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A B S T R A C T   

Over the last few decades, nanotechnology has risen to the forefront of both the research and industrial interest, 
resulting in the manufacture and utilization of various nanomaterials, as well as in their integration into a wide 
range of fields. However, the consequent elevated exposure to such materials raises serious concerns regarding 
their effects on human health and safety. Existing scientific data indicate that the induction of oxidative stress, 
through the excessive generation of Reactive Oxygen Species (ROS), might be the principal mechanism of 
exerting their toxicity. Meanwhile, a number of nanomaterials exhibit antioxidant properties, either intrinsic or 
resulting from their functionalization with conventional antioxidants. Considering that their redox properties are 
implicated in the manifestation of their biological effects, we propose an integrated approach for the assessment 
of the redox-related activities of nanomaterials at three biological levels (in vitro-cell free systems, cell cultures, in 
vivo). Towards this direction, a battery of translational biomarkers is recommended, and a series of reliable 
protocols are presented in detail. The aim of the present approach is to acquire a better understanding with 
respect to the biological actions of nanomaterials in the interrelated fields of Redox Biology and Toxicology.   

1. Introduction 

Nanotechnology, as defined by US National Nanotechnology Initia
tive, refers to “a science, engineering, and technology conducted at the 
nanoscale (1–100 nm), where unique phenomena enable novel appli
cations in a wide range of fields, from chemistry, physics and biology, to 
medicine, engineering and electronics”. The interest in this field 
emerged in the 1980s, and since the early 2000s has achieved tremen
dous progress with the discovery or manufacture of a vast number of 
nanomaterials (NMs), accompanied by increased claims regarding their 
properties, behaviors and potential utilizations (Read et al., 2014). 
Nowadays there are several pieces of legislation in Europe and USA, 
with specific references to NMs, however, a universally agreed defini
tion does not yet exist (Boverhof et al., 2015). In consonance with the 
definition adopted by European Commission, a NM is “a natural, inci
dental or manufactured material containing particles, in an unbound 
state or as an aggregate or as an agglomerate and where, for 50% or 
more of the particles in the number size distribution, one or more 

external dimensions is in the size range 1–100 nm”. The physicochem
ical characteristics of NMs, which can be selectively modified, have 
given them prominence due to their enhanced performance in com
parison with their bulk counterparts (Jeevanandam et al., 2018). 
Consequently, they are widely used in diverse fields, such as construc
tions (Gajanan and Tijare, 2018), electronics (Mishra et al., 2017; 
Bondavalli et al., 2019), environmental protection (Kausar, 2019) and 
consumer products (Contado, 2015), providing quality upgrade and 
novel features, while recently the scientific interest has been focused on 
their potential applications in biomedical research and drug delivery 
systems (Kuskov et al., 2017; Luss et al., 2018; Taghizadehghalehjoughi 
et al., 2018; Radu et al., 2019; Berdiaki et al., 2020). 

Even though NMs are offering multiple technical advantages, their 
increased manufacturing and their industrial applications are followed 
by an increased risk of human and environmental exposure, thus raising 
serious concerns about human safety and health. It is worth noting that 
human exposure results from different sources (environment, work
place, commercial products) and by different routes (inhalation, trans- 
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dermal, ingestion) (Kuhlbusch et al., 2018). In view of the fact that 
powders are risk factors in the workplace, and most of the engineered 
NMs are in the form of dry powders, exposure through inhalation is a 
parameter of great concern regarding the workers in such facilities 
(Pietroiusti et al., 2018; Oberbek et al., 2019). On the contrary, the 
exposure of general population occurs mainly through skin contact or 
ingestion, during the use of nanotechnology products (Sharma et al., 
2012). Products consumed or applied directly to the skin may have 
greater exposure potential, whereas exposure to NMs that are incorpo
rated into relatively durable matrices is expected to be minimal, indi
cating that the exposure is also influenced by the nature of the product 
(Thomas et al., 2009). 

With respect to potential routes of NMs exposure, inhalation has 
definitely received the most attention, and is extensively considered as 
the main route of concern. Lungs are the primary organs targeted by 
inhaled NMs (Landsiedel et al., 2014). During acute exposure, pulmo
nary toxicity arises predominantly in the form of an inflammatory 
response, whereas chronic exposure to such materials constitutes a risk 
factor for pulmonary fibrosis (Saifi et al., 2018b). The oral entry of NMs 
is considered as a completely different case, since the prevailing 
gastrointestinal conditions are not encountered within the other routes 
of exposure, and they are also capable of affecting NMs toxicity profile. 
To be more specific, the acidic pH of stomach and the elevated ionic 
strength of gastrointestinal fluids are expected to significantly affect the 
physicochemical properties of the ingested NM, conceivably leading to 
various toxic products (Bouwmeester, van der Zande and Jepson, 2018). 
On the other hand, their trans-dermal entry remains a controversial 
issue, and generally raises the least concerns regarding potential 
toxicity, as current studies indicate that the entry through skin pene
tration is highly limited (Watkinson et al., 2013; Staroń et al., 2020). 
Based on the fact that the physicochemical properties of NMs are 
implicated in their ability to penetrate the skin barrier (Nafisi and 
Maibach, 2018), some of them reside in the outer layer of skin, inducing 
local adverse effects, whereas others are capable of reaching the deeper 
layers, thus entering to systemic circulation (Larese Filon et al., 2015). 

The environmental entry of NMs is expected to be either direct, 
through the use of nanotechnology products, or indirect via the disposal 
of industrial waste (Klaper, 2020). After the release of NMs in the main 
environmental matrices (air, soil, water), their fate is not only depen
dent on the impact of their physicochemical properties, but also on their 
interplay with other environmental contaminants (Kabir et al., 2018). 
Additionally, the general inability to detect NMs following their release 
into the environment further prolongs the duration of their effects and 
hence intensifies their consequences. Aquatic ecosystems represent the 
primary pools of NMs environmental entry, as well as the main sources 
of their spread to other environmental resources (Turan et al., 2019). In 
this light, several nanotoxicity studies have been carried out primarily 
on marine microorganisms (Balmuri et al., 2017; Pikula et al., 2018, 
2020; Kirichenko et al., 2019), because of their abundance and high 
sensitivity to environmental contaminants, and secondarily on aquatic 
animals (Raman et al., 2016), ultimately indicating the aquatic toxicity 
induced by various NMs. Besides their effects on the corresponding 
ecosystems, as well as on the growth and survival of microorganisms, 
plants and animals (Bakshi, 2020), the contamination of environmental 
matrices might also affect human health through direct and daily con
tact with them, thus creating a vicious cycle (Fig. 1). 

The physicochemical characteristics of NMs are not only responsible 
for their technical advantages, but also for their adverse effects related 
with toxic biological outcomes in humans (Viswanath and Kim, 2017). 
Size, surface chemistry and morphology are key factors from a toxico
logical aspect, while shape, aspect ratio, chemical composition, solubi
lity, agglomeration state and crystal structure are also critical 
parameters for the manifestation of NMs effects (Gatoo et al., 2014; 
Allegri et al., 2016). Standardized and validated characterization 
methods for measuring physicochemical properties of NMs seem at this 
point a prerequisite, in order to correlate properties with health and 

safety risks (Gao and Lowry, 2018; Xiarchos et al., 2020). Moreover, the 
toxicity profile of NMs is significantly affected by the dose level and the 
exposure time (Jeevanandam et al., 2018). Fig. 2 summarizes the 
physicochemical characteristics of NMs, that are the main contributors 
for their toxic effects (Navya and Daima, 2016). 

Scientific evidence indicates that the induction of oxidative stress via 
ROS generation is emerging as one of the main mechanisms of NMs to 
exert adverse effects (Sharifi et al., 2012; Bostan et al., 2016; Saifi et al., 
2018; Mendoza and Brown, 2019). Noteworthy, NMs are able to induce 
the generation of reactive species either directly or secondarily through 

Fig. 1. Human and environmental exposure to nanomaterials.  
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the immune response provoked by their presence (Pietroiusti et al., 
2014). Specifically, the direct interaction of nanoparticles with electrons 
released from mitochondria or mitochondria per se can cause an in
crease of superoxide radical (O2

•-) levels (Dayem et al., 2017). Moreover, 
nanoparticles consisting of transition metals or metal oxides are 
involved in the generation of the highly reactive hydroxyl radicals 
(OH•), capable of initiating the lipid peroxidation process (Mylonas and 
Kouretas, 1999) through Haber-Weiss and Fenton reactions (Fu et al., 
2014). It should also not be neglected that NMs can activate NADPH 
oxidase, a part of phagocytes physiological defense system, thus 
providing an additional mechanism of ROS generation (Engin et al., 
2017; Mendoza and Brown, 2019). 

Oxidative stress is present in numerous pathophysiological condi
tions, such as cancer, neurodegenerative, cardiovascular and respiratory 
diseases (Sosa et al., 2013; Csányi and Miller, 2014; van Raamsdonk 
et al., 2017; Hecker, 2018; Tekos et al., 2020), and its detrimental effects 
can be compensated by antioxidants (Pisoschi and Pop, 2015). Never
theless, clinical trials have indicated the inability of known antioxidants 
to prevent the progression of ROS-related diseases, whereas at high 
doses they also exert adverse effects. Contrariwise, the use of nano
particles may potentially overcome such limitations, due to their ability 
to control the biodistribution and specificity of conventional antioxi
dants (Ferreira et al., 2018). Paradoxically, in addition to 

antioxidant-functionalized nanoparticles, several types of NMs, 
including carbon, metal and metal oxides nanoparticles exhibit intrinsic 
antioxidant activities based on their surface properties (Fenoglio et al., 
2006; Dellinger et al., 2013; Dhall and Self, 2018; Valgimigli et al., 
2018). For instance, cerium oxide nanoparticles exert antioxidant ac
tivities both in vitro and in vivo, owing to the regenerative capacity of 
their surface, as a result of the redox-cycling between Ce3+ and Ce4+

ionic states (Dhall and Self, 2018). Consequently, NMs represent one of 
the most promising research fields for improved antioxidants, and they 
have emerged as an alternative strategy for scavenging reactive species 
in vivo (Liu and Shi, 2019). In this regard, the evaluation of the potential 
antioxidant properties of NMs is a field of particular interest. 

NMs have been extensively used in the last decades, leading pro
gressively to the intensification of exposure rates. Notwithstanding that 
the scientific publications have increased significantly over the years, 
the majority of the published studies focuses on the manufacture and 
development of new NMs, while in contrast a minority of them deals 
with their engineering and biological effects in a combinatorial manner 
(Coricovac et al., 2017; Pinzaru et al., 2018). As a result, there is 
insufficient understanding of their unique toxicological properties, as 
well as of their long-term effects on human health (Sharifi et al., 2012). 
Generally, the effects of NMs on biological systems are attributed to and 
influenced by their unique redox properties either antioxidant or 
pro-oxidant (Sims et al., 2017). Actually, in some cases the same NM can 
exert double-edged effects. For instance, several metal and metal oxide 
nanoparticles mimic the activity of the antioxidant enzyme catalase at 
neutral or basic pH values, whereas at acidic pH values a prooxidant 
effect is observed (Valgimigli et al., 2018). Therefore, the comprehen
sive evaluation of the redox-related effects of NMs will contribute 
significantly to the understanding of their complex nature and their ef
fects on biological entities. 

To the best of our knowledge, so far, a holistic approach for the 
evaluation of NMs impact in the field of Redox Biology does not exist. 
Based on the above, the aim of the present publication is to propose an 
integrated approach for the assessment of NMs redox-related effects at 
three biological levels (in vitro-cell free systems, cell cultures, in vivo), 
using a battery of translational redox biomarkers (Veskoukis et al., 
2019). Besides the detailed presentation of the approach, we also 
attempt to provide specific protocols, the most reliable in our opinion, 
for the determination of the proposed redox biomarkers. Since Redox 
Biology and Toxicology are two research fields regularly interconnected, 
the evaluation of NMs effects in all three of the above mentioned levels is 
essential for the purpose of holistically unravelling their biological 
actions. 

2. Assessment of NMs effects in in vitro-cell free systems 

The use of appropriate in vitro biomarkers represents the first step to 
assess the redox-related activities of NMs. At this level, the effects of 
NMs are evaluated via in vitro biomarkers classified in three main cat
egories. The first two categories include biomarkers for evaluating the 
potential antioxidant properties of NMs, including their antiradical and 
reducing capacity, as well as their ability to prevent from free radical- 
induced DNA damage. The biomarkers involved in these categories 
have been successfully employed for the determination of the antioxi
dant properties of plant and food components (Apostolou et al., 2013; 
Priftis et al., 2015; Mikropoulou et al., 2018; Kouka et al., 2019), dietary 
supplements (Kerasioti et al., 2014) and biological samples (Grundler 
et al., 2020), while their use has also been extended to the study of NMs 
(Zare et al., 2018; Genc, 2020). More specifically, the potential anti
radical capacity of NMs is evaluated spectrophotometrically by exam
ining their ability to scavenge the commercially available free radicals 2, 
2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS•+) and 2, 
2-diphenyl-1-picrylhydrazyl (DPPH•), and the naturally produced free 
radicals superoxide (O2

•-) and hydroxyl (OH•). Furthermore, for the 
purpose of evaluating NMs reducing capacity, the reducing power assay 

Fig. 2. Intrinsic and extrinsic properties of NMs affecting their toxicity.  

P. Vardakas et al.                                                                                                                                                                                                                               



Environmental Research 197 (2021) 111083

4

is performed. To this end, we propose a series of reliable protocols, 
presented in detail within the section 2.1. Additionally, the ability of 
NMs to prevent from the free radical induced-DNA damage is evaluated 
through electrophoresis on an agarose gel by examining their ability to 
inhibit DNA lesions. Towards this end, the peroxyl (ROO•) 
radical-induced plasmid DNA strand cleavage assay is proposed. The 
protocol is presented in the section 2.2. 

On the contrary, the third category of biomarkers investigates the 
potential genotoxic effects of NMs on a low-complexity biological sys
tem by assessing their ability to induce mutagenesis in bacteria cells. 
Based on data so far, there is no evidence that NMs induce different types 
of genotoxicity than the ones induced by common chemical compounds, 
and therefore the evaluation of their potential genotoxic properties is a 
key element in NMs risk assessment (Haase and Luch, 2016). For this 
purpose, various in vitro assays can be performed, including Ames test, 
chromosomal aberration test, micronucleus assay, comet assay and 
mammalian cell gene mutation assays (Ng et al., 2010; Elespuru et al., 
2018). However, Ames test provides a rapid and relatively simple pro
cess for evaluating a compounds ability to induce mutagenesis (Zeiger, 
2019), and it is widely applied for assessing NMs genotoxic effects 
(Yoshida et al., 2009; Balasubramanyam et al., 2010; Li et al., 2012; 
Woodruff et al., 2012; Du et al., 2019). The genotoxic effects of NMs are 
evaluated by examining their ability to induce mutagenesis in Salmonella 
typhimurium cells (section 2.3). A NM capable of inducing mutations that 
allow the bacteria to revert back to their histidine synthesis ability is 
deemed to be a mutagen. 

Concerning the translational potency, there are several parameters 
that limit the clinical significance of in vitro biomarkers. The biological 
systems are characterized by different levels of complexity, and thus lack 
of correlation between in vitro and in vivo settings is a common phe
nomenon. Focusing on NMs study, a major limitation arising from in 
vitro assays is that the exposure and dispersion methods do not 
adequately simulate the in vivo exposure (Park et al., 2009). Further
more, the physicochemical characteristics of NMs enable them to 
interact rapidly in vivo with endogenous biomolecules, mainly proteins, 
forming protein bio-coronas that significantly alter their initial effects 
(Neagu et al., 2017; Meng et al., 2018). Despite the limitations of 
extrapolating safe conclusions regarding the in vivo settings, the selec
tion and use of appropriate in vitro biomarkers still provide important 
information. 

2.1. Antiradical and reducing capacity 

2.1.1. ABTS•+ radical scavenging assay 

2.1.1.1. Selected assay. Concerning the ABTS•+ assay, we propose the 
method of Cano et al. (2000) with some modifications. 

2.1.1.2. Principle of the assay. The generation of ABTS•+ radicals results 
from the oxidation of 2,2′-azino-bis-(3-ethyl-benzthiazoline-sulphonic 
acid) diammonium salt (ABTS) by hydrogen peroxide (H2O2) via the 
catalytic activity of horseradish peroxidase (HRP). However, in the 
presence of an antioxidant compound, the generated free radicals are 
neutralized, and the green-colored radical solution is discolored, thus 
leading to an absorbance decrease at 730 nm. 

2.1.1.3. Protocol. In test tubes, 400 μl dH2O, 500 μl of an ABTS solution 
(1 mM), 50 μl of H2O2 (30 μM) and 50 μl of horseradish peroxidase 
(HRP) (6 μM) in phosphate-buffered saline (50 mM, pH = 7.5) are 
added. The samples are vortexed and incubated for 45 min in the dark at 
room temperature (RT) for the generation of ABTS•+ radicals. Then, 50 
μl of the test NM, properly dispersed at various concentrations, is added 
to the mixture, and subsequently the absorbance is measured at 730 nm. 
In each experiment, a blank consisting of 450 μl dH2O, 500 μl of the 
radical solution and 50 μl of H2O2, and a control comprising 400 μl 

dH2O, 500 μl of the radical solution, 50 μl of H2O2 and 50 μl of HRP are 
also prepared. To calculate the radical scavenging capacity percentage 
(% RSC) of the test NM, the following equation is used: 

% ​ ABTS⋅+RSC =
[(

Abscontrol − Abssample
)
​ / ​ Abscontrol

]
​ × ​ 100 

Abscontrol and Abssample stand for the absorbance of the control and 
the test NM, respectively. The radical scavenging efficacy of different 
NMs is compared by estimating an IC50 value. Specifically, IC50 refers 
to the concentration of the test NM required for the 50% inhibition of the 
respective free radical. The lower the IC50 value, the greater the radical 
inhibition capacity of the test NM. 

2.1.2. DPPH• radical scavenging assay 

2.1.2.1. Selected assay. Regarding the DPPH• assay, we propose the 
method of Brand-Williams et al. (1995) with some slight modifications. 

2.1.2.2. Principle of the assay. In the presence of an antioxidant com
pound, the commercially available free radical DPPH• is converted to 
the corresponding hydrazine, resulting in an absorbance decrease at 
517 nm. 

2.1.2.3. Protocol. In detail, 50 μl of the test NM, properly dispersed at 
different concentrations, is added in test tubes, followed by the addition 
of 900 μl of methanol (MeOH) and 50 μl of a DPPH• solution (2 mM) in 
MeOH. Furthermore, 1 ml of MeOH is used as a blank and 950 μl of 
MeOH and 50 μl of DPPH• solution are used as a control. The samples are 
vortexed, incubated for 20 min in the dark at RT and, then, the absor
bance is measured at 517 nm. The % RSC of the test NM is calculated 
through the same equation as the one described for the ABTS•+ assay. 
Additionally, an IC50 value should be estimated for comparing the 
radical scavenging efficiency of different NMs. 

2.1.3. Superoxide (O2
•-) radical scavenging assay 

2.1.3.1. Selected assay. With respect to the scavenging activity of the 
superoxide ion radicals, we propose the method of Gülçin et al. (2004) 
with some minor modifications. 

2.1.3.2. Principle of the assay. Superoxide radicals are derived from the 
phenazine methosulfate-nicotinamide adenine dinucleotide-nitroblue 
tetrazolium (PMS-NADH-NBT) generating system. In the presence of 
an antioxidant compound, the superoxide anion is scavenged, and 
consequently an absorbance decrease is observed at 560 nm. 

2.1.3.3. Protocol. According to the assay, 50 μl of the test NM, properly 
dispersed at different concentrations, is mixed with 625 μl of Tris-HCl 
buffer (16 mM, pH = 8.0), 125 μl of NBT (300 μM) and 125 μl of 
NADH (468 μM) in test tubes. The reaction is initiated following the 
addition of 125 μl of PMS (60 μM) into the sample. In each experiment, a 
blank comprising 800 μl of Tris-HCl buffer, 125 μl of NBT and 125 μl of 
NADH, and a control containing 50 μl dH2O, 625 μl of Tris-HCl buffer, 
125 μl of NBT, 125 μl of NADH and 125 μl of PMS are also prepared. The 
samples are vortexed and incubated for 5 min in the dark at RT. After 
that, the absorbance is measured at 560 nm. The % RSC of the test NM is 
calculated using the equation that has been mentioned formerly for the 
ABTS•+ assay. Furthermore, an IC50 value should be estimated in order 
to compare the radical scavenging activity among different NMs. 

2.1.4. Hydroxyl (OH•) radical scavenging assay 

2.1.4.1. Selected assay. For the purpose of determining the scavenging 
activity of hydroxyl radicals, we propose a previously described method 
with slight modifications (Chung et al., 1997). 

P. Vardakas et al.                                                                                                                                                                                                                               
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2.1.4.2. Principle of the assay. Hydroxyl radicals, that are produced by 
Fenton reaction, oxidize 2-deoxyribose, which is further decomposed 
into malondialdehyde (MDA). The reaction of MDA with thiobarbituric 
acid (TBA) leads to the production of a colored complex, absorbing 
maximal at 520 nm. In the presence of an antioxidant compound, hy
droxyl radicals are scavenged, and an absorbance decrease at 520 nm is 
observed. 

2.1.4.3. Protocol. In particular, 50 μl of the test NM, properly dispersed 
at various concentrations, is added to 225 μl of phosphate buffer (0.2 M, 
pH = 7.4), 75 μl of 2-deoxyribose (5 mM), 75 μl of a FeSO4-EDTA so
lution (10 mM), 75 μl of H2O2 (10 mM) and 250 μl of dH2O. In each 
experiment, a blank consisting of 225 μl of phosphate buffer, 75 μl of 2- 
deoxyribose, 75 μl of FeSO4-EDTA solution and 375 μl of dH2O, as well 
as a control containing 225 μl of phosphate buffer, 75 μl of 2-deoxyri
bose, 75 μl of FeSO4-EDTA solution, 75 μl of H2O2 and 300 μl dH2O 
are also prepared. The samples are vortexed and incubated at 37 ◦C for 1 
h. After incubation, 375 μl of 2.8% trichloroacetic acid (TCA) and 375 μl 
of 1% TBA in NaOH (50 mM) are added, and the samples are transferred 
in a water bath for 10 min at 95 ◦C. Subsequently, the samples are placed 
on ice for 5 min and centrifuged (3000 rpm, 5 min, 25 ◦C). Eventually, 
the absorbance is monitored at 520 nm. To calculate the % RSC of the 
test NM, the equation that has been previously described for ABTS•+

assay is used. For the purpose of comparing the radical scavenging ac
tivity of different NMs, an IC50 value should be estimated. 

2.1.5. Reducing power assay 

2.1.5.1. Selected assay. To evaluate the reducing power of the test NM 
we propose a slightly modified method of Yen and Duh (1993). 

2.1.5.2. Principle of the assay. In the presence of an antioxidant com
pound, ferrous (Fe+3) ions are reduced to ferric (Fe+2) ions, and their 
reaction with the added iron chloride leads to the production of a 
colored complex, with maximal absorbance at 700 nm. 

2.1.5.3. Protocol. In test tubes, 50 μl of the test NM, properly dispersed 
at various concentrations, is added to 200 μl of phosphate buffer (0.2 M, 
pH = 6.6) and 250 μl of potassium ferricyanide (1% w/v) in dН2Ο. It has 
to be noted that 500 μl of phosphate buffer is prepared as a blank, and 
250 μl of phosphate buffer mixed with 250 μl of potassium ferricyanide 
are prepared as a control. The samples are vortexed and incubated for 
20 min at 50 ◦C. Thereafter, the samples are cooled for 5 min, and 250 μl 
of 10% TCA is added, followed by centrifugation (3000 rpm, 10 min, 
25 ◦C). Then, 700 μl of the supernatant is transferred in new test tubes, 
and 250 μl of dH2O and 50 μl of ferric chloride (0.1%) are added. The 
samples are vortexed and incubated for 10 min in the dark at RT. 
Following incubation, the increase of absorbance is monitored at 700 
nm. An AU0.5 value, standing for the NM concentration at which an 
OD700 of 0.5 is achieved, is calculated for the purpose of comparing the 
reducing power of different NMs. 

2.2. Protection against the free radical-induced DNA damage 

2.2.1. Peroxyl radical (ROO•)-induced plasmid DNA strand cleavage 

2.2.1.1. Selected assay. The method is performed as described previ
ously (Priftis et al., 2017; Kouka et al., 2019). 

2.2.1.2. Principle of the assay. The conformational changes of plasmid 
DNA affect its mobility when electrophoresed on an agarose gel. In 
particular, under the influence of peroxyl radicals, which are generated 
from the thermal decomposition of 2,2′-azobis(2-amidinopropane hy
drochloride) (AAPH), the supercoiled conformation of plasmid DNA is 
converted to the open circular, after a single-strand break. The open 

circular conformation runs slower on the gel than the supercoiled one. 

2.2.1.3. Protocol. Regarding the assay, in a final volume of 10 μl the test 
NM, properly dispersed at various concentrations, is mixed with 3.2 μg 
of plasmid DNA (pBluescript SK+), sterilized phosphate buffered saline 
(PBS) and AAPH (95 mM) in PBS. The samples are vortexed and incu
bated for 45 min at 37 ◦C. In each experiment, a negative control con
taining plasmid DNA and PBS, and a positive control containing plasmid 
DNA, PBS and AAPH are also used. Additionally, plasmid DNA is treated 
with the highest concentration of the test NM for the purpose of eval
uating its effects on the supercoiled conformation. Following incuba
tion, the reaction is stopped by adding 3 μl of a loading buffer 
(bromophenol blue 0.25% + 30% glycerol), and the samples are elec
trophoresed on a 0.8% agarose gel at 80 V for 1 h. Subsequently, the gel 
is transferred in a solution containing 12,5 μl of ethidium bromide (10 
μg/ml) and 250 ml of dH2O in order to be stained for 30 min, and 
thereafter it is washed with 250 ml of dH2O for an additional time of 15 
min. Eventually, the gel is exposed to UV, the image is captured and the 
results are analyzed using an image analysis quantification software. To 
calculate the percentage of the protective activity of the test NM, the 
following equation is used: 

% Inhibition = [(S ​ − ​ So) / (Scontrol − So)] ​ × ​ 100 

Regarding the equation, the factor S represents the percentage of the 
supercoiled plasmid DNA in the test samples, while So stands for the 
percentage of the supercoiled plasmid DNA in the positive control. 
Furthermore, Scontrol represents the percentage of the supercoiled DNA 
in the negative control. To compare the protective activity of different 
NMs against the ROO•-induced DNA damage, an IC50 value should be 
estimated. 

2.3. Mutagenicity 

2.3.1. Ames test 
The mutagenic properties of NMs are evaluated through the Ames 

test (Maron and Ames, 1983). Regarding the principle of the assay, 
histidine auxotroph Salmonella typhimurium strains are grown in plates, 
in the presence or absence (control) of a mutagen under investigation. 
When an external source of histidine is lacking, the bacteria cells are 
unable to form colonies, while in contrast the cells reverting to their 
initial histidine independence have regained this ability. The addition of 
a mutagen leads to an increase of the number of colonies per plate, 
typically in a dose-dependent manner. Concerning the experimental 
procedure, for a 30 ml inoculation of autoclaved Oxoid nutrient broth 
no. 2, 700 μl of the Salmonella typhimurium TA102 (MolTox) bacterial 
culture are used. The cultures are vibrated (100 rpm), placed in the dark 
at a laboratory incubator at 37 ◦C, and the absorbance is frequently 
monitored at 540 nm. An OD540 ranging between 0.1 and 0.2 is ex
pected, since it indicates that the bacteria cells have reached a density of 
1–2 × 109 colony forming units (CFU/ml). Afterward, 2 ml of top agar, 
100 μl of the bacterial culture and 50 μl of each NM, properly dispersed 
at various concentrations, are added in sterile tubes and vortexed. 
Subsequently, the content of the sterile tubes is poured onto plates, 
which have been covered previously by glucose minimal agar, and the 
plates are incubated for 48 h at 37 ◦C. It has to be noted that a plate 
without the test NM is used as a control. Lastly, the colonies reverted to 
their histidine independence are counted. To determine the mutagenic 
properties of the test NM, the number of spontaneous revertants on the 
control plate is subtracted from the number of revertants on the plates 
with the test NM. 

3. Assessment of NMs effects in cell cultures 

Notwithstanding that the cell cultures are widely considered as an in 
vitro condition, in essence, they comprise an intermediate level between 
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in vitro and in vivo settings, hence providing a useful in-vivo like system 
for the evaluation of the redox-related effects of NMs. The selection of 
the cell line depends on the potential route by which the NM of interest 
enters the body. Since NMs are capable of exhibiting cytotoxicity at the 
portal entry, the cells in the epithelium of the respective organs, as well 
as the cells of the innate immune system are ideal for examining the 
toxic effects of NMs (Mrakovcic et al., 2013). Macrophages are widely 
preferred in nanotoxicity studies, as they represent the first responders 
following NMs exposure, implicated in their recognition, internalization 
and clearance (Drasler et al., 2017; Figueiredo Borgognoni et al., 2018). 
In order to obtain relevant information regarding NMs-induced inhala
tion toxicity, various tissues of the respiratory system are used, including 
cells derived from the epithelium of human airway and alveoli, as well 
as alveolar macrophages (Bakand and Hayes, 2016). Regarding inges
tion exposure, the epithelial cells of intestine are regularly used in 
nanotoxicity studies, since intestine represents one of the main organs of 
NMs entry in the body (Drasler et al., 2017). Notwithstanding that skin 
constitutes a potential route of exposure, recent studies indicate that the 
trans-dermal entry is limited (Staroń et al., 2020). However, for the 
purpose of acquiring useful information on the toxicity induced via this 
route, keratinocytes and fibroblasts are mainly used. Finally, given the 
fact that NMs have been recruited as potential allies in the research of 
cancer therapy, various tumor cell lines are also used for evaluating the 
toxic, yet beneficial in the present case, effects of NMs (Sukhanova et al., 
2018). 

The duration of exposure to NMs differs significantly among the 
various publications, depending on the selected exposure scenario (e.g. 
industrial accident, occupational exposure, everyday life exposure). 
Typically, the cell-based assays are used to simulate scenarios that 
correspond to a daily exposure rather than a chronic one. However, a 
sub-chronic scenario might be simulated via repeated exposures to the 
NM of interest, provided that the cellular system remains sustainable for 
such a period of time (Drasler et al., 2017). Regarding the simulation of 
an everyday-life condition, a 24 h exposure to low concentrations of the 
test NM might provide an insight into the exposure of the general pop
ulation. Meanwhile, shorter time intervals (30 min, 1 h, 3 h) have 
already been used for the purpose of simulating an occupational con
dition, such as an industrial accident (Kyriakidou et al., 2020). 

The development of novel but also relevant for human studies in vitro 
systems is a primary objective in the field of Toxicology in order to 
extrapolate safer conclusions regarding the effects on human health. 
Although the conventional 2D monolayer cell cultures are a useful tool, 
they do not adequately reflect the prevailing in vivo conditions 
(Edmondson et al., 2014). Specifically, the cell-cell interactions and the 
interactions between cells and the extracellular matrix, implicated into 
key processes of cell growth and behavior, are not taken into account 
(Da Rocha et al., 2014). Undeniably, the ex vivo organ cultures can 
counteract the aforementioned restrictions, also allowing the mainte
nance of the physiological functions of the respective organ. However, 
the acquisition of the tissue sample and the short viability of those cell 
cultures are still limiting factors (Chia et al., 2015; Al-Lamki et al., 
2017). In this regard, a panel of 3D cell culture systems has emerged as a 
powerful alternative to properly simulate the architecture and the 
microenvironment of the tissue of interest (Al-Lamki et al., 2017). It 
should be emphasized that 3D cell cultures are characterized by sub
stantial heterogeneity in terms of the cellular components (primary cells 
or established cell lines) (Koledova, 2017), the way of culturing 
(monocultures or co-cultures) (Ravi et al., 2015) and after all the tech
nology used for the cell culture development (e.g. spheroids, scaffolds, 
organoids, organ-on-chip) (Fang and Eglen, 2017). The aforementioned 
methods have also been incorporated as a valid, in vivo-like model into 
the testing of NMs toxicity (Lee et al., 2009; Chia et al., 2015; Wu et al., 
2017). 

In the present approach, following the selection of the preferred cell 
line and exposure scenario, the redox-related effects of NMs are evalu
ated by investigating their cytotoxicity, their effects on redox 

biomarkers and on the expression of important antioxidant genes. The 
proposed experimental procedure has been carried out formerly for the 
evaluation of the redox-related properties in endothelial cells (Gout
zourelas et al., 2015; Kerasioti et al., 2020). 

A wide range of cell viability assays has been used in the literature for 
the evaluation of NMs cytotoxicity, with more or less reliability, 
including tetrazolium salt-based assays, resazurin reduction, trypan blue 
exclusion assay, neutral red uptake assay and lactate dehydrogenase 
assay (Nogueira et al., 2014; Kyriakidou et al., 2020). Depending on the 
test NM, the appropriate cell viability assay should be chosen in order to 
avoid possible limitations and misleading conclusions (Wörle-Knirsch 
et al., 2006; Wang et al., 2011; Breznan et al., 2015; Forest et al., 2015). 
Even though the trypan blue exclusion assay was proposed about a 
century ago, it remains the most widely used method for determining 
cell viability, and it is regularly employed in NMs study to overcome 
such limitations (Hoskins et al., 2012; Piccinini et al., 2017). Hence, we 
propose the use of the specific method in the section 3.2. 

Whereupon, the cells are exposed to the selected subtoxic concen
trations, and a network of redox biomarkers, adequately reflecting the 
cellular redox state, are determined either by flow cytometry or spec
trophotometry. In particular, the intracellular levels of reduced gluta
thione (GSH) and ROS are determined by flow cytometry, using the 
fluorescent dyes mercury orange and 2′,7′-Dichlorofluorescein diacetate 
(DCF-DA), respectively. GSH is the most important and abundant hy
drophilic antioxidant, protecting cells from the detrimental effects of 
electrophiles (Aquilano et al., 2014), whereas ROS are implicated in the 
oxidative damage of various biomolecules (Mylonas and Kouretas, 1999; 
Kunwar, A., Priyadarsini, 2011), and their excessive generation induces 
oxidative stress. Furthermore, total antioxidant capacity (TAC), thio
barbituric acid reactive substances (TBARS) and protein carbonyls are 
determined by spectrophotometry. Briefly, TAC refers to the antioxidant 
capacity of the components present in a biological sample (Soumya and 
Vani, 2015). On the contrary, TBARS and protein carbonyls are products 
of lipid peroxidation and protein carbonylation, respectively, and they 
represent biomarkers of severe oxidative damage. Actually, the TBARS 
method is well established for monitoring lipid peroxidation (Sochor 
et al., 2012), while the heavy carbonylated proteins are widely regarded 
as a biomarker of oxidative stress (Gonos et al., 2018). The selected 
protocols are described in detail within the section 3.3. 

Previous studies have reported that NMs are able to induce the 
activation of nuclear factor erythroid 2-related factor 2 (Nrf2), leading 
to an elevated expression of enzymes associated with cellular defense 
mechanisms (Hussain et al., 2014; Lai et al., 2015; Liu et al., 2017). The 
primary transcription factor Nrf2 coordinates the regulation of oxidant 
and antioxidant responses, subsequent to a redox altering stimuli, such 
as xenobiotics and pathological conditions (Ma, 2013; Veskoukis et al., 
2020). Under basal conditions, Nrf2 activity is suppressed by its cyto
plasmic interaction with Kelch-like ECH-associated protein 1 (Keap1), 
that functions as an adaptor for ubiquitination factors, leading to Nrf2 
rapid degradation by proteasomes (Kobayashi et al., 2006). Contrari
wise, under oxidative stress conditions, Nrf2 is disassociated from its 
complex with Keap1, stabilized and translocated to the nucleus in order 
to activate the expression of antioxidant response elements (AREs)-de
pendent genes (Panieri et al., 2020). These genes encode a wide variety 
of important antioxidant and detoxifying enzymes, constituting the 
majority of intracellular defense mechanisms, and as a result, the anal
ysis of this gene network provides a first insight regarding the mecha
nism of action of NMs. In this light, we propose quantitative Real-Time 
PCR for the purpose of quantifying the expression of superoxide dis
mutase (SOD), catalase (CAT), glutathione peroxidase (GPx), gluta
thione reductase (GR), thioredoxin (TRX), glutamate-cysteine ligase 
catalytic subunit (GCLC), NAD(P)H quinone oxidoreductase (NQO1), 
heme oxygenase-1 (HO-1) and Nrf2 (section 3.4). Additionally, as the 
prediction of protein levels from mRNA levels generally lacks of preci
sion (Maiväli, 2015), Western blot analysis is also proposed for deter
mining the cellular localization of Nrf2 and for detecting the possible 
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differences in the expression levels of its target genes (section 3.4). 

3.1. Cell treatment 

The cells are seeded in 25 cm2 culture flasks with the appropriate 
complete medium and incubated for 24 h at 37 ◦C in 5% CO2 and 
80–95% humidity in order to reach about 80% confluency. Then, the 
complete medium is discarded, the test NM, properly dispersed at 
various concentrations, is added to serum-free medium and the cells are 
incubated for a time period corresponding to the selected exposure 
scenario. The cells that have not been treated with the test NM are 
considered as control group. Thereafter, the serum-free medium is dis
carded, the cells are trypsinized and centrifuged (1500 rpm, 5 min, 
5 ◦C). Following the disposal of the supernatant, the cells are washed 
with PBS and centrifuged (1500 rpm, 5 min, 5 ◦C) one more time. After 
the second centrifugation, the supernatant is discarded, and the cell 
pellet is collected. 

3.2. Cytotoxicity 

3.2.1. Trypan blue exclusion assay 
The assay is performed as reported previously by Stagos et al. (2014). 

The principle of the assay is dependent on the ability of live cells to 
exclude stains, through their intact cell membranes, while in contrast 
dead cells do not possess the same ability (Strober, 2015). Regarding the 
assay, after exposure to the test NM the serum-free medium is discarded 
and the cells are trypsinized and centrifuged (1500 rpm, 5 min, 5 ◦C). 
Then, the supernatant is discarded and the cell pellet is resuspended in 
serum-free medium or PBS at 1 × 106 cells/ml. Eventually, equal vol
umes (1:1) of the cell suspension and the trypan blue stain (0.4% w/v) 
are mixed and unstained and blue-stained cells, representing viable and 
non-viable cells, respectively, are counted using either a hemocytometer 
and a phase contrast microscope or an automated cell counter. 

3.3. Determination of redox biomarkers 

3.3.1. Assessment of GSH and ROS levels by flow cytometry 
The determination of GSH and ROS levels by flow cytometry is 

performed as described previously by Kouka et al. (2017). Regarding the 
assay, a mercury orange stock solution (400 μM) is prepared in acetone 
and stored at 4 ◦C, whereas a DCF-DA stock solution (400 μM) is pre
pared in methanol on the day of the experiment. Following the prepa
ration of the dye stock solutions, the cell pellet (see section 3.1) is 
resuspended in PBS at 1 × 106 cells/ml. Afterward, 150 μl of the cell 
suspension is transferred into flow cytometry tubes and incubated with 
either 15 μl of mercury orange (40 μМ) or 15 μl of DCF-DA (10 μМ) for 
30 min in the dark at 37 ◦C. After incubation, the cells are washed with 
250 μl of PBS, centrifuged (1500 rpm, 5 min, 5 ◦C) and resuspended in 
250 μl of PBS. Eventually, the cell suspension is subjected to flow 
cytometric analysis. The excitation and emission wavelengths for ROS 
are at 488 and 530 nm and for GSH at 488 and 580 nm. The size of the 
cells and their internal complexity are measured by the forward and 
right-angle light scattering, respectively. The analysis is performed on 
10000 cells per sample, at a flow rate of 1000 events/sec, and the in
tensity of the fluorescence is measured on a logarithmic scale. 

3.3.2. Assessment of TAC, TBARS and protein carbonyls by 
spectrophotometry 

The cell pellet (see section 3.1) is resuspended with whole cell lysis 
buffer [Tris (20 mM), NaCl (150 mM), 1% Nonidet P40 (NP-40), pH =
7.5], containing protease inhibitors. The cells are incubated for 20 min 
on ice and centrifuged (16250 g, 20 min, 4 ◦C). The supernatant is 
collected and used for the determination of the redox biomarkers. 

Prior to the assays, the total protein concentration of the cell lysate is 
estimated through the Bradford assay (Bradford, 1976) and used for the 
normalization of the redox biomarkers. To estimate the total protein 

concentration of the cell lysate, a standard curve is required, using 
various concentrations of a known protein as standards, where bovine 
serum albumin (BSA) is one of the most common. 

3.3.2.1. Total antioxidant capacity (TAC) 
3.3.2.1.1. Selected assay. To determine the cellular TAC levels, we 

propose the protocol of Janaszewska and Bartosz (2002). 
3.3.2.1.2. Principle of the assay. TAC levels are determined using the 

free radical DPPH•. In the presence of an antioxidant molecule, acting as 
a hydrogen donor, DPPH• is reduced to the corresponding hydrazine, 
and its reduction is evaluated spectrophotometrically through the 
decrease of absorption at 520 nm. 

3.3.2.1.3. Protocol. In detail, an amount of cell lysate, containing at 
least 30 μg of protein, and an equal amount of cell lysis buffer for the 
control, is added to 450 μl of phosphate buffer (10 mM, pH = 7.4) and 
500 μl of DPPH• solution (0.1 mM) in MeOH. The samples are vortexed 
and incubated for 1 h in the dark at RT. Thereafter, the samples are 
centrifuged (15000 g, 3 min, 25 ◦C), and the absorbance is monitored at 
520 nm. The levels of TAC are calculated as the mmol of DPPH• reduced 
to the corresponding hydrazine by the antioxidant molecules of cell 
lysate, and the results are presented as mmol DPPH/mg protein. 

3.3.2.2. Thiobarbituric acid reactive substances (TBARS) 
3.3.2.2.1. Selected assay. For the determination of TBARS levels, we 

propose the method of Keles et al. (2001) with slight modifications. 
3.3.2.2.2. Principle of the assay. MDA, a byproduct of lipid peroxi

dation that exerts strong mutagenic effects (Ayala et al., 2014), is 
quantified through the reaction with TBA to produce TBARS. TBARS are 
expressed as equivalents of MDA, forming a 1:2 complex with TBA, 
which can be measured spectrophotometrically at 530 nm. 

3.3.2.2.3. Protocol. An amount of cell lysate, containing at least 100 
μg of protein, and an equal amount of cell lysis buffer for the control, is 
added to falcon tubes and mixed with 500 ml of 35% TCA and 500 ml of 
a Tris-HCl buffer (200 mM, pH = 7.4). The samples are vortexed and 
incubated for 10 min at RT. Subsequently, 1 ml of a solution consisting 
of Na2SO4 (2 M) and TBA (55 mM) is added, and the samples are 
transferred in a water bath for 45 min at 95 ◦C. Following incubation, 
the samples are cooled for 5 min, and 1 ml of 70% TCA is added to the 
mixture. Eventually, the samples are centrifuged (11200 g, 3 min, 
25 ◦C), and the absorbance is monitored at 530 nm. The molar extinction 
coefficient of МDA (156000 mol/l) is used for the determination of 
TBARS concentration, and the results are presented as μmol TBARS/mg 
protein. 

3.3.2.3. Protein carbonyls 
3.3.2.3.1. Selected assay. Concerning protein carbonyl levels, we 

propose the method of Patsoukis et al. (2004) with slight modifications. 
3.3.2.3.2. Principle of the assay. The derivatization of the carbonyl 

group with 2,4-dinitrophenylhydrazine (DNPH) results in the produc
tion of 2,4-dinitrophenyl (DNP), which absorbs maximal at 375 nm. 

3.3.2.3.3. Protocol. According to the assay, an amount of cell lysate, 
containing at least 100 μg of protein, is mixed with an equal amount of 
20% TCA, the samples are vortexed and incubated in an ice bath for 15 
min. Following incubation, the samples are centrifuged (15000 g, 5 min, 
4 ◦C), and the supernatant is discarded. Afterward, 500 μl of a DNPH 
solution (10 mM) in HCl (2.5 N) or 500 μl of 2.5N HCl is added to the 
samples or controls, respectively (each sample has its own control). The 
samples are incubated for 1 h in the dark at RT and vortexed intermit
tently every 15 min. Thereafter, the samples are centrifuged (15000 g, 5 
min, 4 ◦C). The disposal of the supernatant is followed by the addition of 
1 ml of 10% TCA, a vigorous vortex and a centrifugation (15000 g, 5 
min, 4 ◦C). Then, the supernatant is discarded, 1 ml of a mixture con
taining ethanol-ethyl acetate (1:1 v/v) is added, and the samples are 
vortexed and centrifuged (15000 g, 5 min, 4 ◦C). After discarding the 
supernatant, the aforementioned step is repeated once more. 
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Thereupon, 1 ml of urea (5 M, pH = 2.3) is added to the samples, and the 
tubes are vortexed and placed at an incubator for 15 min at 37 ◦C. Lastly, 
a centrifugation (15000 g, 3 min, 4 ◦C) is required, and the absorbance is 
monitored at 375 nm. To determine protein carbonyls concentration, the 
millimolar extinction coefficient of DNPH (22 l/mol/cm) is used, and 
the results are expressed as nmol protein carbonyls/mg protein. 

3.4. NMs effects on the expression of Nrf2 and its target genes 

3.4.1. Quantitative Real-Time PCR (qRT-PCR) of Nrf2 and its target genes 
The assay is performed as reported formerly by Stagos et al. (2018). 

Initially, the RNA is extracted from the cell pellet (see section 3.1) using 
an RNA isolation kit. After RNA extraction, a quantification and a vali
dation of its purity are required, and the whole process is carried out 
through the measurement of OD260/OD280 ratio. А value greater than 
1.8 indicates lack of protein contamination. The second step includes the 
digestion of the extracted RNA with DNase. For this purpose, ~10 μg of 
RNA is mixed with 10 μl of DNase (1 U/μl), 4 μl of a PCR buffer (10x) and 
sterilized dH2O in a final volume of 40 μl. The samples are placed in a 
laboratory incubator for 30 min at 37 ◦C, and the reaction is stopped 
with the addition of 4 μl of a stop solution. Thereafter, the samples are 
incubated for 10 min at 65 ◦C. In the next step, the reverse transcription 
of DNA-free RNA is performed in 20 μl reactions in order to obtain 
cDNA. In particular, ~3 μg of the pure DNA is mixed with 1 μl of oligo 
(dT) (12–18 primers), 1 μl of deoxynucleotide triphosphates (dNTPs) 
and sterilized dH2O. The samples are incubated for 5 min at 65 ◦C and 
transferred on ice for an additional time of 5 min. Afterward, 4 μl of a 
PCR buffer (5x) and 2 μl of dithiothreitol (DTT) are added, and the 
samples are incubated for 2 min at 42 ◦C. Following incubation, 1 μl of 
reverse transcriptase is added to the mixture, and the samples are 
incubated initially for 50 min at 42 ◦C and then for 15 min at 70 ◦C. The 
last step is the amplification of the selected genes (NFE2L2, HMOX1, 
NQO1, GCLC, CAT, SOD1, GSR, GPX, TXN and GAPDH). On that note, 
25 ng of cDNA is mixed with 0.25 μМ of each primer, SYBR® Select 
Master Mix (2X, applied biosystems, USA) and ROX Low (50 nM) in a 
final volume of 10 μl. The appropriate primers can be selected based on 
bibliography. To amplify the cDNAs, the following thermocycling con
ditions have been selected: 3 min at 95 ◦C, 45 cycles of 15 s at 95 ◦C and 
30 s at 53 ◦C, followed by 30 s at 72 ◦C. Finally, the specificity of the 
products is checked using a melting curve from 53 ◦C to 95 ◦C. The 
expression of mRNA levels in each sample is normalized to glyceralde
hyde 3-phosphate dehydrogenase (GAPDH) mRNA levels. 

3.4.2. Western blot analysis of Nrf2 and its target genes 
Prior to the assay, the whole cell lysate, as well as the cytosolic and 

nuclear lysates are prepared. To prepare the whole cell lysate, the cell 
pellet (see section 3.1) is resuspended in RIPA buffer [Tris-HCl (50 mM), 
NaCl (150 mM), 0.25% SDS, 0.25% sodium deoxycholate, EDTA (1 
mM), pH = 8.0], containing protease inhibitors. Then, the sample is 
centrifuged (16250 g, 20 min, 4 ◦C), and the supernatant is collected. 
For the preparation of the cytosolic and nuclear lysates, the cell pellet is 
resuspended in cytosolic lysis buffer [HEPES-KOH (10 mM, pH = 7.9), 
MgCl2 (1.5 mM), KCl (10 mM), dithiothreitol (DTT) (0.5 mM), 0.5% NP- 
40], containing protease inhibitors. The samples are transferred on ice 
for 20 min and centrifuged (16250 g, 5 min, 4 ◦C). The supernatant is 
collected (cytosolic lysate), and the formed pellet is resuspended in 
nuclear lysis buffer [HEPES-KOH (10 mM, pH = 7.9), 25% glycerol, 
NaCl (420 mM), MgCl2 (1.5 mM), EDTA (0.2 mM), DTT (0.5 mM), 0.5% 
Triton X-100)], containing protease inhibitors. Afterward, the samples 
are transferred on ice for 20 min, sonicated periodically for 30 s and 
centrifuged (16250 g, 15 min, 4 ◦C). The amount of protein in the whole, 
cytosolic and nuclear lysates is estimated through the Bradford assay. 

Thereafter, immunoblot analysis is performed as reported formerly 
(Kerasioti et al., 2016) in order to determine the expression levels of 
Nrf2, SOD, CAT, HO-1 and GCS. In particular, to determine the levels of 
SOD, CAT and HO-1, an amount of whole cell lysate that contains 50 μg 

of protein is used. Moreover, for the determination of the cytosolic levels 
of Nrf2 and GCS, an amount of cytosolic lysate that contains 30–50 μg of 
protein is used. Finally, the levels of nuclear Nrf2 are determined using 
the nuclear lysate. The cell lysates are separated by SDS-PAGE electro
phoresis on 8% polyacrylamide gel at 150 V for 45–60 min. Subse
quently, the proteins are transferred on polyvinylidene difluoride 
membranes (PVDF), which are blocked overnight at 4 ◦C with 5% 
non-fat milk in Tris-buffered saline with Tween-20 (TBST) [Tris (13 
mM), NaCl (150 mM), 0.2% Tween-20, pH = 7.5]. Afterward, the 
membranes are probed with primary antibodies [rabbit 
anti-human/mouse Nrf2 (1:2000), goat anti-human/mouse SOD-1 
(1:1600), goat anti-human/mouse CAT (1:1400), goat 
anti-human/mouse HO-1 (1:1400), rabbit anti-human/mouse GCS 
(1:1600)] at RT for 1 h. Whereupon, it follows the incubation of mem
branes with HRP secondary antibodies [anti-goat (1:3000) or anti-rabbit 
(1:5000)] for 30 min at RT. It has to be noted that GAPDH is used as an 
internal control for the cytosolic lysate, whereas the proliferating cell 
nuclear antigen (PCNA) serves the same purpose for the nuclear lysate. 
Lastly, an image analysis quantification software is used for the quan
tification of protein levels via the optical density of protein bands. 

4. Assessment of NMs effects in vivo 

The in vivo study is a prerequisite for investigating the biological 
effects of continuous exposure to NMs, due to the fact that the 
complexity of in vivo systems provides unique mechanisms of bio
distribution, metabolism, excretion and immune responses (Smith et al., 
2016). However, the toxicokinetic studies performed to date are 
disproportionate to the number of the engineered NMs, and therefore 
our knowledge of the procedures that follow after their entry in the body 
is limited (Piperigkou et al., 2016). Humans are daily exposed to com
plex mixtures of environmental contaminants, and the widespread use of 
NMs definitely classifies them among their main components (Tsiaoussis 
et al., 2019). In this light, specific strategies have been developed to 
assess the effect of low doses of mixtures, containing routinely 
encountered xenobiotics, over long periods of time, thus simulating the 
real-life exposure scenario (Tsatsakis et al., 2016; Tsatsakis et al., 2017). 
Although the short-term exposure to low doses of such mixtures may not 
exhibit immediate toxic effects, and is even capable of inducing strong 
adaptive mechanisms, the long-term exposure may potentially lead to 
toxicity (Docea et al., 2018; Fountoucidou et al., 2019). Taking this into 
consideration, the effects of acute and chronic exposure to low doses of 
NMs should be evaluated in order to determine their impact on human 
health. 

Even though studies on human populations are the most direct evi
dence of NMs biological outcome, most of the available information 
originates from studies carried out in cell cultures or more directly in 
experimental animals. Besides the ethical issues, several parameters 
restrict the conduct of studies on human beings, among them the rela
tively small sample size and the lack of industries exclusively occupied 
with the manufacture of nanotechnology products (Liou et al., 2015). It 
is worth noting that the existing studies are mainly focused on em
ployees in such facilities rather than the general public, because of their 
daily exposure through NMs handling. From early findings, redox pa
rameters seem to be particularly susceptible to alterations following 
NMs long-term exposure. For instance, in a six-month study on workers, 
the handling of NMs was positively correlated with decreased activity of 
antioxidant enzymes, and in particular SOD and GPx (Liao et al., 2014). 
In another study but in a similar pattern, the redox status of workers 
daily exposed to metal-oxide NMs was negatively affected compared to 
the unexposed ones, as shown by the decreased activity of SOD and GPx 
and by the elevated levels of 8-hydroxydeoxyguanosine (8-oxodG), a 
biomarker of severe DNA oxidative damage (Liou et al., 2016). Finally, 
in a 4-year follow-up study, the daily exposure to various NMs was 
followed by increased activity of SOD and GPx in the exposed employees 
as compared to the unexposed ones (Wu et al., 2019). 
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The genotoxic effects of NMs represent a burning issue, as the so
matic mutations may lead to cancer, whereas the germline mutations 
can be inherited by the descendants, thus provoking genetic disorders 
(Kohl et al., 2020). After NMs cellular uptake, two mechanisms of gen
otoxicity may occur; the primary, referring to the genetic damage caused 
by the NM itself or other intermediate biomolecules, and the secondary, 
resulting from ROS produced by phagocytes during the inflammatory 
responses in NMs presence (Samadian et al., 2020). Considering that the 
main mechanism of in vivo genotoxicity is suggested to be the secondary, 
the in vivo models are much more representative, and as a result they 
constitute a valuable tool to obtain a better perspective on NMs geno
toxic effects (Evans et al., 2017). In addition to their in vitro applications, 
the micronucleus test, the chromosome aberration test and the comet 
assay are widely applied for the in vivo testing (Magdolenova et al., 
2014). Towards this end, the peripheral blood mononuclear cells 
(PBMCs) and the bone marrow cells (BMCs) of rodents exposed to NMs 
are commonly combined with the above mentioned assays in order to 
assess the in vivo genotoxic effects (Dobrzyńska et al., 2014; Maser et al., 
2015; Ghosh et al., 2016; Kazimirova et al., 2019). 

Since clinical case studies regarding accidental human exposure to 
NMs either occupational or in everyday life are generally lacking, lab
oratory animals are widely used to extrapolate findings (Prabhakar 
et al., 2012; Ema et al., 2017; Zamboni et al., 2018). Among the different 
animal models, rodents, mainly mice and rats, are extensively used in 
biomedical research due to the positive correlation of their anatomy, 
physiology and genetic background with humans (Bryda, 2013). The 
experimental animals can be exposed to the test NMs through different 
routes and for various exposure times, depending on the selected 
exposure scenario. For inhalation studies, the experimental animals can 
be exposed to the test NM in an aerosol form in specially designed 
chambers (Yi et al., 2013; Oberdörster and Kuhlbusch, 2018), whereas 
in the case of ingestion studies, the NM of interest can be incorporated in 
the food of the experimental animals (Howard and Murashov, 2018). 
Finally, the topic application of the test NM on the skin of the experi
mental animals is the main strategy followed in the case of dermal 
studies (Delouise, 2012). Then, the effects of NMs are evaluated using 
biomarkers extensively applied for the assessment of redox status. 

The use of redox biomarkers has been applied in both animals 
(Papadopoulou et al., 2017; Kafantaris et al., 2018; Makri et al., 2018; 
Fountoucidou et al., 2019) and humans (Matthaiou et al., 2014; de 
Wilhelmi de Toledo et al., 2020). However, the main advantage of an
imal models is that they provide the potentiality to evaluate 
redox-related parameters directly in the preferred tissue (Veskoukis 
et al., 2016). Although the redox biomarkers of blood reflect the tissue 
redox status, where heart, liver and muscle are the tissues showing the 
greatest correlation (Veskoukis et al., 2009; Margaritelis et al., 2015), 
the combined evaluation of blood and tissue redox status is directed to 
holistically unravel the systemic actions of NMs. Regarding NMs study, 
several redox parameters of animal models have been evaluated previ
ously (Martinsda et al., 2017; Reddy et al., 2017; Docea et al., 2020; 
Majewski et al., 2020). 

In the present approach, the effects of NMs on the redox state of 
blood and tissues can be evaluated via a battery of redox biomarkers 
previously proposed by our research group (Veskoukis et al., 2016, 
2019). In particular, two categories of translational biomarkers, 
including biomarkers of antioxidant capacity and biomarkers of oxida
tive damage, are determined spectrophotometrically for the compre
hensive evaluation of the redox status. The first category consists of the 
antioxidant molecule GSH, a panel of antioxidant enzymes, comprising 
SOD, CAT, GPx and GR, as well as the crude biomarker TAC. Briefly, the 
catalytic activity of SOD, the most powerful cell antioxidant, is 
responsible for the dismutation of superoxide anion to hydrogen 
peroxide and molecular oxygen (Ighodaro and Akinloye, 2018). 
Furthermore, the catalytic activity of CAT leads to the conversion of 
excessive hydrogen peroxide to molecular oxygen and water (Shangari 
and O’Brien, 2006). Likewise, GPx is implicated in the reduction of 

hydrogen peroxide, when it is present in low levels, using GSH as an 
electron donor (Margis et al., 2008). Finally, the organisms that use GSH 
for the maintenance of redox homeostasis are not only able to synthesize 
it, but they are also characterized by the ability to recycle it from its 
oxidized form (GSSG) via the catalytic activity of GR (Piggott and Kar
uso, 2007; Couto et al., 2016). On the contrary, the second category 
comprises biomarkers of severe oxidative damage in biomolecules, 
namely TBARS and protein carbonyls, which have been described pre
viously. The preparation of blood and tissues and the proposed protocols 
are presented in detail within the section 4.1 and 4.2, respectively. 

4.1. Tissue homogenization & blood preparation 

In an EDTA tube, 500 ml of whole blood is added and centrifuged 
(1380 g, 10 min, 4 ◦C) in order to be separated into plasma and eryth
rocytes. Thereafter, plasma is collected and the packed erythrocytes are 
hemolyzed with an equal amount of dH2O (1:1 v/v). After hemolysis, the 
samples are centrifuged (4000 g, 15 min, 4 ◦C), and the supernatant, 
which is the red blood cell lysate (RBCL), is collected. The RBCL is stored 
in separate aliquots at − 80 ◦C, until further analysis. 

Regarding tissues, they are excised, frozen immediately in liquid 
nitrogen (− 196 ◦C) and kept at − 80 ◦C, until further analysis. The ho
mogenization process requires the weighing of the tissues and the 
addition of PBS containing protease inhibitors. Afterward, the samples 
are homogenized and centrifuged (15000 g, 5 min, 5 ◦C). The tissue 
homogenate is collected and stored in separate aliquots at − 80 ◦C, until 
further analysis. 

4.2. Determination of redox biomarkers by spectrophotometry 

Τhe redox biomarkers of plasma and tissue homogenates are 
normalized to total protein concentration, which can be measured by the 
Bradford assay. On the other hand, in order to normalize the redox 
biomarkers of RBCL, hemoglobin (Hb) concentration can be measured 
according to a commercially available kit. 

4.2.1. Reduced glutathione (GSH) 

4.2.1.1. Selected assay. Regarding GSH concentration, we propose the 
method of Reddy et al. (2004), as presented formerly by Veskoukis et al. 
(2016). 

4.2.1.2. Principle of the assay. The GSH that is present in biological 
samples, is oxidized by the addition of 5,5-dithiobis (2-nitrobenzoic 
acid) (DTNB), and the resulting reaction products consist of GSSG and 2- 
nitro-5-thiobenzoic acid (TNB), a colored ion with maximum absorption 
at 412 nm. 

4.2.1.3. Protocol. In detail, 500 μl of RBCL or 50 μl of tissue homoge
nate is mixed with 500 μl or 50 μl of 5% TCA, respectively, centrifuged 
(15000 g, 5 min, 5 ◦C) and the pure supernatant is collected. With 
respect to RBCL, 300 μl of the supernatant is mixed with 90 μl of 5% TCA 
and centrifuged once again. Afterward, 20 μl of supernatant for the 
samples or 20 μl of dH2O or PBS for the controls of RBCL and tissue 
homogenate, respectively, is added to test tubes, followed by the addi
tion of 660 μl of phosphate buffer (67 mM, pH = 7.95) and 330 μl of 
DTNB (1 mM). The samples are vortexed and incubated for 15 min in the 
dark at RT. After that, the absorbance is monitored at 412 nm. The 
millimolar extinction coefficient of DTNB (13.6 l/mmol/cm) is used for 
the calculation of GSH concentration, which is presented as mmol GSH/ 
g Hb for the RBCL and as mmol GSH/mg protein for the various tissues. 

4.2.2. Total antioxidant capacity (TAC) 

4.2.2.1. Selected assay. For the determination of TAC levels, we propose 
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the method of Janaszewska and Bartosz (2002). 

4.2.2.2. Principle of the assay. The principle of the assay has been 
described above. 

4.2.2.3. Protocol. In test tubes, 20 μl of plasma or 40 μl of tissue ho
mogenate is mixed with 480 μl or 460 μl of phosphate buffer (10 mM, 
pH = 7.4), respectively and 500 μl of a DPPH• solution (0.1 mM) in 
MeOH. It has to be noted that depending on whether the method is 
performed in blood or tissues, 20 μl of dH2O or 40 μl of PBS, respectively 
are used as a control. Then, the samples are vortexed and incubated for 
1 h in the dark at RT. Thereafter, a centrifugation (15000 g, 3 min, 
25 ◦C) is required, and the absorbance is monitored at 520 nm. The 
levels of TAC are expressed as mmol DPPH/mg protein. 

4.2.3. Superoxide dismutase (SOD) 

4.2.3.1. Selected assay. Concerning SOD activity, we propose the 
method of Oberley and Spitz (1984) with some modifications. 

4.2.3.2. Principle of the assay. The system of xanthine/xanthine oxidase 
is used for the generation of O2

•− , which are capable of reducing NBT. 
Nevertheless, the catalytic activity of SOD leads to the dismutation of 
O2
•− to H2O2 and molecular oxygen, thus inhibiting NBT reduction. 

4.2.3.3. Protocol. Prior to the assay, a master mix is prepared contain
ing 13,8 ml of diethylenetriaminepentaacetic acid (DETAPAC) (1.34 
mM) in potassium phosphate buffer (0.05 M, pH = 7.8), 0.5 ml of NBT 
(2.24 mM) in potassium phosphate buffer and 1.7 ml of xanthine (1.18 
mM) in potassium phosphate buffer. Concerning the assay, in test tubes, 
100 μl of RBCL (diluted 1/200) is added to 800 μl of master mix. 
Furthermore, a control is prepared consisting of 100 μl of DETAPAC and 
800 μl of master mix. The samples are vortexed and 100 μl of xanthine 
oxidase (60 mU) in DETAPAC is added. Subsequently, the absorbance is 
monitored at 560 nm for 1.5 min. The activity of SOD is calculated on 
the basis of the percentage inhibition of NBT and the results are 
expressed as U/g Hb. 

4.2.4. Catalase (CAT) 

4.2.4.1. Selected assay. With respect to CAT activity, we propose the 
method of Aebi (1984), as mentioned previously by Veskoukis et al. 
(2016). 

4.2.4.2. Principle of the assay. The addition of H2O2 to RBCL or tissue 
homogenate, leads to its decomposition to water and molecular oxygen 
via the catalytic activity of the catalase present in the biological sample. 
Since H2O2 absorbs maximal at 240 nm, the absorbance is decreased. 

4.2.4.3. Protocol. Concerning the assay, 4 μl of RBCL or 40 μl of tissue 
homogenate are mixed with 2991 μl or 2955 μl of phosphate buffer (67 
mM, pH = 7.4), respectively. Then, the samples are vortexed and placed 
to a laboratory incubator for 10 min at 37 ◦C. Subsequently, each sample 
is transferred in a UV quartz cuvette, 5 μl of 30% H2O2 is added, and the 
absorbance is monitored at 240 nm for 2 min. Finally, the molar 
extinction coefficient of H2O2 (40 l/mol/cm) is used for the measure
ment of CAT activity, which is expressed as U/g Hb for the RBCL and U/ 
mg protein for the tissues. 

4.2.5. Glutathione peroxidase (GPx) 

4.2.5.1. Selected assay. For the determination of GPx activity, we pro
pose the protocol of Flohé and Günzler (1984), as described formerly by 
Veskoukis et al. (2016). 

4.2.5.2. Principle of the assay. GSSG derived from the catalytic activity 
of GPx is regenerated to GSH by the excessive activity of GR, using 
NADPH as a hydrogen donor. The simultaneous oxidation of NADPH is 
observed through an absorbance decrease at 340 nm. 

4.2.5.3. Protocol. In test tubes, 100 μl of RBCL (diluted 1/100) is added 
to 500 μl of phosphate buffer (100 mM, pH = 7), 100 μl of glutathione 
reductase (GR) (0.24 U) and 100 μl of GSH (10 mM), and the mixture is 
incubated for 10 min at RT. Then, the content of the tube is transferred 
in a cuvette, followed by the addition of 100 μl of NADPH (1.5 mM) in a 
0.1% NaHCO3 solution, and the NADPH consumption is monitored at 
340 nm for 3 min. After that, 100 μl of a tert-Butyl hydroperoxide (t- 
BuOOH) solution (12 mM) is added to the sample, and the consequent 
decrease in absorbance is monitored at 340 nm for 2.5 min. For the 
assessment of the non-enzymatic reaction rate, the enzyme sample is 
replaced by buffer. To calculate the activity of GPx, the molar extinction 
coefficient of NADPH (6200 l/mol/cm) is used, and the results are 
presented as U/g Hb. 

4.2.6. Glutathione reductase (GR) 

4.2.6.1. Selected assay. Regarding GR activity, we propose the protocol 
of Smith et al. (1988), as reported previously by Veskoukis et al. (2016). 

4.2.6.2. Principle of the assay. The catalytic activity of GR is responsible 
for the regeneration of GSH by GSSG, and the consequent reaction of 
GSH with DTNB leads to the formation of TNB, which absorbs maximal 
at 412 nm. 

4.2.6.3. Protocol. In test tubes, 700 μl of phosphate buffer (200 mM, 1 
mM EDTA, pH = 7.5), 250 μl of DTNB (3 mM) in phosphate buffer and 
50 μl of β-NADPH (2 mM) in phosphate buffer are added and vortexed. 
Subsequently, the content of the tube is transferred in a cuvette, and 50 
μl of GSSG (20 mM) in phosphate buffer is added along with 25 μl of the 
RBCL (diluted 1/100) for the sample or 25 μl of GR (1 U/ml) for the 
control. By this way, the reaction is initiated, and an absorbance in
crease is monitored at 412 nm for 30 s. The results are presented as U/g 
Hb. 

4.2.7. Thiobarbituric acid reactive substances (TBARS) 

4.2.7.1. Selected assay. Concerning TBARS levels, we propose the 
method of Keles et al. (2001) with some slight modifications. 

4.2.7.2. Principle of the assay. The principle of the assay has been 
described above. 

4.2.7.3. Protocol. To begin with, 100 μl of plasma or 50 μl of tissue 
homogenate is added to falcon tubes and mixed with 500 μl of 35% TCA 
and 500 μl of Tris-HCL (200 mM, pH = 7.4). The samples are vortexed 
and incubated for 10 min at RT. In each experiment, 100 μl of dH2O or 
50 μl of PBS is used as a control for plasma and tissue homogenates, 
respectively. Thereafter, 1 ml of a solution consisting of Na2SO4 (2 M) 
and TBA (55 mM) is added, and the samples are placed in a water bath 
for 45 min at 95 ◦C. After incubation, the samples are transferred on ice 
for 5 min, in order to be cooled, 1 ml of 70% TCA is added, and the 
samples are vortexed and centrifuged (11200 g, 3 min, 25 ◦C). Finally, 
the absorbance is monitored at 530 nm. The concentration of TBARS is 
presented as μmol TBARS/mg protein. 

4.2.8. Protein carbonyls 

4.2.8.1. Selected assay. To determine the concentration of protein car
bonyls, we propose the method of Patsoukis et al. (2004), as described 
formerly by Veskoukis et al. (2016). 
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4.2.8.2. Principle of the assay. The principle of the assay has been 
described above. 

4.2.8.3. Protocol. In test tubes, 50 μl of plasma or tissue homogenate is 
mixed with 50 μl of 20% TCA, and the mixture is transferred in ice bath 
for 15 min, followed by a centrifugation (15000 g, 5 min, 4 ◦C). Then, 
the supernatant is disposed and 500 μl of a DNPH solution (10 mM) (in 
2.5N HCl) or 500 μl of HCl (2.5N) is added to the samples and the 
controls, respectively. Each sample has its own control. The samples are 
incubated for 1 h in the dark at RT, vortexed intermittently every 15 min 
and centrifuged (15000 g, 5 min, 4 ◦C). Subsequently, the supernatant is 
discarded, 1 ml of 10% TCA is added, and the samples are vortexed and 
centrifuged (15000 g, 5 min, 4 ◦C). After centrifugation, the supernatant 
is discarded, 1 ml of a mixture containing ethanol-ethyl acetate (1:1 v/v) 
is added, and the samples are vortexed and centrifuged (15000 g, 5 min, 
4 ◦C). The aforementioned step is repeated twice. Subsequently, the 
supernatant is discarded, the samples are treated with 1 ml of urea (5 M, 
pH = 2.3), vortexed and transferred to an incubator for 15 min at 37 ◦C. 
Following incubation, the samples are centrifuged (15000 g, 3 min, 
4 ◦C), and the absorbance is monitored at 375 nm. Protein carbonyls 
concentration is presented as nmol protein carbonyls/mg protein. 

5. Conclusion 

Nanotechnology represents one of the most promising and novel 
technological frontiers, and NMs are at the leading edge of this rapidly 
developing field, since their unique physicochemical characteristics 
provide multiple advantages, as compared to the corresponding bulk 
materials. In this regard, the use of NMs is prevalent in a multitude of 
industrial applications and consumer products. Obviously, the 
increasing production and use of NMs, which is expected to intensify 
even more in the near future, leads to greater exposure levels of both 
humans and environment. Besides the workers, exposed to NMs during 
the whole production process, the general population is also exposed via 
the release of NMs throughout the life cycle of nanotechnology products. 
Additionally, the fate of NMs in the natural environment is critical, since 
except the environmental effects, humans are re-exposed through the 
direct contact with it. Due to the relatively recent emergence, the effects 
of NMs on human health and safety are not yet fully understood. 
Nevertheless, scientific evidence indicates that the effects of NMs on 
biological entities are often associated with their redox-related proper
ties, and consequently their evaluation is of great importance in order to 
reveal their impact on human health. To date, it is well known that the 
pathophysiology of various diseases is redox-related, and the generation 
of excess free radicals, followed by the induction of oxidative stress is a 
direct outcome of them. Despite the fact that oxidative stress is present 
in these pathological conditions, it is not yet known if it represents just a 
clinical outcome or even a provoking factor linked to the disease onset. 
In this context, it requires further investigation whether the chronic 
exposure to low levels of NMs is capable of inducing toxicity via this 
mechanism, thus promoting the onset of diseases associated with the 
imbalance of redox equilibrium. Based on the above, we have proposed a 
comprehensive approach for the evaluation of the redox-related effects 
of NMs at three biological levels, using translational redox biomarkers. 
Moreover, we have recommended a series of protocols, the most reliable 
and valid, according to our opinion, for the determination of the pro
posed redox biomarkers. The approach is expected to be a useful tool, 
which will contribute to obtain a better understanding regarding NMs 
biological effects and to shed light on the potential risk arising from the 
increasing human exposure to them. 
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