jan
25.
Page 47 Figure Science. 2006 Feb © 2006
3;311(5761):622-7. American
Associatio
n for the v
Advancem
ent of
Science.
Page 49 Figure Environ Health
Perspect. 2005 Jul; v
113(7): 823-839.
Page 50 Figure European Journal of
Nanomedicine, 2014; v
Vol. 6, p 157.
Page 52 | Whole International journal
Paper of molecular sciences v
2014, 15, 23936~
23974.
Page 68 Figure Environmental ©2013
science & technology | American v
2013, 47, 13813- Chemical
13821. Society

Pa

¢

(0]

e | 249




Summary of permission for third party copyright works

Type of
Page U8 O Work out of LOLIR 0 Permission | Permission | Orphan
text, Source work holder & . to
Number copyright requested refused work
figure, year reproduce
map, etc.
Page 71 Figure Environmental © 2013
science & technology | American v
2013, 47, 13813- Chemical
13821. Society
Page 72 Figure Environmental ©2013
science & technology | American v
2013, 47, 11232-40. Chemical
Society
Page 77 | Figure Nanoscale 2013, 5, © The
9839-47. Royal
Society of v
Chemistry
2013
Page 79 | Table Environ. Sci.: Nano, © The
2015,2, 312-326. Royal
Society of 4
Chemistry
2015
Page 83 Figure Journal of cell © 2012
science 2012, 125, The
507-515. Company v
of
Biologists
Ltd.
Page 83 Figure Cellular © 2012
Microbiology 2013, John v
15, 843-859. Wiley &
Sons Ltd.
Page 83 Figure Sci. Rep. 2013, 3. © 2013
Nature v
Publishing
Group.
Page 89 Figure Biomaterials 2013, © 2013
34,10328-37. Elsevier v
Ltd.
Page Figure Low Voltage © 2013
104 Electron Microscopy: | John
Principles and Wiley & v
Applications. John Sons Ltd.
Wiley & Sons Ltd:
Chichester, 2013.
Page Figure Low Voltage © 2013
105 Electron Microscopy: | John
Principles and Wiley & v
Applications. John Sons Ltd.
Wiley & Sons Ltd:
Chichester, 2013.
Page Whole Environmental © 2015
111 Paper science & technology | American v
2015, 49, 8048-56. Chemical
Society
Page Paper Nanoscale. 2015 Jun ©2013
131 Excerpt 21;7(23):10398-409. The Royal v
Society of
Chemistry.
Page Figure Nanoscale. 2015 Jun © 2013
138 2157(23):10398-409. The Royal v
Society of
Chemistry.
Page Figure Nanoscale. 2015 Jun ©2013
140 2157(23):10398-409. The Royal v
Society of
Chemistry.
Page Figure Environmental ©2013
150 science & technology | American v
2013, 47, 11232-40. Chemical
Society




Summary of permission for third party copyright works

Page Figure Nature 2000, 406, © 2000

152 788-792. Macmillan v
Magazines
Ltd.

Page|251



