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ARTICLE INFO ABSTRACT

Keywords: Metal nanoparticles, with gold nanoparticles (AuNP) at the forefront, have gained immense attention due to their
Gold nanoparticles unique properties. At the nanoscale, gold exhibits remarkable physical, chemical, optical, and electronic features,
Genotoxicity

making it ideal for a plethora of applications, including bioimaging, sensing, diagnostics, and drug delivery.
Despite their promising utility, concerns have arisen regarding the potential adverse effects of AuNP on human
health. Research has indicated that these nanoparticles can accumulate in vital organs and interact with proteins
and cellular structures, potentially leading to diverse toxicological manifestations. The precise understanding of
these nano-bio interactions is further complicated by the varied physicochemical properties of AuNP that in-
fluence their biological effects. This review aims to consolidate the current knowledge on the genotoxic effects of
AuNP, shedding light on the underlying mechanisms and factors affecting their toxicity. The search was con-
ducted in PubMed and Web of Science databases. Eventually, 32 studies focusing on the genotoxic effects of
AuNP were included in the review. In vitro and in vivo findings revealed that AuNP can induce primary DNA
damage, oxidative DNA damage, chromosomal damage, alterations in gene expression, and effects on epigenetic
regulation. These effects were found to be influenced by various factors, including nanoparticle size, shape, and
surface coating. However, the existing literature also highlights the challenges associated with assessing the
genotoxicity of nanomaterials (NM), emphasizing the need for standardized and adapted testing protocols. The
interference of nanoparticles with conventional toxicity assays may lead to unreliable results; thus, specific
methodologies tailored for NM evaluation must be implemented. In conclusion, while AuNP hold tremendous
potential for innovative applications, their safety profile remains a critical concern. Continued research is
imperative to elucidate the mechanisms of AuNP induced genotoxicity and develop robust testing protocols,
ensuring their safe and effective use in diverse applications.

DNA damage
Chromosomal damage
Gene expression
Epigenetics

1. Introduction 100 nm can be considered nanomaterials (NM) [1,2]. Therefore, the
simplest definition of nanotechnology may be “technology at the

Nanotechnology has been considered as one of the most important nanoscale”, but a more elaborated definition by The National Nano-
industries and research fields of the 21st century [1]. The prefix “nano” technology Initiative in the Unites States is “a science, engineering and
is referred to a Greek prefix meaning “dwarf” or something very small, technology conducted at the nanoscale, where unique phenomena
so structures or molecules with at least one dimension between 1 and enable novel applications in a wide range of fields, from chemistry,
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physics and biology, to medicine, engineering and electronics” [3,4].

Engineered NM increased massively about two decades ago revolu-
tionizing most of the technological and scientific fields [5]. Among the
highly promising NM, metal nanoparticles (NP) have gained significant
attention due to their particular properties [6]. They are very interesting
materials, easy to synthesize and manipulate, offering precise control
over the particle physicochemical properties, and functionalisation with
a variety of functional groups, such as peptides, antibodies, RNA, and
DNA, to target different cells along with potential biocompatible poly-
mers, for example, polyethylene glycol (PEG) [7]. Among them, gold
nanoparticles (AuNP) are some of the most deeply investigated [5,8].

At the nanometric scale, gold has fascinating physical, chemical,
optical, and electronic properties, explained by a combination of the
electronic structure with other effects due to the extremely small di-
mensions [5,9]. It exhibits advantageous features such as simple syn-
thesis with tunable sizes and shapes, easy modification, and unique
optical properties, particularly, their surface plasmon resonance (SRP)
[10,11]. Surface plasmons are oscillating electrons in a metallic nano-
structure that obtain a frequency oscillation equal to the irradiating
electromagnetic field. The SPR wavelength of AuNP can be tuned from
visible to near-infrared by changing the size and/or shape of the NP
[12]. Therefore, these NP can absorb energy from a light source and
produce light scattering, making them attractive for a variety of bio-
logical applications, such as bioimaging, nanosensing, and molecular
diagnostics [1].

Because of these special features, AuNP are widely used for
numerous applications in different fields, ranging from clinical, phar-
maceutical, and biomedical uses to their utilization in microelectronics
and food packaging [8]. Above all, these NP have gained significant
attention in biomedicine, where they can be used in targeted drug de-
livery, gene therapy, medical imaging as contrast agent, biosensing and
diagnosis, and as counter cancer and antimicrobial agents, among others
[13,14].

Many previous studies have reported that AuNP accumulation may
occur in vital organs, such as the liver and the spleen [15-17]. AuNP can
also interact with proteins and subcellular organelle structures leading
to neurotoxicity, genotoxicity and immunotoxicity [14]. Consequently,
even though their unique properties make AuNP technologically and
biomedically interesting, these properties raise also alarm bells about
their possible adverse effects on health and the environment; never-
theless, the information about their short- and long-term effects on
living organisms is still very limited [13].

Additionally, physicochemical properties of AuNP, in particular,
were shown to complicate the prediction of their biological effects [18],
limiting the understanding of their nano-bio interactions, hampering
their use and commercialization [1]. This is aggravated by the fact that
conventional toxicity assays may not be appropriate for nanotoxicity
testing due to NP interference with assay components or detection
methods [19]. This interference is frequently not properly addressed
often leading to unreliable results in biocompatibility studies and over-
or under-estimation of the damage induced.

In this context, the main objective of this work was to gather the
main genotoxic effects associated with AuNP exposure reported so far in
the literature, as well as the factors and physical-chemical properties
influencing these effects, and to shed light on the action mechanism of
these NP on the genetic material. The current gaps and future needs of
proper standardised techniques for nanogenotoxicity evaluation are also
addressed and discussed.

2. Search strategy

Studies included in this review were identified by a bibliographic
search using PubMed (https://pubmed.ncbi.nlm.nih.gov/) and Web of
Science (WoS, all databases, all collections) (https://www.webofs-
cience.com), updated to March 2024. The search strategy comprised two
terms that were intersected using the Boolean term “AND”. The search
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term included as first descriptor was “gold nanoparticles”, and the sec-
ond one was related to genotoxic effects (“genotox*”) or epigenetic al-
terations (epigenetic*). Initial screening was focused on Topic
(including title and abstract,) in both PubMed and WoS. Although lan-
guage restriction was not applied, all articles found were written in
English. The initial search retrieved a total of 175 manuscripts. Reviews,
book chapters, conference papers, articles just addressing gold nano-
particle synthesis or characterization, or those where no genotoxicity or
epigenetics assessment was conducted were all discarded for the final
revision. At the end, 32 studies addressing potential genotoxic effects or
epigenetic modifications induced by different AuNP were included in
the present review.

3. Effects of gold nanoparticles on the genetic material

Several direct and indirect mechanisms through which nano-
materials could potentially cause DNA damage are reported in the
literature. Direct mechanisms would involve interaction with DNA
molecule, while indirect mechanisms would take place without physical
interaction with the genetic material, through their ability to generate
free radicals and cause oxidative stress. Alternatively, if NM are able to
accumulate within cells, but not necessarily gain access to the nucleus,
they may still come into direct contact with DNA during mitosis, when
the nuclear membrane breaks down, possibly resulting in DNA aberra-
tions. Due to the variety of mechanisms involved in genotoxicity in-
duction, a battery of assays is required to evaluate the genotoxic
potential of a nanomaterial [20]. The most common types of genotoxic
damage caused by NM include primary DNA damage, chromosomal
aberrations, adduct formation, alterations in gene expression and in
epigenetics [21]. AuNP, in particular, were found to interact with DNA
in many different ways causing a number of genetic injuries (Fig. 1).

The following sections describe the different types of genotoxic ef-
fects induced by AuNP exposure on biological systems (Tables 1-4).

3.1. Primary DNA damage

Primary DNA damage, including single-strand breaks (SSB), double-
strand breaks (DSB), alkali-labile sites, and incomplete excision repair
sites, can be detected by the alkaline comet assay. Due to its sensitivity,
simplicity and versatility, this assay is one of the most widely used
methods for assessing the genotoxicity of NM [22,23].

Although biological behaviour of NP can be modulated by several
factors such as size, shape and functionalisation, most studies with
different types of AuNP have detected primary DNA damage using this
technique, both in vitro and in vivo (Table 1). Plotnikov et al. [24] and
Bin-Jumah et al. [25] studied the genotoxicity of large AuNP (> 50 nm)
in albino mice and in human healthy (Chang) and cancer liver (HuH-7)
cells, respectively. They detected primary genetic damage following a
dose-response pattern, with notable damage at the highest concentra-
tions tested. Similar effects were observed in other studies using smaller
AuNP of 3-4 nm in human lung carcinoma cells (A549) [11], of 7 nm in
the gilt-head bream (Sparus aurata) [26] and of 9 and 14 nm in Chinese
hamster ovarian cells (CHO) [20,27].Also using comet assay, Cardoso
et al. [28] found that acute and chronic exposure to AuNP (10 and
30 nm) induced DNA damage in cerebral cortices isolated from brain of
exposed rats, although a higher damage was observed after chronic
exposure.

Nevertheless, some studies do highlight the importance of the AuNP
properties on the genotoxicity results. In the work by Lebedova et al.
[29], significant DNA damage in human bronchial epithelial cells
(HBEC) was only detected in the smallest diameter AuNP (5 nm), but not
in the 50 nm ones. Furthermore, different functionalisations have also
been reported to influence AuNP-induced genotoxicity. The work by
Rogers et al. [30], testing human kidney epithelial cells (HK-2), showed
that certain coatings may play a protective role; e.g., PEG-coated AuNP
did not produce DNA damage, while uncoated AuNP did. The absence of
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Fig. 1. Types of genetic damage induced by AuNP reported in the literature. Created in BioRender. Fernandez Bertdlez, N. (2024) BioRender.com/w62z785.

genetic damage induced by PEG-coated AuNP was corroborated by
Mulder et al. [31] in a study in human hepatocellular carcinoma cells
(HepG2), where it was also observed that damage caused by AuNP
functionalised with certain molecules [bovine serum albumin (BSA),
poly(sodium 4-styrene sulfonate) (PSSNA), polyvinylpyrrolidone (PVP)
and glutathione (GSH)] can be repaired to some extent over time. This
repair of genetic damage was also observed in the work by Khan et al.
[32], who tested AuNP in the grass carp (Ctenopharyngodon idella) and
found that blood cells damage increased with concentration at 14 days
of exposure, while it decreased after 28 days of exposure.

In addition, the simultaneous effect of both properties — size and
surface coating — was observed in other studies, such as the one by Vales
et al. [33], where two differently sized AuNP (5 and 20 nm) with three
coatings (PEG, carboxylate and ammonium) were tested in transformed
human bronchial epithelial cells (BEAS-2B), and DNA damage was only
observed in the 5nm PEG-coated AuNP and in the 20nm
ammonium-coated AuNP.

To complement the information about primary DNA damage ob-
tained with the alkaline comet assay, May et al. [11] performed the
fluorometric detection of alkaline DNA unwinding (FADU) assay and the
yYH2AX assay after exposure of A549 lung cells to 3-4 nm AuNP. The
FADU assay, used also to detect DNA strand breaks, showed lower DNA
damage than the alkaline comet assay, leading to the conclusion that
these NP mainly induce alkali-labile sites and, to a lesser extent, SSB and
DSB. Moreover, the lack of positive results in yYH2AX assay (which
indirectly detects DSB) at concentrations lower than 100 pg/mL would
indicate that most DNA breaks induced by AuNP are SSB. Other tech-
niques, such as random amplified polymorphic DNA (RAPD) or apur-
inic/apyrimidinic (AP) sites detection, can also be employed to assess
primary DNA damage. Mahaye et al. [34] studied the genotoxicity of 5,
20 and 40 nm AuNP coated with citrate and branched polyethylamine
(BPEI) in the freshwater green algae Pseudokirchneriella subcapitata. The
RAPD profiles, which allow for an estimation of genomic template sta-
bility, showed a different size range of genomic bands in samples
exposed to citrate-coated AuNP compared to controls. Additionally, a

significant increase in the content of AP sites was observed in treated
samples irrespective of the AuNP size and coating type, demonstrating
their ability to induce genotoxic effects.

A current issue in nanotoxicology is that most of the available studies
focus on the effects of high concentrations of NM, while the effects of
lower concentrations, most likely representative of a realistic human
exposure scenario, have been neglected. NM are highly reactive and
very prone to aggregation, which might explain that most of the avail-
able studies on the effects induced by the NM show a ’all-or-none*
response rather than a gradual, concentration-dependent trend. An un-
usual inverse relationship between the toxic effects and NM concen-
tration has been reported, both in vitro and in vivo [35]. In this regard,
Fraga et al. [36] found that low concentrations of citrate-coated AuNP
(22 nm) induced higher DNA damage on human hepatocyte HepG2 cells
than high concentrations after 24 h of exposure.

Moreover, it should be noted that some of the studies mentioned
have been carried out in vivo in both murine and fish models, and others
in vitro using different cell lines. Therefore, AuNP would produce pri-
mary DNA damage in most eukaryotic cells, regardless of cell type,
depending on their features such as size and surface modifications.

3.2. Oxidative DNA damage

Oxidative stress is the action mechanism underlying NP toxicity most
frequently reported (reviewed in Horie and Tabei [37]). High ROS levels
induced by many NM can damage cells by producing lipid peroxidation,
mitochondrial damage, DNA disruption, gene transcription modulation,
and protein oxidation, which would eventually result in cell apopto-
sis/death [38-40]. DNA is prone to oxidative stress-related lesions. They
can cause mutagenic events [41] and can also be responsible for loss in
epigenetic information, probably due to an impairment in CpG island
methylation asset in gene promoters [42].

Due to its versatility, the combination of the comet assay with
different enzymes allows the evaluation of specific nucleobase damages,
such as oxidative damage, since these enzymes specifically detect
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Table 1
Studies assessing primary and oxidative DNA damage induced by AuNP.
Study NP tested Technique Cell/organism Conditions Results
In vitro
Bin-Jumah Spherical 55 nm green gold nanoparticles Comet assay Chang and HuH-7 cells ~ Exposure to 10-700 pg/mL for Concentration-dependent DNA
et al. [25] (gAuNP) 24h damage in both cell types,
greater in HuH—7 cells
Di Spherical 5 and 15 nm citrate-coated AuNP ~ Comet assay Human primary Exposure to 0.1-100 pg/mL for ~ Dose-dependent DNA damage in
Bucchianico (Cit-AuNP) lymphocytes and 2and 24 h both cell types
et al. [43] EndollIl- and Raw264.7 cells Dose-dependent oxidation of
Fpg-modified pyrimidines (detected by
comet assay EndolIll), but not purines
(detected by Fpg)
Fraga et al. Spherical 22 nm Cit-AuNP and 33 nm 11- Comet assay HepG2 cells Exposure to 0.1-100 pM for Only Cit-AuNP were genotoxic
[36] mercaptoundecanoic acid (MUA)-AuNP 24 h in an inverse concentration-
dependent manner
George et al. Spherical 14 nm Cit-AuNP Comet assay CHO cells Exposure to 6.2-50 mg/mL for Dose-dependent genotoxicity,
[20] 20h significant at all conditions
tested.However, the presence of
interference was detected in this
assay
Levedobdetal.  Spherical 5 and 50 nm Cit-AuNP Comet assay HBEC cells Exposure to 1-20 pg/mL for Only 5 nm NP were genotoxic at
[29] 48h the different concentrations
tested
May et al. 3 spherical 3-4 nm AuNP (positively Comet assay A549 cell line Exposure to 0-100 pg/mL for 3  Genotoxicity after 24 h exposure
[11] charged AuNP I and negatively charged and 24 h to AuNP I and AuNP II from 40
AuNP II and III) pg/mL onwards, and to AuNP IIT
only at 100 pg/mL
Mulder et al. Spherical 18 nm AuNP biofunctionalized Comet assay HepG2 cells Exposure to IC3y concentrations  After 3 h, PVP-AuNP had the
[31] with serum albumin (BSA), poly(sodium 4- (pM): BSA (9); Cit (146); GSH greatest genotoxic effect, and
styrene sulfonate) (PSSNA), Citrate (Cit), (202); MUA (22); PEG (95); PEG-AuNP the lowest. After
mercaptoundecanoic acid (MUA), PSSNA (99) and PVP (138) for 3 24 h, MUA-AuNP induced the
glutathione (GSH), polyvinylpyrrolidone and 24 h greatest DNA damage
(PVP) and polyethylene glicol (PEG) Cells exposed to BSA-, PSSNA-,
PVP- and GSH-AuNP repaired
the induced DNA damage after
24h
Rogers et al. Uncoated and PEG-coated AuNP, with 26 Comet assay HK-2 cells Exposure to 50-200 pM for 24 h ~ Concentration-dependent

[30]

Santos et al.
[27]

Vales et al.
[33]

In vivo
Barreto et al.
[26]

Cardoso et al.
[28]

Khan et al.
[32]

Plotnikov etal.

[24]

and 35 nm diameter, respectively. Both
negatively charged

9 nm gAuNP

AuNP (5 nm and 20 nm core sizes),
functionalized with carboxylate (negative
surface charge), ammonium (positive
surface charge), and PEG (neutral surface
charge)

Spherical 7 nm Cit-AuNP and PVP-AuNP,
both negative charged

Spherical 10 and 30 nm negatively charged
AuNP

gAuNP

57 nm AuNP with a predominantly non-
spherical shape

Comet assay

Comet assay

Comet assay

Fpg-modified
comet assay
Comet assay

Comet assay

Comet assay

CHO-K1 cells

BEAS—2B cells

Peripheral blood cells
from Sparus aurata

Cerebral cortices
isolated from brain of
adult male Wister rats

Erythrocytes of
Ctenopharyngodon idella

Mouse blood leukocytes
of adult male BALB/c
mice

Exposure to 0.0368-3.68 ng/
mL for 24, 48 and 96 h

Exposure to 1-250 pg/mL for
24 h

Exposure to 4-1600 pg/L for
96 h

Exposure to 70 mg/L for 24 h
and 28 days

Exposure to 20-40 mg/mL for
14 and 28 days

Exposure to 0.01-1 mg/mL for
30 min

genotoxicity only for uncoated
AuNP, significant at all the
concentrations tested
Genotoxicity at highest
concentration after 48 h and
from 0.368 ng/mL onwards after
96 h

Only 5 nm PEG-AuNP induced
genotoxicity at the highest
concentration tested

Only 20 nm ammonium AuNP
induced DNA damage at 5 and
10 pg/mL

Dose-dependent genotoxicity,
significant at all conditions
tested

No significant oxidative DNA
damage was found

Both acute and chronic exposure
induced DNA damage, although
a higher damage was observed
after chronic exposure

Damage increased with
concentration at 14 days of
exposure, while damage
decreased at 28 days, possibly
due to DNA repair mechanisms
Genotoxicity at concentrations
of 0.3 and 1 mg/mL

particular lesions that convert into breaks [23]. A relatively recent work
by Barreto et al. [26] tested 7 nm AuNP with citrate and PVP coatings in
Sparus aurata, and found no significant oxidative DNA damage in pe-
ripheral blood cells, as detected by the enzyme formamidopyrimidine
DNA glycosylase (Fpg)-modified comet assay, under any of the condi-
tions tested (4, 80 and 1600 ug/L of AuNP for 96 h) (Table 1). Di

Bucchianico et al. [43] evaluated the oxidative DNA damage induced by
AuNP (5 nm and 15 nm) by applying the comet assay modified with
endonuclease-III (Endolll) and Fpg enzymes. Significant dose-dependent
oxidation of pyrimidines (detected by EndollI), but not purines (detec-
ted by Fpg), was obtained in peripheral blood lymphocytes and murine
macrophages (Raw264.7 cells) after AuNP treatments for 2 and 24 h.
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Table 2
Studies assessing chromosomal aberrations induced by AuNP.

Study NP tested Technique Cell/organism Conditions Results

In vitro

Di Bucchianico ~ AuNP with an average size <10 nm CBMN A549 cells Exposure to Significant increase of MN

etal. [52] prepared in deionized water or acetone by ~ (cytokinesis-block 0.0046-4.6 pg/mL (micronuclei) after exposure to the
pulsed laser ablation. micronucleus for 48 h two highest concentrations of B1, and
3 different AuNP: assay) the highest one of B3
- B1: 532 nm laser ablation in pure Nucleoplasmic bridges (NPB)
acetone and subsequently transferred to frequency increased after all B1
water. tested concentrations, and at 2.3 pg/
- B2: 1064 nm laser ablation in pure mL B2 exposure
water. Nuclear buds (NBUD) were induced
- B3: 1064 nm laser ablation in acetone. after all B1 exposures except the
lowest concentration, and at 2.3 pg/
mL B2 exposure
George et al. Spherical 14 nm citrate-coated AuNP (Cit-  CA (Chromosomal CHO cells Exposure to Non statistically significant damage
[20] AuNP) aberrations) 6.2-50 mg/mL for was observed
CBMN 20h
Lebedova et al.  Spherical 5 and 50 nm Cit-AuNP Micronuclei by HBEC cells Exposure to 1-20 g/ No effects were observed

[29]
Magogotya
et al. [53]

Rogers et al.
[30]

Vales et al.
[33]

In vivo
Barreto et al.
[26]

Girgis et al.
[44]

Jumagazieva
et al. [50]

Xia et al. [51]

14 nm PEG-liganded carboxyl AuNP
(PEG-COOH14), PEG-liganded hydroxyl
AuNP (PEG-OH14) and PEG-liganded
amine AuNP (PEG-NH214), 14 nm
(CITR14) and 20 nm (CITR20) citrate-
stabilized AuNP

26 nm uncoated AuNP and 35 nm
polyethylene glycol-coated AuNP (PEG-
AuNP), both negatively charged

AuNP (5 nm and 20 nm core sizes),
functionalized with carboxylate (negative
surface charge), ammonium (positive
surface charge), and PEG (neutral surface
charge)

Spherical 7 nm Cit-AuNP and
polyvinylpyrrolidone-coated AuNP (PVP-
AuNP), both negatively charged

15 nm PVP-AuNP

Spherical 16 and 55 nm PEG-AuNP

Spherical 5, 20 and 50 nm AuNP

Spherical 5 nm AuNP

flow cytometry

CBMN Caco—2 and HaCaT cells
CA HK-2 cells

CBMN BEAS—2B cells
Erythrocytic Peripheral blood cells
nuclear from Sparus aurata
abnormalities

(ENA) assay

Adult male albino mice:
PCE from bone marrow

CBMN

CBMN White outbred male rats:
polychromatic
erythrocytes (PCE) from
bone marrow

Adult male Kunming
mice: polychromatic
erythrocytesfrom bone
marrow

CBMN

mL for 48 h
Exposure to
0.5-5nM for 2 h

Exposure to
6.25-100 pM for
24h

Exposure to 1-250
ug/mL for 48 h

Exposure to 4-1600
ng/L for 96 h

Single daily oral dose
of 80-320 mg/kg for
7 and 14 days

Single daily oral dose
of 0.25 mg/kg for 7
days

Single daily
intravenously dose of
0.02, 0.1 and 0.5 mg/
kg for 4 days

Single daily
intravenously dose of
0.17 and 0.5 mg/kg
for 14 days

All AuNP induced concentration-
dependent increases in MN and NPB
frequency in Caco—2 cells. Only
CITR14 AuNP induced NBUD at all
concentrations

All AuNP induced MN in HaCaT cells
after exposure to the highest
concentrations of NP. NPB were
observed for cells treated with all
concentrations of citrate AuNP,
except for CITR20 0.5 nM. NBUD
were induced by the PEG-NH,14 at
2nM and 5 nM

Only uncoated AuNP induced
concentration-dependent genotoxic
effects

Only 5 nm ammonium AuNP induced
significant increases in MN frequency
20 nm PEG-AuNP induced MN at
almost all doses tested, while
carboxylated AuNP increased MN
frequency only at the lowest
concentration tested

All treatments, with the exception of
4 pg/L of Cit-AuNP, led to
significantly higher ENA frequency.
The lobed nuclei abnormality was the
most commonly detected, followed
by kidney-shaped nuclei. The
segmented nuclei, micronuclei and
vacuolated nuclei abnormalities were
the less detected

Significant increase of MN frequency
at the highest dose tested for both
exposure times

No significant changes in MN
frequency

No significant changes in MN
frequency

Dose-dependent increase of MN
frequencies

Opposite results regarding oxidized pyrimidines were reported by Girgis

et al. [44], who studied by high performance liquid chromatography
(HPLC) the generation of the DNA adduct 8-OHdG in the hepatic mice

genome after exposure to 15 nm PVP-coated AuNP. They observed a

significant increase in 8-OHdG levels after treatment with the medium

and high doses of AuNP tested (160 and 320 mg/kg, respectively) after 7

and 14 days of exposure.

3.3. Chromosomal damage

Chromosome aberrations can be caused by DNA or chromosomal

damage and there are two types: chromosome structure changes,
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Table 3
Studies assessing gene expression alterations induced by AuNP.
Study NP tested Technique Cell/organism Conditions Results
In vitro
Falagan- Nanospheres (18 nm) with citrate RT-PCR of 72 genes Human dermal Chronic: exposure to Twenty-five out of 72 genes (~35 %)
Lotsch (Cit) or poly(acrylic acid) (PAA) related to stress and fibroblasts (HDF) 0.1 nM continuously over were significantly differentially
etal. coatings and nanorods (48 x toxicity pathways 20 weeks expressed in at least one sample type
[59] 16 nm) with PAA or polyethylene Nonchronic: initial acute (chronic or nonchronic, any NP type)
glycol (PEG) coatings cell exposure to 0.1 nM, Chronic exposure altered expression
followed by 20 weeks in NP-  levels of 12 genes, and nonchronic of 19
free cell medium genes (18 of them induced by PEG rods).
A total of six genes differently expressed
were common for both types of exposure
In vivo

Girgisetal. 15 nm polyvinyl pyrrolidone RT-PCR of tumor-

Adult male albino

Single daily oral dose of Exposure to the highest dose for 14 days

[44] (PVP)-coated AuNP initiating genes (CYP3A,  mice: liver tissue 80-320 mg/kg for 7 and 14  increased the expression of CYP3A, p53
p53, and p27) and an days and p27 genes and decreased the
antioxidant gene (GST) expression of GST

Kinaret Spherical AuNP (5 and 20 nm Microarrays of genes Mice: Oropharyngeal aspiration Only modest changes were observed (97
et al. average core) with NH3, COOH, expressed in airways Bronchoalveolar of 10 pg per day for 4 days genes differentially expressed with 5 nm

[58] and PEG functional groups lavage cells (BAL AuNP and 53 with 20 nm AuNP) NH3-

cells) functionalized group induced the most
changes, followed by carboxylation and
then PEGylation
Vecchio 5 nm Cit-AuNP RT-PCR of p53 gene Wild-type Drosophila Third instar larvae extract Three-fold overexpression of p53 gene

et al. melanogaster of flies exposed to 3 ug/g
[56] per day
Wangetal.  Spherical 26 nm citric acid-coated RNA sequencing Caenorhabditis elegans ~ Exposure to 5.9 mg/L for Significant increase in around 800 genes

[57] AuNP

12h and significant decrease in 270 genes
Over 60 % of them were mainly
functioning in the nervous system

including deletions, duplications, inversions and translocations of sec-
tions of chromosomes, and changes in chromosome number, namely,
aneuploidy or polyploidy [22]. Chromosomal alterations are often
linked to a number of human pathologies, developmental defects, and
accelerated ageing [45,46].

Chromosomal damage is usually scored either in mitotic cells as
chromosome aberrations (CA) or in interphase cells as micronuclei
(MN). These MN may be analyzed by flow cytometry (MNcyt) or by
microscopic scoring frequently using the cytokinesis-block micronucleus
assay (CBMN), which allows the additional assessment of other damage
estimation parameters (CBMN cytome assay), such as nucleoplasmic
bridges (NPB), which originate from dicentric chromosomes formed by
telomere end-fusions or mis-repair of DNA strand breaks, and nuclear
buds (NBUD), which represent the process of elimination of amplified
DNA, DNA repair complexes and possibly extra chromosomes of aneu-
ploid cells [47-49].

In contrast to primary DNA damage, chromosome damage is not so
frequently reported after exposure to different AuNP (Table 2). Juma-
gazievaetal. [50], George et al. [20] and Lebedov4 et al. [29] concluded
that this type of damage was not observed in polychromatic erythrocytes
of white outbred male rats, in CHO cells, and in human bronchial
epithelial HBEC cells, respectively, exposed to AuNP, even though in the
latter two studies genotoxicity was detected with the comet assay.
Discordant comet assay and CBMN test results were also obtained by
Vales et al. [33] in BEAS-2B cells, since the CBMN assay showed geno-
toxicity caused by 5 nm ammonium-coated AuNP and 20 nm PEGylated
and carboxylated AuNP, while in the comet assay positive results were
observed for 5 nm PEG-coated AuNP and 20 nm ammonium-coated
AuNP. However, the results obtained by Rogers et al. [30] in human
kidney HK-2 cells in the chromosome aberration test agreed with those
of the primary DNA damage evaluation, where genotoxicity was only
observed in cells exposed to the uncoated AuNP.

Barreto et al. [26], carried out the erythrocytic nuclear abnormalities
(ENA) assay after exposure of Sparus aurata to 7 nm AuNP coated with
citrate and PVP. All treatments, with the exception of 4 pg/L of
citrate-coated AuNP, led to significantly higher ENA frequency. The
lobed nuclei abnormality was the most commonly detected in all

treatments, followed by kidney-shaped nuclei. The segmented nuclei,
micronuclei and vacuolated nuclei abnormalities were the less detected.
Xia et al. [51] found differences in MN induction in adult Kunming mice
intravenously administered with AuNP depending on the NP size and the
exposure time. In particular, AuNP (5, 20 or 50 nm) were found not to
produce MN in erythrocytes of animals exposed for 4 days. However,
when the exposure period was extended to 14 days, 5 nm AuNP caused
significant clastogenic damage, with a dose-dependent increase of MN
frequencies.

Other studies testing AuNP < 15 nm detected significant increases in
MN frequency at high concentrations, both in vivo in albino mice at a
dose of 320 mg/kg [44] and in vitro in A549 cells at doses of 2.3 and 4.6
pg/mL [52]. In addition, the latter one also showed a significant increase
in the frequency of NPB and NBUD after AuNP exposure.

Additionally, Magogotya et al. [53] observed differences depending
on the cell type when testing 14 and 20 nm AuNP differently coated. In
human colorectal Caco-2 cells, a concentration-dependent increase in
MN and NPB rates was observed for all AuNP, while only 14 nm
citrate-coated AuNP induced NBUD production. In contrast, in HaCaT
human keratinocytes, MN and NPB were just detected at the highest
concentrations (2 and 5nM) tested of all AuNP, and only 14 nm
PEG-NHj-coated AuNP induced NBUD production at the same
concentrations.

3.4. Gene expression alterations

In addition to the more direct effects on the genetic material
described in previous sections, the existing evidence demonstrates that
NP are often able to modulate gene expression, showing both up- and
down-regulation, even though the exact mechanisms are not known yet
[54,55]. Accordingly, treatment with AuNP was also found to induce
alterations in expression of some genes in a variety of in vitro and in vivo
systems (Table 3).

Girgis et al. [44] analysed the expression of three tumour-initiating
genes (CYP3A, p53 and p27) and one antioxidant gene (GST) in mice
liver tissues after exposure to different doses of 15 nm PVP-coated
AuNP. Exposure to the highest dose (320 mg/kg) increased the
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Table 4
Studies assessing the effects on epigenetic regulation induced by AuNP.
Study NP tested Technique Cell/organism Conditions Results
In vitro
Brzéska 20 nm citrate- miRNA expression analysis by real-  HepG2 cells Exposure to 10 pg/mL for Of 131 miRNAs related to inflammatory
et al. coated AuNP (Cit- time PCR 6h response and apoptosis, AuNP affected 4 of
[62] AuNP) Global DNA-methylation analysis them (2 of them down-regulated and the other
two up-regulated)
Exposure to 10 pg/mL for No significant changes in global DNA
24h methylation status
Huang etal.  Spherical 22 nm miRNA expression analysis by HDF cells Exposure to 200 uM for 1,4 Of 650 miRNAs, 202 were differentially
[63] AuNP SOLiD sequencing technology and 8 h expressed (109, 78 and 124 by 1, 4 and 8 h,
respectively), mainly related to metabolic
processes
Ngetal. 20 nm AuNP miRNA expression analysis by Human MRC5 Exposure to 1 nM for 72 h Significantly altered the expression of 19
[64] microarray and RT-PCR dermal fibroblasts genes, with up-regulation of 9 genes and
down-regulation of 10 genes
Patil et al. Spherical Global DNA-methylation analysis HDF and A375 cells Exposure to 62.5 pg/mL for ~ HDF cells: DNA hypermethylation after 24 h
[70] 12-90 nm (mostly 24 and 48 h of treatment followed by DNA hypo-
in the 23-30 nm methylation at 48 h of AuNP exposure.
range) AuNP A375 cells: DNA hypermethylation after 24
and 48 h of treatment
Smolkova 20 nm AuNP Global DNA-methylation analysis. SK-BR—3 cells Exposure to 3 ug/mL for 24,  No significant changes neither global nor
et al. Gene-specific DNA-methylation 48 and 72 h gene-specific DNA methylation
[68] analysis: 3 metastasis-associated
genes (TIMP3, ADAM23 and
BRMS1)
Sooklert Spherical 23 nm Global DNA-methylation analysis HEK293 and HaCaT Exposure to 100 pg/mL for ~ No significant changes in global DNA
et al. AuNP cells 72h methylation status
[67]
In vivo
Ali et al. Spherical 25 nm miRNA expression analysis by Adult male Wister Single intravenous Significantly increased expression of
[65] Cit-AuNP quantitative real-time RT-PCR of rats (Rattus injection of 0.015 mg/kg miR—155 and reduced mRNA expression of
miR—155 and two of its putative norvegicus): lung for 1 day, 1 week, 1 month ~ TP53INP1 and PROS1 genes at 1-day post-
target genes (PROS1 and tissue and 2 months injection. In contrast, a significant down-
TP531NP1) regulation of miR—155 level of expression
concurrent with up-regulation of expression
level of TP53INP1 and PROS1 genes were
shown after 1 week, 1 month and 2 months
Balansky Spherical 40 and miRNA expression analysis by Swiss mice: lung and  Intraperitoneal doses of 3.3 ~ Administration of AuNP—100 nm to pregnant
et al. 100 nm AuNP microarray liver tissue of fetuses ~ mg/kg on days 10, 12, 14 mice alters miRNA expression by increasing
[66] on day 18 of and 17 of gestation the number of up-regulated miRNAs
pregnancy AuNP—40 nm do not produce adverse effects.
Tabishetal. 5, 60 and 250 nm Global DNA-methylation analysis Male BALB/c mice: Single intra-tracheal No significant changes in global DNA
[69] Cit- AuNP Gene-specific DNA-methylation lung tissue instillation of 0.25 and 2.5 methylation status

analysis: 17 genes involved in
oxidative stress response, immune,

Male BALB/c mice:
lung tissue and blood

mg/kg for 48 h

60 and 250 nm AuNP modified the
methylation of genes, both hyper and

cell cycle regulation and DNA
methylation pathways

hypomethylation, whereas 5 nm AuNP did not

expression of all three tumour-initiating genes after 7 and 14 days of
exposure, while decreased the expression of GST at 14 days. The
expression of p53 gene was also studied by Vecchio et al. [56] in the
third instar larvae of the fruit fly (Drosophila melanogaster) and it was
found to be approximately threefold overexpressed after treatment with
5 nm citrate-coated AuNP.

Wang et al. [57] addressed by RNA sequencing the alterations in
gene expression after exposure of the nematode Caenorhabditis elegans to
5.9 mg/L 26 nm citrate-coated AuNP for 12 h, and observed over-
expression of about 800 genes and underexpression of 270 genes;
approximately 60 % of these genes function mainly in the nervous
system.

Kinaret et al. [58] used microarrays to follow changes in the
expression of genes expressed in the airways of mice after exposure to 5
and 20 nm AuNP coated with NH3, COOH and PEG as functional groups.
Ninety-seven differentially expressed genes were observed after the
5 nm AuNP treatment, and 53 genes for the 20 nm AuNP treatment.
Regarding functionalisation, NH3 -capped AuNP group induced the most
changes in gene expression, followed by COOH- and PEG-capped AuNP.

Genes related to stress and toxicity pathways have also been studied.
The study by Falagan-Lotsch et al. [59] evaluated the effect of 18 nm
gold nanospheres with citrate and poly(acrylic acid, sodium salt) (PAA)
coatings and 48x16 nm gold nanorods with PEG and PAA coatings on 72

genes in human dermal fibroblasts after chronic and non-chronic
exposure. About 35 % of the genes were differentially expressed in at
least one experimental condition (chronic or non-chronic, any NP type).
In the chronic exposure, 12 genes presented altered levels of expression,
and 19 genes in the non-chronic exposure (18 of them induced by
PEG-coated nanorods). A total of six genes differentially expressed were
common between both types of exposure (VEGFA, CCL2, PRDX1, EDNI,
NQO1, and HSPA5).

3.5. Effects on epigenetic regulation

Together with the genetic injuries previously mentioned detected by
the most frequently employed cytogenetic assays, AuUNP were also re-
ported to induce some effects on epigenetic regulation (Table 4). Epi-
genetics refers to heritable changes in gene expression that occur
without alterations in DNA sequence, including DNA methylation status,
post-translational modifications of histones and non-coding RNAs
(ncRNA), particularly microRNAs (miRNA) and long non-coding RNAs
(IncRNA) [54,60]. Several studies have revealed that nanomaterials can
induce epigenetic alterations, and these may occur even in the absence
of cytotoxic and genotoxic effects [54,61]. The genes affected are mainly
involved in the regulation of the epigenetic machinery itself, as well as
in pathways related to apoptosis, cell cycle, DNA repair and
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inflammation; hence, epigenetic modifications caused by nanomaterials
should be considered when assessing their risk to human health [54,60].

One of the most frequently addressed epigenetic mechanisms is
miRNA expression, and studies are fairly consistent in that AuNP alter
their expression. Brzdsca et al. [62], Huang et al. [63] and Ng et al. [64]
evaluated in vitro the alteration of miRNA expression caused by AuNP of
around 20 nm in human HepG2 hepatic cells, human NHDF dermal fi-
broblasts, and human MRC5 dermal fibroblasts, respectively. Despite
the different genes studied, involved in diverse processes, and the
different exposure times and doses of AuNP tested, they all demon-
strated a significant alteration of the expression pattern, either up- or
down-regulation. Similar effects were observed in some in vivo studies
using AuNP of also 20 nm in Wister rats [65]and of 100 nm in Swiss
mice [66]. However, the latter one found no effect after treatment with
40 nm AuNP.

Another common epigenetic outcome is the assessment of changes in
DNA methylation, which can be evaluated globally or gene-specifically.
Regarding global DNA methylation, Brzosca et al. [62], Sooklert et al.
[67] and Smolkova et al. [68] studied the effect of AuNP (20 nm) in
different cell lines, namely HepG2 cells, human HEK-293 embryonic
kidney cells and human HaCaT keratinocyte cells, and human SK-BR-3
breast cancer cells, respectively. They concluded that AuNP do not
affect the global methylation pattern, despite the different doses and
exposure times (3-100 ug/L of AuNP for 24-72h). These results are
supported by the in vivo study by Tabish et al. [69] where no alterations
in DNA methylation were observed after treatment of BALB/c mice with
5, 60 and 250 nm AuNP for 48 h. Nevertheless, Patil et al. [70] observed
modifications in DNA methylation, both hyper- and hypomethylation, in
human NHDF and A375 skin melanoma cancer cells.

Gene-specific methylation effects have been barely addressed after
AuNP exposure. Results obtained by Smolkova et al. [68] and Tabish
et al. [69] are controversial. The first one showed that AuNP do not alter
the methylation of some metastasis-associated genes (TIMP3, ADAM23
and BRMS1), while Tabish et al. [69] demonstrated that 60 and 250 nm
AuNP modify the methylation of genes related to oxidative stress
response, immune, cell cycle regulation and DNA methylation path-
ways, whereas 5 nm AuNP do not.

4. Gaps and future needs

Due to their particular properties, AuNP are promising tools for a
number of future biomedical applications. What enables AuNP to be
fine-tuned for each application is that they present modifiable sizes and
shapes, and straightforward surface modification [1]. However, these
same properties may also affect their biocompatibility as well as make it
difficult to establish their toxicological profile [8].

In particular, in this review, Au NP size, shape, or coating type were
found as the physical-chemical properties affecting the most their bio-
logical behaviour. AuNP shape can be modelled into a variety of forms,
such as spheres, rods, triangles, stars, boxes, clusters, etc. [8,71]. More
atoms at angles and edges may cause stronger interactions with bio-
molecules; thus, higher toxicity is often observed for rods and stars than
for spherical NP [8]. Furthermore, AuNP toxicity can be highly modu-
lated by surface coatings or functionalisation due to the chemistry and
charge of the groups [30,33]. Moreover, surface coating is often
necessary for ensuring stability and biocompatibility of AuNP [53].
Conjugation with a large number of ligands such as polymers, peptides,
nucleic acids, antibodies, and drugs has been used to design AuNP with
the appropriate characteristics for particular applications [8]. Other
variables such as AuNP surface charge or the exposed cell type/-
organism, were also found to influence the effects observed after AuNP
exposure.

Suitability of the traditional genotoxicity assays for NM assessment
remains under debate, with more and more authors claiming for specific
adaptations for NM testing, mainly due to their potential interference
with assays when applying the usual test protocols [72-75]. A number of

Mutation Research - Genetic Toxicology and Environmental Mutagenesis 900 (2024) 503827

studies have shown that NM may interact with test components or
equipment, leading to false positive/negative results. Therefore, it is
imperative, if not to develop novel more appropriate specific assays, at
least to test the possible interference of NM with the currently estab-
lished methodologies to confirm the reliability of results obtained. Thus,
together with the high variability in results from toxicity studies testing
AuNP, data reported from many of these studies may be unreliable since
potential interference was not discarded, or specific adaptation of the
protocols to NM testing was not followed in most cases. This is partic-
ularly alarming in studies employing the comet assay, since NP inter-
ference with the comet assay protocol, not only due to direct contact
between residual intracellular NP and DNA during the assay procedure
but also with the repair enzymes employed in enzyme-modified ver-
sions, is well-established [20,22]. Similarly, in the CBMN assay, NP were
found to induce interference with cellular uptake, due to the use of
cytochalasin-B, leading to possible false negative results that need to be
addressed [76,77]. Indeed, OECD testing guidelines for CA assay (OECD
TG 473) and MN assay (OECD TG 487) (the latter recently updated in
July 2023) included the following statement "For manufactured nano-
materials, specific adaptations of this Test Guideline may be needed but are
not described in this Test Guideline, in allusion to the possible interference
of NM with the traditional procedures and/or the necessity of specific
protocols for NM testing.

Nevertheless, a recent analysis highlighted that the challenge of
nanomaterial-induced interference was not explicitly addressed in more
than 90 % of the nanotoxicity papers published up to 2014 [75]. Simi-
larly, in the present review, only two studies assessed the presence of
interference prior carrying out the genotoxicity testing [20,53]. George
etal. [20] observed interference from AuNP in the comet assay, while no
interference was obtained in the CA and MN assays, which may be the
cause of the differences in results. The lack of interference in the
micronucleus assay was also confirmed by Magogotya et al. [53].
Furthermore, Vales et al. [33] also suggested interference from AuNP as
an explanation for the inconsistencies among genotoxicity results,
highlighting the importance of conducting interference studies.

5. Conclusions

Most reviewed studies on AuNP genotoxicity reported induction of
primary DNA damage and also chromosomal instability. This indicates
that AuNP exposure induces a kind of damage of lower relevance that
can be mostly easily repaired (e.g., SSB, abasic sites, alkali-labile sites).
But, under certain circumstances, these NP may also cause damage with
higher significance (e.g., DSB or chromosomal loss), which become fixed
in the cells as chromosome alterations (i.e., CA or MN). Furthermore,
alterations in epigenetic mechanisms, namely miRNA expression pat-
terns and changes in gene-specific methylation levels, were also re-
ported after exposure to AuNP. Still, further research on the specific
action mechanisms underlying these effects as well as detailed studies
addressing repair capacity after AuNP exposure are needed.

Physical-chemical factors, such as shape, size, surface charge or
functionalisation, as well as biological factors, including cell/model
type, were described to have prominent influence on the observed ef-
fects. Considering the influence of these physical-chemical properties on
their biological impact, characterization of AuNP in both solvent and
culture medium or biological fluids is highly encouraged in all further
nanotoxicity studies.

More accurate protocols including proper interference testing, and
international guidelines on nanogenotoxicity assessment are necessary
in order to improve the reliability, comparability and reusability of
toxicity results. Furthermore, to obtain more accurate and representa-
tive toxicological data on AuNP, there is an imperative need to increase
the number of in vivo studies, particularly those testing doses adapted to
real world scenarios, i.e. considering the doses that can be absorbed/
introduced in the organism depending on the intended NP use, to
develop more physiologically relevant in vitro models (3D cultures,
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cocultures of several cell types), and to validate adequate assessment
methods.
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