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ABSTRACT

Gold nanoparticles are a kind of nanomaterials that have received great interest in field of biomedicine due to
their electrical, mechanical, thermal, chemical and optical properties. With these great potentials came the
consequence of their interaction with biological tissues and molecules which presents the possibility of toxicity.
This paper aims to consolidate and bring forward the studies performed that evaluate the toxicological aspect of
AuNPs which were categorized into in vivo and in vitro studies. Both indicate to some extent oxidative damage to
tissues and cell lines used in vivo and in vitro respectively with the liver, spleen and kidney most affected. The
outcome of these review showed small controversy but however, the primary toxicity and its extent is collectively
determined by the characteristics, preparations and physicochemical properties of the NPs. Some studies have
shown that AuNPs are not toxic, though many other studies contradict this statement. In order to have a holistic
inference, more studies are required that will focus on characterization of NPs and changes of physical properties
before and after treatment with biological media. So also, they should incorporate controlled experiment which
includes supernatant control Since most studies dwell on citrate or CTAB-capped AuNPs, there is the need to
evaluate the toxicity and pharmacokinetics of functionalized AuNPs with their surface composition which in turn
affects their toxicity. Functionalizing the NPs surface with more peculiar ligands would however help regulate

and detoxify the uptake of these NPs.

1. Introduction

Nanomaterials such as engineered gold nanoparticles (AuNPs),
possess promising applications due to their mechanical, electrical,
thermal, chemical and optical properties [1,2] which vary from bulk
gold. Bulk gold is regarded a biological inert, a feature that is seen only
at macroscopic level (Fig. 1), however at the size of nanoscale, gold (Au)
possess various attributes because of its surface plasmon resonance
excitation features [3,4]; [5].

Gold nanoparticles (AuNPs) have received high interest in the field of
biomedicine and its applications [6-9].

The speedy development of AuNPs technology presents a great po-
tential for later applications because of their large volume specific sur-
face areas and a very diverse surface properties than bulk gold. These
features have transform AuNPs to a status of great relevance in the
emergence of excellent nanoelectronic chips, and potentials for a wide
variety of environmental and biomedical applications.

They possess great potentials as presented in Fig. 2 in diagnostic

tracers, drug delivery, photothermal and radio-therapy, gene therapy,
biosensing, as well as counter cancer agents, enzymes immobilization
and cell imaging [2,7,10]; [11-13].

In addition, they have been used in food and drink industries [9].

Furthermore, AuNPs approval by the Food and Drug Administration
(FDA) for different biomedical applications has resulted in increased
areas of applications such as cancer therapy, as drug carriers and other
biological applications [15-18].

AuNPs are recently employed to improve solar cells and as liquid
crystals that are used as flash memory devices [19,20]. Other applica-
tions include control of pollution, purification of water and hydrogen,
and as catalysts in oxidation of carbon monoxide [21-24].

The great daily utilization of AuNPs could increase the probability of
the human body exposure to these NPs. Many studies on the toxico-
logical impact of AuNPs from academic and commercial sources have
been revealed [25-27].

Most recently, many dietary supplements in form of drinks that
contain AuNPs (SD-AuNPs) have been produced. The companies that
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produced them claimed that such addition of AuNPs has health benefits,
which include enhancement of mood, acting as an anti-inflammatory
agent and improvements of cognitive function [28].

However, even though they have great potential uses in aspect of
biomedical, environmental, and industrial applications, there is very
few information about the short and long term health effects in organ-
isms and the environment at large.

Reports have indicated that synthesized NPs can circulate for a
longer period in the body without rejection by the immune system of the
body. These features are in fact sharpened by their surface charges, small
size and such are of great concern especially during syntheses and ap-
plications. AuNPs of health risks are generated in various shapes, sizes
and surface charges. However, the huge influence that comes from the
physiochemical properties presents fresh issues regarding future health
status. Recently, there is little information on health effects of AuNPs
and no regulatory safety and guidelines associating their properties to
toxicities [29].

Although many studies described low toxicity of AuNPs compared to
other NPs which are metal-based, but their wide usage makes it
imperative to determine their effects in consumer products.

1.1. Routes of exposures to gold nanoparticles (AuNPs)

Exposure to AuNPs could happen either during development and
synthesis or applications through direct ingestion or injection into the
system, and disposal of waste [30,31]. Other exposure routes include
dermal absorption, inhalation, from implants, adherence of airborne and
surface materials which becomes difficult to detect [15,31,32] (Fig. 4). It
can also happen as a result of AuNP-composite attached to consumer
products in homes, markets and other outdoor places [33].

These exposures could result to their persistence and accumulation in
the environment thereby possessing the ability to get into the food chain
which finally affects abiotic and biotic aspects [35]. This enhances the
uptake of AuNPs by other environmental organisms such as algae and
fish which can further be consumed by animals and humans.

The shape and size of AuNPs have affected their toxicity in some
situations. These peculiar features have resulted in various chemical
attributes transforming into different cellular studies in which some
were observed to be toxic while others as non toxic.

The toxicity of some was found to be size dependent because of the
presence of their surface coated with ligands [1,36,37]. Meanwhile, in
others it was due to their large surface area to volume ratio which gives
avenue for increased surface particle activity [17]. Therefore, this has
contributed to provision of a very easy flexible route for reactivity and
penetration in biological system than bulk gold particle as presented in
Fig. 3.

The interactions of AuNPs with biological systems are mostly asso-
ciated with their physiochemical properties which internalize them
within the cells, a condition that is not likely with larger particles. Such
is among the reasons why AuNPs could be more toxic than larger par-
ticles when compared on a mass dosage. This emphasizes the relevance
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Fig. 2. Gold nanoparticles (AuNPs) potentials in biomedical fields [14].
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Fig. 3. Hazardous nature and influence of Gold nanoparticles (AuNPs) [14].

of their size in the large surface area to volume ratio that foresees their
applications in biomedical systems [38,39].

1.2. Synthesis and preparation of gold nanoparticles (AuNPs)

Methods of preparation of AuNPs include chemical, physical, and
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Fig. 1. Transmission electron microscope (TEM) images for various kinds of Au nanostructures (a) nanospheres, (b) nanodisks, (c) nanorods, and (d) cubic nanocages

(Black et al., 2014).
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Fig. 4. Exposure routes and patterns to gold nanoparticles (AuNPs). (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

biological [40].

1.2.1. Chemical reduction

Such method comprises of two stages which include the reduction by

agents (sugars, hydrogen, sulphites, hydroxylamine, hydrogen peroxide,
formaldehyde, acetylene, oxalic acids and citric acid) and stabilization
by agents such as phosphorous ligands, sulphur ligands, polymers and
surfactants to prevent its aggregation [41-43].

Green methods: The paths for synthesis through green chemistry are
eco-friendly and toxic-free. A Formation of AuNPs with sizes of 25 +
7 nm via a simple green biosynthesis was revealed using natural
biomaterial egg shell membrane (ESM) [44-46]. So also, ref. [47]
synthesized AuNPs using Pterocarpus marsupium.

Citrate reduction (Turkevich method): This is the most prominent
method for preparation of AuNPs that was developed in 1951.
However, some adjustments were made by the Frens’ group where it
involved reduction of citrate by Au particles to generate NPs of 20
nm [48-51].

Brust-Schiffrin method: The process is a reaction pathway that
comprises forming a thermally and air-stable AuNPs that have a
reduced dispersion values [52-56].

Polymer-based synthesis: The shape and size of AuNPs are recog-
nized as importat elements in formation of colloidal Au. The asso-
ciation of polymers with AuNPs affect the diversity of size and
stability of the particles.

1.2.2. Physical method

Electrochemical method: This involves the electrochemical prepa-
ration of AuNPs by a simple two-electrode cell, with reduction and
oxidation of the cathode and anode respectively. It was first observed
by Reetz, in 1994. The process has been known to be superior to
other procedures as a result of its low cost, modest equipment, lower
processing temperature and simple process managing [57-59].
Seeding growth method: AuNPs with diameters of 5-40 nm having
narrow size dispersity are prepared. The size of particles can be well
arranged by the change ratio of seed to metal salt. Trisodium citrate
is used as the source of OH ions in the seeding step and sodium
borohydrate (NaBH4) as reducing agent [60-62]. In addition, AuNPs
were formed on high elevated plateau in the selective solution under
the UV solar radiation [63].

e Ultraviolet-induced photochemical synthesis: Many researchers have
reported that photoreduction allows the preparation of single crys-
tallite AuNPs with controlled sizes which is achieved efficiently by
photochemistry [64,65,66,67].

Ultrasound aided synthesis: This involves the ultrasound reduction of
Au precursor in the presence of 2-propanol. The stabilizing agents
used include citrate, disulphide and several dendrimers [68,69,70];
[71].

Laser ablation synthesis: Better results with accuracy and reproduc-
ibility have been obtained through laser ablation method, by virtue
of size and shape. In view of that, the procedure of pulsed laser which
requires constant evaporation and condensation occurrences for Au
showcase a complex physical approach that can be efficiently applied
to generate AuNPs with tuneable qualities. The process involves the
HAuCl4 reduction by laser beam (wavelength: 532 nm), thereby
yielding AuNPs of 5 nm and lower in size [72-75].

1.2.3. Biological method
AuNPs are synthesized by enzymes, microorganism and plants.

e Microbial synthesis of AuNPs: AuNPs can be generated by using
microorganisms due to the need for environmental-friendly and low
cost procedures. The method involves the using of enzymes such as
reductases, ligninases and laccases in the nucleation and develop-
ment of AuNPs. Some reported that Klebsiella pneumonia mediated
the synthesis of AuNPs. Other Au mediated synthesis is the isolation
of soil fungus Penicillium crustosum for preparation of AuNPs by
extracellular proteins [76,77].

Plant mediated synthesis of AuNPs: Recently, adoption of plants in
preparation of AuNPs received so much attention due to their low
cost, non-toxic property, environmental-friendly and availability.
Some studies have reported the synthesis of AuNPs using Aloe vera,
Cinnamomum camphora, Azadirachta indica and Coriandrum sativum
[78-80]. In addition, some phytochemicals of Salacia chinensis have
been usd in the synthesis of AuNPs (Jadhav et al., 2018)

1.3. In vivo toxicity studies of AuNPs

While there exist much literature about in vitro studies, there are few
toxicological reports of AuNPs in animal models, which are the preferred
system for toxicologic evaluation of a novel agent and should be useful
to clarify the toxicity of AuNPs [12].
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It has become paramount to evaluate the in vivo profile of nano-
materials prior to any potential therapeutic applications [81]. Some
studies conducted to evaluate the in vivo toxicity have been presented in
Table 1.

It is widely conceived that AuNPs have high-level accumulation in
the liver and spleen leading to further damages on the organism [103].
Gold nanorods (AuNRs) were subcutaneously injected into mice. Most of
it stayed within the injection site. However, the Au ions released into the
system produced tissue oxidative damage in the site [149]. Studies have
been performed by various researchers to assess the distribution and
accumulation in the liver and other organs.

Lopez-Chaves et al. (2018) exposed HT-29 and HepG2 cells, and
wistar rats to 10, 30 or 60 nm AuNPs to evaluate their location and
distribution in subcells and tissues including other effects. They found
traces of AuNPs in liver, intestine, urine, feces, kidney and spleen.
Moreover, transmission electron microscopy revealed the particles in
colon cells and liver samples. Their size has played a major role in
determining the differences in biodistribution and route of excretion.
The smallest NPs induced greater deleterious effects as supported by the
DNA damage and their location inside the cell nucleus. This is possible
because the ultra small AuNPs exhibits better circulation times and
different biodistribution when compared to larger AuNPs as stated by
Schmid et al., [150]. It has been illustrated that ultra small AuNPs could
possess cytotoxic properties when the ligands for its stabilization permit
direct access to the surface of Au either for catalytic activity of the un-
covered surface or for direct association with biological molecules
[150]. Thus, the physicochemical properties of nanomaterials, such as
size, shape, and surface coating, also play an important role in this sense.
Fraga et al. [151], reported that the surface coating of AuNPs had much
influence on toxicity instead of having on biodistribution. To support
this, another study revealed that there was a surface charge and size
dependent distribution of NPs in rats after exposure to AuNPs at 5.3
pg/rat [152]. Similarly, AuNPs had size-dependent distribution in which
the smallest showed highest widespread and crossing the blood brain
barrier [16,97]. Despite that the blood brain barrier happens to prevent
the central nervous system from AuNPs as stated by Sadauskas et al.
[84], but the ultra sized particles were able to cross. Thus, further
confirming the size-dependent influence of AuNPs.

It has been reported by Rattanapinyopituk et al. [83] that Au were
absent in fetal organs but present in the placenta following exposure to
20 and 50 nm AuNPs with no indication of toxicity to the fetus or
placenta. The study has not revealed increase of endocytic vesicle in
syncytiotrophoblasts and fetal endothelial cells in the maternal-fetal
barrier. Thus, proposing that clathrin and caveolin-mediated endocy-
tosis played a major role in crossing of AuNPs in the placenta. A similar
study involving pregnant C57BL/6 mice has indicated non transfer of
AuNPs [84]. They found out that the AuNPs do not cross the placenta
barrier which could be due to their inability to penetrate the cell
membranes by non-endocytic processes.

Significant differences were observed in some liver enzymes after
intraperitoneal injection of AuNPs to rats [153]. Meanwhile those
AuNPs capped with trisodium citrate dihydrate had produced slight
nephrotoxicity and hepatotoxicity [119]. AuNPs serving as biolabel,
biosensor and drug carriers induced hepatotoxicity, cytotoxicity and
toxicity to the spleen and lung [154-156]. Apoptosis and inflammation
of liver tissue was observed in mice (BALB/c) after intravenous
administration of AuNPs [93,94]. Specifically that liver and spleen help
in detoxification make them becomes the first target organs.

There was a slight liver damage in mice after injection with PEG-
coated AuNPs [95]. So also, only large particles of spherical AuNPs
were observed in blood, spleen and liver while smaller particles of about
10 nm were seen in all spleen, blood, thymus, lungs, liver, kidney, testis,
heart, and brain of in male WU wistar rats [16].

Spleen and liver were observed to be the major organs for such NPs
accumulation via the reticuloendothelial system and could lead to their
toxicity [109,157]. Sadauskas et al. [96], found spherical AuNPs in the

Table 1
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Some in vivo toxicity studies of gold nanoparticles (AuNPs).

Organism

Particle

Effects

Ref.

Wistar rats

Fetal organs
Pregnant
C57BL/6
mice
Female and
male mice
Zebrafish
embryo

Rats
Mice
BALB/c mice
Mice

Male WU
wistar rats

Female mice

Mice (ddy)

Male wistar
rats

Wistar rats

Rats
Mice
Rats

Rats

Mice

Broiler chicken

Mice
Male CD1 mice

Drosophila
melanogaster

AuNPs

AuNPs

AuNPs

AuNPs

AuNPs
(functionalized
with
TMATeAuNPs)
AuNPs

AuNSs on GSNPs

AuNPs

PEG-coated AuNPS
AuNPs

AuNPs

AuNPs

AuNPs

Citrate coated-
AuNPs

PEG-coated AuNPs

PEG-coated AuNPs

PEG-coated AuNPs

AuNPs

GSH- and BSA-
coated AuNCs
AuNPs

AuNPs
Functionalized
AuNPs
Citrate capped-
AuNPs

Traces of AuNPs in kidney,
spleen, liver, intestine,
urine and feces. Smaller
NPs induced greater effects
in DNA damage

No indication of toxicity in
fetus and placenta

Non crossing of maternal-
fetal barrier

Liver and kidney damage
whose effects were sex
dependent

Delay in development of
eyes and pigmentation

Changes in gene expression
Lungs, kidney hemorrhage,
lymphocytic infiltration
and inflammatory response
Apoptosis and
inflammation of liver tissue
Liver damage

Large particles of spherical
AuNPs were observed in
blood, spleen and liver
while smaller particles
were seen in spleen, blood,
thymus, lungs, liver,
kidney, testis, heart, and
brain

Spherical AuNPs in live and
macrophages

AuNPs of all sizes were
noticed in spleen, liver and
lungs

AuNPs persist and
accumulate in spleen and
liver

Accumulate in neurons,
liver, spleen, kidney and
cross the blood brain
barrier; no toxicity
Accumulation in spleen and
liver

Apoptosis and acute
inflammation

ROS-induced cytotoxicity
that is size-dependent
Distribution of AuNPs were
observed in testis liver and
kidney. However, no effects
on testis whereas mild
changes were noticed in
kidney and liver sections
Affects kidnay function and
produce toxicity

Caused recognizable
oxidative damage to blood,
histopathological changes,
up-regulation of IL-6,
expression of Nrf2 gene,
fragmentation of DNA,
significant decrease in
antibody titer against avian
influenza (AI) and
newcastle disease (ND)
Damage to neuronal system
Accumulation at various
parts of the brain

Caused transmissible
mutagenic effects

(continued on next page)

[82]

[83]

[84]

[85,86]

[87]

[88,89]

[90-92]

[93,94]

[95]
[16]

[96]

[97]

[88,89]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[85,861]
[105]

[106]

[107]
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Table 1 (continued)

Organism Particle Effects Ref.

Drosophila Citrate capped- Sharp decline in fertility

melanogaster ~ AuNPs and life span, presence of
DNA fragments, and strong
over-expression of stress
proteins
Mice Citrate capped- Greatest toxicity and [12]
AuNPs affecting organ index
Mice AuNPs capped with ~ Produced no effect on [108]
BSA and normal growth
HSePEGeCOOH
Mice AuNPs Induced reduction in RBC, [12]
spleen index and body
weight
Mice Naked colloidal Caused loss of weight and [109]
AuNPs appetite. However, smaller
AuNPs did not produce any
sickness
Female mice AuNHsd Complete survival was [110]
evident across all
concentrations
D. magna HAuCl4 LCso was reported as 2 mg/1 [111-113]
after 48hrs
D. magna HAuCl4 LC50 was reported as 0.64 [114]
mg/1 after 48hrs
M. macrocopa HAuCl4 LC50 was reported as 0.62 [111-113]

mg/1 after 48hrs
LCso was 14.4 mg/1 after [114]
96hrs

T. arcticus

liver and macrophages in female mice. In addition, AuNPs of all sizes
were noticed in spleen, liver and lungs of mice (ddy) [97].

However, AuNPs did not yield signs of toxicity in hepatocytes
following 24 h of exposure. 5 nm AuNPs stabilized with PVP were simply
absorbed by endothelial cells of blood vessels, hepatocytes and kupffer
cells either in vitro or in vivo. Sadauskas et al. [84], has earlier reported
that AuNPs irrespective of their size are absorbed by Kupffer cells of the
liver primarily and secondarily by macrophages at other sites.

The up and down genes regulated were expressed in male wistar rats
exposed to AuNPs. They also persist and accumulate in the spleen and
liver [88,89].

Oral, tail vein and intraperitoneal injection of citrate-coated AuNPs
to mice revealed greatest toxicity and affects organ index [12]. Thus,
functionalization and capping could present potentiality of toxicity in
AuNPs.

Many AuNPs toxicological studies have used AuNPs with various
capping, conjugated or stabilizing agents. To enhance their activity in
various applications, AuNPs are stabilized, coated, conjugated or func-
tionalized with various organic moieties to enhance their stability,
which then forms a layer of protection on the particles surface [158].
Majority of these molecules exhibit lower cytotoxic property and great
biodistribution [159].

Varying levels of toxicities have been revealed which involved the
use of some stabilizing, capping, or conjugating agents for AuNPs which
include sodium borohydride, hydrazinium hydroxide, citrate [160,161],
polyelectrolyte poly (allylamine) hydrochloride [162], and CTAB [163].

High molecular weight PEG of 5000 Da induced more stability to the
coated AuNPs than low molecular weight (2000 Da) PEG as reported by
Zhang et al. [164]. HMW PEG-stabilized NPs were observed to be the
less toxic [165]. Glutathione (GSH) was then adopted as an alternative
to PEG in the construction of AuNPs for therapeutics purposes. GSH
exhibits biocompatibility and low immunogenicity [166].

It was stated earlier that 1.1 nm GSH capped-AuNPs produced low
toxicity than 1.4-nm triphenylphosphine monosulfonate-AuNPs which
upregulate stress-related genes [167].

To this end, Vijayakumar et al. [160,161], conducted a study to
compare the cytotoxic effects of 3 stabilizing agents (citrate, starch and
gum Arabic [GA]) on the PC-3 and MCF-7 cell lines. They observed that
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citrate-AuNPs were more cytotoxic at higher concentrations when
compared to starch- and GA-AuNPs which could possibly be due to the
acidic nature of citrate.

Colloids citrate coated AuNPs crossed the blood brain barrier and
accumulate in neurons, liver, spleen and kidney. However, there was no
toxicity [98]. Though the blood-brain barrier seems to prevent the CNS
from AuNPs, their crossing in this case could be attributed to the citrate
coat.

Lipka et al. [99], also an accumulation of PEG Coated AuNPs in liver
and spleen of rats intratracheally exposed. Furthermore, PEG-coated
AuNPs have caused apoptosis and acute inflammation in mice liver
[100].

So also, the PEG coated AuNPs produced a ROS-induced cytotoxicity
that is size-dependent. Furthermore, 42.5 and 61.2 nm sized accumu-
lates primarily in spleen and liver.

Thus, the authors revealed that the in vitro toxicity is size and dose
dependent whereby the higher levels and smaller sized AuNPs lead to
cytotoxicity. So also, smaller sizes produce more damage to cells by
production of ROS. The biodistribution has been testified by the authors
to be dependent on size and displayed some elements of accumulation
and clearance [101].

The activity of AuNPs in vivo and in rat liver sections backed up by
histological examinations prefers the latter as a credible and sound
technique for investigating the toxicity of NPs in liver [168].

In a study, different effects and distribution of AuNPs were observed
after histological examinations of testis, liver and kidney. There were no
effects on testis whereas mild changes were noticed in kidney and liver
sections [102].

GSH-coated AuNPs do not induce toxicity by passing via the kidney
as contrary stated in another study with tiopronin monolayer protected
clusters (TMPC) using the same concentrations.

So also, GSH- and BSA-protected Au nanoclusters (AuNCs) affects
kidney function in mice and produce toxicity responses that could be
removed after 28 days [103]. This could primarily be due to the role the
kidney plays in filtration of the NPs in the renal glomeruli into the urine
[84].

A study involving the immune organs of broiler chickens has
confirmed that addition of 15 ppm AuNPs to drinking water has caused
recognizable oxidative damage to blood, histopathological changes, up-
regulation of IL-6, expression of Nrf2 gene, fragmentation of DNA, sig-
nificant decrease in antibody titer against avian influenza (AI) and
newcastle disease (ND) [104].

AuNPs in mice has caused damage to the neuronal system [85,86].
However, Porphyran-reduced AuNPs have not yield any anomaly [110].
Even though, functionalized AuNPs accumulate at various parts of the
brain in male CD1 mice [105]. Citrate-capped AuNPs have caused
transmissible mutagenic effects in Drosophila melanogaster [106].

In addition, Drosophila melanogaster was used to determine the effects
of 15-nm citrate-capped AuNPs by Pompa et al. [107]. They noticed a
Sharp decline in fertility and life span, presence of DNA fragments, and
strong over-expression of stress proteins after administration of 12 pg/g
AuNPs daily by ingestion. This illustrates how NPs modify the func-
tioning of a complex biological system once introduced.

Large amount of AuNPs had caused a decline in red blood cells and
body weight of mice. However, following oral administration it induced
reduction in RBC, spleen index and body weight [12]. A large proportion
of the mice died within 21 days after exposure to 8-37 nm naked
colloidal AuNPs and caused loss of weight and appetite [109]. Toxicity
studies have been undergone also on some lower model organisms such
as fishes where LCsy were reported. The same have been done for AuNPs
in assessing their toxicity and the LCsy of HAuCl4 was reported as 2 mg/1
after 48hrs in D. magna by Li et al. (2010), 0.64 mg/1 by Nam et al. [114]
and 0.62 mg/1 in M. macrocopa by Li et al. [111-113]. LCsy was 14.4
mg/lin T. arcticus after 96hrs as stated by Nam et al. [114]. Botha et al.
[169] stated that exposure to AuNPs had produced a response in a dose
dependent manner. Though, presenting NPs hazard potentials and the
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complete picture can only be seen once their characteristics and be-

haviours have been studied.

1.4. Invitro toxicity studies of AuNPs

Majority of nanotoxicological evaluations are performed in vitro

since it is simple to conduct.

Though the outcome may not predict the in vivo toxicity accurately

Biochemistry and Biophysics Reports 26 (2021) 100991

[170], it however provide the background for understanding the uptake
and mechanism of toxicity which can be seen in Table 2 by some key
studies.

AuNPs have been associated to imbalances of oxidative status in vitro
[171,121]. The current study showed that exposure of hepatocytes to
AuNPs has yielded a time and dose-dependent increase in production of
ROS in which the highest dose of AuNPs produced more damage. These
were in line with the outcome of cell viability assay which indicated a

Balb/3T3 cells

MRC-5 cells

Human keratinocyte cell line HaCaT
Vero, MRC-5, and NIH/3T3 cells
Granulose cells of the ovary

Human spermatozoa

A549 cells

Human fetal lung fibroblasts

A549 cells

Hman liver cell lines (HL7702 cells)

MG63 osteoblast-like cells
A549 cells

A549 cells

AGS, A549, NIH3T3, PK-15, and Vero
cells

Vero cells

NIH3TS3 cells

MRC-5 cells

Breast cells (MDA-MB-231)

Human cell lines

Human cells

CHO, BEAS-2B and HEK293 cells

Hela cells

A549 and Vero cells

Caco-2 cells

Vero cells

Tumor ascites and normal peritoneal
cells

HelLa cells

HEK293 cells

Human carcinoma lung cell
Human liver carcinoma cell

Citrate-stabilized AuNPs
AuNPs
AuNPs
AuNPs
AuNPs

AuNPs
AuNPs coated with serum proteins
AuNPs
AuNPs
AuNPs

AuNPs
AuNPs

Polymer-modified AuNPs
AuNPs
AuNPs

AuNPs

AuNPs

AuNPs

AuNPs

AuNRs coated with methoxypolyethylene
glycol thiol

AuNPs

Citrate-stabilized AuNPs
AuNPs

AuNPs conjugate

AuNPs
Porphyran-reduced AuNPs
Functionalized AuNPs

Silica-coated AuNRs and glucose-capped
AuNPs

Phosphine-stabilized and thiol-stabilized
AuNPs

Citrate-capped AuNPs

Citrate-capped AuNPs

Table 2
Some in vitro toxicity studies involving AuNPs.
Organism Particle Effects Ref.
Human colorectal adenocarcinoma AuNPs Significant reduction in viability of cells. However, no gnotoxic [115]
cells (HT29) effects

HepG2 cells AuNPs Indicated tails moment similar to those from positive control in [82]
which cells were exposed to hydrogen peroxide

HepG2 cells AuNPs AuNPs do not change the concentration of inflammatory markers [82]
when compared to the control

MG63 cells AuNPs Low long term toxicity [116]

BALB/c 3T3 fibroblast cells Coated and uncoated spherical AuNPs DNA damage results via indirect oxidative stress Guglielmo et al.,

2012

Epithelial cells of airways AuNPs Elevation of lipid peoxidase as well as DNA damage and cytotoxicity [117]

L5178Y cells AuNPs No damage to the DNA at 60 nm but there was damage at 100 nm [118]

MRC-5 cells AuNPs capped with GNPC and GNPB Slight hepatotoxic and nephrotoxic [119]

MRC-5 human lung fibroblasts AuNPs High lipid peroxidation, upregulation of antioxidants, expressions of =~ [111-113]
protein and gene of stress response

Rat liver AuNPs Yield a great lipid peroxidation [120]

Human leukemia (HL-60) and AuNPs Cytotoxicity effects associated with reduction of GSH and increase in [121]

hepatoma (HepG2) cell lines ROS

3T3 cells Plain and GSH-capped AuNPs Produce more reactive oxygen species than plain AuNPs [122]

HelLa and U937 cells Citrate-capped AuNPs Cytotoxic [123,124]

HepG2 and PBMC cells AuNPs capped with either sodium citrate or In vitro cytotoxicity and genotoxicity effects at low concentrations [125]

polyamidoamine dendrimers
Balb/3T3 cells AuNPs uncoated and coated with hyaluronic Oxidative stress was reflected in DNA damage but with reduced [126]
acid cytotoxicity
C17.2 and PC12 cells AuNPs Caused oxidative stress by cell viability and deformations of actin [127]

and tubulin
Cytotoxicity by disruption of actin cytoskeleton [25]

Autophagy and oxidative stress [111-113]

Cell death by apoptosis and necrosis [128]

Reduction in growth and was related with apoptosis and autophagy ~ [129]

Induced an elevation in estrogen accumulation Stelzer et al.
[130]

Affects viability and motility [131]

Intrinsic and extrinsic apoptotic pathways reflected in cell damage [132]

Destabilized the expression of 19 genes in the cells [117]

Assumed circular shape because of the induced stress [133]

Early decrease in cytosolic GSH, depolarization of mitochondrial [134]

transmembrane potential and subsequently apoptosis

Cell death [116]

Cytotoxicity by substantial changes in nuclear morphology and [133]

nuclear condensation

Hemocompatibility with human RBCs [135,136]

An inflammatory response [137]

Suppression of growth of cells in a dose-dependent manner by delay ~ [138]

of cell cycle and induction of apoptosis

Reduction in cell growth and related to apoptosis [129]

Autophagy [129]

DNA damage [129]

Reduction in proliferation [139]

Alterations in viability of cells with the exception of thyroid [137]

papillary carcinoma cells

Little or no immunotoxic, cytotoxic, and genotoxic effects [140]

Exert higher toxicity [141]

No indication of cytotoxicity [142]

No toxicity [143]

Did not produce acute cytotoxicity [144]

No toxicological effects [110]

No morphological changes and cell death [145]

No toxicity effects [146,147]

Modified the gene expression and had no toxicity [148]

Induce toxicity [133]

No toxicity effects [133]
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rise in cell mortality. Thus, AuNPs were able to cause an initial oxidative
damage which the cells tried to control the overproduction of ROS
possibly because of the increase in the activity of antioxidant [111-113].
The mechanism of which has been presented in Fig. 5. Similarly, cell
viability assays of human colorectal adenocarcinoma cells (HT29)
exposed to AuNPs presented a significant reduction of viable cells.
However, there were no genotoxic effects [115].

Lopez-Chaves et al. [82] stated that HepG2 cells exposed to 10 nm
AuNPs indicated tails moment similar to those from positive control in
which cells were exposed to hydrogen peroxide. It is therefore possible
that the 10 and 30 nm NPs were able to enter the nucleus which was
confirmed by the NPs found inside the nucleus.

Though, treatments with AuNPs do not change the concentration of
inflammatory markers when compared to the control [82]. This has also
been reported by other authors [172-175].

These could be attributed to the fact that the AuNPs was not suffi-
cient enough to initiate an inflammatory response. They therefore
concluded that the sizes of NPs determine their route of excretion. In
addition, it has been proven that AuNPs induced oxidative status im-
balances in the cells which were preceded by genetic, protein and lipid
damage. An inflammatory response was seen in A549 cells in response to
20 nm AuNPs [137].

AuNPs caused a low long term toxicity effect on MG63 cells [116].
Guglielmo et al. (2012) determined the toxicity of coated and uncoated
spherical AuNPs on BALB/c 3T3 fibroblast cells and revealed that DNA
damage results via indirect oxidative stress. Several studies have stated
that AuNPs have produced DNA damage, a cause of genotoxicity [125].
In vitro toxicological profile of AuNPs were evaluated in epithelial cells
of airways and showed an elevation of lipid peoxidase as well as DNA
damage and cytotoxicity in cells treated with AuNPs [117]. Predictive
models involving the association of 12 various NPs and DNA indicated
that AuNPs possess a great affinity to DNA and subsequently on their
inhibition property in DNA replication are expected to be more vivid
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than for other NPs [135,136]. A significant increase in lipid peroxida-
tion, as well as substantial DNA damage and cytotoxicity was observed
in small airways of epithelial cells [117]. Several studies have given
attention to size and time-dependent DNA damage caused by AuNPs but
few studies talked about the dose-dependent DNA damage. Other re-
searchers have observed DNA damage following exposure to 8 nm
AuNPs [176] and 20 nm AuNPs [177].

The damage results due to the affinity of binding between AuNPs,
thiol and amine groups is what cause the interaction with biomolecules
leading to formation of free radicals [178179,[180].

These very small particles are identified by their large surface areas
which can lead to formation of reactive oxygen species (ROS). These
ROS bring about cellular damage by destructing the proteins, DNA,
membranes, and other organelles such as cytoplasm, mitochondria, and
nucleus (Lewinski et al., 2012). Many other studies have indicated
toxicities of AuNPs caused by production of ROS. Das et al. [119],
observed AuNPs capped with trisodium citrate dihydrate (GNPC) and
bovine serum albumin (GNPB) have slight hepatotoxic and nephrotoxic
influences in MRC-5 cells. Studies on MRC-5 human lung fibroblasts
demonstrated that AuNPs results in high lipid peroxidation, upegulation
of antioxidants, expressions of protein and gene of stress response
[111-113]. Khan et al. [120], also found out that AuNPs yield a great
lipid peroxidation in liver of rats. Mateo et al. [121], confirmed the
cytotoxicity effects of 3 AuNPs of variant sizes on human leukemia
(HL-60) and hepatoma (HepG2) cell lines was associated with reduction
of GSH following 72hrs incubation and simultaneous increase in pro-
duction of ROS. GSH-capped AuNPs produce more reactive oxygen
species than plain AuNPs in 3T3 cells [122].

Citrate-capped AuNPs were cytotoxic to HeLa and U937 cells and
were cell culture media-dependent [123,124]. Residues of sodium cit-
rate were seen to influence the cytotoxicity of AuNPs on human
epithelial cells [181]. Martinez Paino et al. [125], reported elements of
in vitro cytotoxicity and genotoxicity of AuNPs capped with either
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sodium citrate or polyamidoamine dendrimers at very low concentra-
tions in HepG2 and PBMC cells. Oxidative stress was reflected in DNA
damage in Balb/3T3 cells following treatment with AuNPs uncoated and
coated with hyaluronic acid. However, their cell internalization and
cytotoxicity were reduced [126]. Equally, large concentration of AuNPs
caused oxidative stress by cell viability and deformations of actin and
tubulin in C17.2 and PC12 cells [127]. Cytotoxicity in form of the
disruption of actin cytoskeleton was observed after treatment of
Balb/3T3 cells with citrate-stabilized AuNPs [25]. In comparison to
gum-arabic and starch stabilized AuNPs, citrate coated showed grater
cytotoxicity because of the citrate acidic property [160,161]. There
were indications of autophagy and oxidative stress in MRC-5 cells
exposed to 20 nm AuNPs [111-113].

Cell death caused by exposure to AuNPs largely depends on many
factors which include NPs size. Previous studies showed that 1.4 nm
AuNPs produced speedy cell death by necrosis whereas same AuNPs of
1.2 nm size produced cell death via apoptosis [182].

In addition, surface charge is yet another factor that plays a role in
determining the type of cell death caused by NPs.

The surface charge of 1.5 nm AuNPs was classified on how they
caused cell death in human keratinocyte cell line HaCaT by apoptosis
and necrosis [128]. It should be noted that AuNPs could cause cell death
by various mechanisms taking into consideration distinctive cell lines. In
the same vein, Chueh et al. [129], described reduction in growth of 3
mammalian cells (Vero, MRC-5, and NIH/3T3 cells) and was related
with apoptosis and autophagy. Numerous studies that were published
reaffirmed that NPs associate with membrane lipids resulting to dele-
terious effects on cells. A study by Leroueil et al. [183] stated that
NH,-AuNPs produced physical damage to lipid membranes by atomic
force microscopy. Camesano et al. [184] revealed that small AuNPs
produced a loss of mass in lipid bilayers, indicating formation of pores
and disruption of membrane. However, larger AuNPs of 20 nm did not
disrupt the membrane.

A report of Chakraborty et al. [185] about the association of different
AuNPs and bovine serum albumin (BSA) showed that BSA conserves its
features with the exception of AuNRs.

The AuNRs results in significant loss of secondary and tertiary
structures of protein.

Stelzer et al. [130] states that 10 nm AuNPs induced an elevation in
estrogen accumulation in granulose cells of the ovary following incu-
bation for 1-5 h.

Similarly, some internal cellular organelles involved in steroido-
genesis were entered and altered because of the NPs. Elevation in con-
centration of blood testosterone were seen in studies involving mice
following treatment with PEG-modified AuNPs [90-92].

The parameters of sperm validity in porcine gametes were not
affected by AuNPs [186]. 50 nm AuNPs induced an effect on viability
and motility on human spermatozoa [131].

Chuang et al. [138] demonstrated a complete toxicological study of
AuNPs on mammalian cell lines. The outcome showed that AuNPs
substantially modulate gene expression of 436 genes and protein func-
tion associated with apoptosis and progression of cell cycle. Similar
report was put forward by Ng et al. [117], who state that AuNPs
destabilize the expression of 19 genes in human fetal lung fibroblasts.
AuNPs caused changes in gene expression following a single exposure of
0.01 mgkg ! by Balasubramanian et al. [88,89].

However, from another perspective, AuNPs can be used to regulate
gene expression thereby assisting in treatment of diseases by gene
silencing [187].

Several studies have revealed that AuNPs results in changes to
morphology of cells.

For instance, following exposure of A549 cells to AuNPs for 48 h,
they assume circular shape because of the induced stress [133].

Vetten et al. [141] determined the effects of AuNPs on the reaction of
ATP-based assay, involving the conversion of luciferin to luminescent
oxyluciferin with the aid of ATP. They result in reduction of the

Biochemistry and Biophysics Reports 26 (2021) 100991

luminescent signal which was the most observed effect at higher NPs
levels. Several other studies have reported that AuNPs produce a
decrease in levels of ATP of treated cells indicating a mitochondrial
dysfunction [188,189].

More studies have confirmed the decrease in levels of GSH in cells
following incubation with AuNPs [90-92].

For example, Gao et al. [134] evaluated the role of the association of
8 nm AuNPs with GSH on the series and progression of the events of
apoptotic signaling in cell lines of human liver (HL7702 cells). There
was an early decrease in cytosolic GSH of HL7702 cells, depolarization
of mitochondrial transmembrane potential and subsequently apoptosis
sets in.

Tsai et al. [116] used propidium iodide and annexin V double
labelling in connection with flow cytometry to reveal the effects of
AuNPs on the cell death of MG63 osteoblast-like cells.

A report by Patra et al. [133] demonstrated how substantial changes
in nuclear morphology was observed after exposure of A549 cells to
AuNPs which results in nuclear condensation thereby indicating
cytotoxicity.

In another study by Liu et al. [90-92], hemolysis test showed
hemocompatibility with human RBCs by polymer-modified AuNPs.
Thus, it indicates a dose-dependent toxicological potential of SD-AuNPs
in addition to significant decrease of cell viability and intracellular
reactive oxygen species [190].

AuNPs produced a suppression of growth of cells in a dose-dependent
manner in AGS, A549, NIH3T3, PK-15, and Vero cells. The mechanisms
of suppression include delay of cell cycle and induction of apoptosis
[138]. Chueh et al. [129], described evidence of reduction in cell growth
and related to apoptosis in vero cells, autophagy in NIH3T3 cells, and
DNA damage in MRC-5 cells after treatment with AuNPs. There was
reduction in proliferation of breast cells (MDA-MB-231) by AuNPs
[139].

Little or no immunotoxic, cytotoxic, and genotoxic effects was
noticed on human cells following treatment with AuNPs [140]. Simi-
larly, smaller citrate-stabilized AuNPs were non toxic to CHO, BEAS-2B
and HEK293 cells while larger AuNPs exert higher toxicity [141]. No
indication of cytotoxicity in hela cells post treatment with AuNPs [142].
There was no toxicity was observed in A549 and Vero cells treated with
AuNPs conjugate [143]. Also, AuNPs did not produce acute cytotoxicity
after treatment of Caco-2 cells to AuNPs [144]. No toxicological effects
were noticed in vero cells exposed to porphyran-reduced AuNPs [110].
Functionalized AuNPs did not bring about morphological changes and
cell death in tumor ascites and normal peritoneal cells [145]. In addi-
tion, silica-coated AuNRs and Glucose-capped AuNPs have produced no
toxic effects in HeLa cells [146,147]. Phosphine-stabilized and
thiol-stabilized AuNPs modified the gene expression and had no toxicity
respectively in HEK293 cells [148].

Such incompatible results could arise from the inconsistencies in cell
lines, toxicity assays, and physicochemical characters of NPs under
study. For example, results from cytotoxicity could differ with the cell
line used. AuNPs (diameter of 13 nm) capped with citrate was toxic in
human carcinoma lung cell line but not in human liver carcinoma cell
line at same concentration [133].

In view of this, it has become paramount to evaluate the toxicological
effects of AuNPs and produce early markers that could indicate its health
effects.

2. Conclusion

Presently, the conflict in data of AuNPs bioactivity in literature,
portraying variations in laboratory protocols, makes it tough to deter-
mine and generalize vital issues of their effects. These do not give way
for proper consensus and conclusion regarding the cytotoxicity of
AuNPs. The outcome of these review showed small controversy but
however, the primary toxicity and its extent is collectively determined
by the characteristics, preparations and physicochemical properties of
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the AuNPs. Some studies have shown that AuNPs are not toxic, though
many other studies contradict this statement. In order to have a holistic
inference, more studies are required that will focus on characterization
of the NPs and changes of physical properties before and after treatment
with biological media.

2.1. Future directions

Subsequent studies should incorporate controlled experiment which
includes supernatant control. Another vital perspective is to ascertain
the realistic dose to use during toxicological evaluation of NPs which is
the effective therapeutic dose and needs to be determined experimen-
tally. Since most studies dwell on citrate or CTAB-capped AuNPs, there is
the need to evaluate the toxicity and pharmacokinetics of functionalized
AuNPs with their surface composition which in turn affects their
toxicity. Functionalizing the NPs surface with more peculiar ligands
would however help regulate and detoxify the uptake of these NPs.
Further studies on use of AuNPs as medium or vehicle for drug delivery
and treatment of chronic diseases such as diabetes and cancer should be
encouraged.

2.2. Regulatory considerations

Regulation for the use of particles in food and other consumables
should be enforced especially the smaller-sized that pose the greatest
risk. Safety guidelines associating their properties to toxicities should be
put in place. Nanowastes generally should be neutralized before disposal
to eliminate its hazardous nature or reactivity. Government and other
stakeholders should proactively develop a wide strategy for manage-
ment including recycling of nanowastes to inhibit unintended conse-
quences. Handling of these NPs should be done with care and caution as
well as improvement of the NPs toxicity assays. Strict regulations should
be ensured for laws and policies of managing all aspects of NPs devel-
opment in this fast growing field of nanotechnology.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbrep.2021.100991.
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