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Abstract

Gold nanoparticles (AuNPs) have diverse applications in the biomedical industry such as in diagnosis, labeling, delivering and
sensing. Despite their prevalent medical use, nanotoxicity induced by AuNPs is still largely unknown. We have previously shown
that AuNPs could exert cytotoxic effects on lung fibroblasts. In this study, we investigated the in vitro toxicological effects of
AuNPs in small airway epithelial cells (SAECs) which are the first cells of contact for inhaled NPs and compared expression of
metallothionein (MT), a reactive oxygen species scavenger, in SAECs and lung fibroblasts in vitro. Transmission electron micros-
copy (TEM) and energy-dispersive X-ray (EDX) spectroscopy study revealed cellular uptake of aggregates of AuNPs into the
cytoplasm at the ultrastructural level. A significant increase in lipid peroxide as well as substantial DNA damage and cytotoxicity
was observed in AuNP-treated cells. For MT expression, AuNPs induced down-regulation of the MT-1X isoform in SAECs, but
up-regulation of the MT-1X and MT-2 A isoforms in MRC5 lung fibroblasts. The present study suggests that AuNPs could induce
oxidative stress-related cytotoxicity and genotoxicity in SAECs.
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Introduction Engineered NPs generally behave substantially different
from their respective bulk materials of the same compos-
ition. Many studies have revealed that these NPs are more
likely to be toxic as their small size, high surface to volume
ratio and surface functionalities allow them to enter cells
and cause unwanted biological responses such as genotoxi-
city.”!® For example, ultrafine particles like carbon nano-
tubes could, when inhaled, deposit in the alveolar region
as opposed to larger particles that get trapped in the upper
airway, thereby increasing risk of getting acute pulmonary
toxicity and genotoxicity as demonstrated in animal
models."'? Exposure to NPs via inhalation is the primary
route of entry and hence the lung is the first-line exposure

Nanoparticles (NPs) are defined as particulate substances
possessing at least one dimension less than 100nm."?
According to the US Environmental Protection Agency,
engineered NPs can be categorized into four types,
namely carbon-based materials, metal-based materials
(quantum-dots, nanogold), polymeric dendrimers and com-
posites.®> They possess properties such as durability and
high conductivity and high reactivity which have led to
their applications in a wide range of products.*” Up to
this day, applications of engineered NPs have been
extended to consumer products, electronic goods, food

industry and biomedical area. For instance, gold nanopar-
ticles (AuNPs) have diverse applications in drug and gene
delivery, given their relatively good biocompatibility.®”
With an increasing ability to functionally control such
materials and an estimate of $2.6 trillion for the sales of
nanotechnology-associated products by 2014, a variety of
nanomaterials are being developed for consumer and
industrial application.>®
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organ to aerosolized NPs. The lung functions as a filter for
NPs and is more likely a potential site for NPs deposition.'?
Nowadays, exposure to NPs not only occurs in consumer
products, but also in the ambient air, for example, exposure
to titanium dioxide NPs occurs mostly in the workplace
during manufacturing process.'*'® Hence, occupational
health hazards of inhaled NPs are unavoidable."”
Knowledge on the amount of NPs that reach the lungs
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from inhalation is essential and this has led to toxicity stu-
dies using inhalation as the exposure route, since inhaled
NPs may pose potential pulmonary toxicity.'*"

Various in vitro studies have also revealed that AuNPs
are capable of generating oxidative stress in cells, resulting
in toxicity and accounting for the main cause of cellular
damage."”?*?! As nano-sized particles have higher reactiv-
ity, they are more likely to absorb endogenous substances,
induce DNA damage and generate reactive oxygen species
(ROS) that damage plasma membrane and evoke inflamma-
tory responses, potentially initiating a series of toxic
responses far from the initial site of deposition.”> Current
research suggests that exposure to NPs may impart various
levels of cytotoxicity, depending on the size of NPs and
route of exposure in the body."®

Metallothionein (MT) is an antioxidant with selective
affinity for divalent essential metals, such as zinc, copper
and non-essential metals such as mercury and cad-
mium.”?* MT has also been reported to bind Au following
intraperitoneal injection in rats.*> Since MT is a metal-
responsive gene, it is likely that exposure of cells to
AuNPs could modulate MT expression. We have also pre-
viously shown that AuNPs induce genomic instability,
DNA damage and autophagy concomitant with oxidative
stress in lung fibroblasts'>?**’ This present study evaluated
the toxic effects and modulation of MT expression due to
AuNP exposure in human small airway epithelial cells
(SAECs) in vitro. The results verified that AuNP induced
lipid peroxidative stress and exerted both genotoxic and
cytotoxic effects in SAECs. Differential modulation of the
MT isoforms was observed when the MT isoforms were
compared in SAECs as well as MRC5 lung fibroblasts fol-
lowing AuNP treatment.

Materials and methods
Cell culture

Primary human SAECs were cultured in small airway cells
growth medium (SAGM). MRC5 lung fibroblasts were cul-
tured in Roswell Park Memorial Institute medium (RPMI
1640) supplemented with 10% heat-inactivated fetal bovine
serum (FBS). All the cultured cells were maintained in a
37°C with 5% CO, incubator.

AuNP synthesis and characterization

AuNPs of 20nm in diameter were synthesized using the
method of citrate reduction of gold salts as previously
described.” The citrate buffer was removed and AuNPs
were coated with FBS before washed and reconstituted in
phosphate-buffered saline (PBS). AuNPs were character-
ized by transmission electron microscopy (TEM) imaging
using a Philips CM300FEG system and dynamic light scat-
tering (Malvern Zetasizer Nano ZS).

AuNP treatment

As-synthesized AuNPs were purified via centrifugation to
remove the excess citrate buffer and subsequently coated
with FBS. The FBS-coated AuNPs were washed and recon-
stituted in PBS and finally sterile filtered. For the treatment,

cells were seeded in six-well cell culture plates with each
well containing 2.5 x 10° cells and 1nmol/L AuNPs in
growth media was added to the culture plates the following
day (the dose was optimized from the lactate dehydrogen-
ase (LDH) assay and previous studies).'*?*%

LDH assay

The Roche Cytotoxicity Detection Kit was used to quantify
AuNP-mediated cytotoxicity by measuring the amount of
LDH released from the cytosol of damaged SAECs. Briefly,
5000 SAECs per well were seeded into 96-well plate for 24 h.
Subsequently, the medium was removed and replaced with
200 pL of medium in each well containing 0, 0.25, 0.5, 0.75, 1
and 2nmol/L of AuNPs. After 72h incubation, 100 puL. of
supernatant were removed and transferred to a new plate.
100 puL of reaction mixture (consisting of a catalyst and dye
solution) were then added. After 30 min of incubation at
room temperature, the LDH activity in the supernatant
was quantified using a Tecan Genios MicroPlate reader at
490nm wavelength. The experiments were performed in
triplicates.

TEM and energy-dispersive X-ray (EDX) microanalysis

SAECs and MRCS5 fibroblasts were seeded onto four-cham-
bered coverglass (Lab-Tek™ Chambered Coverglass) and
the cells were subjected to 2.5% glutaraldehyde (GA) fix-
ation for 1h before post-fixation using 1% osmium tetrox-
ide. Dehydration with ascending percentage of alcohol was
performed before embedding the samples in araldite.
Ultrathin sections were cut and were post-doubly stained
with uranyl acetate and lead citrate. Sections were viewed
using an Olympus EM208S transmission electron micro-
scope. Elemental analysis was performed under a CM120
BioTWIN electron microscope coupled with a Philips
EDAX microanalysis system.

Lipid hydroperoxide (LPO) assay

SAECs were trypsinized and centrifuged at 1000 rotations
per minute (rpm) for 5min. 600 uL. of millipore water were
added to the pellet and sonicated on ice at 50 amplitude for
40 s with manual pulsing every 10s using VibracellTM ultra-
sonic processor (Sonics & Material, CT). LPOs were extracted
in chloroform and quantified using Lipid Hydroperoxide
Assay Kit (Cayman Chemical Company, MI). Lipid peroxide
extraction from sonicated samples using chloroform was
done following the manufacturer’s instructions. After add-
ition of the chromogen for color development, the samples
were aliquoted onto 96-well glass plate and readings were
taken in a multi-well plate spectrophotometer.

Alkaline single-cell gel electrophoresis (comet assay)

The SAECs were first embedded in 0.8% low melting agar-
ose (Pronadisa, Spain) on comet slides (Trevigen, MD) and
lysed in cold lysis solution (2.5mol/L NaCl, 0.1 mol/L
EDTA, 10 mmol/L Tris base, pH 10) containing 1% Triton
X (Trevigen) at 4°C for 1 h. SAECs were denaturated in alka-
line buffer (0.3 mol/L NaCl, 1 mmol/L EDTA) for 40 min in
the absence of light at room temperature. Electrophoresis at



25V and 300 mA was performed for 20 min. The slides were
then immersed in neutralization buffer (0.5 mol/L Tris-HC],
pH 7.5) for 15 min. Dehydration was achieved using 70%
ethanol. Subsequently, the slides were air-dried before
stained with SYBR green dye. The tail moments of the
SAECs nuclei were measured as an indication of DNA
damage. One hundred comets were analyzed per concen-
tration and this was done by using comet imager v1.2 soft-
ware (Metasystems GmbH).

Trypan blue cell viability counting

50 pL of trypsinized cell suspension were added into 50 uL
of 0.4% Trypan blue stain (1 :1 dilution) and mixed well.
10 pL of stained cell suspension were filled to a hemocyt-
ometer for cell counting. Under a light microscope, the
number of non-viable cells that were stained blue and
viable cells that excluded the dye was scored separately.
The number of non-viable cells was calculated by multiply-
ing the total number of Trypan blue stained cells by two (the
dilution factor for Trypan blue).

Real-time RT-PCR

RNeasy Mini Kit (QIAGEN, Germany) was used to isolate
total RNA and purity was measured using NanoDrop®
ND-1000 Spectrophometer (Thermo Fisher Scientific, MA)
at absorbance reading of 260 and 280nm wavelength.
Cultured monolayers of SAECs and MRC5 cells were
lysed, followed by addition of equal volume of 70% ethanol.
Samples were then transferred into an RNeasy MinElute
Spin Column and centrifuged for 15s at 13,200 rpm.
Samples were subjected to washing steps using RWI and
RPE, followed by RNase-free water to elute the RNA. Super
ScriptTM III First-Strand Synthesis System for reverse tran-
scription-polymerase  chain reaction (RT-PCR) kit
(Invitrogen, CA) was used for complementary DNA
(cDNA) conversion according to manufacturer’s
instructions.

The sequences for MT isoforms primers used in this
study were adapted from Mididoddi et al.*® cDNA was
mixed with the SYBR Green PCR Master Mix (Applied
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Biosystems, CA) and run by a 7900HT Fast Real-Time
PCR machine (Applied Biosystems). The thermal profile
was set as 95°C, 205s; 95°C, 1s followed by 60°C, 20s for
40 cycles. The Ct values were normalized to an endogenous
housekeeping gene (glyceraldehyde 3-phosphate dehydro-
genase [GAPDH]) where ACt= Ctsmple — Ctgarpn. The
average values of the ACt of the samples were then used
to calculate the AACt value (AACt = ACtieated — ACleontrol)-
The fold change in expression for each gene of the samples
was calculated by 2744,

Statistical analysis

Values for all experiments are expressed as mean =+ stand-
ard error (SEM) of three independent experiments. The data
were analyzed using Student’s t-test and one-way analysis
of variance (ANOVA) coupled with Tukey post test (Graph
Pad Prism Version 5.0 software). P < 0.05 was reported stat-
istically significant.

Results
Characteristics of synthesized AuNPs

As characterized by TEM and dynamic light scattering, the
mean particle diameter of AuNPs was found to be 22.95nm
in solution, and the size distribution was within 15% of the
mean diameter (Figure 1). It was observed that AuNPs
induced significant cellular release of LDH at 1 and
2nmol/L concentrations, indicating cell damage and tox-
icity (Figure 2). After optimization, 1 nmol/L of AuNPs
was selected to treat the cells for further experiment since
this dose had been used in our previous studies.”®* The
1nmol/L AuNP concentration used in this study is equiva-
lent to 48.65 ng/mL and falls within the range of AuNP
concentrations that are utilized for nanotoxicity studies
(as summarized in the review by Khlebtsov and Dykman'?).

Cellular uptake of AuNPs in SAECs

AuNP agglomerates were found clustered within cytoplas-
mic vesicles of SAECs as dense, dark spherical deposits
(Figure 2a). EDX analysis verified that the electron dense
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(a) Representative transmission micrograph of synthesized AuNPs (with inset showing size distribution of AUNPs from dynamic light scattering). (b) LDH

assay was used to determine cytotoxicity of SAECs treated with a range of dose with AuNPs. All the experiments were conducted in triplicates. Error bars = SEM;

*P < 0.05; **P < 0.01. AuNPs: gold nanoparticles; LDH: lactate dehydrogenase
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Figure 2 Ultrastructural localization of AuNPs in SAECs by TEM. (a) Micrograph showing the deposition of AUNPs as electron dense deposits (indicated by arrow) in
the cytoplasm 72 h after exposure to AuNPs. Scale bar: 1 um. (b) EDX spectrum showing the presence of Au in SAECs as two sharp peaks at 2.121 and 9.712keV.
AuNPs: gold nanoparticles; EDX: energy-dispersive X-ray; SAECs: small airway epithelial cells; TEM: transmission electron microscopy
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Figure 3 Lipid peroxidative stress in SAECs following exposure to 1 nmol/L
AuNPs. A significantly higher level of LPOs was observed in AuUNP-treated SAECs
when compared with control cells. AUNPs: gold nanoparticles; SAECs: small
airway epithelial cells; LPO: lipid hydroperoxide

Control

aggregates are AuNPs as depicted by the presence of two
peaks that represent the gold M and L shells with a peak
over background (P/B) ratio of 59.80 (Figure 2b). The
copper peaks observed were due to the use of copper
grids for sample mounting while the osmium peak was
attributed to the use of osmium tetroxide during sample
preparation.

Oxidative stress generated in SAECs after AUNP
exposure

LPO is an established marker of oxidative stress.”” There
was a significant increase of the LPO content as observed
in SAECs after 72h of 1nmol/L AuNP exposure compared
with the unexposed cells (Figure 3). This provides evidence
that AuNPs were able to induce oxidative stress in SAECs.

Genotoxic and cytotoxic response in SAECs following
AuNP exposure

The in vitro comet assay revealed heightened oxidative
stress-induced DNA fragmentation after 72h AuNP

exposure (Figure 4a). Tail moment, which refers to the per-
centage of DNA present in the tail multiplied by the length
between the center part of head and tail,* was significantly
greater in 1 nmol/L AuNP-treated SAECs, indicating that a
larger extent of DNA fragmentation incurred in AuNP-trea-
ted cells. Following these observations, trypan blue assay
showed increased cell death in SAECs in response to oxi-
dative stress (Figure 4b).

Modulation of MT isoforms following exposure to
AuNPs in lung cell lines

Human MT genes are clustered on a single locus on
chromosome 16 (16q13)>! which encodes the 10 functional
isoforms of MT genes MT-1A, 1B, 1E, 1F, 1G, 1H, 1X, 2A, 3
and 4. As the MT-1 and -2 proteins are ubiquitous in tissues
while MT-3 was found to be most prominent in the brain
and MT-4 in stratified squamous epithelial cells,”**** only
the expression of functional MT-1 and MT-2 gene isoforms
were assessed initially in SAECs lung epithelial cells
(Figure 5a). The MT-1X gene (which was the most abundant
isoform) expressed by SAECs was significantly down-
regulated following exposure to 1nmol/L AuNPs
(Figure 5b). Since AuNPs were previously shown to
increase oxidative stress in the same experimental setting
in MRC5 lung fibroblasts,?® we also compared the MT iso-
forms in both lung cell lines following AuNP exposure.
MT-1A, 1 E, 1X and 2A mRNA levels were detected in
the control MRC5 lung fibroblasts (Figure 6a) and a signifi-
cant increase in the MT-2 A and MT-1X mRNA transcripts
was observed in AuNP-treated lung fibroblasts in compari-
son with untreated fibroblasts (Figure 6c).

Discussion

In this study, AuNPs were found to be taken up by the small
airway cells as verified by ultrastructural observation and
elemental profiling. Since AuNPs were found to be isolated



in cytoplasmic vesicles, it is likely that the AuNPs were
internalized via endocytosis.>>™® The phenomenon of cel-
lular agglomeration of AuNPs could be due to the outer
coating of NPs with serum.* Agglomeration is also likely
to occur in the majority of engineered NPs due to inherent
properties such as high surface activity®® and high

diffusivity.*'*?
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Figure 4 Genotoxic and cytotoxic effects in AuNP-treated SAECs. (a) Comet
assay. Cells were treated for 72 h in 1 nmol/L AuNPs and subsequently run on
alkaline electrophoresis and stained in SYBR green which visualizes the comet
“tail”’, the length of which is an indicator of DNA damage. Analysis of 100 cells
per treatment was performed. Control cells (upper right insert) showed little to no
tail. AuNP-treated cells (bottom right insert) display a comparatively longer tail,
indicative of the presence of higher DNA damage. (b) Viability of SAECs was
determined by 0.4% Trypan blue dye exclusion assay following 72 h of 1 nmol/L
AuNP exposure. All the experiments were conducted in triplicates. Error
bars = SEM; *P < 0.05. AuNPs: gold nanoparticles; SAECs: small airway epithe-
lial cells; SEM: standard error mean (A color version of this figure is available in
the online journal)
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When SAECs were treated with 1 nmol/L AulNPs, there
was an increase in cellular damage concomitant with lipid
peroxidation. This phenomenon is similar to our previous
study where we observed an increased oxidative stress
accompanied by protective effects of antioxidants upon
AuNP exposure in MRC5 human lung fibroblasts.'*?
Oxidative stress due to the increase in ROS would cause
oxidative modification on biomolecules like proteins,
lipids and carbohydrates, and could lead to the loss of cell
function and eventual cell death. One of the common effects
from oxidative damage is the peroxidation of lipids. The
oxidation of phospholipids leads to the disruption of the
plasma membrane and eventually stimulating signaling
pathways for apoptosis.*® Using different types of
NPs,>**% our current study and other studies have
shown that oxidative stress is the major route for metal-
based NP-induced genotoxicity.®® In particular, we
observed significant DNA damage by the Comet Assay in
SAECs exposed to 1nmol/L of AuNPs showing the DNA
damaging potential of AuNPs. Other investigators have
also observed the presence of genotoxicity induced by
other types of NPs.>*4*->

MT is a multi-functional protein that confers cytoprotec-
tion in presence of cell insults.”* MT plays an important role
in detoxifying heavy metals and as scavengers of oxidative
free radicals.” In this study, we observed that exposure of
SAECs to 1nmol/L AuNPs led to down-regulation of the
MT-1X gene but up-regulation of the MT-2A and MT-1X
genes in the lung fibroblasts. These findings appear to sug-
gest that MT responses may be cell-type specific.'"”* This
could also possibly explain partially why AuNPs affect only
cell proliferation in MRC5 lung fibroblasts as reported in
our previous study?® but induce cell damage in SAECs.
Down-regulation of MTs has been reported to induce
growth arrest and apoptosis in cancer cells.””> MTs have
also been observed to prevent death in cardiac cells by
attenuating ER stress.”® In vivo experiments have revealed
that MT is most effective in the quenching of free radicals as
compared with other sulfhydryl molecules with MT-2 being
six-fold more effective in scavenging free radicals
than MT-1."” The same study also demonstrated that MTs
and MT-like proteins isolated from mouse brains could
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Figure 5 MT expression in control and AuNP-treated SAECs. (a) Bar chart of MT isoforms that was present endogenously in SAECs. (b) Significant difference in fold
change of the MT-1X gene in SAECs was observed after treatment with 1 nmol/L AuNPs. Error bars = SEM; *P < 0.05. AuNPs: gold nanoparticles; MT: metallothionein;

SAECs: small airway epithelial cells; SEM: standard error mean
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Figure 6 MT expression in control and AuNP-treated MRC lung fibroblasts. (a) Mircograph showing deposition of AuNPs (indicated by arrows) in MRCS5 cells. Scale
bar=2um. (b) Bar chart of MT isoforms endogenously expressed in MRC5 cells, with MT-2 A showing the highest expression. (c) Significant up-regulation of MT-2 A
and MT-1X after exposure to 1 nmol/L AuNPs. All the experiments were conducted in triplicates. Error bars = SEM; “P < 0.05. AuNPs: gold nanoparticles; MT:
metallothionein; SEM: standard error mean.
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