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Abstract In recent years, the introduction of innovative
low-cost and large-scale processes for the synthesis of
engineered nanoparticles with at least one dimension
less than 100 nm has led to countless useful and exten-
sive applications. In this context, gold nanoparticles
stimulated a growing interest, due to their peculiar char-
acteristics such as ease of synthesis, chemical stability

and optical properties. This stirred the development of
numerous applications especially in the biomedical
field. Exposure of manufacturers and consumers to in-
dustrial products containing nanoparticles poses a po-
tential risk to human health and the environment. De-
spite this, the precise mechanisms of nanomaterial tox-
icity have not yet been fully elucidated. It is well known
that the three main routes of exposure to nanomaterials
are by inhalation, ingestion and through the skin, with
inhalation being the most common route of exposure to
NPs in the workplace. To provide a complete picture of
the impact of inhaled gold nanoparticles on human
health, in this article, we review the current knowledge
about the physico-chemical characteristics of this
nanomaterial, in the size range of 1–100 nm, and its
toxicity for pulmonary structures both in vitro and
in vivo. Studies comparing the toxic effect of NPs larger
than 100 nm (up to 250 nm) are also discussed.
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Introduction

Nanotechnology enabled the development of
engineered materials at the nanometre scale with specif-
ic properties related to their size, morphology and sur-
face reactivity. Due to their peculiar physico-chemical
characteristics, nanoparticles raised great interest for
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their potential applications both in consumer products
and in the biomedical field. Gold nanoparticles (AuNPs)
are attractive in several areas such as electronics, sensors
(Han et al. 2015a), solar cells (Chen et al. 2015) and
catalysis (Nita et al. 2016). They are also used in cos-
metics and as dietary supplements.

According to the inventory of the Woodrow Wilson
International Center for Scholars, products containing
AuNPs rank sixth among nanotechnology consumer
products (Vance et al. 2015). In particular, the increased
interest in AuNP biomedical applications is due to their
interesting optical properties derived from their unique
interaction with light. The conduction electrons present
on the surface of AuNPs are mobile and create oscillations
that propagate as waves, called surface plasmons. When
the wave vector of incident light is coupled with the wave
vector of the surface plasmons, a collective coherent
oscillation of conduction electrons occurs, called surface
plasmon resonance (SPR). The plasmon resonance can
either radiate light, a process used in optical and imaging
fields, or it can be absorbed and converted to heat, a
phenomenon used in photothermal cancer therapy
(Bodelón et al. 2017). All these properties, together with
easy surface functionalisation, makeAuNPs versatile plat-
forms for diagnosis, therapy, drug delivery and tissue
engineering. Recently, in order to reduce the risk associ-
ated with systemic exposure, the use of inhaled AuNPs as
drug carrier and radiosensitiser (Hamzawy et al. 2017;
Hao et al. 2015) has been investigated.

The increasing use of AuNPs in industrial processes
and biomedical research involves the exposure of a
higher number of workers. Although no exact data are
available on the number of workers exposed to NPs, in
2012, the European Commission declared about
400,000 workers involved in the nanotechnology sector
in the EuropeanUnion alone (EEC 2012), with 6million
workers estimated to be potentially exposed in 2020
(Roco 2011). Research laboratories using engineered
nanomaterials (ENMs) represent the workplaces with
the highest potential exposure (NIOSH 2012). Worker
exposure to AuNPsmight occur during production (syn-
thesis, harvesting, dumping, mixing, reactor cleaning,
transferring), preparation of suspensions or incorpora-
tion into products.

Due to the growing number of workers exposed to
NPs, measurement strategies, techniques and methods
to evaluate exposure in workplaces have been devel-
oped (Brenner et al. 2016; Garcia et al. 2017; Asbach
et al. 2017).

Currently, there are no occupational exposure stan-
dards for NPs. Moreover, the choice of the most appro-
priate metric to evaluate exposure levels to NPs is still
widely debated and complicated due to their high num-
bers and negligible masses. The US National Institute
for Occupational Safety and Health (NIOSH) proposed
particle number concentration as an alternative metric to
the traditional mass concentration (Methner et al. 2010).

Several unofficial occupational exposure limits
(OELs) have been recommended by national organisa-
tions in the UK, Germany, the Netherlands, the USA
and Australia. These organisations categorised NPs into
five groups: insoluble fibre-like NPs with high aspect
ratio; biopersistent NPs with density lower than
6000 kg/m3; biopersistent NPs with density higher than
6000 kg/m3; NPs already classified in their larger size as
carcinogenetic, mutagenic, asthmagenic or reproductive
toxin; and soluble NPs. Cerium oxide, gold, iron, iron
oxide, silver, cobalt, lanthane, lead and antimony oxide
belong to the third group. For NPs in this group, which
includes AuNPs, an OEL equal to 2 × 104 particles/cm3

has been proposed by the UK, Germany and the Neth-
erlands (van Broekhuizen et al. 2012).

Very few data are available on AuNP exposure in the
workplaces. Zimmermann et al. (2012) showed that
AuNP release can occur during the maintenance and
the cleanout of deposition equipment. In a case study
on AuNP exposure assessment in a pilot-scale facility,
the authors measured particle emission during the prep-
aration and the synthesis and post-synthesis phases of
14 nm AuNPs, using a combination of particle number
concentration counters and filter-based air sampling for
particle characterisation. They found a significant in-
crease of particle number concentration up to
10,295 particles/cm3 compared to background, below
the proposed OEL for AuNPs, in the size range between
7 and 300 nm during the synthesis phase, with a peak in
the range 7–35 nm (OECD 2016a). This does not mean
that exposure to AuNPs of workers, engaged in indus-
trial processes or laboratory activities, is not a potential
health risk. In fact, they are subjected to repeated expo-
sures that may involve a risk, especially for workers
with lung and cardiovascular diseases, as already
highlighted for exposure to airborne ultrafine particles
(Miller et al. 2012).

Inhalation is one of the main routes of exposure to
NPs and many studies showed how NP exposure may
impact on pulmonary response; however, only few in-
vestigations on pulmonary toxicity of AuNPs have been
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performed. In particular, several toxicological studies
and biodistribution of AuNPs after intravenous, oral
and peritoneal administration are available in the litera-
ture (De Jong et al. 2008; Balasubramanian et al. 2010;
Zhang et al. 2010; Schleh et al. 2012; Rambanapasi et al.
2016), while there is a lack of information about inha-
lation toxicity, especially as in vivo studies. Most of
these investigations have used intratracheal instillation
to deliver AuNPs to the lung and very few studies have
been performed with a whole-body inhalation chamber
(Semmler-Behnke et al. 2008; Jacobsen et al. 2009;
Sadauskas e t a l . 2009; Lipka et a l . 2010;
Balasubramanian et al. 2013; Han et al. 2015b; Sung
et al. 2011).

In this manuscript, we illustrate the state of the art on
AuNP in vitro and in vivo toxicity due to inhalation
exposure. We also review the principal methods for
AuNP synthesis and surface functionalisation and the
most important shapes and types of functionalisation
used in consumer products and in biomedical research,
as well as the principal techniques used to determine
their physico-chemical properties. The aim of this re-
view is to analyse in-depth the literature available to
detect strengths and possible deficiencies to identify one
or more ideal approaches for the risk assessment of
inhalation exposure to AuNPs.

Gold nanoparticle synthesis, shape
and functionalisation

Gold nanoparticle synthesis and nanoparticle solution
stabilisation

The methods for AuNP synthesis can be divided into
physical, chemical and biological. The physical method
consists in laser ablation of a solid target placed in a
liquid medium (Sylvestre et al. 2004), whereas chemical
synthesis of metal NPs consists in the reduction of metal
salts. The most used chemical methods to synthesise
AuNPs are due to Turkevich et al. (1951) and Brust
et al. (1994). Using the Turkevich method, AuNP-
stabilised suspensions of negatively charged and spher-
ical shape with sizes between 15 and 100 nm are syn-
thesised, depending on the ratio of sodium citrate to Au.
As sodium citrate concentration increases, the AuNP
diameter decreases (Nicol et al. 2015). The Brust-
Schiffrin method is used to synthetise thiolate-

stabilised AuNPs with diameter less than 5 nm (Zhao
et al. 2013).

For the biological synthesis, several procedures are
available to produce NPs with different sizes, shapes
and surface properties (Zhao et al. 2013). The synthesis
consists in the incubation, in an appropriate medium, of
metal salt solution with a biological agent, as reducing
agent. The biological agent used is part of a bacterial,
fungal, viral or plant system, like enzymes, biomole-
cules, terpenoids, phenols and alkaloids. Plants or algae
are the most used systems for the production of NPs
because they are efficient, safer and less time-
consuming (Chugh et al. 2018). Shape, size and prop-
erties of NPs can be modified by altering pH, tempera-
ture, pressure, time and biological reducing agent
(Chugh et al. 2018). The main advantage of green
synthesis is the production of pure NPs, whereas NPs
obtained by chemical methods are contaminated by
products used during the process. Once the NP synthesis
process is complete, it is necessary to perform a
stabilisation step of the obtained NP solution, with a
dispersant layer of appropriate thickness. This is needed
in order to avoid agglomeration and aggregation phe-
nomena and to allow their effective application in var-
ious fields. Two methods can be used to stabilise the
solution: electrostatic stabilisation, leveraging the same
charge on the NP surface, causing the repulsion of
particles; or steric stabilisation, using a polymeric coat-
ing that does not allow the NPs to reach the minimum
distance for which the van der Waal forces can cause
their aggregation.

Shape of gold nanoparticles in biomedical applications

The shape and size of AuNPs can be finely tuned and
easily controlled during the synthesis process in the
range 1–150 nm in order to obtain NPs with specific
chemical, electrical and optical properties (Jain et al.
2008) used in different fields of nanotechnology
applications.

AuNPs with different shapes, as nanospheres, nano-
rods, nanostars, nanocages, nanoshells, hollow nano-
shells and nanomatryoshkas, have been synthetised
(Fig. 1).

Each of these shapes exhibits a specific maximum
excitation of surface electrons and a unique conversion
efficiency of light to heat, depending on size and aggre-
gation state. Au nanorods are particles with a cylindrical
shape and a length to diameter ratio (aspect ratio) greater
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than 1. The sizes of nanorods have a strong influence on
the scattering efficiency of NPs because the longitudinal
SPR along the long axis of these NPs depends strongly
on aspect ratio. It has been shown (Lohse and Murphy
2013) that larger Au nanorods scatter light more effi-
ciently at longitudinal SPR than smaller Au nanorods.
As a result, larger Au nanorods can find better applica-
tions in the field of optical imaging, whereas smaller Au
nanorods can be used in photothermal therapy due to
their higher absorption efficiency (Lohse and Murphy
2013). Au nanostars exhibit a spherical core with mul-
tiple sharp edges. These protruding tips allow to obtain a
red shift in the absorption spectra of AuNPs, used in
photothermal therapy (Vines et al. 2019). Au nanocages
are nanostructures that exhibit hollow interiors or po-
rous walls. Due to this morphology, these NPs have
gained an increasing interest in biomedical applications,
as this morphology allows to load drugs and theranostic
agents in the cavity of NPs (Kohout et al. 2018). Au
nanoshells have a layer of gold surrounding a core made
of silica that causes a red shift of the characteristic
plasmon absorption spectrum of gold to the NIR region
of the electromagnetic spectrum. The plasmon reso-
nance frequency is tunable by altering the core to shell
ratio. These NPs are biologically non-reactive, particu-
larly if coated with a layer of polyethylene glycol (PEG).
Au hollow nanoshells show a thin outer Au shell and a

hollow core, used for drug delivery (Vines et al. 2019).
Au nanomatryoshkas have a gold core coupled to a thin
silica shell with a gold epilayer around them. In this
way, a strong coupling between the plasmons of the
gold core and the shell is established, which makes the
AuNPs intensely photothermically activable. Their plas-
mon resonance is tunable to NIR wavelengths by alter-
ing the relative thicknesses of the core, the shell and the
epilayer (Kaur et al. 2016).

Functionalisation of gold nanoparticles

The biomedical applications of AuNPs require a modi-
fication of their surface to achieve high efficiency and
limit the treatment toxicity. AuNPs possess tunable
surface chemistry so that several functional groups can
be conjugated on their surface. Taking advantage of the
ability of AuNP to bind thiol and amine groups, together
with SPR, their surface can be modified in order to
enhance cellular uptake and achieve more targeted ther-
apy (Nicol et al. 2015; Vines et al. 2019). By replacing
the stabilising surfactant surrounding AuNP surface
with PEG, a long circulation can be achieved (Choi
et al. 2003). Several functionalised groups can be at-
tached to NPs, including low molecular weight ligands,
peptides, proteins, polysaccharides, polyunsaturated
and saturated fatty acids, DNA, antibodies, plasmids

Fig. 1 Schematic representation
of different shapes of AuNPs
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and siRNA. For conjugation of antibodies or
functionalised groups to AuNPs, both covalent and
non-covalent immobilisation modes can be used
(Fig. 2). These techniques take advantage of the physi-
cal and chemical interactions between AuNPs and anti-
bodies or other molecules. The non-covalent mode is
based on two types of physical interactions: the electro-
static attraction between positively charged groups in
antibodies and the AuNP negatively charged surface
and the hydrophobic attraction between the AuNP sur-
face and the antibody. The main limitations of this
method are that it is suitable only for appropriately
charged ligands, and the binding is influenced by pH
changes (Nicol et al. 2015). The covalent mode is based
on the dative binding between the Au conducting elec-
trons and amino acid sulphur atoms of the antibody and
the chemical interactions between antibodies and
AuNPs. These interactions are achieved by chemisorp-
tion via thiol derivatives, through the use of bifunctional
linkers and through the use of adapter molecules like
avidin and biotin (Jazayeri et al. 2016; Kumar et al.
2008). Using these techniques, AuNPs can be co-
functionalised with different ligands in the form of
mixed monolayer like PEG and peptides, PEG and
fluorescing dye, or PEG and heavy metal atoms
(Kumar et al. 2012; Huang et al. 2010; Kirui et al.

2010). An alternative approach to attach a ligand on
AuNP surface consists in the use of a linker molecule,
like a polymer chain, in order to achieve AuNP stability.
At the other end of the chain, the functional ligand is
attached and it is available for biological interaction
(Nicol et al. 2015).

Characterisation of gold nanoparticles

The increasing number of NP-based products is a matter
of concern among the scientific community and inter-
national bodies, such as the Organisation for Economic
Co-operation and Development (OECD), European
Food Safety Authority (EFSA) and Scientific Commit-
tee on Emerging and Newly Identified Health Risks
(SCENIHR), due to the potential human health effects
of NPs, related to their increased surface chemical reac-
tivity. Although the mechanisms underlying NP toxicity
have not yet been fully elucidated, regarding AuNPs,
toxicological data point out that the main characteristics
involved in AuNP toxicity mechanisms are primary
size, shape, specific surface area, surface charge and
surface chemistry. As expected, the size plays an impor-
tant role in the cellular uptake process (Chithrani et al.
2006; Arnida et al. 2010). The major pathway for cel-
lular uptake of most AuNPs is receptor-mediated or
absorptive endocytosis. This mechanism is probably
enabled by the protein layer that coats the NP surface
in the presence of biological fluids: the protein corona
(Chithrani et al. 2006; Arnida et al. 2010; Chithrani et al.
2010; Chithrani 2010; Ng et al. 2015). However, AuNPs
smaller than 10 nm pass into cells directly through the
cell membrane and enter the cell nucleus probably be-
cause they can pass through the nuclear pores (Chithrani
et al. 2006; Huo et al. 2014; Pan et al. 2007). Also,
in vivo, a size-dependent effect on the translocation of
AuNPs to other parts of the body has been observed
(Sonavane et al. 2008; Hirn et al. 2011). Chithrani et al.
(2006) showed that single AuNPs of 50 nm enter cells
more efficiently than 14 nm AuNPs of the same chem-
ical composition. It is difficult to draw meaningful con-
clusions about the relationship between size and cyto-
toxicity as several studies showed a size-dependent
toxicity effect of AuNPs (Pan et al. 2007; Senut et al.
2016), while others consider more important the contri-
bution of concentration, surface modification or shape
(Chithrani et al. 2006; Mironava et al. 2010; Pan et al.
2009; Wang et al. 2013). Chithrani et al. (2006) have

Fig. 2 Non-covalent and covalent conjugation modes of antibod-
ies to AuNPs: schematic representation
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shown a role of NP shape and surface chemistry in
cellular uptake and cytotoxicity induction. Spherical
AuNPs with size between 10 and 100 nm showed higher
cellular uptake than Au nanorods in the same size range.
Moreover, rod-shaped AuNPs with aspect ratio (1:3)
showed cellular uptake greater than NPs with aspect
ratio (1:5) (Chithrani et al. 2006). Wang et al. (2013)
compared the in vitro and in vivo capabilities of Au
nanohexapods, nanorods and nanocages for
photothermal cancer treatment and found that Au
nanohexapods exhibit the highest cellular uptake and
the lowest cytotoxicity in vitro. Wang et al. (2016)
analysed the impact of AuNP shape on the cytotoxicity
induction in a zebrafish model showing that spherical
particles are more toxic than rod- and polyhedron-
shapedNPs. In contrast, Karakoçak et al. (2016) showed
that nanorods are more cytotoxic than spherical NPs in a
retinal pigment epithelial (ARPE-19) cell line. Finally,
Wan et al. (2015) demonstrated that NP cytotoxic effect
is related to their surface chemistry but not to their
aspect ratio, whereas Qiu et al. (2010) did not exclude
a role to this characteristic. Surface charge also plays an
important role in NP cellular uptake due to the electro-
static interactions between the negatively charged cell
membrane glycoproteins and the NPs. An uptake mech-
anism different from endocytosis has been demonstrated
for ligand-free positively charged AuNPs, and diffusion
has been proposed as a possible entry pathway (Taylor
et al. 2010). It has been demonstrated that the uptake
efficiency of the positively charged AuNPs is greater
than the neutral or negatively charged ones (Hauck et al.
2008; Alkilany et al. 2009; Cho et al. 2009; Liang et al.
2010; Liu et al. 2013). Moreover, the cells take up
negatively charged AuNPs with greater efficiency than
the neutral AuNPs, most probably because of a better
binding with membrane surface proteins (Liang et al.
2010). Positively charged AuNPs not only penetrate
more effectively the cell membrane but also show
higher toxicity compared to negatively NPs (Liu et al.
2013). Finally, it has been shown that the charge of
AuNPs plays a greater role in the uptake of AuNPs with
respect to their size (Liang et al. 2010). All these data
available in the literature show that numerous physico-
chemical properties of NPs are simultaneously involved
in NP–cell interactions. Therefore, it is essential to study
in-depth NP characteristics in order to identify and
clarify the mechanism of their potential toxicity.

NP characterisation is complex and the OECD and
other international bodies have provided a list of

analytical techniques to be used for each parameter of
interest in NP characterisation (OECD 2016b; ECHA
2017; EFSA 2018). Multiple techniques should be used
where possible in order to better understand NP proper-
ties and NP–cell interaction mechanisms. Examples of
analytical techniques for the most important character-
istics of NPs are shown in Table 1.

Two types of NP samples are used in the in vivo
study for inhalation exposure: NP suspensions and NP
aerosol. The principal techniques for the characterisa-
tion of AuNP powders and AuNP suspension as well as
AuNP aerosol are described below.

Principal techniques for the characterisation of AuNP
powders and suspensions

Size/size distribution evaluation

In recent years, various analytical techniques have been
developed for determining the size and size distribution
of ENMs, based on physical phenomena observed in
particle interaction or on nanometric scale forces. Since
there is no single analytical technique capable to deter-
mine the size distribution in the range 1–100 nm satis-
factorily, the Working Party of Manufactured
Nanomaterial of OECD, EFSA and other international
bodies declared that different techniques should be used
for NP size determination. The choice of technique
depends on the state in which ENMs occur, such as in
powder form, dispersed in a liquid or incorporated in a
solid material or in a matrix. One of the techniques used
to determine both size and size distribution and therefore
to identify the NPs in a consumer product must be
electron microscopy (EM), such as transmission elec-
tron microscopy (TEM) and scanning electron micros-
copy (SEM). The main advantage of EM consists in the
determination of size, shape and crystal structure of each
individual particle. Moreover, unlike other techniques, it
allows to characterise samples containing mixtures of
NPs with different sizes and shapes. Finally, if com-
bined with an energy-dispersive X-ray spectrometer, it
allows to determine ENM chemical composition (De
Berardis et al. 2010). The main limitation is that EM
does not permit a quantitative analysis of the sample and
requires long analysis times and experienced operators.
In addition, this technique requires sample preparations
to remove any solvent or liquid medium for NP disper-
sions leading to artefacts.
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Table 1 Examples of analytical techniques for the most important characteristics of NPs

NP properties Techniques/principles Main disadvantages Available guidancea

Size/size distribution SEM: secondary electrons
(SE) or backscattered
electrons (BSE) to form
NP image

High vacuum condition required
Conductive material coating required
Operator experience dependent
Long analysis times
Possible artefacts due to sample preparation

ISO/WD 19749
ISO 13322-1

TEM: transmitted electrons
through the sample to
form the image

High vacuum condition required
High voltage electron beam
Extremely thin sample to create image
Operator experience dependent
Long analysis times

ISO/WD 21363
ISO 13322-1

DLS: fluctuations in the
intensity of scattered
light caused by Brownian
motion of particles

Scattering intensity dependence by the
sixth power of the NP radius leading to
misleading results for suspension with
NPs of different sizes

Limitations in polydisperse suspensions
Assumption of spherical shape NPs
Misleading results for non-spherical NP

suspensions

ISO 22412

PTA: observation and
registration on a video
camera of light scattered
by single NPs or NP
agglomerates

Difficult detection of NPs smaller than 20 nm ISO 19430

Shape Analysis systems of SE
images obtained by SEM

Operator experience dependent
Long analysis times
Possible artefacts due to sample preparation

ISO/WD19749 ISO 13322-1

TEM: analysis systems of
image obtained by TEM

Extremely thin sample to create image
Operator experience dependent
Long analysis times

ISO/WD 21363
ISO 13322-1

Surface area BET: adsorption isotherm
theory to calculate
surface area

Dry solid sample required
Only for NPs that do not absorb gas
Limitation for porous NP application

ISO 9277
ISO 15901-2/−3 ISO 18757

Surface charge Zeta potential: electrophoretic
light scattering

Dependent on pH suspension
Particle concentration
Non-suitable for fluorescing samples

ISO 13099 series

Chemical composition EDX: characteristic X-ray
emitted by sample upon
interaction with an incident
electron beam

High vacuum condition required
Conductive material coating required
Semi-quantitative analysis
Detection of element with Z > 5
Thermal damage to the sample
Poor accuracy of semi-quantitative

analysis for element at low concentrations

ISO 22489

Surface chemistry XPS: kinetic energy
measurements of electrons
escaped from sample
surface upon incident
X-ray beam

High vacuum condition required
Suitable only for elemental composition

of a 0–10-nm surface layer
Long collection time of acquisition

ISO/TR 14187
ISO 18118

Raman: measurement of
vibrational energy levels
associated with the chemical
bonds in the sample

Interference of fluorescence
Extremely small cross section
Intense laser excitation
Large amount of sample to provide

sufficient signals

NA

SEM, scanning electron microscopy; TEM, transmission electron microscopy; DLS, dynamic light scattering; BET, Brunauer, Emmet and
Teller; EDX, energy-dispersive X-ray spectroscopy; XPS, X-ray photoelectron spectroscopy; NA, not available
a Guidance available on “Guidance on risk assessment of the application of nanoscience and nanotechnologies in the food and feed chain:
Part 1, human and animal health” (EFSA 2018)
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Other methods widely used to determine the size and
size distribution of NPs are based on laser light scatter-
ing techniques, such as dynamic light scattering (DLS)
or particle tracking analysis (PTA) (Calzolai et al.
2012). DLS enables a rapid in situ characterisation of
size and size distribution of particles dispersed in a
liquid, illuminating an optical cell containing a dilute
solution of particles with a laser light. The hydrodynam-
ic diameter is calculated by measuring fluctuations in
the intensity of scattered light caused by Brownian
motion. DLS also provides a number indicating the
polydispersity of the particle population, called polydis-
persity index (PDI). This technique is ideal for
monodispersed samples (PDI < 0.1) containing spheri-
cal particles. When particles with different sizes or non-
spherical particles are present in the sample, DLS can
give misleading results due to scattering intensity de-
pendence on the 6th power of radius (Calzolai et al.
2012) and on the assumption of spherical shape for the
determination of hydrodynamic diameter. In the case of
non-spherical particles, DLS cannot provide any reliable
measure of size without prior knowledge of particle
shape data that can only be determined by EM. The
PTA observes and records, on a highly sensitive video
camera, the rapid movement of each particle or aggre-
gate in a suspension illuminated by a laser source. The
hydrodynamic diameter of each particle is calculated
through the Stokes–Einstein equation. Unlike DLS,
PTA calculates particle size on a particle-by-particle
basis and is highly sensitive since it detects particles at
concentrations as low as 106 particles/cm3. The biggest
disadvantage of this technique is the limitation on the
lowest particle size that can be detected. As the light
scattering of particles in solutions depends not only on
the refractive indices of the material and liquid but also
on the particle size, it is difficult to detect particles
smaller than 20 nm, except for those with a high refrac-
tive index such as Au (Calzolai et al. 2012).

Shape evaluation

NP shape is variable, and to characterise this feature,
shape factors such as sphericity, circularity, aspect ratio,
convexity and fractal dimension are used (ECHA 2017).

Particle shape is usually determined by EM, the only
technique able to identify the presence of particles with
different morphologies in a sample. It includes many
qualitative and semi-quantitative techniques, based on
image-analysis systems to investigate the morphology

and the aggregation state. Two different morphologies
of commercial AuNPs (Nanocs Inc., USA) are shown in
Fig. 3: spherical (40 nm) and rod-like shape (10 ×
60 nm). NPs with irregular shape were observed in the
Au nanorod sample.

Specific surface area evaluation

The specific surface area is the area of the exposed
surface of a certain amount of material divided by its
mass. It plays an important role in the physical and
chemical interactions because molecules detached
from the surface or located at the surface of the ENMs
interact with the biological fluids and tissue. Jacobsen
et al. (2009) in a study on pulmonary toxicity of
intratracheally instilled AuNP in the lungs of mice re-
ported that NPs with high specific surface area exhibited
higher reactivity than particles with low specific surface
area. This characteristic determines the surface charge in
functionalised NPs and has direct consequences on NP
agglomeration and NP–cell interactions.

The most common technique for measurement of the
surface area of particles is by gas absorption measure-
ments using Brunauer, Emmet and Teller (BET) adsorp-
tion isotherm theory (Brunauer et al. 1938). Nitrogen is
the most used, but many other gases such as argon,
carbon dioxide or krypton are also employed. The main
disadvantages of this technique are in its application
only to dry ENMs and in the assumption of a
monodispersed spherical sample. Moreover, this tech-
nique is not optimal for porous NPs (OECD 2016b).

Surface charge evaluation

In order to determine the surface charge, the surface
potential is evaluated by measuring the zeta potential
(OECD 2016b; ECHA 2017; EFSA 2018). This is de-
fined as the potential difference between the NP disper-
sion medium and the stationary double ionic layer of
fluid attached to NPs. Measurement of zeta potential
gives information on the stability of NP suspension.
High positive (>+ 30 mV) or negative (<− 30 mV)
values of zeta potential indicate good physical stability
of NP suspension due to electrostatic repulsion of indi-
vidual particles, whereas low values can lead to NP
agglomeration and flocculation due to the van derWaals
attractive forces.
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Surface chemistry evaluation

The expression surface chemistry includes coatings,
functional groups and potential surface reactions of
NPs in different media. In most NP applications, it is
essential to control the surface chemistry of ENMs;
therefore, high sensitivity spectroscopic methods are
used and developed to characterise their surface chem-
istry in order to gain a better insight into the elemental
distribution, such as X-ray photoelectron spectroscopy
(XPS) and Raman spectroscopy.

XPS is an ultrahigh-vacuum surface analysis tech-
nique widely used for the analysis of chemical compo-
sition, chemical state and electronic state of the elements
on the surface material and for the determination of
contaminations or functional group on it. It is based on
the ejection of valence electrons (photoelectrons) by
atoms from the top 1–10 nm of the sample when a beam
of X-ray irradiates its surface. Since these photoelec-
trons have energies that are specific for the emitting
elements and sensitive for the chemical states of the
elements, the energies and the peak intensities in the
XPS spectrum give information on elemental composi-
tion and on chemical bonding identified on the sample
surface.

Raman spectroscopy is based on the detection of
radiation scattered from the molecules in a sample when
irradiated by a monochromatic light. This analytical
technique, providing a characteristic spectrum of the
specific vibrations of a molecule, allows the identifica-
tion of the substance (Smith and Dent 2005). Moreover,
it gives information on the structure of molecules and
how they interact with that surrounding. Raman

spectroscopy is a useful technique to describe the bind-
ing interactions of ligand-AuNPs since, unlike other
ENMs, AuNPs enhance vibrational Raman bands due
to surface plasmon effects (Smith and Dent 2005). XPS
and Raman spectroscopy were used to characterise the
surface of functionalised AuNPs (Debouttière et al.
2006; Techane et al. 2011; Lam et al. 2014).

Principal techniques for aerosol characterisation

The aerosol consists of airborne particles with dimen-
sions in the range 10−9 m to 100 μm (Kulkarni et al.
2012). Due to their different sizes, these particles behave
differently in the air because different physical laws
govern their motion. The inertia dominates the motion
of particles larger than 0.3–0.5 μm that is described by
aerodynamic equivalent diameter, while the Brownian
motion governs prevalently the motion of particles with
the size of a few nanometres. It is described by mobility
equivalent diameter, defined as the diameter of a spher-
ical particle with the same velocity (mobility) produced
by a unit external electrical force as the particle in
question (Kulkarni et al. 2012).

These principles are used in the various tools devel-
oped for aerosol characterisation.

There are two distinct categories of measurement
techniques to characterise the aerosol; the first is based
on the collection of aerosol particles on a substrate, and
the second is on in situ, near real-time measurement of
aerosol. The first approach allows a deep characterisa-
tion of aerosol to determine primary size, morphology,
agglomeration and chemical composition of NP sam-
pled in the aerosol. However, its main disadvantages

Fig. 3 TEM images of a spherical AuNPs and b Au nanorods

J Nanopart Res          (2020) 22:235 Page 9 of 41   235 



consist in that the collection processes may lead to
particle modification and the measurements are time-
averaged (Kulkarni et al. 2012). The second approach
allows amore limited degree of particle characterisation.
In studies to assess the in vivo inhalation toxicity, the
second approach is used because it is critical in real-time
monitoring of system exposure. The most important
characteristics of aerosol are the size distribution and
the particle number concentration.

The size distribution of aerosol used in studies to
assess the biodistribution of NPs after inhalation expo-
sure ranges between a few nanometres and 1 μm. Re-
cently, different sensors for size distribution evaluation
have been developed, based on the electrical mobility
determination. They consist of a corona charger, a mo-
bility classifier and a particle detector. The charged
aerosol, via ion–particle collisions by the corona char-
ger, passes into the coaxially cylindrical electrodes of
the electrical mobility classifier (Intra and Tippayawong
2007). An electric field, applied between the electrodes,
deflects the particles radially outward, and particles
having specific mobility are collected. The instrument
measures the currents corresponding to the number con-
centration of particles of a given mobility, related to
particle size. A data acquisition system processed the
signal currents and the particle mobility diameter is
calculated (Intra and Tippayawong 2007). One of the
most used aerosol sizer, based on the electrical mobility
measurement, is the scanning mobility particle sizer
(SMPS). It allows to determine the particle number
concentration in the range of 3–1000 nm separating
the particles from a polydisperse aerosol in narrow
intervals of sizes and counting the particles within that
size range by a detector (Flagan 2008). The SMPS scans
across a voltage range. For a given applied voltage,
particles with higher electrical mobility are collected
sooner than those with lower electrical mobility. The
smaller the particle diameter and the higher the number
of charges, the greater the electrical mobility. The in-
verse relationship between electrical mobility and parti-
cle size allows the determination of aerosol size distri-
bution (Flagan 2008). Therefore, for a given voltage,
only particles within a narrow range of electrical mobil-
ity diameter are transferred into the condensation parti-
cle counter (CPC), where the number concentration of
the particles is measured. The particle number concen-
tration that the SMPS can measure is approximately
104–109 particles/cm3 (Intra and Tippayawong 2007).
The software of these instruments allows to calculate the

surface area, volume and mass of the particles. The
major limitation of these techniques consists in the
assumption that all particles measured are spherical,
but some aerosols are composed of NP aggregates
showing the shape of chains (Shi et al. 2001). Therefore,
the electrical mobility analysis tools of this type of
aggregates can lead to an incorrect evaluation of these
parameters.

Another technique developed to measure the aerosol
size distribution is electrical low-pressure impactor
(ELPI). It consists of a low-pressure impactor and a
corona charger at the inlet of the ELPI to obtain charged
particles composing the aerosol. The low-pressure cas-
cade impactor classifies the particles according to their
aerodynamic diameters. Electrometers measure the cur-
rents induced by particles sampled on impaction stages
that are converted into the particle number concentration
(Ouf and Sillon 2009). ELPI allows not only to obtain
real-time measurements of aerosol size distribution, but
also to collect the particles for their morphological and
chemical analyses.

To measure total number particle concentration, dif-
ferent particle counters have been developed, such as
optical particle counter (OPC) and condensation particle
counter (CPC).

The principle of optical instruments for the measure-
ment of total number particle concentration is the detec-
tion of light scattered by individual particles as through
a focused beam of light (McMurry 2000). Particle num-
ber is determined by counting the pulses of scattered
light reaching the detector. Because the intensity of
scattered light is related to the size of the scattered
particle, this relationship can be used to determine par-
ticle size. In order to measure particles below 100 nm,
optical particle counters with high light intensity and
increased detector sensitivity have been developed.
However, they are not able to measure particles much
below 50 nm (Glantschnig and Chen 1981).

In order to measure number particle concentration of
smaller NPs, the CPCs, able to count smaller particles
down to 2 nm, have been developed. In these counters,
the particles are grown by condensation to a size of 10–
12 μm to allow their detection. The enlargement of size
of particles in the aerosol by condensation requires the
creation of a region of supersaturation in a condenser
where nucleation occurs (Hering and Stolzenburg
2005). When the aerosol becomes supersaturated, parti-
cles above a certain size grow into drops. Then the drops
are focused through a nozzle and are counted by a laser
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beam. Either the properties of the vapour and particles or
the supersaturation achieved determines the minimum
particle size detected by a CPC (Hämeri et al. 2002).
Because supersaturation is not the same for all particles,
the efficiency of the counter gradually decreases at
smaller sizes (Kulkarni et al. 2012).

Inhalation toxicity of gold nanoparticles

Due to the vast epithelial surface area of the lungs,
inhalation is considered the primary route of exposure
to NPs, especially at the workplace (Yokel and
Macphail 2011). The respiratory tract can be divided
into three regions: the nasal cavity, the airways (trachea,
bronchi and bronchioles) and the alveolar region where
the actual gas exchange occurs (Fytianos et al. 2016).
Organs and structures of the respiratory system are
shown in Fig. 4.

The tracheobronchiolar region consists of secretory
and ciliated epithelial cells. The former produce the
mucus, the latter clear the particles and pathogens that
have been trapped in the mucus and lead to particle
excretion through the mucociliary escalator. This prima-
ry defence system is particularly efficient for micron-
dimensioned (> 6 μm) particles, while smaller particles
have more chance to escape clearance (El-Sherbiny
et al. 2015).

So, inhaled NPs mainly deposit in the alveolar region
and reach the air–blood barrier. The surface of the
alveoli is composed of thin type I alveolar epithelial
cells, specialised for gas exchange with the underlying

endothelium at the air–blood barrier, and the surfactant
secreting epithelial type II alveolar cells that are able to
proliferate and differentiate into type I cells (Fröhlich
and Salar-Behzadi 2014). Type II cells are more abun-
dant, but type I cells constitute more than 95% of the
alveolar surface. Pulmonary surfactant is a lipid-rich
film spreading at the alveolar air–liquid interface. It is
composed of approximately 80% phospholipids, 10%
neutral lipids and 10% proteins. These proteins are the
first to come in contact with particles in the respiratory
tract and so they are probably among the most abundant
constituents of the inhaled particle protein corona, the
protein layer that NPs rapidly acquire upon contact with
biological fluids (Lundqvist et al. 2008; Marchetti et al.
2015). Surfactant proteins (SP)-B and SP-C contribute
to lower the surface tension together with the phospho-
lipids, while SP-A and SP-D are involved in lung de-
fence as components of the innate immune system (Jud
et al. 2013). Also, alveolar macrophages and dendritic
cells (DC) belong to the host defence system towards
potentially harmful inhaled particles and microbes. The
first can be found on the internal surfaces of the alveoli
(the alveolar ducts) and of the bronchioles; the second
have been described both in the conducting airways and
in the distal lung, acting as antigen-presenting cells
(Holt et al. 1990).

Inhaled particles deposit in the different regions ac-
cording to their size. In particular, NPs with a size range
of 5–100 nm are deposited mainly in the airways and in
the alveolar region (Oberdörster et al. 2005). From the
alveoli, NPs can diffuse to other organs translocating
through the extremely thin air–blood barrier. Therefore,

Fig. 4 Schematic representation
of the respiratory system
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it is extremely important to determine the adverse health
effects associated with inhalation of NPs. To this pur-
pose, both cellular and animal models have been used.
In vitro models of respiratory exposure offer a simpli-
fied approach in which it is possible to concentrate on a
few parameters at a time and enable researchers to
understand the interaction of ENMs with cells at the
molecular level. On the other hand, in vivo studies are
essential to investigate the possible toxic effects of
ENMs because they mimic, in a more realistic way,
the environmental, occupational or intended exposure
(Jud et al. 2013).

In this section, we will discuss recent results that
address the toxicity of gold nanoparticles, obtained
using in vitro or in vivo respiratory systems.

In vitro studies

For in vitro studies on respiratory exposure, bronchial
and alveolar cell lines (such as BEAS-B2, HBEC3-KT,
A549, MLE-12) are often preferred to primary cells
(NHBE), due to their easy and reproducible use as well
as their purity. MLE-12 mouse cells and, mainly, A549
human cells, are widely used as in vitro lung epithelial
cell models to assess drugs and airborne nanoparticle
toxicity in the lung: these cells have many features of
alveolar epithelial type II (ATII) cells (Foster et al.
1998) such as the ability to produce surfactant in certain
conditions (Wikenheiser et al. 1993; Lieber et al. 1976).
Surfactant protein–AuNP interaction largely affects the
biological properties of NPs (Saptarshi et al. 2013) and,
therefore, should be considered in all in vitro studies on
NP–lung interaction (Marchetti et al. 2015; Schleh et al.
2013b). BEAS-B2, HBEC3-KT and NHBE are human
bronchial epithelial cells. BEAS-2B, an SV40 large T-
antigen-immortalised human bronchial epithelial cell
line, has been extensively used in many experimental
contexts, such as the screening of chemical and biolog-
ical agents and respiratory injury tests. Advanced
in vitro systems that mimic the airway epithelial barrier
have also been successfully utilised to study AuNP
toxicity and will be described. Different endpoints have
been studied, such as cellular uptake, cytotoxicity, reac-
tive oxygen species (ROS) production and genotoxicity.

As far as uptake is concerned, it is particularly im-
portant to study the mechanisms used by different cells
to internalise NPs as it can influence their intracellular
and extracellular fate. As the results obtained on a
limited number of cell types cannot be generalised to

all cellular systems, it is indispensable to take into
consideration the specific cell type influence on the fate
of NPs when NPs are to be used in vivo. Furthermore,
genotoxicity is an important parameter to consider since
small AuNPs, once internalised, are able to enter the
nucleus (Huo et al. 2014) and, interactingwith DNA, are
likely to cause genotoxicity. Finally, it is well known
that metal NPs can induce oxidative stress (OS)
(Limbach et al. 2007). OS is the result of an imbalance
of the cellular redox potential, where reactive oxygen
species (ROS) are produced at an amount that the cel-
lular antioxidant systems are not capable to detoxify
(Limbach et al. 2007). As the ROS formation plays a
key role in the progression of inflammatory disorders
(Mittal et al. 2014), it is very important to measure also
this parameter.

Gold nanoparticle toxicity in bronchial cell models

Vetten et al. (2013) and Vetten and Gulumian (2019)
performed two different in vitro studies on the toxicity
of AuNPs on bronchial epithelial cells by using label-
free techniques such as cell impedance to analyse both
cell adhesion and viability, and dark field and
hyperspectral imaging to investigate uptake. The au-
thors characterised AuNP suspensions both in Milli-Q
H2O and in culture medium. In order to improve the
stability of suspensions, they centrifuged the nanoparti-
cles suspended in Milli-Q H2O and re-suspended them
in culture medium. However, the authors performed the
characterisation by TEM and DLS, determining primary
size and hydrodynamic diameter of NPs. In the first
research (Vetten et al. 2013), the cytotoxicity of AuNPs
stabilised with citrate (14 and 20 nm in diameter, 1–
5 nM) has been studied in BEAS-2B and in cells of
different origin (the Chinese hamster ovary cell line
CHO, and the human embryonic kidney cell line HEK
293) using both conventional and label-free methodol-
ogies. In cytotoxicity studies using conventional assays,
cells were treated with 14 nm AuNPs (1 or 5 nM),
whereas, for the assessment of cytotoxicity using cell
impedance, the cells were treated with 14 nm or 20 nm
AuNPs (1 nM, 2 nM and 5 nM). Results obtained
showed that AuNPs were internalised in a time-
dependent manner and that toxicity was not related to
the uptake level, but depended on the cellular systems
and on their specific culture media leading to different
NP agglomeration and protein corona formation which,
in turn, may influence the uptake and the toxicity of the
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nanoparticles. In fact, AuNPs were internalised in
BEAS-2B cells at high levels with minimal toxicity
and CHO cells have proven to be sensitive mainly to
20 nm AuNPs.

In the second research (Vetten and Gulumian 2019),
the authors investigated the influence of NP surface
groups on AuNP–cell interactions. Concerning surface
chemistry, literature data show that the functionalisation
of AuNPs plays a role on cellular uptake and cytotoxic-
ity. The presence of PEG-ligands causes reduction or
absence of uptake, compared to colloidal NPs stabilised
with citrate (Arnida et al. 2010; Nativo et al. 2008;
Rayavarapu et al. 2010; Cruje and Chithrani 2015);
however, the additional modification of PEG-ligands
can lead to an increase in AuNP uptake. Based on this
hypothesis, Vetten and Gulumian (2019) studied the
effect of conjugation of different functional groups via
PEG on AuNP uptake in BEAS-2B cell line. In partic-
ular, hydroxyl-PEG (POH), carboxyl-PEG (PCOOH),
biotin-PEG (PBtn), nitrilotriacetic acid-PEG (PNTA)
and azide-PEG (PAZ) were utilised. Results obtained
showed that none of the different AuNPs was cytotoxic,
and among the different PEG NPs, only PCOOH
AuNPs were internalised. The uptake mechanism of
both citrate-stabilised and PCOOH AuNPs was
caveolin-mediated endocytosis. Following uptake, these
NPs could bypass endolysosomal degradation, so the
absence of intracellular release of ions can explain the
absence of toxicity. These results demonstrate that the
mechanism of entry is able to determine the intracellular
localisation and the subsequent cytotoxicity. Moreover,
these studies highlight that label-free techniques can be
appropriate and valuable methodologies for the study of
AuNP cytotoxicity and uptake.

Other studies have been carried out to analyse the
influence of AuNP surface charge on cytotoxicity by
measuring cell viability, cell membrane permeability
and cell proliferation. In the study of Giri et al. (2015)
on BEAS-2B cells, pentanethiol-coated AuNPs (core
diameters of ~ 2 nm) were functionalised with thioalkyl
tetra(ethyleneglycol)ated trimethylammonium (TTMA)
and tetraethylene glycol (TEGOH) to obtain different
percentages of positive charge (from 100 to 96, 65, 20
and 0%) by varying the TTMA:TEGOH ratio. The
authors characterised AuNP suspensions both in Milli-
Q H2O and in culture medium. In order to improve the
stability of the suspensions, they centrifuged the nano-
particles suspended in Milli-Q H2O and re-suspended
them in culture medium. However, the authors

performed the characterisation only by TEM and deter-
mined only the primary size of NPs without giving
information on agglomeration of AuNPs and size distri-
bution of AuNP suspensions. Fully positively charged
AuNPs (100% TTMA) were toxic to epithelial cells,
while the reduction in the extension of the positive
charge resulted in the absence of cytotoxicity. In partic-
ular, at 1 μM, 100% TEGOH particles (fully negatively
charged) showed no cytotoxic effect, while 20% TTMA
AuNPs only slightly affected the morphology of cells.
Results of experiments in which the effect of 1 μM
AuNPs on cell proliferation was studied showed that,
after 24 and 48 h of incubation, all positively charged
AuNPs significantly decreased cell proliferation. Taken
together, the results of this study demonstrated that
AuNP surface charge is an essential characteristic that
influences their interaction with the cells. Hence, the
modulation of the surface charge to a lower positivity
can reduce their cytotoxicity and can be utilised to
design NPs with improved safety features.

The influence of surface charge on toxicity has been
studied more thoroughly using larger AuNPs and three
different lung cell systems (Schlinkert et al. 2015). In
this study, AuNPs (7 to 10 nm in diameter) were syn-
thesised with different coating to give different classes
of surface charge ranging from − 50 to + 70 mV: nega-
tively charged AuNPs, coated with sodium citrate, and
positively charged NPs, coated with chitosan
(Schlinkert et al. 2015). The characterisation was per-
formed only after the AuNP synthesis. Data on primary
size by TEM and surface charge by zeta potential are
shown. As the diameters of these AuNPs were in a range
of dimensions in which they can be deposited both in the
tracheobronchial tract and in the alveoli (Löndahl et al.
2014), the authors selected three different types of hu-
man epithelial cells representative of these regions of the
respiratory system: the alveolar adenocarcinoma cell
line (A549) (Giard et al. 1973), the bronchial epithelial
cell line (BEAS-2B) (Albright et al. 1990) and the
primary human bronchial epithelial cells (NHBE)
(Lechner and LaVeck 1985). As it will be better de-
scribed in the next paragraph, A549 is the cell line most
frequently used as a model for the evaluation of NP-
induced pulmonary cytotoxicity, whereas, concerning
bronchial cells, BEAS-2B cells have the advantage of
rapidly forming a tight epithelium and NHBE cells are
primary cells derived from healthy lung tissue. More-
over, all these cell types have already been used as
models for in vitro nano-safety inhalation studies
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(Schlinkert et al. 2015). Two different assays were per-
formed to determine the viability of the cells: the mea-
sure of membrane integrity and of cell metabolism
(proliferation). ROS production was also measured.
The results obtained showed that A549 cells were the
least sensitive to AuNPs. The highest sensitivity was
observed in NHBE cells, in which exposure to AuNPs
with a charge greater than + 40 mV induced cellular
damage. Only AuNPs with the highest positive charge
(+ 65–75 mV) were toxic for BEAS-2B cells. Positively
charged AuNPs induced ROS in all cell types, as already
observed in the same cellular systems exposed to titani-
um dioxide NPs (Ekstrand-Hammarstrom et al. 2011).
ROS production was more evident in A549 cells where
AuNPs with the highest positive charge (+ 65–75 mV)
also induced the highest amount of ROS. Taken togeth-
er, the results of this study show that AuNPs, generally
considered inert, can become toxic if coated with
charged molecules. As a matter of fact, the AuNPs
functionalised with chitosan have been demonstrated
to be toxic for bronchial cell systems. These results are
in agreement with those by Giri et al. (2015), which
demonstrated that AuNPs with a positively charged
surface were toxic to epithelial cells.

Finally, the effects of AuNPs in bronchial cells were
analysed in terms of cytotoxicity, assessed by the
Alamar Blue assay, and also in terms of genotoxicity,
assessed by the comet assay and the micronucleus test.

In particular, the size-dependent genotoxicity of
AuNPs (5 and 50 nm) was studied in HBEC3-KT cells,
normal human bronchial epithelial cells immortalised
with CDK4 and hTERT (Lebedová et al. 2018). AuNPs
were characterised by TEM and zeta potential in order to
determine the size and the surface charge. PTA analysis
has been performed in culture medium to study NP
agglomeration. After cell exposure, only the smallest
(5 nm) AuNPs slightly reduced cell viability (tested up
to 50 μg/ml). Concerning genotoxicity, following 48 h
exposure to AuNPs, only the smallest particles (5 nm)
were active showing 3.3, 5.6 and 7.2% DNA in tail, in
the different concentrations tested (1, 10 and 20 μg/ml,
respectively), whereas, at the same concentrations,
micronuclei formation was not observed. These results,
showing a dimension-dependent DNA damage together
with the absence of micronuclei induction, are in agree-
ment with a previous study on AuNP genotoxicity car-
ried out on cells of different origins (Xia et al. 2017;
George et al. 2017). The mechanism responsible for the
size-dependent genotoxicity of the AuNPs has not yet

been fully defined (Lebedová et al. 2018). However, it
has been reported that AuNPs smaller than 10 nm, being
able to enter the nucleus through the nuclear pores (Huo
et al. 2014), can interact with DNA causing
genotoxicity.

Results of these studies are summarised in Table 2.

Gold nanoparticle toxicity in alveolar cell models

The first study on alveolar cells showed that non-
functionalised 33 nm AuNPs were internalised and in-
duced apoptosis in A549 cells but not in other cell lines
of non-respiratory origin, showing specificity for lung
cells (Patra et al. 2007). The authors detected AuNP
clusters near the nucleus by fluorescence and confocal
microscopy, probably exploiting surface-enhanced Ra-
man effect. Since no TEM observation of cells treated
withAuNPs was performed, it was not possible to assess
if the NPs were localised in vesicles or free in the
cytoplasm. Similar results were obtained with citrate-
stabilised 17-nm AuNPs, which reduced viability in two
human lung cell lines (A549 and NCI-H1975), inducing
both intrinsic and extrinsic apoptotic pathways, but were
found in membrane-bound vesicles inside the cells by
TEM (Choi et al. 2012). The authors observed an in-
crease in the particle hydrodynamic diameter (from 36
to 45 nm) after incubation in RPMI with 10% foetal
bovine serum, presuming that AuNPs adsorbed the se-
rum proteins present in the cell culture medium, a phe-
nomenon known as protein corona formation
(Lundqvist et al. 2008), but they did not explain if the
observed toxicity might be due to this adsorption. Other
authors, analysing Au nanorod internalisation into A549
cells by TEM, observed that NPs were primarily local-
ised in lysosomes and membranous vesicles but were
also found scattered in the cytosol as single particles
(Tang et al. 2015). Similar results were obtained by us
analysing the entry process of spherical AuNPs in A549
cells (unpublished results). In fact, as shown in Fig. 5,
also in our experimental conditions, AuNPs are
internalised by the cells and do not enter the nucleus
but are observed as cluster confined to the cytoplasm,
free or inside membranous vesicles. Taken together,
these observations seem to indicate that AuNPs
internalised into alveolar cells do not reach the nucleus
and are confined into the cytoplasm, independently from
their shape and size.

Regarding the effect of size, Kirkpatrick’s research
group reported a comparable cytotoxicity and
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internalisation by active endocytosis of 9, 11 and 25 nm
AuNPs in the human alveolar type II cell lines A549 and
NCIH441 (Uboldi et al. 2009; Freese et al. 2012). The
uptake was independent on the presence of a citrate
coating that, instead, could affect both cell viability
and proliferation. Conversely, Choudhury et al. (2013)
reported that 40 nm AuNPs were more toxic to A549
cells than 20 and 60 nm. This study is particularly
important because it suggests for the first time that the
mechanism of AuNP-induced toxicity in A549 cells
involves microtubule aggregation followed by cell cycle
arrest and apoptosis (Choudhury et al. 2013).

The green synthesis of ENMs, in which plant extracts
can play the role of a reducing agent to synthesise
metallic NPs, is becoming more and more attractive,
the main advantage being the substitution of noxious
chemicals with eco-friendly components. However,
there are not many studies comparing the toxicity of

biologically synthesised AuNPs with those chemically
synthesised on respiratory cells. Sathishkumar et al.
(2015) obtained 20–50 nm AuNPs by incubating
chloroauric acid with star anise extract (SA-AuNPs)
and compared their toxicity to chemically synthesised
AuNPs in A549 cells. The authors showed that SA-
AuNPs, probably because of the protective capping by
polyphenols present in the extract, were less effective
apoptosis inducers and therefore less cytotoxic than
chemically synthesised AuNPs. Hence, they suggest
that this green method is a good candidate for the
synthesis of AuNPs, provided that batch-to-batch varia-
tions are kept to a minimum. It is though important to
point out that chemically and biologically synthesised
AuNPs used in this study had different sizes and so they
should not be compared. Moreover, SA-AuNPs were
not homogeneous regarding characteristics that can in-
fluence their behaviour in a cell system such as size (20–
50 nm) and shape, as shown by the presence of
triangular- and hexagonal-shaped platelets in addition
to particles in TEM micrographs of the NP suspension.
As a general rule, it is not useful to add too many
variables when comparing the effect of ENMs, since
this can lead to confusing results.

Concerning the effect of mode of synthesis on me-
tallic NP cytotoxicity in respiratory cells, Park et al.
(2017) described the use of mangosteen (Garcinia
mangostana) pericarp waste extract to synthesise gold
(GM-AuNPs) and silver (GM-AgNPs) nanoparticles
and compared the cytotoxicity of the different biologi-
cally synthetised metallic NPs. Spherical GM-AuNPs
with an average size of 15.37 ± 3.99 to 44.20 ±
16.99 nm were observed in high-resolution TEM (HR-
TEM) images. The cytotoxicity and apoptosis induction
in A549 and mouse fibroblast cells were analysed using
a water-soluble tetrazolium assay and the Annexin V/
propidium iodide staining, respectively. The results ob-
tained showed that GM-AgNPs were toxic and induced
apoptotic cell death, whereas GM-AuNPs showed no
significant cytotoxicity, suggesting that low AuNP tox-
icity may be related to NP composition.

Colorimetric assays are widely used to test in vitro
cytotoxicity of chemicals, but when used to test ENMs,
interference phenomena may arise. In this view, Chuang
et al. (2013) performed a study to validate a dye-free
system to monitor cell growth measuring electric im-
pedance of the monolayer that was already described for
bronchial cells (Vetten et al. 2013; Vetten and Gulumian
2019). To test the toxicity of Au nanorods, the system

Fig. 5 Ultrastructural analysis of A549 cells exposed for 24 h to
AuNPs (40 nm size) at 20 μg/ml. Micrographs show that AuNPs
are internalised by the cells and do not enter the nucleus but are
confined to the cytoplasm either free (a) or inside membranous
vesicles (b)
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was compared to classical methods (trypan blue, 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS), colony for-
mation assay) in different mammalian cell lines, includ-
ing lung cells like A549 and MRC5 (human normal
lung fibroblast) and non-respiratory cells like human
gastric adenocarcinoma cells (AGS). Results showed
that ROS production and apoptosis makes a major con-
tribution to Au nanorod-induced inhibition of cell
growth in AGS cells. On the contrary, neither ROS
production nor apoptosis, but rather a cell cycle delay,
was induced by Au nanorods in A549 cells. The gradual
and steady slowing of the cell growth rate was measured
with all tested methods, suggesting that the cell-
impedance measurement system is reliable for the eval-
uation of NP toxicity. Moreover, impedance results
were similar in MRC5 cells, which do not efficiently
take up dyes, providing an alternative method when it is
not possible to use colorimetric tests. This study con-
firms in other respiratory cell lines what was suggested
by Vetten et al. (2013) for bronchial cells. Other authors
had similar results regarding the toxicity of bigger size
Au nanorods in A549 cells using traditional assays, but
they obtained completely different results on ROS pro-
duction, demonstrating that the oxidative stress induced
by the nanorodsmay be the main cause of toxicity (Tang
et al. 2015). A different conclusion was reached in the
study of Aueviriyavit et al. (2014) in which AuNPs had
no effect on ROS generation in intestinal cells (Caco-2).
Interestingly, the results of Tang et al. (2015) are in
agreement with what was reported by Schlinkert et al.
(2015). As already described, these authors observed
that positively charged AuNPs induced ROS in respira-
tory cells and, in particular, that ROS production was
most prominent in A549 cells. These results are partic-
ularly interesting in that ROS formation has been linked
to inflammation and apoptosis (Schlinkert et al. 2015).

In the attempt to recreate in vitro the microenviron-
ment of the lung alveoli, Breitner et al. (2015) set up an
experimental model consisting of A549 cells and artifi-
cial alveolar fluid (AAF) containing salts supplemented
with phosphatidylcholine, exposed to a dynamic flow at
accurate physiological rates. Data obtained from the
analysis of tannic acid–coated 60 nm AuNP spectral
profiles and DLS measures showed that incubation with
AAF resulted in loss of stability and enhanced particle
agglomeration and sedimentation. Consequently, when
AuNPs in AAF were added to the cells in static condi-
tions, NP deposition was more than double compared to

AuNP suspended in medium, due to the presence of
large agglomerates. Introducing the variable of dynamic
flow did not cause any change because the flow rate, set
to low to mimic physiological conditions, was not
strong enough to affect NP deposition. By TEM analy-
sis, AAF-suspended AuNPs in static conditions were
observed as aggregates both bound to the cell surface
and within intracellular vacuoles, while in dynamic
conditions, all AuNPs remained associated to the outer
surface of the plasma membrane and no internalised
particles were identified. This might be due to the mor-
phological changes caused in the cells by the experi-
mental microenvironment, i.e. cell elongation and mem-
brane alterations induced by AAF and dynamic flow,
respectively. This means that both fluid environment
and flow status can influence NP deposition and
internalisation, confirming the importance of incorpo-
rating as many physiological variables as possible in
in vitro models. These results suggest that in physiolog-
ical conditions, inhaled NPs are not efficiently
internalised into lung cells. However, further studies
are required to confirm this hypothesis. For example,
the contribution of surfactant proteins, not considered in
this study, should be taken into account because they
may deeply affect the surface chemistry of the NPs and,
consequently, their stability, aggregation status and in-
teractions with cells (Lundqvist et al. 2008; Marchetti
et al. 2015).

Exposure to aerosol experiments can be performed in
respiratory cells grown in submersed culture or kept in
air–liquid interface (ALI) conditions, a more advanced
model of respiratory exposure. In the ALI system, cells
are cultured on transwell insert, which are placed into a
culture well; the medium is supplied from the basal site;
and cells are exposed to an aerosol at the apical part. The
exposure apparatus consists of a nebuliser, an exposure
chamber and a flow system, that mimics the physiolog-
ical conditions of aerosol inhalation in the lungs more
realistically (Lenz et al. 2009). Brandenberger et al.
(2010a) using this exposure system on cells grown in
ALI conditions reported the quantitative analysis of
citrate- and PEG-coated AuNP uptake in A549. Here,
the authors describe how surface coating may change
the internalisation pattern of the particles. For example,
citrate-stabilised AuNP uptake, which was the most
efficient, occurred mainly by macropinocytosis, while
PEG-coated AuNPs were internalised mostly by caveo-
lin–clathrin-mediated endocytosis. Successively, using
the same exposure system, Bachler et al. (2015) studied
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AuNP translocation across the lung epithelial tissue
barrier combining in vitro and in silico methods. In this
study, the authors confirmed that alveolar epithelial
cellular monolayers grown for few days on cell culture
inserts and exposed to the particles at the air–liquid
interface can represent the air–blood barrier to model
AuNP translocation. Moreover, they used a physiolog-
ically based pharmacokinetic model to predict the dis-
tribution of AuNPs to secondary organs. Results from
this research showed similar translocation kinetics of
AuNPs through the human A549 and murine MLE-12
alveolar type II cell lines, suggesting the absence of
specie-specific mechanisms. The translocated fraction
was independent of the applied dose (up to 100 ng/
cm2) and, as expected, was inversely proportional to
the particle size. These results are encouraging since
they show the feasibility of improving in vitro models
with the contribution of in silico models to more realis-
tically mimic in vivo exposure.

To improve the predictive value of in vitro experi-
ment of exposure to NPs, advanced culture models have
been developed by several authors of the same research
group (Rothen-Rutishauser et al. 2007; Brandenberger
et al. 2010b; Fytianos et al. 2017; Durantie et al. 2017).
They set up a triple cell co-culture model of the human
airway wall (also called 3D lung model) composed of
epithelial cells (A549), monocyte-derived macrophages
(MDM) and monocyte-derived dendritic cells (MDDC)
from human blood monocytes. A549 cells were grown
for a few days on cell culture inserts (polyester mem-
brane, 3.0 μm pores) before MDM addition on top of
the epithelial monolayer and MDDC underneath the
insert. Both the material and the size of the pores are
very important since it is known that pores as small as
0.4 μm and polycarbonate membranes are likely to
hinder the free passage of NPs (Fröhlich 2018). In an
early study, they found that in this cell model, exposed
to bovine serum albumin-coated 25 nm AuNPs as sus-
pension in submerged conditions, there was a significant
increase of the pro-inflammatory cytokine tumour ne-
crosis factor-α (TNF-α). Moreover, by energy filtering
TEM, they showed that AuNPs could be seen in all cell
types as free particles and also in the nucleus (Rothen-
Rutishauser et al. 2007). To obtain an even more accu-
rate alveolar model, Brandenberger et al. (2010b) used
the same triple cell co-culture in ALI conditions. When
the triple cell culture was ready, the medium was re-
moved from the upper transwell chamber and the cells
were kept in air–liquid interface conditions for 24 h

prior to particle exposure. The cultures were then trans-
ferred to the exposure chamber where they were incu-
bated with aerosolised 15 nm AuNPs for 20 min and
kept in air–liquid interface conditions for different post-
exposure times. In these conditions, which mimic parti-
cle deposition in vivo, not only particle agglomeration
was decreased, but it was possible to obtain a more
homogeneous and efficient particle deposition. In this
system, no inflammatory response was induced by
AuNP treatment, and although the particles were able
to enter the cells and translocate, they were seen in
intracellular vesicles (Brandenberger et al. 2010b) and
not free in the cytoplasm as in the previous report
(Rothen-Rutishauser et al. 2007). As expected, different
ways of exposure elicit different cell response and re-
sults obtained in air–liquid interface conditions
(Brandenberger et al. 2010b) contradict with what was
reported in submerged conditions (Rothen-Rutishauser
et al. 2007). On the other hand, these results on uptake
are in agreement with those obtained with classical
experiments showing that AuNPs enter the cells by
endocytosis and therefore can be found inside the cells
surrounded by lipidic membranes (Choi et al. 2012;
Uboldi et al. 2009; Freese et al. 2012; Tang et al. 2015).

Fytianos et al. (2017) used the aerosol exposure
system to expose a 3D lung model grown in ALI con-
ditions to poly(vinyl alcohol) (PVA)-coated AuNPs
functionalised with an antibody specific for dendritic
cells (DC-SIGN), plus a negative (PVA-COOH) or a
positive (PVA-NH2) surface charge. They evaluated the
possibility of using nanocarriers to target immune cells
with the aim of enhancing or suppressing the immune
response in the lung. As expected, they found a signif-
icant increase of particle uptake by dendritic cells. As
regards the non-DC-targeted AuNPs, the positive
charged ones were taken up more easily, especially by
macrophages, while uptake was low for all NPs in A549
cells. None of the particles induced any cytotoxic effect
that could be ascribed to the gold itself, nor increased
cytokine secretion. These results are in agreement with
the observation that the positive surface charge can
enhance AuNP uptake efficiency (Hauck et al. 2008;
Alkilany et al. 2009; Cho et al. 2009; Liang et al. 2010;
Liu et al. 2013).

In a biodistribution study, Durantie et al. (2017)
investigated the effect of NP aggregation on cellular
uptake and translocation in the same multicellular lung
system described above. Citrate-capped 14.5 nm core
size AuNPs were prepared and coated with tiopronin to
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add carboxylic groups on the surface. AuNP aggrega-
tion was obtained by protonation of the negatively
charged groups. Both single and aggregated tiopronin-
coated AuNP solutions were stabilised with a polymer
mixture of PVA/PAAm (poly(allylamine)) generating
particles with final hydrodynamic diameters of 32 nm
and 106 nm, respectively. These sizes are consistent
with TEM images showing that each aggregate was
composed by a mean of 4 single AuNPs. Cells were
exposed to aerosolised AuNPs onto the air–liquid inter-
face for 4, 24 and 48 h and no cytotoxic or pro-
inflammatory effect was observed. Both single and ag-
gregated AuNPs were internalised, and although the
uptake of aggregated AuNPs was faster, the final result
was similar. Also, the translocation rate across the lung
barrier model was not affected by the aggregation status
of AuNPs and was quite low (2–5%), similar to what
was found in vivo (Lipka et al. 2010; Schleh et al.
2013a; Kreyling et al. 2014). Taken together, these
results suggest that the aggregation status of AuNP
suspensions can affect cellular uptake kinetics early
during exposure. Moreover, this study proposes a so-
phisticated in vitro model, able to mimic NP behaviour
and cell response in a realistic way, as a useful tool for
this kind of studies.

Results of the studies on the different alveolar cell
models are summarised in Tables 3 and 4.

Results of studies in the different alveolar cell sys-
tems showed that AuNP surface charge influences their
interaction with cells; hence, these NPs, generally as-
sumed inert, can become toxic if coated with positively
charged molecules. Moreover, advanced in vitro lung
models and exposure systems suggest that the closer we
get to physiological conditions, the lower is the NP
toxicity. Concerning the air–liquid interface system to
expose lung cells, it must be taken into consideration
that it requires cell culture inserts so, in these studies,
AuNP toxicity has been generally assessed analysing
cell morphology, cell layer integrity, release of the cy-
tosolic enzyme lactate dehydrogenase and pro-
inflammation response. Therefore, the difference in
AuNP toxicity could be due to the different parameters
examined.

Overall, the in vitro works highlight a lack of infor-
mation on the preparation of AuNP suspensions in the
culture medium used in the assays and on dispersion
procedures. Not all authors perform the characterisation
of the AuNPs suspended in the culture medium, crucial
to understand the changes in their physico-chemical

characteristics, such as agglomeration, surface charge
and the adsorption of serum protein that influence the
interactions with cell systems.

Taken together, results from in vitro studies show
that surface charge influences AuNP interaction with
cells and, consequently, their cytotoxicity. NP uptake
mechanism can be affected by surface charge, but un-
fortunately, this aspect has not been considered by most
authors. However, these investigations have an impor-
tant flaw, as charge and size are not studied
simultaneously. As a matter of fact, only Lebedová
et al. (2018) utilised two NPs of very different size
without considering the influence of charge, whereas
the other studies, that considered the influence of
charge, have the limitation of using NPs in a very
narrow size range.

In vivo studies

As reported above, NPs can be inhaled or ingested while
using products containing ENMs, and it is well known
that inhalation represents the most common route of
exposure to NPs in the workplaces (Yah et al. 2012).

NPs can be inhaled in the form of aerosol or powder
suspensions, or artificially administered by instillation
into the respiratory tract for toxicity studies. Once NPs
have reached the lungs, they can remain there or enter
the bloodstream and move to other organs or cells, with
the probability of bioaccumulation in the heart, the
spleen, the kidneys, the bone marrow and the liver.

As shown in the previous paragraphs, although sev-
eral cytotoxicological studies have been conducted on
AuNPs, there is no systematic procedure that has given
definitive results. This is because the different studies
have used not only different biosystems, but also, re-
gardless of the size and shape of the particles, various
types of coating. These variants, such as size, surface
charge, etc., are extremely important, since the mole-
cules or ions that surround the AuNPs produce first
contact with the biosystem of interest. Consequently,
no definitive conclusions could be drawn from these
investigations.

In vitro studies focussing on the toxicological effects
of AuNPs greatly outnumber in vivo studies; the latter
are obviously more demanding, but take into account
the complexity of the organism, hence more in vivo
toxicology studies are needed to assess AuNP safety,
including long-term studies for workers’ exposure. Al-
though inhalation represents the main route of exposure
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for workers, researchers and consumers, intravenous
injection of AuNPs is often used for in vivo studies.
As it is easily understandable, this method of NP ad-
ministration does not reflect reality, and results from
these studies are not predictive of the risk associated to
AuNP use and manipulation. To overcome these limi-
tations, inhalation toxicity studies using different in vivo
models have been performed, as a step towards under-
standing the adverse effects of inhaled NPs on human
health. The main routes of administration used in these
studies were inhalation (mainly intratracheal) and
intratracheal instillation. The path of absorption of NPs
through the lungs is of critical importance and the gold
standard analysis for evaluating the pulmonary toxicity
effects of respirable NPs is represented by inhalation
studies, as the physiological exposure route is similar to
that in humans. It must be considered that these studies
have a high cost and require not only complex structures
to accommodate large apparatus but also the mastery of
the handler’s skills. Differently, in intratracheal instilla-
tion studies, NPs are administered directly through the
trachea, so this approach is suitable for studying the
dose–response relationship; in addition, this method is
inexpensive and complex structures are not required.
However, in this type of administration, the agglomera-
tion of NP suspensions, transferred in a single bolus to
animals, occurs. Here, we examined the similarities and
discrepancies between NP-induced lung toxicity data
obtained from inhalation and intratracheal instillation
studies. Since there are no references inwhich inhalation
and intratracheal instillation studies have been conduct-
ed using the same nanoparticles, we reviewed in vivo
studies that used only one of the two experimental
systems and compared the data on the pulmonary tox-
icity. The results of these studies are analysed and
discussed below.

Intratracheal instillation studies for the evaluation
of AuNP-induced lung toxicity

On the basis of the results obtained in various in vitro
models of the respiratory tract, demonstrating that
AuNP toxicity is inversely proportional to the size,
Semmler-Behnke et al. (2008) selected two different
sizes of NPs, i.e. the extremely cytotoxic 1.4 nm and
the non-cytotoxic 18 nm radioactive AuNPs, both
equipped with the same molecules of ligand
Ph2PC6H4SO3Na, for a study on biodistribution after
intratracheal instillation of AuNP aqueous solution in

female Wistar–Kyoto rats. Unlike the intravenous injec-
tion, which represents the established administration
route in biodistribution studies, intratracheal administra-
tion is more complicated but more suitable to determine
the translocation from the respiratory tract to the blood.
The authors claimed that the method of choice, repro-
ducible inhalation of NPs, has not been applied for these
experiments because of the difficulties arising from the
need for radiation protection. When using intratracheal
administration, up to 25% of the NPs are eliminated
from the lungs by mucociliary clearance, swallowed
into the gastro-intestinal tract and excreted via faeces.
As expected, a different biodistribution was observed
for the different NPs. After 24 h, the 18-nm NPs were
retained nearly completely (99.8%) in the lung, whereas
the 1.4-nmNPs were found in significant amounts in the
blood, liver, skin and carcass. So, the smallest NPs can
overcome the air–blood barrier of the lungs, with sub-
sequent distribution throughout the body. As for the
difference in the route of administration (intratracheal
instillation or intravenous injection), it is interesting to
note that when the authors used the two systems they
observed that the relationships between the organs were
quite different. As for the 1.4-nm AuNPs: for instance,
the liver/spleen ratio was 17.5 after instillation and 36.5
after intravenous injection, and the liver/blood ratio was
1.1 after instillation and 12.5 after intravenous injection.
These findings are particularly significant in the discus-
sion concerning risk assessment of AuNPs.

In a subsequent study, adult female mice were
intratracheally instilled with 5 doses (50 μl/dose) of
AuNPs (2, 40 and 100 nm in diameter) distributed over
a period of 21 days (Sadauskas et al. 2009) in order to
investigate the role of size in the translocation. The
authors did not characterise AuNP suspensions in detail
and only claim that NPs, produced by citrate reduction,
were spherical, monodisperse and negatively charged.
Most of the instilled NPs were found in lysosome/
endosome-like organelles of the lung macrophages,
while only a tiny fraction translocated into systemic
circulation. The translocation rate was highest for
2 nm particles and the liver was found to be the major
site of deposition. These results are in agreement with
the previous study of Semmler-Behnke et al. (2008) in
which significant translocation of small AuNPs (1.4 nm)
to the liver has been reported. Concerning 40 nm
AuNPs, no gold was found in the liver except for one
mouse in which 3‰ of the instilled gold was found,
whereas no gold was detected in the liver of mice
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instilled with 100 nm AuNPs (Sadauskas et al. 2009).
These results are in agreement with previous observa-
tions suggesting that only small amounts of inhaled or
instilled AuNPs are translocated from the lungs
(Takenaka et al. 2006; Hainfeld et al. 2008).

In order to assess the toxic and inflammatory poten-
tial of 5 different types of NPs, including AuNPs, apo-
lipoprotein E knockout mice, a sensitive model for
pulmonary effects and wild-type mice have been used
(Jacobsen et al. 2009). The goal of the research was to
study the differences of markers of inflammation, lung
damage and genotoxicity in lung tissue and bronchoal-
veolar lavage (BAL) fluid following pulmonary expo-
sure by NP intratracheal instillation in the two mice
models. The characterisation of the NP suspensions
was performed only by DLS and was not obtained for
all samples, probably because of agglomeration and
settling problem in the samples. Concerning the 2-nm
AuNPs, DLS analysis showed that most particles oc-
curred between 40 and 200 nm in size. However, the
size distribution by volume was broad and ranged from
40 nm to 1.5 μmwith the average size of about 140 nm.
The results showed that AuNPs, used at a much lower
mass dose than the other NPs, were the least inflamma-
tory and DNA-damaging comparing to the others and
that the instillation of AuNPs induced a greater pulmo-
nary inflammatory response (corresponding to their sur-
face areas) in apolipoprotein E knockout mice compared
with wild-type mice.

The inflammatory potential of AuNPs has been also
investigated by Gosens et al. (2010). These authors
studied the role of Au particle agglomeration on the
inflammatory response in the lungs of male WU
Wistar-derived rats, analysing the effect of the individ-
ual AuNPs, suspended in ultrapure water, with respect
to the agglomerated NPs, diluted in PBS. Concerning
the characterisation, the authors determined the concen-
tration of NP suspension by inductively mass spectrom-
etry, the size distribution by tracking analysis of NP
Brownian motion, the primary size, the size and the
chemical composition by TEM equipped with EDX
spectrometer, as well as the NP charge by zeta potential.
This approach allows assessing the effect of the
physico-chemical properties of NPs and, in particular,
of their agglomeration on the inflammatory response in
the lungs. In this study, a single dose of 1.6 mg/kg body
weight in 0.5 ml of 50 nm or 250 nm AuNPs was
delivered in the rat lungs by intratracheal instillation,
and after 3 and 24 h, animals were sacrificed to analyse

biological effects. Results obtained showed that after the
instillation of agglomerates or single gold particles of
different sizes, no significant differences were observed
in the lungs and systemic toxicity markers and both
agglomerated as well as single NPs generate a mild
inflammatory reaction and were absorbed by macro-
phages. The authors conclude that individual 50 nm
AuNPs do not represent an acute risk greater than their
own agglomerates or slightly larger NPs when using
pulmonary inflammation as toxicity marker.

Concerning the role of surface properties, such as
surface charge, on the biodistribution of AuNPs, Lipka
et al. (2010) have studied the biokinetics of PEG-
modified or plain AuNPs after intravenous or
intratracheal applications in healthy female Wistar–
Kyoto rats. For this study, neutron-activated 5 nm
AuNPs were e i t he r s t ab i l i s ed wi th b i s (p -
sulfonatophenyl)-phenylphosphine (198Au-Phos NPs)
or surface-modified with PEG-750 (198Au-PEG750
NPs) or PEG-10k (198Au-PEG10k NPs) on top of a
polymer shell. PEG-coated AuNP suspensions were
characterised by DLS in order to determine hydrody-
namic diameter, size distribution and surface charge.
The authors used UV–vis spectra to determine the size
core of NPs. No TEM data on primary size of NPs, core
of NPs and thickness of PEG coatings were showed.
Concerning intratracheal instillation, NP aqueous sus-
pensions were applied to the animals as previously
described (Semmler-Behnke et al. 2008). Only a minor
translocation into the circulation and secondary organs
(about 0.70% for 198Au-PEG750 NPs, 0.92% for
198Au-PEG10k NPs, and 2.60% for 198Au-Phos
NPs) was observed within the first hour. After 24 h the
translocation percentages were lower. This study
showed that PEGylation did not influence the total
translocation from the lungs and that, most importantly,
almost all intratracheally instilled NPs (> 97%) were
retained in the lungs.

To investigate in-depth the role of physico-chemical
characteristics such as size, surface specific area (SSA)
and surface charge, on the biokinetics of AuNPs,
Kreyling et al. (2014) have instilled intratracheally
NPs of various sizes into female Wistar–Kyoto rats:
six different NP preparations with negative charge
(1.4, 2.8, 5, 18, 80, 200 nm) and one NP preparation
with positive charge (2.8 nm). The authors showed a
detailed table of physico-chemical characteristics of
AuNPs used in the intratracheal administration, speci-
fy ing tha t the hydrodynamic diameter and
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polydispersity index of all NP suspensions were
assessed just prior to the in vivo experiment. Results
obtained showed that 24 h after administration, most of
the NPs were revealed in the lungs, regardless of their
charge and that the translocation and retention in sec-
ondary organswere two distinct processes, both depend-
ing on SSA and surface charge. Concerning 2.8 nm
AuNPs, the translocation of the negatively charged
NPs was significantly higher compared to the positive
ones. Finally, smaller AuNPs crossed the air–blood
barrier more easily confirming that inhaled AuNP trans-
location depends on nanoparticle size. Instead, the re-
tention of most secondary organs was independent of
this NP property, with the exception of kidneys.

Tsuda et al. (2019) conducted a study to evaluate the
translocation of NP through the air–blood tissue barrier
of the lungs in newborn animals of various ages. In this
research, intratracheal instillation was used in order to
avoid ingestion of nanoparticles by the gastro-intestinal
tract through the deposition of particles in the nasophar-
ynx. These authors characterised spherical AuNPs of
5 nm and 100 nm coated with PVP dispersed in water
solutions using various techniques (e.g. DC, DLS,
TEM, ICPS) to determine morphology, primary size,
hydrodynamic diameter, size distribution and surface
charge. The authors selected a concentration of AuNP
aqueous suspension of 1 μg/μl in order to administer a
volume instillation (1 μl/g body weight) enough to
allow a wide distribution when delivered to the lungs,
but small enough not to disturb breathing. They selected
an AuNP administered dose of 0.027 μg/cm2, estimated
to be low enough not to cause lung injury and inflam-
mation but high enough for accurate inductively
coupled plasma-mass spectrometry (ICP-MS) detection.
The results of this study showed that the translocation of
NP from the lungs to the rest of the body is significantly
higher in infant animals and decreases with increasing
age. Based on this observation, infancy can be consid-
ered a critically vulnerable window in terms of NP
translocation through the lungs. Furthermore, the lack
of difference in translocation between 5 and 100 nm
AuNP in infants, contrary to what was observed for
adults, who undergo size-dependent translocation, sug-
gests that there could be a significant involvement of
paracellular transport in structurally immature lungs
compared to adults.

Naota et al. (2013) usedmorphological approaches to
investigate the distribution of 20 nmAuNPs in the lungs
of male 5- or 6-week-old ICR mice. These authors did

not assess the physico-chemical characteristics of NPs,
showing only the nominal size (20 nm). At 15 min after
instillation, the mice were killed and the lungs were then
immediately fixed for AuNP morphological localisation
with the aim of elucidating the relationship between
endocytosis and the translocation of nanoparticles at
the air–blood barrier. Accumulation of agglomerated
AuNPs was detected in the cytoplasm of macrophages,
on the surface of alveolar epithelial cells and in the
alveoli. Results of this study demonstrated that instilled
colloid NPs were internalised into the alveolar epitheli-
um at the air–blood barrier by caveolae-mediated
endocytosis.

Taken together, these intratracheal instillation studies
have produced interesting observations useful for the
estimation of the hazard associated with respiratory
exposure to AuNPs. Despite the difficulty of comparing
such different experimental conditions, as the authors
have not always characterised AuNP suspensions in
detail, in general, we can say that: (i) most of the
instilled NPs have been found in lysosome/endosome-
like organelles of the pulmonary macrophages while
only a small fraction is able to translocate into systemic
circulation and NPs are internalised into the alveolar
epithelium at the air–blood barrier by caveolae-
mediated endocytosis; (ii) the translocation rate is
highest in infant animals and, in general, for positive
and smallest nanoparticles that can overcome the air–
blood barrier of the lungs, with subsequent distribution
throughout the body, the liver appearing to be the main
deposition site; (iii) when knockout animal models have
been used as sensitive model for pulmonary effects,
instillation of AuNPs has induced a greater pulmonary
inflammatory response in this animals compared to the
wild-type mice; (iv) studies in which AuNP suspensions
have been characterised in detail showed that individual
AuNPs do not represent an acute risk greater than their
own agglomerates when using pulmonary inflammation
as toxicity marker (however, large AuNPs of 50 nm
have been used in these studies); (v) studies with a
careful characterisation showed that size, surface area
and surface charge seem to play a role in the transloca-
tion and retention of AuNPs.

Inhalation studies for the evaluation of AuNP-induced
lung toxicity

Inhalation exposure has great advantages for the assess-
ment of human exposure due to the natural path of entry
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of the nanoparticles. A widely used method for these
studies is whole-body exposure. A number of these
investigations have been carried out using different
physical methods of aerosol production: the spark igni-
tion technique for the production of NP aerosols and the
evaporation/condensation method. This last method has
a good yield and offers accurate control over the depo-
sition parameters. The main disadvantages, compared to
the spark ignition generator, are the energy consumption
of the furnace and the long heating and cooling times.
Although exposure to the whole body represents the
condition of physiological exposure and the gold stan-
dard of aerosol exposure, the aerosol through an endo-
tracheal intubation/ventilation exposure allows to by-
pass the extrathoracic airways obtaining a distinct depo-
sition of NPs in the lungs and avoiding further to indi-
cate animal contamination. So, this technique is widely
used also for this type of studies.

In a first study, Takenaka et al. (2006) exposed male
Wistar–Kyoto rats to ultrafine Au particle aerosol pro-
duced with a spark ignition generator in a whole-body
chamber to investigate the role of alveolar macrophages
in the fate of AuNPs in rat lungs. In this study, aerosol
mass concentration, particle number concentration and
count median diameter (CMD) were determined. The
authors took into considerations the physico-chemical
characteristics of AuNPs, such as size, agglomeration
and dissolution, to investigate the NP distribution pat-
tern in the lungs by means of ICP-MS and TEM analy-
sis. When the ultrastructure of the AuNPs collected in
the air stream from an inhalation chamber was analysed
by TEM, most AuNPs in the aerosol were single NPs
with diameters between 5 and 8 nm whereas the ag-
glomerates of NPs showed a mean length ranging from
18 to 34 nm. The authors excluded the dissolution of
NPs because their size and shape were identical
throughout the experimental period. A large portion of
the deposited AuNPs was retained in the lung tissue and
found on the surface of the alveolar septum or within
vesicles in the cytoplasm of epithelial cells, predomi-
nantly in type I cells and also in type II epithelial cells
and alveolar macrophages, but not in other regions, such
as endothelial cells or the septal interstitium. As already
reported for intratracheal instillation studies, AuNPs in
alveolar macrophages and type I epithelial cells were
processed by endocytotic pathways. Successively, the
same group (Takenaka et al. 2012), to further investigate
the relationship of alveolar macrophages and inhaled
nanoparticles in the lungs and to test the hypothesis that

not-agglomerated NPs might not be efficiently eliminat-
ed by alveolar macrophages, exposed male Wistar–
Kyoto rats for 6 h in a whole-body inhalation chamber
to an aerosol of 14 nm AuNPs generated by spark
discharging. Size distribution and number concentration
of AuNP aerosol were determined and NPs were
characterised in details in order to determine the shape,
the agglomeration state, the composition, the crystalline
structure, the specific surface area and surface charge.
The authors analysed macrophages in the BAL pellet by
TEM to investigate their role in the fate of NPs in
alveolar region up to 7 days after exposure. This mor-
phological study represents an in-depth study of a pre-
vious quantitative analysis on retention/clearance and
systemic translocation of inhaled AuNPs (Takenaka
et al. 2006). In this study alveolar macrophages were
found to effectively swallow inhaled NPs, however the
elimination of NPs from the alveolar lumen was not
complete and a significant number of macrophages es-
cape their endocytotic clearance function. Most of mac-
rophages examined on day 0 had internalised AuNPs,
but after 7 days the percentage decreased. Individual or
agglomerated AuNPs, depending on the time after inha-
lation, were foundwithin cytoplasmic vesicles. The high
fraction of AuNPs found in alveolar macrophages indi-
cates active rather than passive uptake mechanisms.
Individual or slightly agglomerated AuNPs were found
on day 0, while on 7 days, most AuNPs were highly
agglomerated. The authors suggested that AuNPs, due
to their negative surface charge, can bind to elements of
the lysosomal system.

In a study on sub-chronic inhalation toxicity, carried
out consistently with the Test Guideline 413 from the
OECD 2018, seven-week-old male and female Sprague
Dawley rats were exposed to AuNPs (about 4–5 nm in
diameter) for 6 h/day, 5 days/week, for 90-days in a
whole-body inhalation chamber (Sung et al. 2011).
AuNP aerosol was generated by evaporation/
condensation process and characterised in terms of size
distribution. Morphological analysis showed AuNPs in
single form or agglomerates. In these experiments, dif-
ferent NP concentrations were utilised: low dose
(2.36 × 104 particles/cm3, 0.04 μg/m3), middle dose
(2.36 × 105 particles/cm3, 0.38 μg/m3) and high dose
(1.85 × 106 particles/cm3, 20.02 μg/m3). Tissue Au con-
tent was determined after wet digestion by atomic ab-
sorption spectrophotometry. Tissue distribution of
AuNPs showed a dose-dependent Au accumulation in
the lungs and the kidneys with a gender-related
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difference in AuNP content in kidney (female kidneys
showed greater gold accumulation than male kidneys).
Moreover, this study demonstrated that the lung was the
only organ in which dose-related changes occurred in
both male and female rats. The histopathologic exami-
nation of the lungs identified inflammatory infiltrates of
lymphocytes, neutrophils and macrophages. As regards
the pulmonary functions, a decrease in tidal and minute
volume was observed. Taken together, results from this
study indicate that the lungs were the main target organs
showing both histopathological and functional changes.
It is interesting to note that, in the only study in which
male and female animals were used, a gender difference
was observed in AuNP target organs.

Another study analysed the effect of inhaled AuNP size
on biodistribution of nano-agglomerates in rats using a
whole-body inhalation chamber (Balasubramanian et al.
2013). In this research synthesised AuNP suspensions of
7 nm and 20 nm were aerosolised by an atomiser aerosol
generator and characterised in order to determine NP
primary size, size distribution and total number concentra-
tions of airborne agglomerates in the exposure chamber.
Male Wistar rats underwent 15-day inhalation exposure
(consisting of 6 h per day, and 5 days per week over
3 weeks) to airborne agglomerates of AuNPs of similar
size distribution and number concentration (1 × 106 parti-
cles/cm3), but of different primary diameters (7 or 20 nm).
Results of this study showed that the lungs exhibited high
accumulation of Au for both primary sizes. Inhalation of
agglomerates containing 7 nm AuNPs led to highest de-
position by mass concentration in the lungs (followed by
different brain regions and other organs such as oesopha-
gus and kidneys). Finally, eight organs/tissues (especially
the brain) retained greater mass concentration of Au after
exposure to agglomerates of 7 nm compared to 20 nm
AuNPs. The authors conclude that the primary size impact
on the biodistribution. As previously reported other studies
have examined the effects of inhaled AuNPs employing
intratracheal instillation of NP solutions (Semmler-Behnke
et al. 2008; Jacobsen et al. 2009; Sadauskas et al. 2009;
Gosens et al. 2010; Lipka et al. 2010). Although common-
ly used, this model of exposure may not reflect the actual
deposition of inhaled NPs in the lungs, in particular be-
cause airborne NPs have a tendency to form agglomerates
of different sizes, which influence their deposition in the
respiratory tract.

The lung is exposed to pollutants by inhalation and
the pulmonary immune system must defend the respira-
tory tract against harmful agents. In the bronchoalveolar

space there are proteins of innate immunity, and, among
these, the surfactant protein D (SP-D) plays a chief role
in host defence (Marchetti et al. 2015; Jud et al. 2013).
Since SP-D can bind to microorganisms for clearance
through non-inflammatory pathways, it is likely that SP-
D may also bind to the inhaled NPs and promote their
clearance. Based on these considerations, Schleh et al.
2013a investigated the fate of inhaled AuNPs by
analysing also the role of pulmonary surfactant protein
D (SP-D). For this study, AuNP aerosol was produced
with a spark ignition generator and mass concentration,
particle number concentration and CMD were deter-
mined. AuNPs in the freshly generated aerosol and
collected with an electrostatic TEM sampler were
characterised by TEM. The authors showed that the
mice were exposed to aerosol mass concentration equal
to 1.6 mg/m3 and AuNP number concentration of
2 × 107 particles/cm3 with a CMD of 22 nm. TEM
images showed agglomerated AuNPs with spherical
shape. To examine the role of pulmonary SP-D, healthy
adult female C57BL/6 mice were subjected to radioac-
tively labelled AuNP (20 nm) and, before NP exposure,
a group of mice received 10 μg of dissolved SP-D by
intratracheal instillation. Two hours after NP aerosol
inhalation in a plethysmograph chamber, the mice were
sacrificed, and the biodistribution of AuNPs was inves-
tigated. The highest amount of AuNPs was associated
with the lung tissue, in agreement with previous
intratracheal instillation researches (Lipka et al. 2010),
while the instillation of SP-D before the AuNP inhala-
tion did not produce significant effects on their
biodistribution. This may be due to different causes. It
is possible that the instilled SP-D only increased the
physiological pool, without enhancing the activity of
the SP-D already present. On the other hand, the mea-
surement time chosen in this study might be too short to
allow detection of SP-Dmodulating effects. The slightly
reduced translocation from the lungs to the circulation
observed in mice subjected to instillation with SP-Dwas
not significant. However, these data are worth to be
studied in more detail, for example by employing longer
exposure times.

Concerning inhalation studies for the evaluation of
AuNP-induced inflammation, Yin et al. (2019) reported
the interaction of sub-100 nm aerosolised NPs with the
lungs at the cellular level and the inflammatory re-
sponses triggered by their inhalation. The authors
characterised synthesised citrate-capped AuNPs and
PEG-coated AuNPs with different functional groups
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both in water suspensions and in BAL byDLS, UV–vis,
TEM and zeta potential. Moreover, they aerosolised the
NPs with an atomiser aerosol generator and continuous-
ly monitored the particle number concentration and size
distribution of aerosol by CPC and SMPS. Male Balb/c
mice between 8 and 12 weeks of age were exposed for
6 h to an aerosol of AuNPs in whole-body inhalation
chambers. For all inhalation duration, the authors main-
tained the NP concentration at 3 million NPs/ml. Inde-
pendently from the functional group, these ∼ 50 nmNPs
were stable following aerosolisation and incubation in
BAL fluid, without extensively crossing the air–blood
barrier. This behaviour is not surprising as the overall
size of the NPs (∼ 50 nm) is greater than the limit value
for the crossing of the air–blood barrier, allowing the
retention of most inhaled NPs inside the lungs to probe
their intrapulmonary distribution. Results of this study
showed that the different preparations of AuNPs induce
different degrees of inflammation, underlining the effect
of surface functionality of NP inhaled on the triggered
acute inflammatory response. Interestingly, when the
authors compared their results in vivo with the results
obtained in cell systems, in vitro data revealed the
secretion of the same types of pro-inflammatory
markers as in vivo studies, but the amount of secretion
for each marker was not fully coherent between two
systems emphasising the importance of in vivo
approaches.

Concerning the relationship between inflammation
and AuNP exposure, interesting studies on animal
models with inflammatory lung diseases have also
been conducted. For example, Geiser et al. (2013) stud-
ied the absorption and cellular localisation of inhaled
AuNPs in a mouse model of chronic obstructive pulmo-
nary disease (COPD). In this study, female mice (10–
18 weeks) inhaled the AuNP (about 21 nm) aerosol via
an endotracheal tube by negative pressure ventilation for
2 h. Different from the whole-body exposure, the endo-
tracheal intubation/ventilation exposure allows to by-
pass the extrathoracic airways to obtain a distinct depo-
sition of NP in the lungs. Immediately or 1 day after
inhalation, both BAL macrophages and whole lung
were examined. Also, for this study, NP aerosol, pro-
duced by spark generator and heat-treated at 600 °C to
melt the AuNP agglomerates to spherical AuNPs, was
continuously monitored in order to determine particle
number concentration and size distribution. The AuNP
shape was assessed by TEM analysis. Results obtained
showed that macrophages contained large (> 100 nm)

NP agglomerates, whereas in the lungs, AuNPs were
mainly found on the epithelial surface and within sur-
face structures as singlet or small agglomerates (≤
100 nm). Immediately after aerosol inhalation (time 0),
AuNPs were mainly attached to the lung epithelial sur-
face of COPD mice, whereas in control mice, they were
more abundant in macrophages. Twenty-four hours
post-aerosol inhalation, the percentage of AuNPs at-
tached to the lung epithelial surface decreased in both
groups. Taken together, these data indicate a less effi-
cient macrophage uptake and slow clearance of AuNPs
in COPD mice (Geiser et al. 2013). Successively, the
same research group analysed the macrophage uptake of
AuNPs in a different pathological situation using a
mouse models of allergic asthma (Geiser et al. 2014).
Mice with COPD were also included in this study. Au
NP aerosol was generated as already described (Geiser
et al. 2013) and the authors used the characterisation
data obtained in the previous study (Geiser et al. 2013).
AuNP uptake by macrophages in BAL obtained from
mouse models of allergic asthma and COPD challenged
by fungi and spores was examined. The results showed
that macrophages from sick mice were significantly
larger than those from control mice, and as previously
reported (Geiser et al. 2013), in mice with COPD, the
percentage of macrophages containing AuNPs was low-
er than that in control mice (Geiser et al. 2014). In the
macrophages of all animal groups, the fungal spores
were found inside the phagosomes, while AuNPs were
visible either with the spores in the phagosomal cavity
or, rarely, in the cytoplasm. Moreover, in allergic mice,
eosinophils containing AuNPs were observed demon-
strating that other inflammatory cells present in the
airways can contribute to the internalisation of NPs
(Geiser et al. 2014). This study, providing useful infor-
mation on the intake of AuNPs by airway macrophages
in healthy subjects as well as in two suitable inflamma-
tory lung diseases models such as COPD and asthma,
will be useful to elucidate the mechanisms responsible
for the adverse health effects of inhaled AuNPs.

Other authors have used a “direct” inhalation method
instead of the whole-body inhalation chamber. Han et al.
(2015b) carried out a study in which male-specific path-
ogen-free Sprague–Dawley rats were exposed to AuNP
aerosol, using a nose-only exposure system. AuNPs
were generated by an atomiser and purified air was used
as the carrier gas. The aerosol was characterised in order
to determine size distribution and particle number con-
centration by SMPS and CPC. The surface area of NPs
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was calculated by data of aerosol characterisation.
Moreover, the NPs in the aerosol were characterised
by TEM to determine the size distribution. In this
short-term exposure study, animals were exposed to
both small AuNPs (about 13 nm) and large AuNPs
(about 105 nm) 6 h a day for 5 days. The exposure
was followed by a recovery period of 1, 3 and 28 days in
the open air. The results obtained confirm literature data
reporting that although both small and large AuNPs
deposited mainly in the lungs, small AuNPs were able
to move to extrapulmonary organs (liver, spleen, brain
and blood) at higher speed than large AuNPs (Kreyling
et al. 2014).

These data on the greater translocation capacity of the
smaller particles are extremely interesting as they are
independent of the method of administration (aerosol or
intratracheal instillation).

Another study, employing the intratracheal
intubation/ventilation method, investigated the age-
dependent deposition patterns of inhaled 195Au-
radiolabeled 20-nm AuNPs in 7-, 14-, 21-, 35-, 60-
and 90-day-old Wistar–Kyoto rats and the biokinetics
fate of the AuNPs in adult rats (60-day-old) (Kreyling
et al. 2018). In this study, AuNP aerosol was produced
by spark ignition and irradiated in the cyclotron, with
protons of about 30 MeV energy in order to produce
agglomerated [195Au]AuNPs were treated in a tube fur-
nace at a temperature of 600 °C to form single spherical
NPs of 20 nm. The aerosol was characterised and count
median diameter, number concentration and particle
volume concentration of aerosol distribution were de-
termined. Results obtained showed that the intratracheal
inhalation of AuNPs by negative pressure ventilation
caused the deposition of NP preferably in the caudal
lungs regardless of the rat age. However, whole deposi-
tion in the lung increased with the increasing age due to
the augmented lung volume. Regarding the biokinetics
studies carried out only in adult rats, it was observed that
exposure to NPs resulted in intrathoracic airway depo-
sition and alveolar retention, the latter being the domi-
nant long-term effect (Kreyling et al. 2018).

As AuNPs are able to induce inflammation, in the
only study performed in humans, Miller et al. (2017)
exposed healthy male non-smoking volunteers aged 18–
35 to AuNPs of 5 nm and 30 nm for 2 h via inhalation in
a specially built human-controlled exposure chamber in
order to assess their potential cardiovascular effects. The
authors generated AuNP aerosol of 5 nm by a commer-
cial spark generator and larger single spherical particles

of 30 nm by extending the residence time in argon via a
growth loop to agglomerate particles, followed by ther-
mal fusing of particles. Particle number concentration,
size distribution and surface area were monitored. Pri-
mary particle size of AuNPs of samples collected on
Teflon filters was determined by TEM. Au was detected
in the blood and urine samples of human volunteers,
with greater levels after inhalation of 5 nm AuNPs
compared to 30 nm. Au, detected within 15 min to
24 h after exposure, was still measurable after 3 months.
Of particular interest is the observation that the NPs that
translocated from the lung to the circulation selectively
accumulated at the sites of vascular inflammation. These
results were also discussed and further analysed in a
subsequent article by the same authors (Raftis and
Miller 2019). They exposed, via intratracheal adminis-
tration, a mice model of atherosclerosis (apolipoprotein
E knockout) to purchased AuNP suspensions with sizes
in the range 2–200 nm, characterised by TEM and DLS.
The authors reported markedly greater translocation for
NPs below 10 nm and preferential accumulation in
inflammation-rich vascular lesions (Miller et al. 2017).
These results are in agreement with previous data of
Jacobsen et al. (2009).

Results from studies utilising whole-body inhalation
chambers demonstrated that AuNPs produced with a
spark ignition generator are mainly in a single form and
a large portion of them is retained in the lung tissue
(followed by other organs such as kidneys, brain and
oesophagus). AuNPs are internalised within vesicles in
the cytoplasm of epithelial cells, predominantly in type I
cells and also in macrophages, as already observed in
intratracheal instillation studies. Moreover, notwithstand-
ing lungs are the main target organs, a gender-specific
difference has been observed in Au accumulation in the
kidney, that resulted greater in female animals. As ob-
served in intratracheal instillation studies, the histopatho-
logic examination of the lungs identified inflammatory
infiltrates of lymphocytes, neutrophils and macrophages.
However, different preparations of AuNPs induced dif-
ferent degrees of inflammation, underlining the effect of
surface functionality of NP inhaled on the triggered acute
inflammatory response. Interestingly, in the only study in
which in vivo results were compared to in vitro results,
the amount of inflammatory markers was not coherent
between two systems highlighting the importance of
in vivo approaches (Yin et al. 2019).

However, it should be kept in mind that whole-body
inhalation studies previously described involve, besides
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Table 5 AuNP toxicity: in vivo studies

Animal model Size (nm) Type of exposure Main conclusions Reference

Male Wistar–Kyoto rats 5–8 Intratracheal inhalation of
ultrafine NPs generated
by spark ignition:
whole-body chamber

The particles were single or slightly
agglomerated. Inhaled ultrafine gold
particles in alveolar macrophages and
type I epithelial cells are processed by
endocytotic pathways.

Takenaka et al.
(2006)

Female Wistar–Kyoto
rats

1.4
18

Intratracheal instillation 1.4 nm NPs translocated through the
air–blood barrier in significant
amounts. 18 nm NPs are almost
completely trapped in the lungs. NP
surfaces were modified during translo-
cation.

Semmler-Behnke
et al. (2008)

Female C57BL mice 20
40
100

Intratracheal instillation NPs were engulfed by pulmonary
macrophages, only a small part
translocated into systemic circulation,
in a size-dependent manner.

Sadauskas et al.
(2009)

Female wild-type
C57BL/6 (C57) and
C57BL/6 apolipopro-
tein E knockout mice

2 A single intratracheal
instillation

AuNPs showed inflammatory effects
corresponding to their surface areas.

The pulmonary inflammatory response
was more evident in apolipoprotein E
knockout mice.

Jacobsen et al.
(2009)

Female Wistar–Kyoto
rats

5, PEG-modified
5, plain

Intratracheal instillation Almost all (> 97%) of the NPs instilled
intratracheally remained in the lungs.

PEGylation did not affect translocation
from the lungs.

Lipka et al.
(2010)

Male WU
Wistar-derived rats

50
250

Intratracheal instillation Both agglomerated as well as single NPs
were taken up by macrophages. No
differences in pulmonary and systemic
toxicity markers were observed.

Gosens et al.
(2010)

Male and female
Sprague–Dawley rats

4–5 Whole-body inhalation
chamber

The lung is the only organ in which
dose-related changes in both male and
female rats were observed.

The histological examination of the lungs
identified inflammatory infiltrates of
lymphocytes, neutrophils and
macrophages.

Sung et al. (2011)

Male Wistar–Kyoto rats 14 Whole-body inhalation
chamber

NPs were internalised in alveolar
macrophages by endocytosis. The
number of NP-containing vesicles and
the size of NP agglomerates were
time-dependent suggesting transloca-
tion and re-arrangement of both NPs
and vesicles in the alveolar macro-
phage.

Takenaka et al.
(2012)

Male Wistar rats 7
20

Whole-body inhalation
chamber

The highest NP accumulation for both
primary sizes (7 and 20) was in the
lung.

The NP biodistribution is dependent on
primary size of agglomerates: inhaled
agglomerates of 7-nm NPs were dis-
tributed in more organs than that of
20-nm NPs.

Balasubramanian
et al. (2013)

Male ICR mice 20 Intratracheal instillation Instilled colloid NPs were internalised
into the alveolar epithelium at the
air–blood barrier by caveolae-mediated
endocytosis.

Naota et al.
(2013)

Female C57BL/6 mice 20, radioactively
labelled

Almost all inhaled NPs remained
associated with the lung. Pulmonary

Schleh et al.
(2013a)
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Table 5 (continued)

Animal model Size (nm) Type of exposure Main conclusions Reference

Intratracheal inhalation by
negative pressure
ventilation

surfactant protein D instillation before
NP inhalation had no influence on their
biodistribution.

Scnn1b-transgenic
(Tg/COPD) mice and
Wt mice

21 Intratracheal inhalation by
negative pressure
ventilation

NPs were found mainly attached to the
lung surface of COPDmice, while they
were more abundant in macrophages of
Wt mice.

In COPD mice, the absorption of AuNPs
by macrophages was less efficient
leading to a slow elimination of
particles.

Geiser et al.
(2013)

Ovalbumin-sensitised
(allergic asthma),
COPD and Wt mice

20 Macrophages in BAL from
sick and control mice
challenged by fungi and
spores

Macrophages of the sick mice were
significantly larger than those of the
control Wt mice.

In mice with allergic asthma, eosinophils
containing AuNPs were observed
demonstrating that inflammatory cells
present on the airways can contribute to
the absorption of NPs.

Geiser et al.
(2014)

Female Wistar–Kyoto
rats

1.4, 2.8, 5, 18, 80,
200

radioactively
labelled

Intratracheal instillation After 24 h, most of the inhaled NPs (both
positively and negatively charged)
were revealed in the lungs.

Smaller AuNPs were more likely to cross
the air–blood barrier.

Translocation of NPs with negative
charge was significantly higher
compared to NPs with positive charge.

Kreyling et al.
(2014)

Male-specific
pathogen-free
Sprague–Dawley rats

13
105

Inhalation chamber Both small and large NPs were revealed
mainly in rat lungs.

Small NPs were able to move from the
lungs to extrapulmonary organs at a
greater speed than large NPs.

Han et al. (2015b)

Healthy male
non-smoking volun-
teers

5
30

Human-controlled
exposure chamber

Au was detected in the blood and urine
samples of human volunteers, with
greater levels after inhalation of 5 nm
NPs compared to 30 nm. NP
accumulated at the sites of vascular
inflammation.

Miller et al.
(2017), Raftis
and Miller
(2019)

Mice model of
atherosclerosis
(apolipoprotein E
knockout)

2–200 Intratracheal
administration

Translocation of NPs smaller than 10 nm
was significantly higher compared to
greater NPs. NP accumulation occurred
in inflammation-rich vascular lesions.

Female Wistar–Kyoto
rats of different ages

20 Intratracheal inhalation by
negative pressure
ventilation

After inhalation, an anisotropic
deposition, independent of the rat age,
was observed preferably in the caudal
lungs.

Exposure to NPs resulted in intrathoracic
airway deposition and alveolar
retention, the latter being the dominant
long-term effect.

Kreyling et al.
(2018)

Male Balb/c mice 50 Au@PEGX
NPs (with or
without Cy5.5
molecules
attached)

Inhalation chamber Regardless of the functional group, NPs
remained colloidally stable following
aerosolisation and incubation in
bronchoalveolar lavage fluid, without
pronouncedly crossing the air–blood
barrier.

Yin et al. (2019)

  235 Page 30 of 41 J Nanopart Res          (2020) 22:235 



inhalation, an additional type of exposure, i.e. the inges-
tion by licking of particles that accumulate on the skin
and the fur. In this context, it is interesting to note that, in
a study on the effect of orally administered 10–20 nm
AuNPs on the histological structure of the rat lung
tissue, pulmonary damage was observed (Elbakary
et al. 2018). In this research, adult male albino rats were
divided into three groups: two groups treated with
AuNPs (one receiving a low dose and another one
receiving a high dose every day) and a control group.
After 14 days, the mice were sacrificed and the lungs
were dissected and examined by optical and electron
microscopy. The immunohistochemical examination re-
vealed significant high levels of caspase-3 activitymain-
ly in the group of rats exposed to the high dose of NPs.
This finding is in accordance with the in vitro results by
Choi et al. (2012), showing that AuNPs of similar size
(17 nm) led to an increase in apoptosis. The observation
by electron microscopy revealed both the thickening of
the alveolar wall and the proliferation of pneumocytes
type II with degenerative changes. Moreover, inflam-
matory infiltration and congestion of blood vessels to-
gether with the collapse of the alveoli and extravasation
of erythrocytes were induced by exposure to AuNPs.

A general conclusion that can be drawn from the
reported in vivo studies is that particle translocation
from the lungs to other organs is not a significant phe-
nomenon, but when it occurs, the liver often represents
the main deposition site of AuNPs. The NP transloca-
tion rate is correlated to surface charge, particle size and
surface area, being higher for negatively charged and
smaller particles (Table 5). Concerning the model of
exposure used in the described in vivo studies, some
considerations have to be done. For example,
intratracheal inhalation is an exposure model that does
not reflect the actual deposition of NPs in the lungs as
airborne NPs tend to form agglomerates of different

sizes that influence their deposition in the lungs
(Balasubramanian et al. 2013). On the other hand, the
whole-body inhalation system involves other types of
exposure such as, in particular, ingestion. As it has been
shown that oral administration can cause lung damage
(Elbakary et al. 2018), also the exposure by whole-body
inhalation chamber is not ideal as it may lead to an
overestimation of the damage. The main limitations of
in vivo studies are therefore due to the lack of an
appropriate model of exposure.

When we compared the effectiveness of intratracheal
instillation to aerosol inhalation in order to estimate the
dangers of respiratory exposure to AuNPs, we observed
that the two different routes of administration can lead to
different results. Differences observed in lung response
to inhaled compared to instilled NPs were probably due
to changes in dose administration times, particle distri-
bution or altered clearance between the two methods.
For example, we have observed that in intratracheal
instillation studies, the clearance of NPs from the lung
is slower and inflammation is greater and lasts longer in
the lungs than in inhalation studies. Importantly, the
reactivity of the NPs can be different between the dif-
ferent studies also because of the differences in the
physico-chemical characteristics due to the production
process. In particular, primary particle size, AuNP con-
centration and purity are important features to check,
because these characteristics may diverge from the man-
ufacturer’s description.

In summary, in vivo studies demonstrated that, after
inhalation, the smallest NPs can overcome the air–blood
barrier of the lungs. The translocation of inhaled nano-
particles into the systemic circulation and their accumu-
lation at vascular inflammation sites may explain the
link between NPs present in the environment and car-
diovascular diseases with important implications for risk
management related to the use of ENMs. It is important

Table 5 (continued)

Animal model Size (nm) Type of exposure Main conclusions Reference

Wistar rats with 3, 7 and
21-day-old pups

5
10

Intratracheal instillation NP translocation from the lungs to the rest
of the body was significantly higher in
infant animals than in adults and
decreased with the age.

In contrast to what was observed for
adults, no difference in the
translocation between 5 nm versus
100 nm NPs was observed in infants.

Tsuda et al.
(2019)

Studies are presented in chronological order in which they were published
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to understand if NPs can cross other barriers such as the
blood–brain barrier as there is no doubt that the fate of
nanoparticles in the body is critical to understand their
health risks. These in vivo toxicity studies, although
incomplete, have helped to understand the importance
of surface charges and dimensions for an element such
as gold, perhaps mistakenly considered “innocent” and
are particularly significant in the discussion of the AuNP
risk assessment. Based on these considerations, it is
therefore extremely important to use more and more
in vivo approaches.

Conclusions

Many in vitro and in vivo studies have been performed
to identify the relationship between the physico-
chemical characteristics of NPs and their biological
effects with the aim to assess their safety. Although
several toxicological studies and the biodistribution of
AuNPs after intravenous, oral and peritoneal adminis-
tration are available in the literature, there is little infor-
mation on in vivo inhalation toxicity.

Even if literature data reported in this review are not
always consistent, however, in contrast with the idea
that AuNPs can be used without worries for human
health, they demonstrate that this ENM can be toxic
for the respiratory system in various conditions.

Many factors influence the outcome of in vitro stud-
ies, in particular: the cell model, the exposure procedure
and the physico-chemical properties of AuNPs, such as
size and charge. The choice of the cellular system is very
important as conflicting results arise from the variability
of cell lines used for toxicity assays. Data available in
this review seem to indicate the specificity of death
response induction in A549 cells compared to other cell
lines, such as HepG2 and BHK21 cells (Patra et al.
2007). Conversely, citrate-capped AuNPs were toxic
to CHO cells but not to bronchial BEAS-2B cells
(Vetten et al. 2013). Moreover, researches on different
respiratory cell lines demonstrated a higher sensitivity of
bronchial cells to positively charged AuNPs compared
to alveolar cells (Schlinkert et al. 2015). This different
sensitivity was also observed for other ENMs (Ursini
et al. 2016). Similar AuNP translocation kinetics in
alveolar cells of human and murine origin suggests not
only the presence of a cell-specific response (Schlinkert
et al. 2015) but also the absence of specie-specific
mechanisms (Bachler et al. 2015). Results from all these

studies are particularly interesting demonstrating that
bronchial and alveolar cell models are peculiar and
complementary and, therefore, should be both included
in this kind of investigations.

As demonstrated in the studies reviewed in this arti-
cle, size and surface charge modulate NP interaction
with the cells. Although in general NP cytotoxicity
depends on the size, conflicting literature data have been
reported. Focusing on cells of lung origin, some authors
observed that AuNP size does not affect cellular uptake
and toxicity (Uboldi et al. 2009; Freese et al. 2012),
while others found increased cytotoxicity and transloca-
tion rates with smaller particles (Liu et al. 2013; Bachler
et al. 2015). Moreover, it is still unclear which size of
AuNPs induces cellular damage and toxicity in vitro. In
fact, some authors observed that AuNPs smaller than
10 nm penetrating the cell membrane reach the nucleus
passing through the nuclear pores (Chithrani et al. 2006;
Huo et al. 2014; Pan et al. 2007) and can be genotoxic
(Lebedová et al. 2018). Conversely, other researchers
reported that bigger AuNPs of 40–50 nm were more
toxic to respiratory cells than smaller ones (Choudhury
et al. 2013; Chithrani et al. 2006).

Surface coating may change the internalisation pat-
tern of the particles (Zhang et al. 2002). For example,
PEG-coated NPs are less prone to agglomerate and less
able to interact with proteins. As a consequence, they are
not efficiently internalised by the cells. Moreover, PEG-
coated NPs can, at some extent, avoid vesicular trans-
port and be found free in the cytoplasm, which is rarely
seen with other NPs (Nativo et al. 2008; Brandenberger
et al. 2010a). Different from PEG, citrate coating might
impair cell viability and proliferation without affecting
the AuNP uptake by active endocytosis (Uboldi et al.
2009; Freese et al. 2012). The impact of surface modi-
fication on the toxicological potential of AuNPs was
also observed in HeLa cells (Niidome et al. 2006), but
not in K562 human leukaemic cell line (Connor et al.
2005).

Conclusions that can be drawn from in vitro studies
are that positively charged AuNPs enter respiratory cells
far more efficiently than negatively charged and neutral
particles and smaller NPs induce higher cytotoxicity.
Concerning bronchial cells, the extent of cytotoxicity
depends on the percentage of positively charged ligands,
which is consistent with the observation that positively
charged AuNPs depolarise membrane potential and dis-
rupt lipid bilayers of cell membrane (Arvizo et al. 2010).
It is important, though, to keep in mind that the surface
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charge can be modified when ENMs come in contact
with reactive molecules in the environment, such as
serum proteins in media (in vitro experiments) or pro-
teins in physiological fluids (in vivo experiments and
accidental or intentional exposure of humans)
(Lundqvist et al. 2008; Marchetti et al. 2015). For this
reason, ENMs should be characterised regarding their
physico-chemical characteristic both before and after
suspension in the exposure medium.

Several studies have shown discrepancies between
in vitro and in vivo data highlighting the idea that simple
in vitro experiments do not always lead to right predic-
tions of in vivo results. For this reason, 3D alveolar
models associated to advanced in vitro exposure system
have been developed to investigate AuNP uptake and
translocation. Of particular importance is the way in
which NPs are applied to the cells, in suspension or as
aerosols, since it is known that particle deposition in
classical submerged conditions occurs mainly by diffu-
sion and does not reproduce deposition in the lung.

Exposure to nebulised NPs at the air–liquid interface
should be preferred also because it reduces particle
agglomeration and eliminate the variability due to the
suspension in different culture media, allowing a better
control of the exposure dose (Fröhlich 2018). Studies
using this advanced in vitro exposure system confirmed
that NPs are internalised by the cells even though a
lower toxicity has been observed compared to tradition-
al models. Results from studies utilising these sophisti-
cated in vitro models, that mimic NP behaviour and cell
response in a more realistic way, constitute a useful tool
for lung toxicity studies. Also, the microenvironment in
lungs is an important factor that deserves attention. In
particular, in an ideal in vitro model of respiratory
exposure to NPs, the influence of pulmonary surfactant
should be considered since it could be adsorbed on NPs
(Silina et al. 2016; Zhao et al. 2019) and alter their
characteristics as well as their toxicity (Jia et al. 2019).
Hence, in vitro studies on AuNP toxicity to lung cells
should consider reliable models to better reflect the

Fig. 6 Schematic representation of the relationship between AuNP characteristics and their toxic effects in vitro and in vivo
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situation in vivo and the role of pulmonary surfactant
should not be overlooked.

In vivo studies demonstrated that the highest amount
of inhaled AuNPs is associated with the lung tissue and
that their translocation across the air–blood barrier de-
pends on NP size, whereas their accumulation in sec-
ondary organs depends on specific surface area and
charge. Concerning the role of AuNP charge, it has been
demonstrated that the percentage of translocation for
negative AuNPs is higher than for positive ones. This
behaviour is in agreement with in vitro results showing
that positively charged AuNPs enter more efficiently
bronchial cells and are also cytotoxic. The main limita-
tions of in vivo studies are due to the lack of an appro-
priate model of exposure. As airborne NPs tend to form
agglomerates that influence their deposition in the lungs,
intratracheal administration could not reflect the actual
NP deposition (Balasubramanian et al. 2013). The
whole-body inhalation system may lead to an overesti-
mation of the damage due to ingestion of AuNPs accu-
mulated on the fur.Moreover, the two different routes of
administration lead to different results probably because
of the different dose administration times, type of sam-
ple (suspension or aerosol), particle distribution and NP
clearance.

In conclusion, data on the possible consequences at
the level of the whole organism of human inhalation
exposure to AuNPs are still insufficient and controver-
sial. It is not possible to draw exhaustive conclusions
because the available data are not comparable to each
other, due to the different exposure conditions, different
sample preparations used in the studies, different cell
lines and different assays performed. A schematic rep-
resentation of the relationship between AuNP character-
istics and their toxic effects in vitro and in vivo is shown
in Fig. 6.

An improved evaluation of the safety of NPs and a
better understanding of the mechanisms of cytotoxicity
can be obtained only by adopting standardised protocols
that include the harmonisation of methods for the prep-
aration of both AuNP suspension and aerosol, their
characterisation, as well as the culture conditions, the
time exposure and the dose range. Finally, to better
understand the interaction with the cell system, it is
fundamental to study the changes of AuNPs character-
istics in the culture media, such as agglomeration, sur-
face charge and adsorption of serum protein.

Studies are needed that simultaneously analyse the
effect of the different AuNP physical parameters using

similar experimental exposure conditions in vitro and
in vivo. These consistent experimental procedures will
help to improve AuNP safety through controlled manip-
ulation of the critical characteristics of this nanomaterial.
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