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The variety of nanoparticles has, unfortunately, become
common constituents of the growing pollution problem.
Since there is a significant presence of nanoparticles in the
food industry, cosmetics, and other unavoidable products,
better knowledge of their properties and undesirable effects
seems necessary to reduce their adverse effects. Although
nanoparticles induce numerous toxicities, some common
pathways are harmful to human health, including oxidative
damage. Significant impact of nanoparticles has previously
been documented in clinical trials and preclinical investiga-
tions. Therefore, the objective of this special issue is to allow
a comprehensive insight based on both original research and
review articles that focus on the estimation of oxidative
stress as the key point mechanism in many toxicities
induced by nanoparticles. At the same time, numerous
investigations confirmed the beneficial role of nanoparticles
administration for many medical indications, with the final
effects strongly depending on the applied methodology.
Thus, to enlighten the complex impact of nanoparticles on
targeting species, in this special issue, we are now offering
an update to the existing information that can help to reveal
our current knowledge from competent and reliable sources.

This special issue covers 10 articles focusing on
nanoparticle-induced toxicities, highlighting the role of oxi-
dative stress. The guest editors are pleased to present a com-
pendium of these updates on nanoparticles’ effects in the
published articles as follows:

Potential benefits of nanotechnology in the field of can-
cer treatment were presented by Priyadarshini and
coworkers in the article “Comparative in vitro Cytotoxicity
Study of Carbon Dot-Based Organometallic Nanoconju-

gates: Exploration of Their Cell Proliferation, Uptake, and
Localization in Cancerous and Normal Cells”. The results
obtained in this in vitro study confirmed that carbon dot-
based nanoconjugates with Ag had potent therapeutic
potential, signifying the effect of silver in cancer cell lines.
At the same time, those nanoconjugates potentiated the
nontoxic nature of human health cell line.

On the other hand, the adverse effects of specific nano-
particles were elaborated in the article “Exacerbation of
thrombotic responses to silver nanoparticles in a hyperten-
sive mouse model” by Ferdous and coworkers. Based on
the results of this original research, the population with
hypertension is at higher risk of the toxicity of polyethylene
glycol-AgNPs. This conclusion appeared following the
results that confirm that polyethylene glycol-AgNPs can
potentially exacerbate the in vivo and in vitro procoagulatory
and oxidative stress effect in hypertensive mice.

Although there is a lot of evidence considering
nanoparticle-induced toxicities, potential benefits of their
clinical usage highlight the necessity for treatment of their
adverse effects, primarily by attenuation of this specific
kind of iatrogenic oxidative damage. Therefore, the exten-
sive overview of literature data presented in the article “An
overview of the beneficial role of antioxidants in the treat-
ment of nanoparticle-induced toxicities” by Mihailovic and
colleagues offers the confirmation that nanoparticles-
induced oxidative stress may be attenuated by different
antioxidant substances. It is worth noting that naturally
occurring antioxidants have an important role in the
enhancement of the antioxidant defense systems in the
prevention and mitigation of organism damage caused by
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nanoparticle-induced oxidative stress. Naturally occurring
antioxidant protection was also elaborated in detail in
the insightful review article “Phyto-antioxidant functional-
ized nanoparticles: A green approach to combat
nanoparticles-induced oxidative stress” by Balkrishna and
colleagues. This review article, in turn, offers convincing
evidence that nanoparticles may be useful in combating
the oxidative damage of other origins. Namely, the major-
ity of silver, gold, iron, zinc oxide, and copper nanoparti-
cles produced utilizing various plant extracts were active
free radical scavengers. According to the authors, this
potential is linked to several surface-fabricated phytocon-
stituents, such as flavonoids and phenols, which accentu-
ated the potential of phyto-antioxidant functionalized
nanoparticles to be a better alternative to nanoparticles
prepared by other existing approaches.

Interestingly, one of the most promising and state-of-
the-art methodological approaches in the field of nanotech-
nology, the green synthesis of nanoparticles, had been the
subject of several papers in this Issue. Mohanta and collabo-
rators in the original article “Exploring dose dependent cyto-
toxicityprofile of Gracilaria edulis mediated green
synthesized silver nanoparticles against MDA-MB-231
breast carcinoma” showed that silver nanoparticles synthe-
sized through the extensively elaborated green method
expressed potential anticancer and antimicrobial activity.
This finding allows potential utility in the food preservative
film industry, as well as biomedical and pharmaceutical
industries. Another intervention performed on silver nano-
particles was presented in the original article “Anticancer,
enhanced antibacterial and free radical scavenging potential
of Fucoidan (Fucus vesiculosus Source) mediated silver
nanoparticles” by Rajeshkumar and coworkers. Based on
the results presented in this study, the activities of commer-
cial antibiotics were enhanced by impregnation with the
synthesized silver nanoparticles, which led to the conclusion
that the utilization of environmentally synthesized silver
nanoparticles offers numerous benefits of eco-friendliness
and compatibility for biomedical applications. Even more
beneficial impact of green methods in nanotechnology was
presented in the original research “Evaluation of zebra fish
toxicology and biomedical potential of Aeromonas hydro-
philamediated copper sulfide nanoparticles” by Shanmugam
and colleagues. The applied methodology resulted in the
confirmation that Aeromonashydrophila-mediated copper
sulfide nanoparticles can be considered as a potential candi-
date with therapeutic proficiencies as antibacterial, antioxi-
dant, and anti-inflammatory agents. Innovative approaches
in the application of nanotechnology were also the subject
of the review by Rasouli and colleagues. The overview of
data obtained in clinical studies presented in the article
“Combining nanotechnology and gas plasma as an emerging
platform for cancer therapy: mechanism and therapeutic
implication” had been summarized in the way that con-
cluded that the convergence of plasma and nanotechnology
provided a suitable strategy that may lead to the required
therapeutic outcomes in oncology research, and traditional
methods remained improvable for many types of tumor
entities.

A significant impact of different nanomaterials mani-
fested with a variety of toxicities (including oxidative stress)
that occurs in the aquatics was also presented in this Issue.
Malhotra and colleagues in the review article “An Update
Report on the Biosafety and Potential Toxicity of
Fullerene-Based Nanomaterials toward Aquatic Animals”
presented a lot of evidence that waterborne exposure to
fullerene-based nanomaterials triggers toxicities at the cellu-
lar, organic, and molecular, as well as neurobehavioral levels.
Analyzing numerous original studies, the authors explained
that the effects of fullerene-based nanomaterials strongly
depend on their chemical structure. Likewise, for the organic
nanoparticles, the inorganic nanosized particles also induced
numerous toxicities in aquatic species, as presented by
d’Amora and collaborators. In their comprehensive review
article entitled “Effects of metal oxide nanoparticles in zebra-
fish”, they offered a plethora of data that the use of metallic
oxide nanoparticles leads to the possible toxicity in zebrafish
(during both adulthood and growth stages). Thus, the
unavoidable human exposure to this kind of pollution may
also have an adverse effect, emphasizing the role of oxidative
stress.
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Organometallic nanoconjugates have raised great interest due to their bimodal properties and high stability. In the present study,
we analyzed the cytotoxicity property of carbon dots (CDs) and a series of organometallic nanoconjugates including gold@carbon
dots (Au@CDs) and silver@carbon dots (Ag@CDs) synthesized via an aqueous mode. We aimed to divulge a comparative analysis
of cell proliferation, uptake, and localization of the particles in HeLa and HEK293 cell lines. Our results showed dose-dependent
cytotoxicity of Au@CDs, Ag@CDs, and CDs. However, Ag@CDs showed the highest inhibition through HeLa cells with an IC50
value of around 50 ± 1:0 μg/mL. Confocal imaging signified the uptake of the particles suggested by blue fluorescence in the
interior region of HeLa cells. Furthermore, the TEM micrographs depicted that the particles are entrapped by endocytosis
assisted through the cell microvilli. The CDs and Au@CDs were thus observed to be relatively safe up to a concentration of
100 μg/mL and did not induce any morphological changes in the cells. Moreover, the cell proliferation assay of these
nanoconjugates against HEK 293 cells signified the nontoxic nature of the nanoconjugates. The results thus revealed two major
facts: firstly, the Ag@CDs had potent therapeutic potential, signifying their potential as a promising anticancer drug, and
secondly, the CDs and Au@CDs at a defined dose could be used as probes for detection and also bioimaging agents.

1. Introduction

Engineered nanomaterials with multimodal properties have
been of much focus recently, with particular emphasis on
applications related to the domain of biomedicine including
imaging, drug delivery, and biosensing probes [1–4]. The

small size of nanoparticles (NPs) allows their easy penetra-
tion into the cells and interaction with the cellular systems
[5]. Additionally, the intriguing physicochemical properties
of NPs such as the size, shape, surface chemistry, and surface
charge play a pivotal role in their uptake by the cells [6–9].
Due to these properties, NPs have been widely analyzed for
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their potential in gene delivery, target-specific drug delivery,
therapeutics, and tumor targeting [10–12].

In specific, metal oxide NPs are reported for their signif-
icant biological applicability [13]. There is a plethora of
reports that suggest the application of silver and gold NPs
in biomedicines [14–17]. Endosome-entrapped gold NPs in
the size ranging from 4 to 6nm have been reported for their
excellent uptake and bioimaging potential by HeLa and
MCF-7 cell lines [15]. Carbon dots (CDs) are novel zero-
dimensional carbon-based nanomaterials with relatively
strong fluorescence characteristics. There has been a tremen-
dous rise in the use of carbon dots (CDs) as fluorescent
probes for bioimaging applications [18]. The synthesis
methods for CD production include techniques such as laser
irradiation, electrochemical oxidation, strong acid oxidation,
and ultrasonic synthesis [19–22]. But, these methods suffer
from disadvantages of aqueous dispersibility, expensiveness,
hazardous precursors, and complex instrumentation,
thereby limiting their usage in biomedicines. Therefore,
researchers are now focusing on the synthesis of nanoconju-
gates that present the advantages of multifunctionality, tar-
geted functionality, and superior physicochemical
properties.

Regardless of the significant advances in the arena of
nanotechnology, not much is understood about their cellular
uptake and the subsequent mode of action. Furthermore,
most of the studies nowhere suggest the toxicity assessment
of these specific particles. A huge number of factors such as
the dose, distribution, period of treatment, and interaction
with specific biomolecule affect NP-based cellular response
[23, 24]. In general, NPs are internalized by endocytic path-
ways wherein the uptake efficiency and resultant toxicity are
correlated with the route of administration. In addition to
the size and shape of the particles, charge density, cell type,
stage of differentiation, and surface chemistry of NPs deter-
mine the uptake route [10, 25–27].

The uncertainties of a mode of action and compatibility
before deciding its bioapplication are associated with the
introduction of any new composite nanomaterial. To ensure
the efficacious and harmless implementation of nanomateri-
als, it is essential to completely elucidate the cellular
response to the nanomaterial. To eliminate the risk of toxic-
ity and undesired in vitro cellular response, many parame-
ters (cell viability, dose of particles, cell type, number of
internalized particles, and degradation product) require
investigation. Our prior studies report the synthesis of CDs
from biocompatible precursors wherein the synthesized par-
ticles offer the advantages of aqueous solubility, stability, and
high quantum yield. Additionally, we have synthesized dual-
mode nanoconjugates (Au@CDs and Ag@CDs) with both
well-defined optical and fluorescent properties, thereby pre-
senting promising usage in bioimaging.

Therefore, in the present study, we coveted to investigate
the toxic effects of the synthesized nanoconjugates (CDs,
Ag@CDs, and Au@CDs) and understand the antiprolifera-
tion, cellular uptake, and internalization pathway. The cellu-
lar uptake and distribution of the Ag@CDs, Au@CDs, and
CDs were analyzed in HeLa cell lines. Overall, our study
established the cellular response of HeLa cells on exposure

to CD-based nanoconjugates, fluorescence imaging poten-
tial, and intracellular uptake efficiency.

2. Materials and Methods

2.1. Synthesis of Carbon Dots (CDs). CDs were synthesized as
per our previous study [28]. PEG and citric acid were used as
the precursors, and synthesis was performed via microwave-
assisted method.

2.2. Synthesis of Au@CD/Ag@CD Nanoconjugates. The syn-
thesized CDs were appropriately diluted and used for gold@-
carbon dots (Au@CDs) and silver@carbon dots (Ag@CDs)
synthesis. Au@CDs were synthesized at HAuCl4 concentra-
tion of 0.12mg/mL as per the protocol adopted by [28, 29].
UV-visible and fluorescence spectral analysis was performed
to ascertain the synthesis of the nanoconjugates. Average
particle size and morphology were determined by dynamic
light scattering (DLS) and JEOL 2100F transmission electron
microscope (TEM) operating at a voltage of 200 kV. The
hydrodynamic size (Rh) of particles was determined using
the Stokes-Einstein equation [30] from the DLS data.

2.3. In Vitro Toxicity

2.3.1. Cell Culture. The human cervical cancer cell line
(HeLa) and human healthy embryonic kidney cell line
(HEK293) were procured from National Centre for Cell Sci-
ence, Department of Biotechnology, Pune, India. The cells
were cultured in RPMI-1640 medium supplemented with
10% (v/v) FBS and antibiotics (streptomycin 10μg/mL and
penicillin 100U/mL).

2.3.2. Cytotoxicity Assay. The cytotoxicity of the nanoconju-
gates and CDs was determined by MTT assay against HeLa
and HEK293 cell lines. Briefly, 5 × 103 cells/well were seeded
in a 96-well plate and incubated for 24 h in an incubator
maintained at 37°C and 5% CO2. The old media were
replaced with a fresh medium containing various concentra-
tions of nanoconjugates and CDs and incubated further for
another 24 hours. Thereafter, 30μL of 1mg/mL MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide) and 70μL of the media were added to each well. After
4 h of incubation, the media were replenished with 100μL
DMSO and incubated for 10 minutes. Absorbance was
recorded in ELISA plate reader at 570nm, and % viability
was calculated as per the below-mentioned formula.

Cell Viability ð%Þ =Mean of absorbance ðTreated
samples/Untreated samplesÞ ∗ 100.

2.3.3. Determination of Reactive Oxygen Species (ROS). Intra-
cellular ROS generated by incubating the cell lines with
nanoconjugates was estimated by 2′,7′dichlorofluorescein-
diacetate (DCFHDA) staining. The cell line was seeded at a
density of 5 × 103 cells/well and incubated overnight at
37°C at 5% CO2. The cells were then treated with varying
concentrations of the nanoconjugates and carbon dots and
left for exposure for 24 h. The cells were thereafter washed
with phosphate-buffered saline (PBS), and 40μM DCFHDA
was added to each well and incubated for 30min at 37°C.
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The cells were then washed twice with PBS, and fluorescence
intensity was measured using 485 excitation and 520 nm
emission filters using a fluorimeter (RF-5301 PC Shimadzu
spectrofluorometer Nakagyo-Ku, Kyoto, Japan).

Furthermore, the ROS generated on the treatment of
HeLa cell line with nanoconjugates was determined by fluo-
rescence imaging using DCFHDA dye. The HeLa cells at 5
× 105 cells/well were seeded over coverslip in six-well plates.
The plate was incubated overnight that allows growth and
attachment of cells. The nanoconjugates at varying concen-
tration was added to the wells and incubated overnight at
37°C and 5% CO2. The cells were washed with PBS and
40μM DCFHDA and incubated for 30min. After incuba-
tion, DCFHDA was removed, and the coverslips were sus-
pended in PBS. The coverslips were removed and
visualized on a Nikon Eclipse Ti-E (Tokyo, Japan) fluores-
cence microscope at 20x magnification.

2.3.4. Analysis of Cell Morphology. The changes in cellular
morphology of HeLa cells after treatment with nanoconju-
gates were analyzed using phase-contrast microscope. The
cells were treated for 18 h, and any morphological variations
were observed using a microscope (Nikon Eclipse Ti-S,
Tokyo, Japan).

2.3.5. Cellular Uptake and Bioimaging. To analyze the uptake
of the nanoconjugates by the HeLa cells, the cells were
treated with 50μg/mL of nanoconjugates and incubated for
6 h. After completion of the incubation period, the cells were
trypsinized and centrifuged at 5000 rpm for 5min. The pellet
obtained was washed and dissolved in 1mL of 0.1M PBS.
Imaging was performed using an Olympus FluoView TM
FV1000 laser confocal microscope.

2.3.6. TEM Analysis. Subcellular localization of nanoconju-
gates in the HeLa cells was analyzed by treating the cells with
nanoconjugates and subsequent incubation for 24 hours.
The treated cells were trypsinized and fixed with 2.5% glu-

taraldehyde for 45min, postfixed using 1% osmic acid, and
0.1M PBS was added to it. The cells were then dehydrated
in ethanol, embedded in Epon 812, and sectioning was done
using an ultramicrotome (Leica Ultracut-UCT). The sec-
tions were observed under a JEOL-JEM-2100F transmission
electron microscope at 200 kV after staining with uranyl
acetate.

3. Results

3.1. Characterization of Nanoconjugates. The CDs synthe-
sized using PEG and citric acid were used as the reducing
agent for subsequent synthesis of Au- and Ag-based nano-
conjugates. A change in color from initial yellow to purple
and reddish brown provided initial evidence of Au@CD
and Ag@CD formation, respectively. An evident surface
plasmon resonance (SPR) peak was observed at around
530 and 420nm for Au@CDs and Ag@CDs, respectively,
in the UV-visible absorption spectra. Additionally, quench-
ing of fluorescence intensity confirmed the formation of
nanoconjugates (Figures 1(a) and 1(b)).

The detailed physical characterization (TEM, HRTEM,
and EDX spectra) and mechanism of CDs and Au@CD
and Ag@CD synthesis have been already published, and
the data is available there in our previous study with multi-
mode sensing application [28, 29], and hence, in this study,
we explored the cell proliferation, uptake, and localization
in cancerous and normal cells. The crystalline nature of the
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Figure 1: (a) UV-visible absorption spectra and (b) fluorescence spectra of synthesized CDs and nanoconjugates (Au@CDs and Ag@CDs).

Table 1: Physical parameters of the synthesized nanoconjugates.

Sample
Maximum

absorbance (nm)
Maximum

emission (nm)
DLS Rh
(nm)

CDs 305 454 13 ± 1

Au@CDs 520 454 47 ± 1

Ag@CDs 415 454 65 ± 2
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particles was confirmed from XRD analysis. Table 1 summa-
rizes the physical parameters of the synthesized nanoconju-
gates and CDs.

3.2. Assessment of In Vitro Toxicity of Synthesized
Nanoconjugates. The antiproliferative effect of the synthe-
sized nanoconjugates and CDs was investigated against
HeLa cells via MTT assay. The cells were treated with the
nanoconjugates in the concentration range of 25 to 200μg/
mL for 24 hours (Figure 2). Among the particles, Ag@CDs
showed the highest inhibition of HeLa cells with an IC50
value (concentration where 50% cell death is observed) of
around 50 ± 1:0μg/mL, while CDs showed the least toxicity

with an IC50 value of around 180 ± 0:5μg/mL. Au@CDs
showed an IC50 value of 150 ± 0:08μg/mL, thus signifying
minimal toxicity of Au@CDs. The cytotoxicity studies indi-
cated the antiproliferative effect of the Ag@CDs in a dose-
dependent manner. The literature suggests the superior tox-
icity of silver NPs, with an almost 60% decrease in cell viabil-
ity at a mere concentration of 65μg/mL in L929 cells [31]. In
the present case, the highest inactivation of cell proliferation
was observed in Ag@CDs, which can be attributed to the
Ag+ ions that form the integral core of the particles. In a
similar instance, gold NPs have been reported to inhibit
the proliferation of dalton lymphoma cells, with around
40-50% viability at a concentration range of 80–100μg
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Figure 2: MTT assay: graph depicting the cell viability percentage as a function of varying nanoconjugate concentration: (a) HeLa and (b)
HEK 293.

Figure 3: Morphological changes in HeLa cells after treatment with the nanoconjugates (100 μg/mL). No morphological alterations were
found in cells treated with CDs and control set. Images were captured at 20x magnification.
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[32]. In this study, the least toxicity of Au@CDs was
observed which might be due to the CD shell over the gold
particles that renders them nontoxic. Comparatively, slightly
higher toxicity of Au@CDs compared to CDs can be postu-
lated to be the formation of efficient bonding between the
Au ions and the cellular surface that allows superior interac-
tion and penetration into the cells.

To observe the morphological changes induced by the
nanoconjugates, images of the treated cells were taken under
a microscope. The HeLa cells were treated with the nano-

conjugates at 100μg/mL concentration. Distinct changes in
the morphology as well as in the cell density were found
compared to the control cells (Figure 3). While the control
set (untreated HeLa cells) showed intact morphological fea-
tures, the cells treated with Ag@CDs showed disrupted cell
organization, cell shrinkage, and round cells. The cells
appeared to shrink, were irregular in shape, and became
round in shape. The dead cells or cells under stress showed
a round morphology and get detached from the surface.
Additionally, marked reductions in the number of surviving
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Figure 4: (a) Fluorescence microscopic images of DCFDA-stained cells including control cells, CD-treated cells, Ag@CD-treated cells, and
Au@CD-treated cells. (b) ROS level in treated cells after incubation with the nanoconjugates as estimated by DCFDA.
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Figure 5: Representative confocal images of nanoconjugates treated HeLa cells after 6 h of incubation. The first set represents the scattering
images, and the second set is the corresponding merged images, after incubation with CDs, Au@CDs, and Ag@CDs.

(a) (b)

(c)

Figure 6: Low magnification TEM images showing intracellular localization of particles in HeLa cells. (a) untreated cells, (b) CD-treated
cells, and (c) Au@CD-treated cells. The arrows in (c) and (b) show electron-dense particles corresponding to CDs and Au@CDs,
respectively. Scale bar corresponds to 2 μm.
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cells suggested the high toxicity and induction of apoptosis
and necrosis at 100μg/mL Ag@CD concentrations. Further-
more, cells treated with CDs appeared similar in morphology
to that of the control cells suggesting the nontoxicity of CDs
towards HeLa cells. Likewise, the cells treated with Au@CDs
showed few round cells with intact morphology signifying
their lesser toxicity in comparison to Ag@CDs.

The literature suggests that the induction of toxicity by
NPs is generally mediated by apoptosis, mitochondrial dam-
age, metabolic inactivity, and oxidative stress [33–36]. These
processes are assisted by the production of ROS. In this
study, we investigated ROS production in the HeLa cells
after treatment with nanoconjugates. We used the fluores-
cent dye DCFHDA for analysis of ROS generation, wherein
a direct correlation between the ROS amount and green
fluorescence intensity is found. We did not observe any fluo-
rescence in the control cells, while the HeLa cells treated
with CDs showed weakly and diffused green fluorescence.
However, the HeLa cells treated with Ag@CDs showed a
high intensity of green fluorescence. Simultaneously, a
decrease in the number of cells was found which suggested
cell death due to high toxicity. ROS analysis thus stated that
Au@CDs were less toxic compared to Ag@CDs, signified by

comparatively lower fluorescence intensity (Figure 4(a)).
Likewise, quantitative analysis of ROS estimation showed a
relatively high intensity of DCF in Ag@CD-treated cells
compared to CDs and Au@CDs (Figure 4(b)).

3.3. Cellular Uptake and Internalization of Nanoconjugates.
The uptake of nanoconjugates is important for analyzing
the internalization of particles in cells. To analyze the
potential of the synthesized nanoconjugates in live cell
imaging studies and other biomedical applications, the
uptake of CDs, Ag@CDs, and Au@CDs was assessed by
treating the cells with 50μg/mL nanoconjugate concentra-
tions, which was almost half the concentration that was
observed to be toxic to cells. Figure 5 shows the confocal
imaging data signifying the cellular uptake of the nano-
conjugates. The blue florescence signified the internaliza-
tion of nanoconjugates inside the HeLa cells. The cells
without any nanoconjugates treatment were taken as con-
trol for adjusting the detector gain and baseline correction.
The images (Figure 5) suggest that the scattering intensity
is highest for Au@CD-treated particles. All the three parti-
cles were internalized in the cells, signifying the ability of
the particles to attach and be taken up by the cells. The

(a) (b)

(c)

Figure 7: TEM images of HeLa cells treated with CDs. Images (a) and (b) correspond to the different magnification of the same cell showing
the interaction of CDs with the cell microvilli. Image (c) represents the internalization of particles within cytoplasmic vesicles.
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fluorescence intensity was maximum for Au@CDs
followed by Ag@CDs and CDs, respectively.

The TEM further confirmed the cellular internalization
of particles. The uptake of CDs and Au@CDs was studied
by TEM. Due to the high toxicity of Ag@CDs, it was not
possible to perform the TEM study. Due to the rapid death
and subsequent detachment of cells from the adhered sur-
face, the cell pellet could not be obtained. Figure 6(a) shows
the representative TEM images of control, CD-treated, and
Au@CD-treated HeLa cells. In untreated HeLa cells, no vivid
morphological changes were found, and the cell membrane
was intact with an almost homogeneous cytoplasm and uni-
form vesicles. However, in the treated group of cells, dense
aggregates were observed within the vesicles that correspond
to the internalized particles (Figures 6(b) and 6(c)).

In specific, both the particles are internalized by the
HeLa cells, signified by the electron-dense aggregates, shown
by the red arrows in Figures 7 and 8. In the HeLa cells
treated with CDs, the vesicles were quite large and were filled
with ample CD aggregates. Simultaneously, the endocytotic

vesicles were small and restricted to the cytoplasm, as indi-
cated by the red arrows in Figures 7(a) and 7(c).

Additionally, as encircled in Figure 8(a), we observed the
attachment of CDs to cell microvilli. The CD attachment to
the microvilli has been shown by an enlarged image in
Figure 7(b). A large number of aggregated particles were
observed attached to the external cell surface or the plasma
membrane. On the other hand, the red-encircled site in
Figure 8(a) represents the localization of Au@CDs inHeLa cells.
The magnified image has been shown in Figure 8(b). Notably,
Figure 8(c) shows the interaction of particles on cell surface
interlacing between the microvilli and cytoplasm. The images
thus suggested that the particles enter the cells via endocytosis
assisted by the cell microvilli. Comparative analysis suggested
significantly more internalization of CDs into the cellular vesi-
cles compared to Au@CDs, which was because of the minute
size of CDs that favor its uptake both by endocytosis and diffu-
sion through the cell surface. However, both the particle type
(CDs and Au@CDs) did not induce any change in cell mor-
phology which was consistent with the cell viability data.

(a) (b)

(c)

Figure 8: TEM images of HeLa cells treated with Au@CDs. Image (a) shows the localization of nanoconjugates within the cells. The arrows indicate
the localization of Au@CDs, while image (b) corresponds to the magnified section of the same cell. Image (c) shows the interaction of particle at cell
surface.
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4. Discussion

In this study, a new series of organometallic nanoconjugates
including Au@CDs, Ag@CDs, and CDs were characterized
by UV-visible spectroscopy, fluorescence spectroscopy,
TEM, SEM, and DLS and assessed for their antiproliferative
action on the HeLa cells. Fluorescence analysis signified the
high quantum yield of CDs. Additionally, the synthesized
Ag@CDs and Au@CDs exhibited the dual properties of opti-
cal as well as fluorescence detection [28]. Recently, quantum
dots (QDs) specifically Cd-based QDs are reported for their
use as in vivo contrast agents; however, the high toxicity
offered by leaching of Cd2+ ions into the solution limits their
applications. With regard to this, the in-house synthesized
nanoconjugates have superior properties (solubility, stabil-
ity, and surface accessibility) that make them promising can-
didates for in vivo applications. Cytotoxicity, in particular
for Ag, Au, and CD has already been described in different
cell types [37, 38]. In contrast, we analyzed the toxicity of
novel dual property nanomaterials (optical and fluores-
cence). The aqueous solubility, easy accessibility, high stabil-
ity, and quantum yield efficiency make such dual-mode
nanoconjugates of superior interest in biomedical applica-
tions. Therefore, assessing the biocompatibility of these
nanoconjugates is essential for determining the subsequent
applications. The toxicity of nanomaterials depends on
many factors such as rate of cellular uptake, particle size,
and cell type [39, 40]. Cell viability assay suggested that of
the three particles, Ag@CDs significantly inhibited the
growth of the HeLa cells via dose-dependent manner. Most
of the mechanisms postulate the production of ROS to be
one of the major factors contributing towards
nanomaterial-induced cell toxicity. The substrate used for
synthesis as well as the nature of surface modification plays
an integral role in the uptake of particles and corresponding
toxicity. Consequently, we studied the generation of intracel-
lular ROS in the HeLa cells as a response to internalized par-
ticles, using the fluorescent probe DCFDA. Indeed, DCFDA
in general measures the hydroxyl, peroxyl, and other reactive
oxygen species within the cell. The Ag@CD-treated HeLa
cells showed relatively high ROS intensity and vivid changes
in cellular morphology; apoptotic and necrotic cells were
observed. The probable leaching of Ag+ ions into the solu-
tion and subsequent binding to the thiol groups of the inner
mitochondrial membrane results in the weakening of the
antioxidant defense mechanism leading to ROS formation.
Accumulation of ROS results in mitochondrial disruption
and release of Cyt C that in turn activates caspases ultimately
resulting in cell death or DNA fragmentation [37, 38, 41].
On the other hand, CDs and Au@CDs were found to be rel-
atively nontoxic up to a high concentration of 100μg/mL
and did not induce any morphological changes. The cellular
uptake and internalization of CD and Au@CDs were studied
by confocal imaging and TEM. The analysis suggested that
both the particles had a similar internalization process
assisted by cell microvilli; however, the intracellular distribu-
tion was different. Due to the small size of CDs, they easily
penetrated the cells by diffusion and were extensively accu-
mulated within the cytosolic vesicles, while Au@CDs were

mostly localized in the cytoplasmic space. It thus implies
that the cellular uptake of NPs depends on the nature of
material, size, shape, and surface charge [42]. Bioimaging
studies demand the synthesis of nanomaterials that can eas-
ily penetrate the cells, without affecting their morphology
and inducing cell death. The particles that are easily inter-
nalized and evenly distributed within the cell serve as suit-
able drug delivery and fluorescent markers. The results
thus signify that the CDs and Au@CDs synthesized by the
current protocol may serve as superior probes for biomedi-
cal and theranostic applications.

5. Conclusion

The Ag@CDs (50μg/mL) were found to be toxic to the HeLa
cells compared to CDs and Au@CDs, thus signifying
particle-type-specific toxicity. While the CD and Au@CD
particles did not exhibit acute toxicity even at a high dose
(100μg/mL), distinct interaction with the HeLa cells was
observed. Both confocal and TEM analysis demonstrated
the uptake and subsequent internalization of these particles
within the cytoplasmic space and vesicles. This thus sug-
gested that CDs and Au@CDs could be taken up by cells
without any toxic effect or induction of morphological
changes. Furthermore, Ag@CDs induced apoptosis in HeLa
cells probably through ROS-mediated apoptotic pathway. In
summary, the study divulges that cytotoxicity depends on
particle composition as well as surface modification. Simul-
taneously, CDs and Au@CDs due to their aqueous solubility,
nontoxicity, and fluorescence efficiency are suggested to be
used for bioapplications, however with well-controlled con-
centration as cytotoxicity varies with particle dose.
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Green-based synthesis of metal nanoparticles using marine seaweeds is a rapidly growing technology that is finding a variety of
new applications. In the present study, the aqueous extract of a marine seaweed, Gracilaria edulis, was employed for the
synthesis of metallic nanoparticles without using any reducing and stabilizing chemical agents. The visual color change and
validation through UV-Vis spectroscopy provided an initial confirmation regarding the Gracilaria edulis-mediated green
synthesized silver nanoparticles. The dynamic light scattering studies and high-resolution transmission electron microscopy
pictographs exhibited that the synthesized Gracilaria edulis-derived silver nanoparticles were roughly spherical in shape having
an average size of 62:72 ± 0:25 nm and surface zeta potential of -15:6 ± 6:73mV. The structural motifs and chemically
functional groups associated with the Gracilaria edulis-derived silver nanoparticles were observed through X-ray diffraction
and attenuated total reflectance Fourier transform infrared spectroscopy. Further, the synthesized nanoparticles were further
screened for their antioxidant properties through DPPH, hydroxyl radical, ABTS, and nitric oxide radical scavenging assays.
The phycosynthesized nanoparticles exhibited dose-dependent cytotoxicity against MDA-MB-231 breast carcinoma cells
having IC50 value of 344:27 ± 2:56 μg/mL. Additionally, the nanoparticles also exhibited zone of inhibition against pathogenic
strains of Bacillus licheniformis (MTCC 7425), Salmonella typhimurium (MTCC 3216), Vibrio cholerae (MTCC 3904),
Escherichia coli (MTCC 1098), Staphylococcus epidermidis (MTCC 3615), and Shigella dysenteriae (MTCC9543). Hence, this
investigation explores the reducing and stabilizing capabilities of marine sea weed Gracilaria edulis for synthesizing silver
nanoparticles in a cost-effective approach with potential anticancer and antimicrobial activity. The nanoparticles synthesized
through green method may be explored for their potential utility in food preservative film industry, biomedical, and
pharmaceutical industries.
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1. Introduction

Nanotechnology is a rapidly growing, dynamic, multidisci-
plinary research area with potential health, environmental,
and socioeconomic applications [1–4]. Natural, engineered,
or chemically derived nanoparticles (NPs) are typically
≤100nm in size and possess unique biophysicochemical
properties, such as surface functionalization, an abundant
surface-to-volume ratio, target specificity, and controlled
release in relative to similar bulk materials. The unique
properties of nanoparticles make them suitable for potential
applications in cosmetics, biomedicines, and agriculture [5,
6]. Notably, the synthesis of both metal and nonmetal nano-
particles by the use of extracts from both plants and micro-
organisms has become more prevalent than previous
chemical and physical synthesis technologies. The major
advantages of green-based synthesis of nanoparticles are (i)
lower health and environmental toxicity due to the utiliza-
tion of natural products during the synthesis of the nanopar-
ticles; (ii) the superior attributes of the green-based
nanoparticles that are based on their shape, size, composi-
tion, and stability, all of which impact their bioactive proper-
ties; (iii) the cost-effectiveness and eco-friendly nature of
green-based synthesis; and (iv) and the potential application
and acceptability of green-based nanoparticles in food, cos-
metics, and textile industries [1–4, 7].

Biofabricated metallic nanoparticles have recently been
recognized as a valuable nanomaterial due to their wide
range of antimicrobial, antioxidant, and anticancer proper-
ties. Metallic nanoparticles (e.g., silver, gold, and platinum)
have been utilized in bioelectronics, biosensors, medicine,
and pharmaceuticals [8–10]. In particular, silver nanoparti-
cles (AgNPs) have become one of the most commercially
important nanoparticles due to their numerous potential
applications [9, 11, 12]. Nanoparticles have been explored
in the pharmaceutical field for drug delivery, as antibacterial
and anticancer drugs, wound dressing, and other applica-
tions [13, 14]. Biological synthesis has been researched as a
potential platform for the utilization of living organisms,
such as plants, microbes, and their primary and secondary
metabolites to synthesize nanoparticles [15, 16]. Higher
plants, algae, bacteria, fungi, and yeast have been used to
synthesize gold (Au), silver (Ag), Palladium (Pd), Platinum
(Pt), and selenium (Se) nanoparticles. The derived nanopar-
ticles have been shown to have antimicrobial, anticancer,
anthelmintic, and larvicidal activities [11, 17]. The foremost
asset of biological synthesis is that it only requires the use of
an extract from the host organism that contains chemically
active functional groups, a reducing agent, and a capping
agent, for the synthesis of nanoparticles, while in chemical
synthesis, there is a need for extramural reducing and cap-
ping agents [17].

The current trend in the “green synthesis” of nanoparti-
cles is the utilization of algal species, including members of
the Chlorophyceae, Phaeophyceae, Cyanophyceae, Rhodo-
phyceae, and Diatoms [18]. This approach to the synthesis
of metallic nanoparticles is growing rapidly because (i) it is
easy to handle and utilize algae, (ii) algae have a strong abil-
ity to accumulate and/or absorb inorganic metallic ions, and

(iii) utilization of algae to synthesize nanoparticles repre-
sents a natural, ecofriendly, fast, and cost-effective method
that has low toxicity [18].

Algae are autotrophic and polyphyletic groups of photo-
synthetic eukaryotic organisms that are classified as microal-
gae (unicellular in nature, including diatoms) and
multicellular or macroalgae (such as seaweeds). These classi-
fications are generally based on morphological features of
algae residing in marine or freshwater habitats, or on the
surface of moist rocks [19]. Algae play a key role in aquatic
ecosystems; however, some species can form toxic blooms.
While nanoparticles have been used to control algal blooms,
it should be noted that these blooms represent a valuable
biomass source for various deriving compounds that can
be utilized in agriculture, pharmaceuticals, cosmetics, bioe-
nergy, etc. [20, 21].

A broad spectrum of natural compounds have been
identified in green, red, and brown algae that have a vari-
ety of bioactive properties, including antimicrobial, antiox-
idant, antiviral, anti-inflammatory, cytotoxic, antimitotic,
antineoplastic, and antifouling activity [22]. Extracts from
marine algae also have the potential to synthesize inor-
ganic metallic nanoparticles [23, 24]. Gracilaria edulis is
an edible marine alga belonging to the class Gracilariaceae,
found exclusively in India. It is a potential warehouse of
docosahexaenoic acid (DHA) which is renowned as a vital
n-3 polyunsaturated fatty acid (PUFA) [25]. Along with it,
the marine alga contains functionally significant amino
acids such as aspartic acid, alanine, glutamic acid, and glu-
tamine and chemically important phytochemicals such as
polyphenols, phenols, terpenes, steroids, halogenated
ketones, fucoxanthin, polyphloroglucinol, and bromophe-
nols [26]. However, the edible marine alga Gracilaria edu-
lis has not been explored for their potential in the
synthesis of metallic AgNPs. Hence, taking into account
the rich phytochemical profile, anticancer efficacy of the
crude extract, the current study was designed to explore
the efficacy and prospective effect of the green synthesized
Gracilaria edulis-derived silver nanoparticles (GE-AgNPs)
against MDA-MB 231 breast carcinoma cells along with
their antibacterial and antioxidant properties.

2. Results and Discussion

2.1. UV–Vis Spectrum of GE-AgNPs. The color change infer-
ence is considered the preliminary optical inference for the
synthesis of AgNPs. Figure 1(a) shows the color change
inference of the primary transparent extract mixture with
AgNO3 to a reddish-brown solution upon incubation. To
confirm the color change inference, the reddish-brown solu-
tion obtained was scanned through a UV-Vis spectropho-
tometer, exhibiting a surface plasmon resonance (SPR)
vibration band at 431nm confirming the synthesis of AgNPs
(Figure 1(b)). The results obtained in our study are similar to
the previously reported absorption of AgNPs between 410
and 450 nm and accredited to the SPR of AgNPs [27–29].
Notably, use of a UV-Vis spectrophotometer is readily appli-
cable for use in nanoparticle research.
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2.2. Dynamic Light Scattering (DLS) Analysis of GE-AgNPs.
The size and charge are highly related to the potential suit-
ability of a particle in any application. Therefore, it is essen-
tial to know the size and charge of a nanoparticle. The size
distribution and surface charge of the synthesized GE-
AgNPs in an aqueous solution were determined using DLS.
The average size of the synthesized GE-AgNPs was calcu-
lated to be 62:72 ± 0:25nm (Figure 2(a)) and the charge
was −15:6 ± 6:73mV (Figure 2(b)). Nanoparticle size plays
crucial role in cell transport and communication. Small-
sized nanoparticles allow for easier movement of the parti-
cles through the plasma membrane of the cell. Therefore,
nanosize particles ≤ 100nm are useful for applications such
as drug delivery and construction of biosensors [30–32].
Similarly, the surface charge of GE-AgNPs is also an impor-
tant attribute as it will affect the ability of the nanoparticles
to interact with macromolecules that function in different
biochemical pathways [5, 33].

2.3. Attenuated Total Reflectance–Fourier Transform
Infrared Spectroscopy (ATR-FTIR) Analysis of GE-AgNPs.
The ATR-FTIR spectra of the GE-AgNPs was assessed to
determine the functional groups of biomolecules present in
the aqueous extract of G. edulis that participated in the syn-
thesis and stabilization of the derived AgNPs. Phytochemi-
cals present in the G. edulis extract interacted with the
nanoparticles during the synthesis process and exhibited
sharp peaks at 3228.56, 2933.69, 2625.83, 1714.23, 1393.38,
1278.43, 1034.54, and 661.70 cm-1 (Figure 3). It could be
seen from Figure 3 that upon interaction with the GE-
AgNP extracts, the native vibrational peaks of the inherent
AgNPs get interacted with the phenolic groups (-OH) pres-
ent in the extracts of the biological machinery of the algal
species. Such interactions are spectroscopically altered and
exhibited an inverse Fourier spectrum at ~3228 cm-1. More-
over, besides the –OH functional groups interaction system,
there is interionic exchanges taking place at the C-H vibra-

tional forms, where the carbon groups in the biological sys-
tems of marine algae extracts gets influenced by the
formation of AgNPs formed in the culture at ~2933 cm-1.
Similarly, the vibrational spectra interactions at the C=O
(~1714 cm-1), C-O-C, and C-OH (~1278 cm-1) indicating
the presence of ether-, alcohol-, and sugar-based bond inter-
actions could be easily noticed in the FTIR plots of the G.
edulis extracts and its out product of GE-AgNPs at its corre-
sponding transmittance value. The presence of mild vibra-
tion bands at around 660-800 cm-1 exhibits the specific
fingerprint regions associated with the G. edulis extract
which signifies the presence of trace elements such as C-I,
C-Br which emerges due to the marine nature of the plant
extract, and the synthesized GE-AgNPs. Similar results have
been reported by various groups for synthesis of AgNPs [34,
35]. It is expected that during the synthesis process of
AgNPs from its marine algal source, the biological metabolic
groups existing in the algal species like carbon, nitrogen, and
oxygen are getting interacted with the differential redox state
of the AgNPs produced from its native ionic state to zero
valence states of nanoscale particles. Such transformations
at the nanoscale phenomenon uncover the explanation of
quantum mechanical and redox energetic exchanges taking
place at the subatomic stage leading to conversion from
ionic state of Ag to its zero state of AgNPs. The biological
extracts play hereby a crucial role in the intercalated mecha-
nisms for the lesser toxic product of AgNPs from its ionic
precursors, which is much safer and more comprised of
lesser defects in its systems as compared to the production
of AgNPs from chemical mediated routes.

The overall ATR-FTIR analysis revealed that the pro-
teins and halogenated biomolecules present in the seaweed
extract were functioning as both reducing and stabilizing
agents during the synthesis of AgNPs, a feature that may
be characteristic of all macroalgae extracts. Marine macroal-
gae are rich sources of both proteins and halogenated com-
pounds that have beneficial applications in many different
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Figure 1: (a) Synthesis of AgNPs from G. edulis aqueous extract. (b) UV–Vis spectrophotometric analysis of AgNPs.
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processes [36, 37]. Notably, the proteins present in the sea-
weed could bind to the AgNPs via free amine groups, stabi-
lizing clustered nanoparticles through surface-bound
proteins [38]. The present results are also strongly supported
by the findings presented in previous studies [6, 16, 39].

2.4. X-Ray Diffraction (XRD) Analysis of GE-AgNPs. XRD is
a rapid analytical technique primarily utilized for phase
identification of a crystalline material and provides informa-
tion on unit cell dimensions. Therefore, the analyzed mate-
rial needs to be finely ground and homogenized to
determine its average bulk composition. The results of the
XRD analysis of GE-AgNPs are presented in Figure 4. The
figure represents a typical XRD diffractogram revealing
Bragg peaks predominantly at (angle 2θ) at 28.5, 33, 42,
and 48.5 (in degree) for the AgNPs synthesized from G. edu-
lis seaweed extract which corresponds to (100), (010), (200),
and (002), respectively. Miller indices confirm the formation
of crystalline elemental AgNPs with a face-centered cubic
(FCC) lattice [40, 41]. Thus, the XRD pattern provides
strong evidence supporting the UV–Vis spectra and HR-
TEM images of the GE-AgNPs.

2.5. HR-TEM Analysis of GE-AgNPs. HR-TEM micrographs
confirmed the spherical shape and polydisperse nature of the

GE-AgNPs and their attached biomoieties (Figure 5). The
HR-TEM pictographs exhibited that the GE-AgNPs were
regular and roughly spherical in shape, with blunt margins.
The TEM images also revealed that the nanoparticles were
nonagglomerated and freely scattered, making them a strong
candidate for biosensor development and drug delivery. The
DLS studies also support the properties of the GE-AgNPs
revealed in the TEM images, with approximately 80% of
the DLS-scanned samples of the GE-AgNPs displaying a size
of ~62 nm. Collectively, the dynamic light scattering studies
and HR-TEM micrographs confirm that the size of the GE-
AgNPs is in the nanorange and that they possess a roughly
spherical morphology. This morphological shape and size
indicate the potential efficiency of nanoparticles for drug
conjugation and drug delivery [42–44].

2.6. Qualitative and Quantitative Phytochemical Analyses of
the Seaweed Extract. The results of the qualitative and quan-
titative phytochemical analyses of the aqueous G. edulis sea-
weed extracts are summarized in Tables 1 and 2. The
analysis revealed the presence of alkaloids, tannins, phenolic,
flavonoids, and saponins, while glycosides, steroids, and ste-
rols were absent. The identified compounds may represent
the principal chemical ingredients that are involved in the
biosynthesis of AgNPs and define the potential of the nano-
particles for different bioapplications [45–47]. Polyols, terpe-
noids, phenols, flavones, and polysaccharides have been
previously reported to be the principle components in the
bio reduction of silver and chloroaurate ions [48]. Impor-
tantly, the potential absence of glycosides, steroids, and ste-
rols in the G. edulis extracts in our study may be due to
the selective qualitative tests that were conducted and/or
the extraction procedures. The hypothetical mechanism of
the synthesis of AgNPs may involve a cascade of complex
antioxidant enzymes [49].

2.7. Antibacterial Activity of GE-AgNPs. Preliminary evalua-
tion of the antibacterial activity of GE-AgNPs against six
pathogenic bacteria was conducted in an agar well diffusion
assay (Table 1). Results of this assay indicated that the larg-
est zone of inhibition was observed against Bacillus licheni-
formis and the smallest against Salmonella typhimurium
(Figure 6). Overall, significant antibacterial activity was
observed against V. cholerae, E. coli, S. epidermidis, and S.
dysenteriae. GE-AgNPs exhibited good bactericidal activity
against both Gram-positive and Gram-negative bacteria. A
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microbroth dilution assay was also used to verify the anti-
bacterial activity of GE-AgNPs and percent to determine
percent inhibition and the MICs for each of the pathogenic
species of bacteria (Figure 7). The MICs was calculated of
six pathogenic bacteria undertaken for the investigation such
as B. licheniformis (72:84 ± 1:54μg/mL), S. dysenteriae
(130:67 ± 2:93μg/mL), E. coli (132:42 ± 3:08μg/mL), S.
typhimurium (132:42 ± 3:08μg/mL), V. cholerae
(65:58 ± 1:52μg/mL), and S. epidermidis (127:57 ± 3:08μg/
mL). Significant growth inhibition (>94%) was observed in
all six pathogenic bacterial species. Although the specific
mechanism by which nanoparticles exhibit antibacterial
activity is not fully understood, different mechanisms of
action have been reported in the literature. Structural
changes in the bacterial membrane and ultimate cell death
as a result of penetration of nanoparticles into the cell wall
due to their anchoring ability have been reported [39, 50,
51]. Enzyme degradation, inactivation of structural proteins,
and breakage of genetic materials by AgNPs have also been
proposed as mechanisms of action [38, 52, 53]. It has also
been suggested that several bacterial cellular enzymes are
inactivated by the substantial attachment of Ag ions to –
SH groups, a major chemical component of enzyme struc-
ture present in the structure [42, 54, 55]. The intermittent
interaction of AgNPs with phosphorus and sulfur groups,
interfering with the DNA replication processes and disman-
tling the microbial nuclear system, has also been proposed
[56–59]. In our study, the antibacterial results obtained with
GE-AgNPs suggests that the seaweed extract-derived AgNPs
possess an excellent antimicrobial with widespread potential
applications.

2.8. Antioxidant Activity of GE-AgNPs. Abiotic stress
induces an overabundance of reactive oxygen species
(ROS) that are highly toxic at high levels due to their strong
oxidative properties. ROS can damage DNA and RNA, car-
bohydrates, lipids, and proteins. Chronic oxidative stress
can also result in the induction of a variety of different dis-
eases [60], and pharmaceuticals with antioxidant properties
have been developed as an option to help minimize oxidative
stress in humans. Notably, organisms have evolved an anti-
oxidant system that can scavenge ROS and other free radi-
cals. Delayed and poor absorption potential of exogenous
antioxidants, difficulty in passing through cell membranes,
and rapid degradation of antioxidants after their delivery,
however, represent major challenges to the use of both nat-
ural and synthetic antioxidant molecules. Unfortunately,
the utilization of nanoparticles as an antioxidant has not
been widely recognized and investigated and has been lim-
ited to only a few types of nanomaterials [61]. Importantly,
functional antioxidant AgNPs derived from the use of vari-
ous natural extracts obtained from plant species appear to
represent a pivotal alternative due to their high stability, bio-
compatibility, and targeted delivery [6]. Plants, algae, bacte-
ria, and fungi possess a wide array of diverse phenolic
compounds and other secondary metabolites that are highly
useful as reducing and stabilizing agents. In addition, they
also possess excellent antioxidant properties. Therefore, the
GE-AgNPs fabricated in the current study were extensively
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Figure 5: HR-TEM micrograph of GE-AgNPs (indicated by
arrows).

Table 1: Qualitative phytochemical analysis of an aqueous extract
of G. edulis seaweed.

Phytoconstituent Observation

Alkaloids +

Tannins and phenolic compounds +

Glycoside -

Flavonoids +

Steroids and sterols -

Triterpenoids +

Saponins +

Notes: +: present; -: absent.

Table 2: Quantitative analysis of total phenolics and carbohydrates
in an aqueous extract of G. edulis seaweed.

Phytochemical constituent mg/g dry weight (mean ± SD)
TPC 7:27 ± 1:10
TFC 4:70 ± 0:63
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analyzed for their antioxidant properties (Figure 8). The
antioxidant activity of GE-AgNPs was evaluated using a
variety of radical-scavenging assays against different types
of reactive radicals, including DPPH, hydroxyl ions, ABTS,
and nitric oxide radicals (Figure 8). The DPPH radical-
scavenging activity of GE-AgNPs was found to be dose
dependent, displaying a maximum inhibition of 86.83% at
a concentration of 50μg/mL. An IC50 value of 30:71 ± 0:22
μg/mL was found to be significant, compared to the positive
control, ascorbic acid (IC50 value 10:33 ± 0:16μg/mL), thus
demonstrating the strong antioxidant property of GE-
AgNPs. DPPH is commonly used to evaluate the antioxidant
properties of a compound. The radical scavenging activity of
GE-AgNPs was also tested against hydroxyl ion (OH-) radi-

cals, exhibiting a 94.20% scavenging capacity at 100μg/mL
and an IC50 value of 43:85 ± 0:36μg/mL, compared to the
ascorbic acid standard which had an IC50 value of 20:43 ±
0:03μg/mL. Hydroxyl ions readily disrupt disulfide bonds
in proteins, resulting in unfolding and refolding into atypical
protein structures [62]. Therefore, the current study pro-
vides strong evidence for the potential use of GE-AgNPs as
antioxidants in biological systems without adverse side
effects.

ABTS is another free radical that is generally involved in
oxidative damage to cells and polyphenols are capable of
minimizing the generation of ABTS. In the present study,
the FT-IR analysis of the G. edulis extract identified the pres-
ence of polyphenols in the synthesized GE-AgNPs. The

Bacillus licheniformis Shigella dysenteriae Salmonella typhimurium

Escherichia coli Vibrio cholerae Staphylococcus epidermidis

Figure 6: Antibacterial activity (Agar well method) of GE-AgNPs.
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6 Oxidative Medicine and Cellular Longevity



DPPH

Sc
av

en
gi

ng
 ac

tiv
ity

 (%
)

0

20

40

60

80

100

10 𝜇g/mL 20 𝜇g/mL 30 𝜇g/mL
Concentrations

40 𝜇g/mL 50 𝜇g/mL

GE-AgNPs
Ascorbic acid

⁎

⁎

⁎ ⁎ ⁎

(a)

Hydroxyl radical

Sc
av

en
gi

ng
 ac

tiv
ity

 (%
)

0

20

40

60

80

100

20 𝜇g/mL 40 𝜇g/mL 60 𝜇g/mL
Concentrations

80 𝜇g/mL 100 𝜇g/mL

GE-AgNPs
Ascorbic acid

⁎

⁎

⁎⁎⁎

(b)

Figure 8: Continued.
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ABTS scavenging assay indicated 99.16% maximum scav-
enging activity at 100μg/mL of GE-AgNPs and an IC50 value
of 64:77 ± 0:16μg/mL compared to an IC50 value of 16:31
± 0:11μg/mL for ascorbic acid. Nitrite has harmful effects
on human health due to its reaction with secondary amines
in cells, which forms toxic byproducts in human digestive
systems [62]. Thus, the activity of GE-AgNPs against nitric
oxide radicals was evaluated. A maximum scavenging activ-
ity of 62.43% was observed at 250μg/mL, and the IC50 value
was determined to be 217:96 ± 1:42μg/mL; a value that is
representative of a moderately active antioxidant compound
against nitric oxide radicals. BHT was used as a positive
standard in the nitric oxide radical scavenging assay and
was determined to have an IC50 value of 51:74 ± 0:13μg/

mL. Oxidative stress is believed to play a crucial role in
degenerative senescence. As a result, AgNPs with antioxi-
dant capacity could provide a promising therapeutic for
the prevention of oxidative stress. G. edulis extracts have
been previously reported to have antioxidant activity [63].
The present results are also in good accordance to the results
obtained from previous studies (Das et al., 2019; Kumar
et al., 2020; Otunola and Afolayan, 2018; Ramamurthy
et al., 2013b).

2.9. Biocompatibility and Cytotoxicity Analyses of GE-AgNPs.
A methylthiazolyldiphenyl-tetrazolium bromide (MTT)
assay was used to determine cell viability when evaluating
the biocompatibility and cytotoxicity of GE-AgNPs. Normal
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fibroblast cells (L-929) were treated with GE-AgNPs in cul-
ture for 24hour (h) at 37°C and cell viability was subse-
quently assessed (Figure 9). Results indicated a dose-
dependent effect of GE-AgNPs on L-929 cell viability. L-
929 cells exposed to a 125μg/mL concentration of GE-
AgNPs exhibited a 99.50% level of cell viability. However,
the percent viability gradually reduced as the concentration
of GE-AgNPs increased with L-929 cell viability
being74.38% when exposed to 1000μg/mL concentration
of GE-AgNPs. These results indicate that GE-AgNPs are rel-
atively nontoxic to normal cells, even at a high concentra-
tion. Consequently, these data demonstrate that GE-AgNPs
can be potentially used for different biological applications
without detrimental effects on the health of cells. The bio-
compatibility of GE-AgNPs with L-929 cells has been previ-
ously reported [64–67].

In contrast to the biocompatibility of GE-AgNPs with
normal fibroblast cells, the viability assay of breast cancer
cells (MDA-MB-231) exposed to GE-AgNPs revealed signif-
icantly higher levels of cytotoxicity (Figure 10). The breast
cancer cells were exposed to ~1000μg/mL solution of GE-
AgNPs for 24h, which reduced the cell viability to
~21.23%. A time- and dose-dependent cytotoxicity for
AgNPs derived from different biological sources against
MDA-MB-231 cells has been previously reported [68].

The percentage of viable cancer cells decreased as the
concentration of GE-AgNPs increased. A cell viability of
63.81% and 94.06% was observed after exposure to a
125μg/mL and 1.95μg/mL solution of GE-AgNPs, respec-
tively. The MIC of GE-AgNPs was calculated as 344:27 ±
2:56μg/mL against MDA-MB-231. These results indicate
that the MDA-MB-231 cell lines exhibit a concentration-
dependent response with response to viability. The level of
cytotoxicity, however, did not appear to be time dependent
as an identical percentage of viable cells was observed after
both 24 and 48h exposure to the same concentration of
GE-AgNPs. The IC50 values for doxorubicin (used as a pos-
itive control) were higher in MDA-MB-231 cells than in L-
929 cells after 24 hr or 48 hr of exposure. In contrast, the
IC50 values for GE-AgNP treatment were significantly lower
in MDA-MB-231 cells than in L-929 cells after exposure for
24 or 48 h (Figure 10).

AgNPs induce cytotoxic effect due to their impact on dif-
ferent metabolic pathways. Another study reported that the
cytotoxicity of AgNPs results from an increase in ROS pro-
duction [69]. Previous studies stated that the introduction
of AgNPs into target cells could promote the overproduction
of intracellular ROS, which activates apoptosis-associated
metabolic pathways including p53, MAPK, and AKT apo-
ptotic signaling pathways [70, 71]. Similar to other metal
nanoparticles, AgNPs also promote oxidative stress in cells
by inducing the overproduction of ROS [70]. Mitochondria
are vital sources of apoptosis signals and the effect of Ag-
NPs on mitochondrial membrane permeability results in
the loss of mitochondrial membrane integrity, leading to
caspase-dependent apoptotic cell death [72]. In addition to
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AgNPs stimulating apoptosis in cells, it is more than likely
that future studies will reveal other mechanisms by which
AgNPs establish their cytotoxicity.

3. Materials and Methods

3.1. Collection and Preparation of Seaweed Extract. The red
seaweed, G. edulis (Linnaeus), was collected from Chilika
Lake, Odisha, India (19° 43′ 0″ N, 85° 19′ 0″ E) and trans-
ported to a laboratory in a portable ice cooler. The harvested
seaweed was then thoroughly cleaned in running tap water
followed by distilled water to remove extraneous materials
and to substantially reduce the salt content, after which the
seaweed was dried in a shady, open-air environment for 3–
5 days. The dried seaweed was subsequently ground to a fine
powder using a commercial-grade mixer grinder. Then, 5.0 g
of the G. edulis seaweed powder was boiled in 50mL of ster-
ilized Milli Q water for 20-30min and subsequently filtered
through Whatman No. 1 filter paper. The filtered extract
was stored at -4°C until further use.

3.2. Synthesis of GE-AgNPs. A total of 10mL of seaweed
extract was mixed with 90mL of a 1.0mM aqueous solution
of AgNO3 [45, 73] and incubated at room temperature on a
rotary shaker for 1 hr. A color change in the reaction solu-
tion from light brick red to deep brown was noted by visual
observation and was used to confirm the completion of the
AgNP synthesis. The synthesized AgNPs were pelleted by
centrifugation at 8000 rpm for 15min at 10°C. The obtained
AgNPs were dried and stored at 4°C for characterization and
assessment of their bioactive properties.

3.3. Characterization of GE-AgNPs. The synthesis of the
AgNPs using an aqueous extract of G. edulis was periodically
monitored by UV-Vis spectrophotometer (Lambda 35R Per-
kinElmer, USA) in the range of 350-600 nm. The UV-visible
spectra of the synthesis reaction solution were recorded as a
function of reaction time at a resolution of 1 nm at 25°C. The
surface charge and average size of the AgNPs were analyzed
using a Zetasizer (ZS 90, Malvern, UK). The purified nano-
particle samples were diluted tenfold in PBS (0.15M,
pH7.2). Aliquots were sampled and placed in dynamic light
scattering (DLS) cuvettes and then evaluated for equivalent
size distribution, diameters, and zeta potential. Particle
diameters were assessed at a scattering angle of 90° at 25°C.
ATR-FTIR spectroscopy analysis of the, G. edulis aqueous
extract and the synthesized GE-AgNPs was conducted to
substantiate the potential role of the various functional
chemical groups present in the seaweed extracts on the mod-
ification of the surface of the synthesized nanoparticles.
ATR-FTIR was conducted on a Bruker ALPHA spectropho-
tometer (Ettlinger, Germany) at a resolution of 4 cm−1. The
samples were evaluated in the spectral region of 4000 to
500 cm−1 by taking an average of 25 scans per sample. For
continuous observations, one drop of the sample was kept
on the sample holder and the samples were scanned and
the obtained results were analyzed using OPUS software.
The crystalline properties of the AgNPs were assessed using
an X-ray diffractometer (PANalytical X’Pert, Almelo, The

Netherlands) equipped with a Ni filter and a CuK
(l = 1:54056Å) radiation source. The scanning rate was
0.05°, while the diffraction angle varied from 20–80°. High-
resolution transmission electron microscopy (Technai™
F30 G2 STWIN, FEI, Lincoln, NE, USA) was used to observe
the nanomorphology of the AgNPs. The synthesized AgNPs
were placed on a coated copper grid with a 300 mesh size
and observed at an accelerating voltage of 300 kV.

3.4. Qualitative and Quantitative Analyses of the Seaweed
Extract. The qualitative phytochemical analysis of the G.
edulis extract was performed following standard methods
[63]. The obtained results were qualitatively expressed as
positive (+ve) or negative (-ve). The chemicals and reagents
used for the study were purchased from Sigma–Aldrich
(India).

3.4.1. Total Phenol Content. Total phenol content (TPC) in
the seaweed extract was estimated using the Folin–Ciocalteu
method with slight modifications as described by Lim et al.
(2007). The analysis was performed in triplicate. TPC was
expressed as gallic acid equivalents (GAE) in mg/g sample.

The concentration of total phenolic compounds in the
extract was determined using the following formula:

T = C ∗
V
M

, ð1Þ

where T is the total phenolic content mg/gm of seaweeds
extract in GAE, C is the concentration of Gallic acid from
the calibration curve in mg/mL, V is the volume of the
extract in mL, and M is the Wt of the seaweeds extracts in g.

3.4.2. Total Flavonoid Content. Total flavonoid content
(TFC) of the G. edulis extract was determined using an alu-
minum chloride (AlCl3) colorimetric assay and expressed as
milligrams of quercetin equivalents per gram dry mass
(mg·Q/g dw) [74]. The analysis was performed in triplicate.

3.5. Antibacterial Activity of the GE-AgNPs

3.5.1. Bacterial Strains. The six species of human pathogenic
bacteria, Bacillus licheniformis (MTCC 7425), Salmonella
typhimurium (MTCC 3216), Vibrio cholerae (MTCC
3904), Escherichia coli (MTCC 1098), Staphylococcus epider-
midis (MTCC 3615), and Shigella dysenteriae (MTCC-9543)
were used in the antibacterial assay. The bacterial strains
were purchased from MTCC, Pune.

3.5.2. Agar Well Diffusion and Microbroth Dilution Methods.
A small colony of each targeted bacterial strain was inocu-
lated from a stock agar slant into 2mL Muller Hinton
(MH) broth medium (0.015% soluble starch, 0.2% beef
extract, and 1.75% casamino acids) under proper aseptic
conditions. The inoculated tubes were incubated overnight
at 37°C on a rotary shaker at 200 rpm.

The assessment of the antibacterial activity of the syn-
thesized GE-AgNPs against the selected pathogenic bacteria
was conducted using a well diffusion assay with Muller Hin-
ton Agar (MHA). Briefly, 100μL of each bacterium was
seeded over the prepared MHA plates. Test wells (5mm
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diameter and 3mm deep) were then made in the inoculated
agar medium using a sterile cork borer. Each well was then
filled with 50μL of GE-AgNPs. Wells filled with 50μL of sil-
ver nitrate (AgNO3) solution served as the control while
wells filled with the antibiotic, gentamicin, were used as a
positive control. The inoculated plates were kept in an incu-
bator at 37°C for 24 h. Following the period of incubation,
the diameter of inhibition zones was measured and a zone
diameter ≥ 8mm was recorded as a positive antibacterial
activity.

Antibacterial assessment was carried out using the
microbroth dilution method. The minimum inhibitory con-
centration (MIC) of the GE-AgNPs on bacterial strains was
also assessed [75]. Inhibition ≥ 90% in the microbroth dilu-
tion assay was used as an indication of good antibacterial
activity, and additional experiments were carried out for
MIC estimation. The test inoculum (190μL; A600 = 0:1) were
incubated in 10μL of different concentrations (500-
31.25mg/mL; twofold dilution) of the GE-AgNPs until the
level of inhibition was found to be <50%. The assays were
conducted in 96-well plates, and microbial growth was
determined in a microplate reader (Bio-Rad, USA) at
600nm. The numerical MIC values were calculated using
IC50/IC90 Laboratory Excel Calculation formulas and
expressed as IC50. All of the assays were conducted in tripli-
cate, and zones of inhibition were expressed in amean ± SD.

3.6. Antioxidant Activity of the GE-AgNPs. The antioxidant
activity of the GE-AgNPs was assessed by its radical scav-
enging ability.

3.6.1. DPPH Radical Scavenging Activity. The radical scav-
enging activity of GE-AgNPs was determined using the
1,1-diphenyl-2-picryl-hydrazil (DPPH) assay with slight
modification (Arul Kumar et al., 2018; Lim et al., 2007). Dif-
ferent concentrations (10, 20, 30, 40, and 50μg/mL) of GE-
AgNPs were used in the assay. Ascorbic acid in equivalent
concentrations was used as a positive control, and results
were expressed as percentage (%) radical scavenging activity.
The MIC for DPPH radical scavenging activity was also cal-
culated and expressed as an IC50.

3.6.2. Hydroxyl Radical Scavenging Activity. Hydroxyl (OH-)
radical scavenging activity of GE-AgNPs was evaluated as
previously described [76] using different concentrations
(20, 40, 60, 80, and 100μg/mL) of GE-AgNPs. Ascorbic acid
at equivalent concentrations was used as a positive control.
The MIC for hydroxyl radical scavenging activity was also
calculated and expressed as an IC50.

3.6.3. 2,2-Azino-bis(3-ethylbenzothiozoline-6-sulfonic acid)
Diammonium Salt (ABTS) Radical Scavenging Activity.
ABTS radical scavenging activity of the GE-AgNPs was also
determined using a radical cation decolorization assay as
previously described [77] using different concentrations
(20, 40, 60, and 80μg/mL) of GE-AgNPs. Ascorbic acid at
equivalent concentrations was used as a positive control.
The MIC for ABTS radical scavenging activity was also cal-
culated and expressed as an IC50.

3.6.4. Nitric Oxide Radical (NO∗) Scavenging Activity. Nitric
oxide radical scavenging activity of the GE-AgNPs was eval-
uated using the method described by Garrat (1964) with
slight modification. Briefly, sodium nitroprusside (Na2[Fe
(CN)5NO]2H2O) in aqueous solution generates nitric oxide
spontaneously at physiological pH, which immediately
interacts with oxygen to produce nitrite ions (NO2-), which
can be determined by the Griess-Ilosvay reaction. A stan-
dard method [63] to evaluate the NO∗ scavenging activity
was also used. Different concentrations (50, 100, 150, 200,
and 250μg/mL) of GE-AgNPs were used in the assay, and
BHT was used as a positive control. The MIC for NO2- rad-
ical scavenging activity was also calculated and expressed as
an IC50.

3.7. Biocompatibility and Cytotoxicity Analysis of GE-AgNPs

3.7.1. Cell Culture. A normal fibroblast cell line (L-929) and
a breast cancer cell line (MDA-MB 231) were used in the
biocompatibility and cytotoxicity assays. Both cell lines were
seeded on Dulbecco’s modified Eagle’s medium and M-199
medium supplemented with 10% fetal bovine serum (FBS),
as well as streptomycin sulfate and benzyl antibiotics at a
final concentration of 100μg/mL and 100U/mL, respec-
tively. Cell cultures were incubated at 37°C (5% CO2) for
24 h, for the duration of the assays. The cells were trypsi-
nized using 0.25% Trypsin-EDTA at a 70 to 80% confluence.
Cells were counted and then placed in a 96-well enzyme-
linked immunosorbent assay (ELISA) plate at a density of
5 × 103 cells/well to conduct MTT assay. All cell culture che-
micals are purchased from Sigma–Aldrich (India).

3.7.2. MTT Assay. Biocompatibility and cytotoxicity were
evaluated using a MTT colorimetric assay after 24 and
48 h. incubation of the cell lines with the GE-AgNPs. When
the cells were at 90% confluency, the media was removed
and the cells were exposed with fresh medium containing
different concentrations of GE-AgNPs (viz., 100, 200, 400,
600, 800, and 1000μg/mL) and was further incubated for
24 h. Doxorubicin was employed as a positive control. Simi-
lar to the GE-AgNPs, various concentrations of DOX was
used to see its efficacy along with the synthesized GE-
AgNPs. A stock solution of MTT (1mg/mL) in PBS was pre-
pared immediately prior to use. A 500μL volume of the
MTT solution (50μg/mL MTT in the culture medium) was
added to each culture dish and left uncovered. Cells were
incubated for 3 hr, after which the reduced formazan was
extracted with 500μL of DMSO and absorbance was mea-
sured at 595nm in a microtiter plate reader (Bio-Rad,
USA). Cell viability was assessed as the percentage absorp-
tion of treated cells relative to the untreated and control
cells.

3.8. Statistical Analysis. All assays in this study were per-
formed in triplicate. The results of the antioxidant assays
are presented as a percentage inhibition, while the cytotoxic-
ity results are presented as % viability, relative to the control.
The antioxidant and cytotoxicity assay data for the different
treatment groups vs. the controls were statistically evaluated
using Student’s t-test (p ≤ 0:05).
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4. Conclusion

Marine macroalgae or sea weed G. edulis has momentous
attributes in the green synthesis process of metal nanoparti-
cles, like other biological resources such as plant, bacteria,
fungi, macrofungi or mushrooms, and yeast. Due to the
encouraging involvement of algae in the nanotechnology
advancement, the separate branch known as phyconano-
technology is growing enormously to substantiate the differ-
ent biomedical, agriculture, and environmental issues.
Various studies on the biosynthesis of nanoparticles using
seaweed extracts have been conducted. In the current inves-
tigations, the physiochemical characterization of the synthe-
sized AgNPs demonstrated the stable synthesis of AgNPs
that can potentially be used in different applications. The
antibacterial, antioxidant, biocompatibility, and cytotoxicity
of the AgNPs indicate their potential commercial utility in
biomedical and pharmaceutical industries. The use of sea-
weed extract in nanoparticle biosynthesis is highly advanta-
geous due to the presence of a variety of secondary
metabolites in the extract that affect the properties of the
synthesized nanoparticles and exhibit low cytotoxicity to
healthy cells. The use of “green-based” synthesis of nanopar-
ticles is compatible with large-scale production and smooth
downstream processing. Further studies are warranted and
necessary to explore the use of seaweed extracts in nanotech-
nological applications and to fully understand the properties
of seaweed-fabricated metal nanoparticles, their mechanism
of action, and their potential applications in food, health,
and environmental industries. Comprehensively, the nano-
biotechnology that utilizes the sources from algae and
blue-green algae to synthesize nanomaterials is in the bud-
ding stage, and further research and development are
necessary.
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Metal oxide nanoparticles (MO NPs) are increasingly employed in many fields with a wide range of applications from industries
to drug delivery. Due to their semiconducting properties, metal oxide nanoparticles are commonly used in the manufacturing of
several commercial products available in the market, including cosmetics, food additives, textile, paint, and antibacterial
ointments. The use of metallic oxide nanoparticles for medical and cosmetic purposes leads to unavoidable human exposure,
requiring a proper knowledge of their potentially harmful effects. This review offers a comprehensive overview of the possible
toxicity of metallic oxide nanoparticles in zebrafish during both adulthood and growth stages, with an emphasis on the role of
oxidative stress.

1. Introduction

The field of engineered nanomaterials has gained increasing
attention over the last years in human health science, opto-
electronics, agriculture, food science, and in everyday use
products [1]. Metal oxide nanoparticles (MO NPs) have
shown fascinating physical and chemical properties, such
as good sensitivity, catalytic and selective activity, unusual
adsorptive behavior, and superparamagnetic state (Table 1)
[2, 3]. Different studies focused on easy and efficient synthe-
sis methods, a few of which implementing “green chemistry
approaches,” providing thus a variety of different strategies
to efficiently achieve the desired size, shape, structure, mor-
phology, stabilization, and nonagglomeration. One of the
most important advantages of MO NPs is the ease of their
surface modification allowing for the functionalization of
numerous molecules to improve their stability and biocom-
patibility [4]. Hence, MO NPs serve as a promising tool for
biomedical applications. Metal oxide nanoparticles are
known for their antimicrobial properties [5, 6] and cytotoxic
effects [2]. The synthesis method of the nanoparticles plays a
critical role in determining their properties, i.e., their biolog-
ical and optical characteristics. For instance, it seems that the

smaller the nanoparticles are, the higher is the antibacterial
activity they exert [2, 7]. Moreover, due to their metallic
core, MO NPs can be used as plasmon resonance agents,
in cancer therapeutics and theranostics (Table 1) [3, 8].

Different classes of MONPs are exploited in commercially
available daily life products and biomedical applications
(Table 1). The most commonly applied ones correspond to
three types of MO NPs, the titanium dioxide (TiO2), iron
oxide (IO), and zinc oxide (ZnO) nanoparticles. The TiO2
and ZnO nanoparticles are extensively used in sunscreens
due to their ability to attenuate UV radiation and as antimi-
crobial reagents given their antibacterial properties. On the
other hand, IO NPs are employed in several medical applica-
tions, such as hyperthermia-based anticancer therapy and
iron-deficient anemia treatment, as well as in magnetic reso-
nance imaging (MRI).

The rising demand and use of nanotechnologies inevita-
bly questions their impact on the environment. In this
framework, TiO2, IO NPs, and ZnO nanoparticles could be
released i.e., via bathing and cause any toxic effects in the
aquatic habitats [9]. Since metal oxide nanoparticles are
exposed to humans and are extensively used in daily life
and industrial content, their ecotoxicological profile should
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be evaluated [1]. Metal oxide nanoparticles present some
toxic defects as they [10] internalize in the cells and interact
with the DNA, proteins, and organelles. Here, they can
induce the formation of reactive oxidative species (ROS)
and interfere with the antioxidant mechanisms. The exces-
sive production of ROS, and accumulation in cells and tis-
sues, leads to oxidative stress and subsequently to lipid
peroxidation, DNA damage, inflammation, and cell death
[11]. Undoubtedly, this along with the penetration abilities
of the nanoparticles enhances their toxic effects in the cells
[2]. The ROS usually include singlet oxygen (1O2), hydroxyl
radical (·OH), and superoxide radical (O2·

-) [12]. The excess
of ROS can be detected by missregulation of antioxidant
enzymes, either of their genes or of their activity. In this con-

text, the expression and activity of superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GP), and
glutathione S-transferase (GST) are most commonly evalu-
ated. SOD catalyses the disproportionation of superoxide
anions (O2-) into oxygen (O2) and hydrogen peroxide
(H2O2), and CAT and GP reduce the hydrogen peroxide
levels. GST instead plays a role in detoxification by removing
glutathione. Their normal regulation is critical for the sur-
vival of the cells. On the other hand, to prevent the imbal-
ance between production and catalysis of ROS, various
cytoprotective genes might be influenced. Nuclear factor
erythroid 2-related factor 2 (Nrf2) is a transcription factor
with such a protective antioxidative role, targeting numerous
redox cycling enzymes, including the ones named before

Table 1: Properties and applications of the most used metal oxide nanoparticles.

Metal oxide
nanoparticles

Physical, chemical
properties

Potential applications in medicine
(tested in vitro/in vivo)

Biomedical and life
science applications (in use
and commercial products)

References

Aluminium oxide (Al2O3)

Catalyst, high thermal and
mechanical stability, high
corrosion resistance, and

high melting point.

Drug delivery. — [18]

Copper oxide (CuO)
Catalyst, high-temperature

superconductors.
Anticancer treatment. Antimicrobial coating agents. [2, 11]

Iron oxide (α-Fe2O3,
γ-Fe2O3, and Fe3O4)

Superparamagnetic and
magnetic hyperthermia
properties, catalyst.

Antibacterial agent, drug delivery,
anticancer treatment

(photothermal therapy,
chemotherapy, and magnetic
hyperthermia therapy), and
theragnostic (near-infrared
imaging, positron emission
tomography, single-photon

emission computed tomography,
and ultrasound imaging).

Iron-deficient anemia treatment
(Venofer®, Feraheme®, and

Rienso®).

[2, 19]

Solid tumor treatment
(NanoTherm®).

Magnetic resonance imaging (in
liver: Feridex I.V.®, Endorem®,
and Resovist®; in gastrointestinal:
Gastromark™ and Lumirem®;

and in blood pooling:
Supravist®).

Magnesium oxide (MgO)
High ionic character,

catalyst, and
semiconductor.

Antibacterial agent, anticancer
treatment (hyperthermia

therapy), and tissue engineering.

Antimicrobial agents (in food
industry).

[2, 18]

Nickel oxide (NiO)
Catalyst, magnetic
properties, and high

electrochemical stability.

Anticancer treatment (cytotoxic
properties).

— [11]

Silica dioxide (SiO2) Low density.
Antibacterial agent, drug and
gene delivery, anticancer
treatment, and biosensor.

Additive in drugs, cosmetics.
[2, 11, 13,

20]

Titanium oxide (TiO2)
Semiconductor,

photocatalyst, and high
chemical stability.

Anticancer treatment
(photodynamic, photothermal,

sonodynamic therapy,
chemodynamic therapy, and
radiotherapy), theragnostic

(bioimaging), drug delivery, and
tissue engineering.

UV-A, UV-B radiation filter (in
sunscreens, cosmetics).

[2, 8, 11,
19, 20]

Antimicrobial agents (in food
packaging, biomedical devices,
and dentistry & orthopedic

implants).

Zinc oxide (ZnO)

Semiconductor,
photocatalyst, high

chemical stability, large
exciton binding energy,

and high isoelectric point.

Anticancer treatment
(photodynamic, photothermal,
and sonodynamic therapy),

theragnostic (bioimaging), drug
delivery, and tissue engineering.

UV-A, UV-B radiation filter (in
sunscreens, cosmetics).

[2, 4, 9,
11]

Antimicrobial agents (in
toothpaste, dentistry implants,
food packaging, and as food

additive).
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[13]. Upon transcription of Nfr2 target genes, the ROS level
is normalized, leading to detoxification and the reestablish-
ment of homeostasis.

One of the main factors believed to be responsible of the
MO NP-induced toxicity is the release of their appropriate
metal ions and the ions’ inherent toxic effects in the
cells [11].

Hence, there is a not only a great need to fully under-
stand the mechanisms underlying nanotoxicity but also to
develop innovative strategies allowing to mitigate this effect
in order to fully exploit their potential [9] for our purposes.
Most of the toxicological profiles of metal oxide nanoparti-
cles have been studied in vitro, in suspensions of MO NPs,
in several cell types, and in vivo in different invertebrates
and vertebrate animal models. Zebrafish (Danio rerio) repre-
sent a link between the in vitro cell culture studies and
in vivo animal models. The zebrafish embryo toxicity test
(ZET) known also as the early life stage test (ELS) is widely
accepted as a valid model system for the evaluation of
ecotoxicological effects and as a preclinical in vivo model
[14, 15]. Zebrafish emerged as a model for in vivo toxicity
screening of nanoparticles due to several characteristics
[16]. First of all, zebrafish and humans are highly genetically
conserved. Additionally, zebrafish grow rapidly and are
transparent during early life stages, two very important char-
acteristics that allow studying easily the development. A
variety of developmental endpoints have been already
described to evaluate toxicity during the embryonic stages,
including the hatching timing, pericardial and yolk sac
edema, spinal curvatures, tail malformations, swim bladder
abnormalities, and mortality rates [4, 17, 18]. These pheno-
types, together with other characteristic ones, are visible and
detectable up to the first five days after fertilization of the
embryos, allowing thus zebrafish serve for fast screenings.
Due to the small size of these fish, and the high number of
embryos that they produce, different parameters can be
tested simultaneously. The standardization of tests using
zebrafish to assess adverse effects induced by nanomaterials
allows gathering reproducible and reliable results. Doing so
would allow counteracting contradictory results obtained
in the past, implementing other model systems while intro-
ducing a controllable amount of bias in the experimental
setups. For instance, as it is evident in this review, it is crit-
ical to test not only the metal oxide nanoparticles but also
the appropriate metal ions they release. This is necessary to
estimate the direct contribution of the dissolved ions in the
establishment of toxicity and to identify the potentially
involved mechanisms [9].

In this framework, we focus on the toxicity studies
performed on zebrafish embryos and adult zebrafish, stating
the effects of three different types of metal oxide nanoparti-
cles: titanium dioxide (TiO2), iron oxide (IO), and zinc oxide
(ZnO) nanoparticles. Different studies using either one type
or a combination of these analyzed the toxicokinetic behav-
ior of the particles on the development of zebrafish and/or
adult zebrafish. This review will provide thus an extended
overview of the impact of metal oxide nanoparticle exposure
on zebrafish while conferring a better understanding of the
potentially underlying toxicity mechanisms, such as the

induction of oxidative stress and apoptosis in Danio rerio
(Figure 1).

2. Titanium Dioxide Nanoparticles

Titanium dioxide nanoparticles are one of the most com-
monly employed manufactured nanoparticles in a wide
range of applications, including building materials [21],
medical treatments [22], and personal care and food prod-
ucts [23]. Titanium oxide and zinc oxide are considered as
“GRAS” (generally recognized as safe) by the US Food and
Drug Administration (FDA) and by the International
Agency for Research on Cancer [24]. TiO2 is highly stable,
biocompatible, and a semiconductor material. This increas-
ing interest and use of TiO2 in our daily life and several appli-
cations are due to their fascinating properties, such as good
optical performance, electrical characteristics, durability,
and corrosion resistance [25] [26–28]. In addition, since
TiO2 NPs are excellent photocatalysts, they can produce per-
oxide under ultraviolet (UV) illumination. Indeed, they are
extensively used in photocatalytic applications [24]. TiO2
NPs are nontoxic, and due to their optical and UV absorption
properties, they are used in sunscreens, though there are
more restrictions in the EU than in the United States
(EUR-Lex -32020R0217 - EN - EUR-Lex). One of the main
biomedical applications of metal oxide nanoparticles is their
use as drug carriers [24]. For instance, TiO2 NPs were func-
tionalized with daunorubicin (DNR), an anticancer drug,
for controllable release of the drug by lowering the pH from
7.4 to 5. In this way, the side effects of DNR could be reduced,
and the cytotoxicity of cancer cells augmented due to the
improved penetration of the drug in the cell [29]. Another
example showing the anticancer activities of TiO2 NPs comes
from the work of Masoudi et al. who prepared TiO2 NPs with
doxorubicin hydrochloride (DOX) to induce cytotoxicity
[30]. In addition, as other MO NPs, TiO2 NPs are used in tis-
sue engineering and in antibacterial applications [31]. TiO2
are also used as biosensors, such as in nanowires, to recognize
bacteria Listeria monocytogenes in food with high specificity
[32]. Metal oxide nanoparticles can induce the production
of reactive oxidative stress, an important characteristic
employed for cancer cytotoxicity. Considering all the
above-mentioned applications in medicine, it was critical to
validate that the produced reactive oxygen species levels are
nontoxic [33]. Anyway, the wide use of TiO2 NPs led to their
inevitable release in the aquatic environments, arising harm-
ful threats for ecosystems and living organisms. For this rea-
son, the adverse effects of TiO2 NPs need to be considered
and evaluated. In the past years, different toxicity studies
have elucidated the in vitro and in vivo behavior of TiO2
NPs and their biointeractions with several cell lines and ani-
mal models. In particular, several works have assessed the
potential harmful effects of TiO2 NPs both in embryos and
in adults (Table 2).

2.1. Effects of TiO2 NPs during the Development. The first
research studies of titanium dioxide biointeraction with zeb-
rafish have reported their nontoxicity [34–36]. Zhu et al.
have assessed the impact of titanium dioxide nanoparticles
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on zebrafish growth, reporting that the treatment of embryos
with high doses (up to 500mg/L) of TiO2 NPs did not lead
to a significant decrease of the survival rate or delay in the
hatching rate or presence of morphological abnormalities
[34, 37]. However, larvae treated with low doses of nanopar-
ticles presented behavioral alterations at 120 hours post
fertilization (hpf). At doses of 0.1, 0.5, and 1mg/L TiO2
NPs, larvae had a significantly lower velocity and higher
activity level compared to the samples of control, while
higher concentrations of 5 and 10mg/L did not show any
changes. These perturbations can be attributed to physiolog-
ical injuries or neurotoxicity induced by TiO2 NP treatment
[37]. Moreover, this type of nonlinear concentration-
reaction relationship was already previously shown [38, 39].
This nonmonotonic behavior could be related to superimpo-
sition of linear concentration interaction of constituent bio-
logical counterbalances. Previous works in different aquatic
species have shown that rainbow trout [40] and carp [41]
treated with TiO2 NPs had gill injuries, including fusion
and hyperplasia in filaments and lamellae and edema. These
damages can implicate a reduction of oxygen assumption
ability and alter the activity. On the other hand, both treated
fish species presented oxidative stress in the brain [40, 41]
that could cause neurotoxic effects [42]. To evaluate the
potential implication of oxidative stress in the perturbations
noted in TiO2 NP-exposed zebrafish, the embryos were
cotreated with an antioxidant compound, NAC, and/or an
antioxidant suppressor, the inhibitor of GSH synthesis, the
buthionine sulfoximine (BSO) [37]. The used doses of BSO
and NAC were 5 and 50μM, respectively, while the selected
concentration of TiO2 was one of those implicated in behav-
ioral changes (1mg/L). The cotreatment did not lead to per-
turbations on the hatching or survival rate or malformations.
Moreover, NAC or BSO did not modify the behavioral
perturbations induced by titanium dioxide nanoparticles.

This observation indicated that, as well as oxidative stress,
other processes can be implicated. The mentioned research
studies indicated the nontoxicity of the tested TiO2 NPs.
Nevertheless, the potential of titanium dioxide nanoparti-
cles to generate reactive oxygen species under illumination
indicates that they can induce adverse effects in a photo-
dependent manner. Moreover, the consequent oxidative
stress can lead to lipids, proteins, or DNA injuries and
ultimately to cell death [43, 44]. To verify this assumption,
Bar-Ilan et al. treated the zebrafish embryos with different
doses of TiO2 NPs under a metal halide light [45]. First, a
solution of TiO2 NPs illuminated under this source gener-
ates an important amount of ROS. The survival rate of
treated and illuminated zebrafish with TiO2 NPs showed
a lethal dose of 300μg/mL, while the embryos that were
exposed to nanoparticles but not illuminated had a value
superior to 1000μg/mL. By increasing the exposure time to
8 days, all the illuminated larvae died at a dose of 100μg/
mL. The combined exposure of light and nanoparticles led
also to different malformations, affecting prevalently the
head, tail, yolk, and heart [45]. Moreover, the ROS generation
led by TiO2 NPs in the treated embryos and larvae was dem-
onstrated by using the dihydroethidium (DHE), an in vivo
fluorescent superoxide indicator. Samples treated with TiO2
NPs and illuminated presented fluorescence, reporting the
presence of ROS. Moreover, the use of a transgenic zebrafish,
Tg (are: eGFP), enables the observation of the oxidative stress
response directly in the zebrafish. In particular, a dose of Ti
O2 NPs ≤ 1000μg/mL under illumination generates DNA
damage. The same authors treated the zebrafish embryos
with different concentrations (0.01 to 10 000ng/mL) of two
different batches of titanium dioxide nanoparticles for a lon-
ger temporal window (over 23 days post fertilization, dpf) to
detect subsequent and increasing effects due to ROS genera-
tion, such as damages to macromolecules [46]. A significant
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Figure 1: Overview of the MO NP effects of in zebrafish, with an emphasis on oxidative stress.
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Table 2: Impact of TiO2 NPs on zebrafish.

Stage NPs diameter
Treatment
duration

Tested
concentrations

General toxicity
response

Specific ROS
responses

Reference

Embryos 30 nm 48 h Up to 10mg/L No toxic effects. — [35]

Embryos ≤20 nm 96 h
1, 10, 50, 100, and

500mg/L

No significant differences in
survival, hatching, and
malformation rates.

— [34]

Embryos 27.7 nm 120 hpf
0.1, 0.5, 1, 5, and

10mg/L

No significant differences in
survival and hatching rates;

reduction in average
swimming speed at 120 hpf at
low concentration; and no
changes after the coexposure

with NAC or BSO.

— [37]

Embryos 86 and 409 nm 96 hpf

170 ng/mL
+40 μg/mL
hydroxylated
fullerenes/

C60(OH) 24)

—

Downregulation of genes
associated with circadian
rhythm, transport and
vesicular trafficking, and

immune response.

[48]

Embryos 23.3 nm 120 hpf
1, 10, 100, 500,
and 1000 μg/mL

LC50= 300 μg/mL with no
light; LC50<1000μg/mL with
light; at 8 days all illuminated
larvae died at 100 μg/mL; and

different malformations
(head, tail, yolk, and heart).

ROS generation in presence of
light; oxidative stress response
in transgenic line; and DNA

damage with TiO2 NPs
≤1000 μg/mL under

illumination.

[45]

Embryos 5, 10, and 21 nm
Over 23
days

0.01-10 000 ng/
mL

Significant mortality rate
(speed up with light);
reduction in size,

deformations of craniofacial
structures and absence or

abnormal organization in the
pigmentation; and swim
bladder with a single lobe.

Significant oxidative stress
and intracellular damages.

[46]

Embryos
4, 10, 30, 50, and

134 nm
48 h

50, 500, 5000,
25000, and
50000 μg/L

No effects on zebrafish with 4
and 30 nm NPs; low impact
on the mortality rate at 5000
and 250000μg/L with 10 nm

and 134 nm NPs.

No necrotic cells or a low
amount of them for all the

different size and doses tested;
normal expression of Mt2.

[59]

Embryos 21 nm 72 hpf 1mg/L

No effects on mortality rate;
no significant incidence of

malformations; expression of
atho7 in the retina similar to
controls; all the components

of the retina well
differentiated; and no effects

on the neurogenesis.

— [51]

Embryos 7.04 nm 7 dpf
0.1mg/L+BDE

(0.08 and
0.38mg/L)

Similar survival and hatching
rates of the sample treated
with BDE or BDE plus NPs;
important increase in T4

values in cotreated samples;
no difference in T3; important
upregulation in the expression
of the tg, tshβ, and dio2 genes;
downregulations of α1-tubulin
and mbd genes; perturbations
in the expression of the mbd
protein; and reduction in the

swimming speed.

— [50]
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Table 2: Continued.

Stage NPs diameter
Treatment
duration

Tested
concentrations

General toxicity
response

Specific ROS
responses

Reference

Embryos ≤25 nm 96 hpf
10 and 50mg/L
+5 and 10mg/L

of BPA

TiO2 NPs: normal survival
rate; no important

malformations; and decreased
hatching rate at the highest

dose tested
TiO2 NPs+BPA: significant
decrease dose-dependent of

survival rate, different
abnormalities (spine
deformation, weak

pigmentation, and pericardial
edema).

— [52]

Embryos

NM-103/104:
20 nm; P25:

21 nm; and micro-
TiO2: 200 nm

8 dpf
0.01, 0.1, and
1mg/mL

No effects on survival,
hatching, or deformities rates;

decrease in the length of
larvae at one dose of
microsized TiO2..

Decrease in SOD activity;
perturbation in GSH levels;
and highest levels of ROS in
embryos treated with P25

NPs.

[54]

Embryos 25 nm 6 dpf
0.1mg/L+PCP (3,
10, and 30μg/L)

Similar survival and hatching
rates in samples treated with

PCP and PCP plus
nanoparticles; incidence of
malformations higher in

coexposed larvae.

Alterations in GSH content,
SOD activity and MDA in

sample treated with only NPs;
decrease in the SOD activity

and GSH content and
important levels of MDA and
ROS in cotreated samples; and
an important upregulation
sod1 and nrf2 in cotreated

samples.

[49]

Embryos 6, 12, and 15 nm 120 hpf 0–1000 μg/mL

LC50 6 nm: 23μg/mL; LC50
for 12 nm: 610μg/mL
LC50 for 15 nm: not

detectable; several phenotypic
abnormalities (opaque yolk,
axial curvatures, craniofacial

defects, yolk sac, and
pericardial edema).

High levels of hydroxyl radical
(˙OH) and ROS; higher values
for 6 nm NPs in comparison

to 12 and 15 nm NPs.

[47]

Embryos

Anatase, TA
<25 nm; anatase/
rutile mixture,

TM, form, 25 nm

96 h
1, 10, and
100mg/L

5% of mortality only after
96 hpf in the group treated
with 100mg/L of TA under
UV light; lower hatching rate
in zebrafish treated with TA
and under UV illuminations;

egg coagulation and
perturbations in equilibrium
in zebrafish treated with TM;
and significant decrease of
survival and hatching rates

under UV light.

Under UV illumination
decrease in the enzymatic

activity of AP, GST, and CAT;
state of oxidative stress.

[68]
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Table 2: Continued.

Stage NPs diameter
Treatment
duration

Tested
concentrations

General toxicity
response

Specific ROS
responses

Reference

Embryos 7.02 nm 6 dpf
0.1mg/L+Pb

(0, 5, 10, 20, and
30 μg/mL)

Effects on organogenesis in
coexposed larvae; decrease in
T3 and T4 levels in zebrafish
treated with 30μg/mL of Pb
alone or to all the doses of Pb

plus TiO2 NPs;
downregulation of tg and TTR
shha, gfap, α-tubulin, and mbp
genes; upregulation in tsβ

gene; and significant
decreased in the swimming

speed.

— [61]

Embryos 50-70 nm 96 hpf
0.1, 1, and
10 μgmL

No alteration in survival rate;
decrease in hatching rate;
significant incidence of

abnormalities (tail flexure and
pericardial edema); decrease
in total distance of swimming;
and TiO2 NPs able to cross
the BBB, localized in the

larvae brain.

High ROS production with
consequent oxidative stress;

high apoptosis in the
hypothalamus region;

upregulations of the genes α-
syn, parkin, uchl1, and pink1;

and decrease in the
dopaminergic neurons.

[60]

Embryos

Bulk TiO2:
∼110 nm; 5 h TiO2
NPs: 85 nm; 10 h
TiO2 NPs: 62 nm;
15 h TiO2 NPs: 46

96 h 10-250μg/mL

Significant decreased or
increased, respectively, in a
dose-dependent manner of
survival rates and hatching
rates; strongest effect for

embryos/larvae treated with
TiO2 NPs milled for the

longer time (15 h).

ROS quenching; steatosis,
lipid accumulation in dose-

dependent manner in
different areas of the animal
(tail, head, and notochord);

high number of apoptotic cells
in tail and head; perturbation
of sod1 protein activity; and
perturbation of protein tp53.

[56]

Adults <150 nm 5 days 1, 2, and 4mg/L
Structural changes and

degeneration of the follicles.

Several vacuolizations in the
cytoplasm; evident forms of
paraptosis; mitochondrial
vesiculation and chromatin
condensation; and swelling
and mitotic catastrophe.

[69]

Embryos 5–25 nm 72 hpf
500 and 1000mg/

L
No changes in the survival

rate for all the treated samples.

Perturbation of SOD2 mRNA
level both under illumination
and in dark condition; normal
level of Pxmp2; and significant
difference in IF1 mRNA level

under illumination.

[65]

Embryos 20 and 30 nm 96 h
1, 10, 50, and
100μg/mL
+10 μg/mL

TiO2 NPs: survival rate of
85%: TiO2 NPs+HA: 95%. HA
decrease harmful effects of

TiO2 NPs.

— [53]

Embryos 40 nm 96 h
10, 25, 50, 100,

250, and 500 μg/L

LC50 = 90μg/mL;
enhancement of hatching rate

of embryos; and some
abnormalities (both body and

organs).

Lower ROS production for the
TiO2 NPs produced by HEBM
method, compared to the bulk

one.

[56]

7Oxidative Medicine and Cellular Longevity



Table 2: Continued.

Stage NPs diameter
Treatment
duration

Tested
concentrations

General toxicity
response

Specific ROS
responses

Reference

Embryos 1-3 nm
10, 100, and
1000mg/L

100% mortality at the highest
concentrations; delay in

hatching rate at the middle
and highest doses tested;
several malformations

(aneurysm and pericardial
edema) in embryos injected

with TiO2 USNPs; any
perturbations or vascular

toxicity in the ones injected in
the circulatory systems at

48 hpf; length reduction of the
ISVs in eggs treated by
soaking or injection with

100mg/L of TiO2 USNPs; and
perturbation in Myo1c

expression.

— [58]

Embryos 21 nm
34, 58, 82,
106, and
130 h

0.01, 10, and
1000mg/mL

73% of embryos exposed to
highest dose hatched

prematurely between 34 and
58 hours post exposure.

— [57]

Embryos 5 nm 2 days

100 μg/L) TiO2
NPs+Pb (0, 10,
20, and 40 μg/L);
a subsequent
depuration
(144 h)

Survival and hatching rates up
to 85% for all the investigated
cases; significant perturbation
in these biological parameters
observed only in at 40μg/L Pb
plus TiO2 NPs; and reduction
in the larvae swimming speed.

— [62]

Embryos
Micro-TiO2 1–

2 μm
Nano-TiO2 21 nm

6 dpf

0.01, 0.1, and
1.0mg/L nano-
TiO2 and 1.0mg/
L micro-TiO2

No effects on survival and
hatching rates; body weight

and length of larvae decreased
as well as rotation times and

the swimming speed;
perturbation in the

neurogenesis and in the motor
neuron axon length; and

perturbation in the expression
of genes α1-tubulin, mbp, and

gap43.

— [63]

Adults 20.5 48 h 1000 μg/L

No significant alterations in
gill histopathology; important
changes in the expression of

171 genes (111 genes
downregulated and 60

upregulated).

— [36]

Adults 21 nm 14 days 0.1 or 1.0mg/L

No behavioral abnormalities
and no mortality; changes in
the number of white blood

cells at the last day of
exposure (14) for all the tested

doses of TiO2 NPs.

Normal Na+K+-ATPase
activities in the liver, gill, and
brain; values of GSH in the
liver, gill, and brain higher in

comparison to controls;
histology of all these tissues
normal; and absence of
intracellular oxidative

damage.

[67]
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Table 2: Continued.

Stage NPs diameter
Treatment
duration

Tested
concentrations

General toxicity
response

Specific ROS
responses

Reference

Adults 9.7 nm 90 days
100 μg/L+0, 2 and

20μg/L BPA

Change in the intestinal
microbial community after

cotreatment of TiO2 NPs and
BPA.

Oxidative stress and
inflammation dose-dependent
and sex-dependent; oxidative

responses due to the
cotreatment linked to a

different amount of Lawsonia
and Hyphomicrobium.

[72]

Adults <150 nm 5 days 1, 2, and 4mg/L

Swelling and loss of cristae
and degenerated
mitochondria in

spermatocytes and Sertoli
cells; high amount of necrotic
cells; and damages in the
testicular morphology and
negative impact on the

fertility.

— [70]

Adults 23.8 nm
5, 7, 14, 21,
and 28
days

1 and 10μg/L —

Significant percentage of
DNA fragmentation with
maximum injuries after 14
days; significant number of

apoptotic cells; and important
decrease of genome stability
(GTS%) at 14 days, and then
recovered in part at 28 days.

[71]

Adults 240–360 nm 91 days 0.1, 1.0mg/L

After 9 weeks, decreased
number of embryos; increase
in mortality rate at 2 dpf of
embryos produced by the

exposed female; perturbation
in the follicular stages, with a
block in the development; and
important alteration of genes
involved in the development

of oocytes.

— [66]

Embryos
and
adults

25 nm

Embryos:
96 hpf

Adults: 7
days

Embryos: 10, 50,
and 100mg/L
Adults: 10, 50,
and 100mg/L

—

Embryos: no effects on
hatching rate, no sign of

deformity.
Adults: significant decrease of
activities of GSTs, CAT, and
SOD in the gills and liver;
oxidative stress condition.

[64]

Adults 21 nm 21 days, 5 and 40mg/L

Increase of both bacteria (gut)
in the water and animal
motility; Actinobacteria,

Bacteroidetes, and
Proteobacteria main

component of the flora of the
gut.

— [73]

Abbreviations: AP: acid phosphatase; atho7: atonal homolog; BDE: polybrominated diphenyl ethers; BBB: blood-brain barrier; BPA: bisphenol A; BSO:
buthionine sulfoximine; CAT: catalase; dio2: iodothyronine deiodinase 2; gap-43: growth-associated protein 43; gfap: glial fibrillary acidic protein; GSH:
glutathione; GST: glutathione S-transferase; HEBM: high-energy ball milling; HIF1: hypoxia-inducible factor 1; HA: humic acid; hpf: hours post
fertilization; ISVs: growing intersegmental vessels; LC50: 50% of lethal concentration; MDA: malondialdehyde; mbd: methyl-CpG-binding domain; Mt2:
metalloprotein 2; Myo1c: Myosin IC; NAC: N-acetylcysteine (NAC); Nrf2: nuclear factor erythroid 2-related factor 2; PCP: pentachlorophenol; Pxmp2:
peroxisomal membrane protein 2; ROS: reactive oxygen species; shha: hedgehog protein A precursor; SOD: superoxide dismutase; TA: anatase; tg:
thyroglobulin; T3: triiodothyroxine; T4: thyroxine; TM: anatase/rutile mixture; tp53: tumor protein 53; tshβ: thyroid-stimulating hormone β; uchl1m:
ubiquitin C-terminal hydrolase L1; USNPs: ultrasmall nanoparticles.

9Oxidative Medicine and Cellular Longevity



mortality rate was observed for all the tested doses in com-
parison to control samples. In normal conditions, a certain
number of zebrafish do not survive during the metamorpho-
sis period, when they are especially vulnerable. Exposure to
light and TiO2 NPs speeded up the death of fish in this life
stage. In addition, the nanoparticles induced distinctive abnor-
malities and perturbations in the growth. The embryos and
larvae showed reduced size, not developed fin rays, deforma-
tions of craniofacial structures, and absence or abnormal orga-
nization in the pigmentation. The larvae treated with 1000μg/
mL presented a swim bladder with only a single lobe. More-
over, an important increase of 8-hydroxy-2′-deoxyguanosine
(8-OHdG) detected by ELISA revealed an indication of oxida-
tive stress and intracellular damages. Another study explored
the effects of size on the biointeractions of citrate-
functionalized TiO2 NPs on zebrafish during the development
under illumination [47]. Zebrafish were exposed to 6, 12, or
15nm sizes to citrate-TiO2 NPs for 120hpf. The smallest
NPs (6nm) were the ones that presented the highest dose-
dependent harmful effects, with a LC50 value of 23μg/mL;
the LC50 for 12 and 15nm NPs were 610μg/mL and not
detectable, respectively. Moreover, the exposed larvae showed
several phenotypic abnormalities, including the opaque yolk,
axial curvatures, craniofacial defects, yolk sac, and pericardial
edema. On the other hand, high levels of hydroxyl radical
(˙OH) and ROS were detected by using specific indicators,
the 3′-(p-aminophenyl) fluorescein (APF) and the acetyl ester
of 5-(and 6-) chloromethyl-2′,7′-dichlorodihydrofuorescein
diacetate (CM-H2DCFDA). The detected values were higher
for 6nm NPs than those for the 12 and 15nm NPs [47].

Jovanovic et al. evaluated the potential neuroimmunolo-
gical effects of TiO2 NPs injected together with hydroxylated
fullerenes in the otic vesicle of zebrafish [48]. To this end,
the expression of different genes linked to the immune and
nervous systems was analyzed. The coinjection caused the
downregulation of three clusters of genes, associated with
the circadian rhythm, transport, vesicular trafficking, and
immune response.

Due to the concomitant presence in the aquatic environ-
ment of toxicants and nanoparticles, their combined effects
were tested in zebrafish. In particular, three different studies
evaluated the combined effects of pentachlorophenol (PCP),
or deca-BDE (BDE-209), or bisphenol A with titanium diox-
ide nanoparticles, assessing a possible effect impacting on
Danio rerio growth [49, 50]. The study on the effects of
PCP and TiO2 NPs focused mainly on the genotoxicity
and oxidative stress evaluation [49]. The values of survival
and hatching rates in samples treated with both PCP and
PCP plus nanoparticles were similar, while the incidence of
malformations was higher in the coexposed zebrafish larvae
exposed. Regarding oxidative stress, zebrafish treated only
with nanoparticles presented an alteration in glutathione
content, SOD activity, and malondialdehyde, while no
increase in ROS production was revealed in comparison to
the control groups. However, coexposure to PCP and nano-
particles to fish led to a decrease in the SOD activity and
GSH content when compared to the sample treated with
PCP alone. Moreover, coexposure led to an increase in
ROS production and important levels of MDA in compari-

son to the single treatment. Similarly, the coexposure caused
an important upregulation of two genes, implicated in the
glutathione metabolism and oxidative damage, sod1 and
nrf2 [49]. These findings indicate that titanium oxide nano-
particles enhance the PCP metabolism, causing genotoxicity
and oxidative stress in zebrafish during their development.
In another study, the effects of BDE or BDE plus nanoparti-
cles were investigated in the embryos for 7 dpf [50] with
emphasis on the neurodevelopment and thyroid tissues.
The survival and hatching rates of the samples treated with
BDE or BDE plus nanoparticles had similar values over
90% for both the biological parameters. Since a previous
work reported a thyroid endocrine disruption led by BDE-
209 [50], the values of TH were noted. Samples cotreated
with BDE and nanoparticles led to an important increase
in the thyroxine (T4) values in comparison to the ones
exposed only to the toxicant. No difference in the triio-
dothyroxine (T3) levels was found. The analysis of different
genes implicated in TH regulation, and metabolism reported
an important upregulation in the expression of the thyro-
globulin (tg), thyroid-stimulating hormoneβ (tshβ), and
iodothyronine deiodinase 2 (dio2) genes, in the cotreated
larvae. The same control was performed on genes implicated
in zebrafish neurodevelopment. Downregulations of α1-
tubulin and methyl-CpG-binding domain (mbd) genes were
detected, while the expression of the growth-associated
protein 43 (gap-43) genes was normal in cotreated fish. In
accordance with these results, also the expression of the
mbd protein was perturbed, while the one of α1-tubulin
was not affected. Coexposed larvae presented also a reduc-
tion in the swimming speed [50]. These findings reported
that TiO2 NPs enhance the metabolism of BDE. In addition,
the exposure of zebrafish to BDE plus nanoparticles led to
neurodevelopmental toxicity and thyroid endocrine pertur-
bation. This study together with the one performed by Fang
et al. demonstrated that TiO2 NPs can absorb toxicants, sug-
gesting that toxicity assessments on contaminates should
take into account also the copresence of titanium dioxide
nanoparticles. The same research groups investigated the
impact of TiO2 NPs on neurogenesis with emphasis on the
retina in a parallel study [51]. The embryos treated with
1mg/L of TiO2 NPs until 72 hpf showed a normal pheno-
type, with no increase in the mortality rate or significant
incidence of malformations. In addition, the expression of
the atonal homolog 7 (atho7) in the retina of treated fish
was found to be similar to the control by using the in situ
hybridization. Moreover, the expression of different cell
types was investigated through immunostaining (Zn12,
Zpr1, and Zpr3 antibodies), which allowed to further inves-
tigate neuronal differentiation. At 3 dpf, all the components
of the retina (cones, ganglion cells, and rods) were well-
differentiated in all the samples, demonstrating the absence
of TiO2 NP-induced effects on the neurogenesis [51].
Finally, the analysis of microglia migration revealed the
absence of perturbations in macrophage migration in the
retina and the brain of the treated larvae. Another work eval-
uated the toxicological profile of bisphenol A (4,4′-isopro-
pylidenediphenol, BPA) and TiO2 NPs [52]. Fish treated
with only TiO2 NPs showed a normal survival rate and
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presented no important malformations compared to the
controls. On the other hand, after treatment with up to
40mg/L of TiO2 NPs, the hatching rate was importantly
decreased. The combined exposure to BPA and TiO2 NPs
led to a significant dose-dependent decrease of the survival
rate and induced different malformations in the larvae, such
as spine deformation, weak pigmentation, and pericardial
edema. These abnormalities were much more intense in
the cotreated zebrafish compared to ones treated only with
BPA. These findings, as in the case of the previously ana-
lyzed toxicants, demonstrated that the effect of a chemical
is enhanced by the presence of TiO2 NPs. The combined
impact, in all three cases (PCP, BDE, and BPA), caused a
potentiation of the harmful effects.

Another study evaluated the toxicity of TiO2 NPs in
combination with humic acid (HA) [53]. The presence of
HA led to a change in the survival rate of embryos. Indeed,
the survival rate of eggs treated only with TiO2 NPs was
85% and increased to 95% in the presence of HA. This indi-
cated that the presence of HA mitigates the harmful effects
exerted by TiO2 NPs.

In the same year, Faria et al. evaluated the oxidative
effects of three different titanium dioxide nanoparticle
aggregates (NM TiO2) in the presence or absence of solar
irradiation [54]. These aggregates were different in terms
of crystal structure or coating: NM-103 and NM-104
(89% TiO2, primary crystal size of 20nm), P25 (99.5%
TiO2 and a primary size of 21nm), and microsized TiO2
(98.5% TiO2 nontreated surface). The three aggregates did
not affect the survival and hatching rates of the treated larvae
nor induce significant abnormalities in the embryos/larvae.
Only one dose of microsized TiO2 caused a shortening of the
length of the larvae. In addition to a general decrease in
SOD activity, glutathione levels were perturbed. However,
the analysis of photo-oxidative stress indicated that the P25
NPs produced aggregates that led to the highest levels of reac-
tive oxygen species in comparison to the other NM TiO2.
Taken together, titanium dioxide nanoparticle aggregates did
not cause strong toxicity or mortality to zebrafish during the
development.

Another study assessed the potential toxicity of TiO2
NPs produced with a particular technique, using the high-
energy ball milling (HEBM) for 15h, in comparison to the
bulk particles [55]. The determined value of LC50 was
90μg/mL similar to the one of bulk NPs (95μg/mL). Sur-
prisingly, the TiO2 NP exposure enhanced the hatching rate
of embryos. The embryos and larvae presented some abnor-
malities (both body and organs). Finally, the analysis of ROS
showed lower levels for the TiO2 NPs produced by the
HEBM method, compared to the bulk one. The same
research group focused their attention again on TiO2 NPs
produced using the HEBM method by milling bulk TiO2
particles for different times (5, 10, and 15h). The survival
rates and hatching rates of exposed embryos significantly
decreased or increased, respectively, in a dose-dependent
manner. In both cases, the strongest effect was found for
embryos/larvae treated with TiO2 NPs milled for the longest
period (15 h). As varying the milling times allows modifying
the size and the charge of NPs, it was possible to assess

potential effects induced by these alterations. In particular,
the evaluated biological parameter was found to be depen-
dent on the NP milling time. Moreover, by using an in vivo
and in silico computational approach, steatosis, apoptosis,
and oxidative stress were assessed. Surprisingly, 5 h, 10 h,
and 15 h milled TiO2 NPs led to ROS quenching. This partic-
ular behavior of industrial TiO2 NPs could be probably due
to the production of oxygen vacancies during the HEBM
approach. In addition, the analysis of perturbations in
neutral lipids allows determining the TiO2 NP-induced
steatosis. Zebrafish treated with TiO2 NPs showed a
concentration-dependent accumulation of lipid in different
areas of the animal, including the tail, the head, and the
notochord. Moreover, acridine orange staining revealed a
high number of apoptotic cells in the tail and head of
samples treated with TiO2 NPs. Different computational
investigations were performed to reveal the interaction of
NPs with the sod1 gene, implicated in the ROS production,
or the apoa1a61 (apo-lipoprotein), or docking the tumor
protein 53 (tp53) protein (apoptotic factor) with TiO2 NPs.
These analyses allow understanding the key role of lipid
accumulation and ROS quenching in the TiO2 NPs toxicity
in zebrafish during the development. In particular, the pro-
duction of TiO2 NPs via the HEBM approach led to a change
not only in the zeta potential and size of the synthetized
nanoparticles but importantly in the oxygen vacancies, caus-
ing harmful effects. Moreover, the alteration of the activity of
sod1 causes a perturbation of tp53. The final pathway caused
lipid alterations, apoptosis, and oxidative stress [56].

Even if different studies have already analyzed the effects
of TiO2 NPs on the most common toxicological endpoints
(hatching, survival rates, and abnormalities), a deeper study
was performed to evaluate the hatching rate at different time
points (34, 58, 82, 106, and 130hpf) by exposure of embryos
to different TiO2 NPs doses (0.01,10, and 1000mg/mL) [57].
The 73% of embryos exposed to the highest dose of TiO2
NPs hatched prematurely between 34 and 58 hours post
exposure (hpe) in comparison to the control group, exposed
only to normal medium (58-82 hpe). This indicates that the
presence of TiO2 NPs can induce premature hatching of the
embryos.

The impact of ultrasmall TiO2 NPs (USNPs) (1-3 nm,
10, 100, and 1000mg/L) with a focus on vascular toxicity
was studied in zebrafish during development [58]. Simple
soaking exposure to the highest concentration of TiO2
USNPs (1000mg/L) induced 100% mortality and together
with the intermediate dose (100mg/L) delayed hatching.
No vascular effects were noted at 120 hpf. On the other
hand, embryos injected a 0 hpf with TiO2 USNPs (1 ng/
embryo) presented several malformations such as aneurysm
and pericardial edema, while the ones injected in the circula-
tory systems at 48 hpf did not present any perturbations or
vascular toxicity. To assess the specific impact on angiogen-
esis, eggs were treated by soaking or injected with 100mg/L
of TiO2 USNPs. In both cases, nanoparticles led to a reduc-
tion in length of the growing intersegmental vessels (ISVs).
To comprehend the mechanism related to the impact on
angiogenesis, the expression of genes involved in vascular
toxicity was evaluated. Only the expression of Myosin IC

11Oxidative Medicine and Cellular Longevity



(Myo1c), involved in glomerular development, was affected
by TiO2 USNPs. These data demonstrated for the first time
the vascular effects of ultrasmall TiO2 on zebrafish during
development.

The effects of coating and size on the toxicity of TiO2
NPs were evaluated by exposure of embryos to nanoparticles
with different sizes (4, 10, 30, and 134nm) prepared at 6 dif-
ferent concentrations (50, 500, 5000, 50000, and 250000μg/
L) [59]. TiO2 NPs of 4 and 30nm did not exert toxicity on
zebrafish, while the 10 nm and 134nm had a low impact
on the mortality rate at 5000 and 250000μg/L, respectively.
Moreover, embryos treated with different sized NPs, and
the respective doses presented no necrotic cells or only a
low amount of them. The expression of metalloprotein 2
(Mt2) by in situ hybridization was found to be comparable
to the control samples. These findings were in line with pre-
vious studies, reporting the absence or low toxicity of TiO2
NPs.

Also, the specific possible neurotoxicity of TiO2 NPs was
evaluated in zebrafish during the development [60]. The
treated embryos/larva did not present an alteration in the
survival rate in comparison to the control samples. Con-
trarily, the hatching rate was decreased, and a significant
incidence of abnormalities (tail flexure and pericardial
edema) at 96 hpf was observed. In addition, the behavior of
larvae was affected by the treatment with nanoparticles, with
a decrease in the total distance of swimming of the larvae at
96 hpf compared to the controls. This indicates a toxic effect
of TiO2 NPs, but without consequent mortality. TEM images
showed that once internalized in the embryos, TiO2 NPs can
cross the blood-brain barrier (BBB) and localize in the larvae
brain. A high ROS production with consequent oxidative
stress was detected in the treated larvae. On the other hand,
histological analysis showed high apoptosis levels in the
hypothalamus. Moreover, the analysis of the genes alpha-
synuclein (α-syn), parkin, ubiquitin C-terminal hydrolase
L1 (uchl1m), and pink1, implicated in the Lewy body forma-
tions, revealed their upregulation [60]. Finally, zebrafish
larvae presented a decrease in the dopaminergic neurons.
All these findings underline that TiO2 NPs induced effects
that are similar to symptoms of Parkinson’s disease (PD).

Since TiO2 NP can interface with heavy metals in the
aquatic environment, few studies have assessed the effects
on zebrafish of TiO2 NPs and Pb cotreatments [61, 62]. To
this end, zebrafish embryos were coexposed to TiO2 NPs
(0.1mg/L) and several doses of Pb (0, 5, 10, 20, and 30μg/
mL) [61]. The hatching and survival rates were similar in
the samples that were cotreated or exposed only to one of
the two compounds. However, adverse effects on organogen-
esis were revealed only in the coexposed larvae. To evaluate
the potential impact of the cotreatment on the thyroid endo-
crine system, the levels of T3 and T4 were determined. A
decrease in the T3 and T4 levels was observed when zebra-
fish were treated with 30μg/mL of Pb alone or with all the
doses of Pb plus TiO2 NPs. On the other hand, no changes
were found in the embryos exposed only to NPs. In addition,
the expressions of tg gene and transthyretin (TTR) gene
were found to be downregulated, while the one of the
thyroid-stimulating hormone (tsβ) resulted to be upregu-

lated, in treatments relying on both the compounds. More-
over, the genes sonic hedgehog protein A precursor (shha),
gfap, α-tubulin, and mbp, implicated in the development of
the central nervous system (CNS), were downregulated in
comparison to the samples exposed only to different doses
of Pb. Finally, larvae coexposed presented a significant
decrease in the swimming speed. All these perturbations
indicated that TiO2 NPs could induce toxicity in the thy-
roid endocrine system and the development of the zebra-
fish CNS [61]. In a similar study, embryos were treated
with Pb or Pb plus TiO2 NP for 2 days with a subsequent
depuration (144 h) [62]. The uptake and complex formation
between TiO2 NPs and Pb were assessed by transmission
electron microscopy-energy dispersive spectrometry (TEM-
EDS). The survival and hatching rates of treated embryos/
larvae were up to 85% for all the investigated cases. A signif-
icant perturbation in the two biological parameters was
observed only in the case of 40μg/L Pb plus TiO2 NPs when
compared to the samples treated with Pb alone. Moreover,
the coexposure led also to a reduction in the larval swimming
speed. This perturbation in the locomotor behavior is in line
with the previous finding of Miao et al. Further, the expres-
sions of genes implicated in brain formation and develop-
ment and, specifically, those encoding for glial fibrillary
acidic protein (gfap), HuC (elavl3), and synapsin IIa (syn2a)
were evaluated. A downregulation was observed in the
expression of all three genes. These results indicated that
the presence of TiO2 NPs could enhance the neurotoxicity
effects of Pb in zebrafish during the development [62].

A recent study has deeply assessed the specific and poten-
tial neurotoxic effects of TiO2 NPs on Danio rerio [63]. Zeb-
rafish were treated until 6 dpf with 4 different doses of
nanoparticles (0.01, 0.1, and 1.0mg/L nano-TiO2 and
1.0mg/L micro-TiO2). The survival and hatching rates were
not affected by any exposure, while the body weight and
length of larvae were decreased at 1.0mg/L nano-TiO2 as well
as rotation times and the swimming speed. The treatment of
the transgenic line Tg (HuC-GFP) and Tg (hb9-GFP) with
nano-TiO2 caused, respectively, perturbation in the neuro-
genesis and the motor neuron axon length. Similarly, the
expression of genes α1-tubulin, mbp, and gap43 implicated
in the axonal growth, and the genes nrd and elavl3, involved
in the neurogenesis, were perturbed. It can be thus concluded
that nano-TiO2 induce neurotoxic effects in zebrafish, partic-
ularly in the motor neuron axonal growth and neuronal
development.

Tang et al. assessed the toxicity in embryos treated
chronically with high doses of TiO2 NPs (100mg/L) [64].
However, no significant changes were observed in the hatch-
ing, survival, or deformity rates.

Only one work evaluated the effects of a coating of the
TiO2 NPs on zebrafish during development [65]. Eggs were
exposed to bare TiO2 NPs or TiO2 NPs with polyelectrolyte
on the surface under illumination or darkness. In particular,
nanoparticles were coated with poly(sodium 4-styrene sulfo-
nate) sodium salt (PSS, anionic) (TiO2 NPs/PSS,) and poly-
allylamine hydrochloride (cationic, PAH) (TiO2 NPs/PSS/
PAH). No changes in the survival rate were observed for
all the treated samples under both conditions. In addition,
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the gene expression of peroxisomal membrane protein 2
(Pxmp2), a marker of hypoxia, hypoxia-inducible factor 1
(HIF1), a marker for membrane function, and SOD2, a
marker of oxidative stress, of samples exposed to bare
TiO2 NPs, TiO2 NPs/PSS, and TiO2 NPs/PSS/PAH were
measured. The level of SOD2 mRNA resulted to be per-
turbed, under both illumination and dark conditions for
all the different treatments. Pxmp2 expression was normal
in all the cases. The mRNA level of HIF1 presented a sig-
nificant alteration only when the experiments were per-
formed under illumination. These findings demonstrated
that the toxicity of TiO2 NPs can be influenced by several
factors, including the presence/absence of illumination and
surface coating.

2.2. Effects of Titanium Dioxide Nanoparticles on Adults.
Studies on the effects of titanium dioxide nanoparticles
on adult zebrafish are limited. Griffit et al. treated adult
zebrafish females with titanium dioxide nanoparticles and
analyzed their possible effect on gills in terms of both
morphological changes and perturbations in gene patterns.
Titanium dioxide NPs did not alter significantly the gill
histopathology after 24 and 48 h of treatment [35]. More-
over, the investigation of transcriptional activity revealed
important changes in the expression of 171 genes after
48 h of treatment, with 111 genes downregulated and 60
upregulated. Interestingly, some of these genes are implica-
ted in the function of ribosomes [35].

In 2011, Wang et al. performed a prolonged (91 days)
and chronic treatment of zebrafish with titanium oxide
nanoparticles, focusing on the potential impact on reproduc-
tion [66]. After 9 weeks, females treated with TiO2 NPs
started to produce a decreased number of eggs. In addition,
the mortality rate of embryos produced by exposed females
presented an increase in the mortality rate at 2 dpf. This
observation indicates that prolonged treatment with TiO2
NPs impairs the survival and reproduction of zebrafish.
Since the decreased number of eggs generated by females
can be linked to a problem in folliculogenesis, histological
analysis of the ovaries was performed. TiO2 NPs caused a
perturbation in the follicular stages, reporting a block in
the development probably due to nanoparticles interacting
with the follicles (Figure 2). The gene expression implicated
in the development of oocytes was evaluated by a microarray
of ovarian tissues. 0.1 and 1mg/mL of TiO2 NPs led to an
important alteration of several genes (1043 downregulated/
2383 and 471 upregulated/2069), demonstrating a perturba-
tion in the functionality and maturation of the ovary [66].

Ramsden and his research group investigated the bioin-
teractions of TiO2 NPs on zebrafish of 14 dpf, focusing on
the reproduction and different physiological parameters,
such as organ anatomy, hematology, and osmoregulation
[67]. The treated adult did not present behavioral abnormal-
ities or mortality. As the number of white blood cells chan-
ged only on the last day of exposure (14) for all the tested
doses of TiO2 NPs, this observation can be neglected. The
amounts of trace metals and whole electrolytes were normal
for all the temporal windows of investigation. Also, Na+K+-
ATPase activities in the liver, gills, and brain were found

similar to the control, demonstrating good osmoregulation.
However, the values of GSH in the same tissues were higher
in the treated adults in comparison with the control ones.
The histological analysis of all these tissues did not reveal
any significant changes. Indeed, no aneurisms or edema
were detected in the gills, together with no parenchymatic
changes in the liver. The morphological structures of the
brain and the gonads resulted to be normal. The lack of
damage revealed via the histological analysis in the investi-
gated tissues suggested the absence of intracellular oxidative
damage [67]. These results are in agreement with the previ-
ous study conducted by Chen et al. [37].

The toxicological profile of two different formulations of
TiO2 NPs (anatase, TA or an anatase/rutile mixture, TM,
form) on zebrafish was assessed under different illumination
settings (visible light or visible and ultraviolet light) [68]. No
mortality was detected in embryos treated with TA between
4 and 72hpf in all the investigated samples. Five percent
mortality was present only after 96 hpf in the group treated
with 100mg/L of TA under UV light. On the other hand,
zebrafish treated with TA under UV illumination showed a
lower hatching rate as well as shortening in terms of larval
body length. Treatment with TM led to egg coagulation
and perturbation of the larval equilibrium in all the samples,
while the survival and hatching rates were significantly
decreased and increased, respectively, only under UV light.
Under UV illumination, the analysis of biochemical markers
revealed a decrease in the enzymatic activity of acid phos-
phatase, GST, and CAT [68]. These changes indicated a state
of oxidative stress.

Akbulut et al. focused their research on the potential and
specific effects of TiO2 NPs on ovaries. To this end, adults
were treated for 5 days with different doses of nanoparticles
(1, 2, and 4mg/L). The analysis was performed by using both
histological staining (hematoxylin and eosin on paraffin
sections) and TEM [69]. Several toxic effects of TiO2 NPs
were observed in the ovaries. Treated samples presented
structural changes and degeneration of the follicles. In
particular, several vacuolizations in the cytoplasm indicated
evident forms of specific cell death (paraptosis, type III).
Further, the tissue showed mitochondrial vesiculation and
chromatin condensation (Figure 2). In addition to this,
mitochondria presented swelling and mitotic catastrophe.
Hence, TiO2 NPs led to paraptosis in adult zebrafish and
inhibited oogenesis. These findings are in line with the pre-
vious work of Wang et al. related to zebrafish development
[66] in which they reported perturbations in the female
reproduction, with evident defects in folliculogenesis.

The impact of TiO2 NPs on testis was further investi-
gated by treatment of zebrafish with 1mg/L, 2mg/L, and
4mg/L of nanoparticles, subsequent dissection, and fixation
of the testis, and final analysis of sections by TEM [70]. TiO2
NPs affected the testis in a dose-dependent manner, causing
swelling and loss of cristae and degenerated mitochondria in
spermatocytes and Sertoli cells (Figure 2). Zebrafish exposed
to TiO2 NPs presented a high amount of necrotic cells. As
the TiO2 NP-induced alterations in the Sertoli cells caused
damage in the testicular morphology, a concomitant possible
negative impact on fertility cannot be excluded.
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To assess potential genotoxic effects induced by TiO2
NPs, adult zebrafish were exposed to NP doses similar to
the one present in the aquatic environment (1 and 10μg/L)
for different time points (5, 7, 14, 21, and 28 days) [71].
The genotoxicity was investigated by using three different
and complementary approaches. First, the level of DNA
damage was evaluated using the comet assay. A significant
percentage of DNA fragmentation in treated zebrafish was
detected at a dose of 10μg/L of TiO2 NPs at 5 days while
reaching a maximum after 14 days in comparison to con-
trols. In addition, the number of apoptotic cells in zebrafish
exposed to the same dose of nanoparticles detected by diffu-
sion assay was found to be significantly reduced after 10 days
of treatment, supporting the results obtained with the comet
assay. Moreover, the DNA injuries were further analyzed by
the RAPD-PCR technique. This analysis showed a clear
deviation from the control in terms of DNA band pattern
of adults exposed to TiO2 NPs for 14 and 21 days, even if
after 28 days this observation was partially mitigated. The
same technique showed that the genome stability (GTS%)
decreased notably at 14 days but then recovered partially

after 28 days. These data demonstrate clearly that the highest
tested concentration (10μg/L) of TiO2 NPs caused genotoxic
effects in adult zebrafish after 14 and 21 days of expo-
sure [71].

Tang et al. assessed the toxicity of TiO2 NPs both in
embryos and adults. Here, they focused their attention on
the potential impact of NPs on the liver, gills, and intestine
with emphasis on oxidative stress [64]. The activities of
GSTs, CAT, and SOD were investigated in adults treated
with different doses of nanoparticles. The enzymatic activity
of all three investigated proteins was shown to be signifi-
cantly decreased when compared to controls. Especially in
the gills and liver, these alterations are associated with the
induction of a condition of oxidative stress. Moreover, no
important perturbations of their activities were detected in
the intestine. This observation could be attributed to the
low absorption of TiO2 NPs in the small intestine after
ingestion. On the other hand, the expression of CAT, SOD,
and GST genes was upregulated in all the investigated
organs. It can be concluded that although TiO2 NPs induce
upregulation of genes involved in the antioxidant

(a) (b)

(c) (d)

(e) (f)

Figure 2: Images of (a–d) ovaries and (e–f) testis tissues of adult zebrafish treated with TiO2 NPs. Reproduced with permissions from
[66, 69, 70].
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machinery, the corresponding level of traduced proteins was
not sufficient to counteract the production of ROS, causing
thus oxidative stress in the liver and gill of adult zebrafish.

As in the case of zebrafish during the development, also
adult fish were exposed both to TiO2 NPs (100μg/L) and
BPA (0, 2, and 20μg/L) or their mixture for 90 days, to
understand the possible effects on the gut microbiota [72].
The cotreatment of TiO2 NPs and BPA caused a change in
the intestinal microbial community. In addition, the impact
of TiO2 NPs on zebrafish development and in particular on
the intestine (oxidative stress and inflammation) was found
to be dose- and sex-dependent. The oxidative responses
due to the cotreatment were linked to a different amount
of Lawsonia and Hyphomicrobium. The treatment with a
mixture of TiO2 NPs and BPA had an impact on the gut
microbiota, with consequent effects on the Danio rerio as a
host organism.

A subsequent work evaluated the mortality and injury
induced by TiO2 NPs (5 and 40mg/L) [73]. The TiO2 NP
exposure was connected with an increase of both bacteria
in the water and animal motility. Moreover, the increase in
bacteria was found in the gut and not in the caudal and
dorsal fins. Actinobacteria, Bacteroidetes, and Proteobacteria
were found to be the main component of the flora of the gut,
containing a high amount of bacteria present in zebrafish
treated with TiO2 NPs. These findings suggest a correlation
between the zebrafish mortality caused by TiO2 NPs and
bacterial infections.

3. Iron Oxide Nanoparticles (IO NPs)

Iron oxide nanoparticles (IO NPs) can be designed with a
wide range of physicochemical and biological properties,
making them a useful platform for biological and medical
applications. Due to their versatile characteristics, colloidal
stability, and increased biocompatibility and degradability,
they have been intensively studied and implemented in
clinics over the past decades. As iron oxide is a naturally
occurring mineral, it allows for ecofriendly nanoparticle
(NPs) synthesis, without the need to rely on potentially toxic
chemical procedures and costly reagents. Moreover, it is
responsible for the inherent magnetic properties that charac-
terize these kinds of nanoparticles [74]. While IO NPs come
in different shapes and sizes, generally, they share a basic
design, composed of a magnetic iron core (mostly magnetite,
maghemite, or γ-Fe2O3 for biological and environmental
applications) comprised of one or multiple crystals [15, 75].
Based on this crystalline core, IO NPs can be grouped into
three main categories: micron-sized magnetic iron oxide
particles (MP IO), superparamagnetic particles (SP IO) dis-
playing a hydrodynamic diameter larger than 50nm, and
ultrasmall ones (USP IO), with less than 50nm [76]. It fol-
lows that the response of IONPs to an external magnetic field
(MF) is influenced by their composition, as well as by their
dimension [5]. Indeed, the coating does not only prevent
the IO NPs from aggregating and protects them from envi-
ronmental influences but importantly confers the basis for
the attachment of other biomolecules creating a plethora of
opportunities for possible applications [77]. Notably, IO

NPs are so far the only class of metallic nanoparticles that
have been approved for clinical use, i.e., in cancer bioima-
ging, hyperthermia-based therapy, and the treatment of
iron deficiency [78]. As the particles’ size and surface coat-
ing influence strongly its biodistribution, several medical
applications have been developed accordingly [79]. Poly-
meric coated-IO NPs are clinically proven and widely
approved as magnetic resonance agents, where they can be
further implemented to display dysfunctional processes [76,
79, 80]. Iron oxide-based nanoparticles hold thus great
promise in theranostic applications and are extensively
exploited as targeted drug delivery systems due to their capa-
bility to undergo versatile functionalization processes [80,
81]. As IONPs are generally of hydrophobic nature, a coating
of hydrophilic layers does not only improve their biocompat-
ibility but allows further for subsequent attachment of
biological molecules of interest [81, 82]. Here, a prominent
example is given by anemia therapy where IO NPs have been
successfully used as a remedy for many years [80, 82]. In con-
trast, in cancer treatment, IO NPs have been implemented as
in vivo cytotoxicity and apoptosis inducers, leading to a
significant reduction of the number of malignant cells [74,
78]. Indeed, IO NPs are the only nanoparticles approved
for hyperthermia-based therapy in humans, an approach that
exploits their magnetic properties for the generation of heat
when exposed to an alternating magnetic field (AMF) [78,
83]. A completely different approach is instead based on a
similar concept: it has been shown that the application
of an MF to IO NP-labeled neuronal cells allows to stim-
ulate them mechanically, inducing consequently a cellular
response, transduced, e.g., in neurite outgrowth [84–86].
Achieving controllable magnetic guidance of neurons
could contribute importantly to the understanding of neu-
rodegenerative diseases and their treatment as knowledge
in this field of research is scarce. Indeed, recently several
studies tried to take advantage of the unique properties of
IO NPs for tissue engineering and regenerative medicine
[82]. In addition, IO NPs can act as potent catalysts, due to
their particular physiochemical properties that cannot be
found in their bulk counterparts, and as a consequence, they
have been implemented successfully to address plenty of dif-
ferent economic and environmental issues [87].

As demonstrated by their wide range of clinical appli-
cations, IO NPs display without any doubt a high degree
of safety in living organisms. However, most studies asses-
sing the cytotoxicity of IO NPs are performed in cell cul-
ture model systems and lack in whole animal systems [86].
While in vitro studies generally revealed an absence of
toxicity, it must be kept in mind that nanoparticles can
be still identified as invading non-self-components by the
immune system of living organisms. Here, they could trigger
immunogenetic responses, such as an allergic reaction,
hypersensitivity, localized or systemic inflammation, immu-
nosuppression, or a combination of all [75, 78]. The size,
shape, and surface coating, but also the administration
method, the exposure condition, and the host itself, play a
role in the induction of a potentially unexpected health effect
to the IO NPs [15, 88, 89]. The type of interaction the IO NPs
establish with the immune system depends highly on their
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characteristics as these govern ultimately their biodistribu-
tion in the organisms. Indeed, several IO NP-based contrast
agents have been withdrawn from the market in several
countries after causing adverse side effects [72]. In this con-
text, it is particularly noteworthy that several studies revealed
the immune reaction to IO NPs being either immune-
stimulating or immune-suppressive [78, 89]. Especially when
present in a high concentration, IO NPs can favor the out-
come of toxic side effects [90].

Over the past years, IO NPs have further gained growing
attention in commercial and industrial applications while
increasing consequently also their release in the environ-
ment [15, 91]. Here, a particular concern is given to the
aquatic environment, as alarming estimations regarding
extensive sedimentary depositions of these nanopollutants
demand an accurate evaluation of their ecotoxicological
impact on this niche, and thus ultimately on human health
[15]. As a consequence of the globally increasing implemen-
tation of IO NPs in several branches, the deposition of these
particles in various life domains is inevitable. Several studies
have thus focused on the adverse effects induced by IO NPs
on aquatic organisms [14], with particular focus on zebra-
fish. Different studies have elucidated the possible harmful
effects of IO NPs both during the development and in adult
organisms (Table 3).

3.1. Effects of IO NPs on Zebrafish during Development.
Although IO NPs have been widely accepted as nontoxic,
care must be taken as different studies reveal contradictory
results [92]. In general, it must be distinguished between
primary and secondary IO NP-dependent induced toxicity.
The latter one is given, e.g., by the induction of an inflamma-
tory status in response to the entry of NPs in the organism
with subsequent activation of several downstream responses,
such as an increase in systemic levels of reactive oxygen spe-
cies (ROS). A primary response instead requires the intracel-
lular localization of the NPs and involves the responses that
take place at a cellular level [88]. Several studies showed that
NPs can interfere with the chorion by blocking its pores,
limiting thus the exchange of nutrients and oxygen. How-
ever, especially this factor is strongly influenced by the size
of the IO NPs and their concentration [15, 89]. Usually,
small IO NPs can pass the chorion without any disturbance
and do not induce any embryo toxicity if not exceeding in
concentration. In addition, the thickness of the chorion
can be altered due to NPs sticking to it and accumulating
on its inner/outer surface, especially when present in high
concentrations [15]. Together with the accumulation of
NPs on its surface, this could lead to a retard of embryo
growth and/or altered hatching due to hypoxia and the
establishment of ROS [15, 89]. In the study performed by
Pereira and colleagues, no deviation from normal hatching
behavior was observed for any of the investigated doses,
exposure conditions, and iron forms, indicating that the
treatments did not exhibit any adverse effect during the early
stages of development and presumably did not interfere neg-
atively with the embryonic gene expression and/or chorionic
surface [15]. Being hatching the transition point from the
developing embryo to the free-living larvae, it is often evalu-

ated in toxicity tests, as it allows to assess the overall devel-
opmental status [75]. However, a deviation of the hatching
time point cannot be strictly associated with toxicity, as the
hatched larvae might not display signs of underdevelopment
during later life stages. Nevertheless, the absence of an alter-
ation of hatching behavior can be indicative of the fact that
the IO NPs that have surpassed the chorion accumulate in
the organs, displaying their potential toxic effects only at
later time points of the zebrafish development. Indeed, IO
NPs functionalized with citrate and their dissolved counter-
part revealed a mild embryo toxic effect after an exposure
period of 144 h [15]. Nevertheless, the absence of an alter-
ation of hatching behavior can be indicative of the fact.
However, this effect was shown to be dose- and exposure-
type dependent. While the treatment of the larvae with γ-
Fe2O3 NPs resulted in a high mortality rate after 144 h when
surpassing a certain concentration, the lethal dose was
diverse according to the exposure type. In this context, static
exposure (0.6-10mg/L) appeared to be less toxic, as higher
concentrations were needed for the induction of death when
compared to the semistatic setup (0.3-10mg/L) [15].
Regarding the iron ions, no difference was observed in terms
of the type of exposure but resulted in a high mortality rate
in all groups treated with doses >0.3mg/L. These observa-
tions hint towards the fact that the exposure conditions of
the IO NPs need to be considered in the establishment of
nanotoxicity and that the induced effect is partially indepen-
dent of the presence of iron ions themselves. This comes as
static exposure of IO NPs enables for treatment with a
higher dose without an increase in mortality when compared
to the same concentration of free iron. A slightly different
trend was observed with regard to neurotoxicity, assessed
by the SCF, a common marker for the potential neurotoxic-
ity of substances. While the SCF of embryos treated with IO
NPs under static and semistatic conditions did not reveal
any neurotoxicity, this was not true for their dissolved coun-
terpart. Here, only semistatic exposure to iron ions (5mg/L)
led to a reduction in the spontaneous embryo contraction,
when compared to lower doses (0.3, 0.6mg/L) and the con-
trol group. The increase of toxic effects caused by the free
iron ions when compared to the same concentration of IO
NPs strengthens the assumption that proper surface coating
can reduce the potentially adverse effects of IO NPs. This
hypothesis is in line with the finding that the coated γ-
Fe2O3 NPs induced a low frequency of morphological alter-
ations on zebrafish larvae and embryos in comparison to
their dissolved counterpart under static conditions [15].
However, this was not true for semistatic exposure, where
a large number of malformations were observed for both
iron forms. In addition, the investigated concentrations of
IO NPs did not alter the morphometric parameters of zebra-
fish exposed for 144 under static and semistatic conditions.
Higher doses of free iron ions (1.25 and 2.5mg/L) induced
instead notable physiological alterations (i.e., reduction of
the area of the swim bladder, yolk sac, head height, and body
length) under semistatic exposure. Nevertheless, by imple-
menting uncoated γ-Fe2O3 NPs, this effect was reversed,
with the embryos displaying pericardial edema, tissue ulcer-
ation, and spinal curvature [15]. Taken together, the degree
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of toxicity induced by IO NPs is not only strongly influenced
by the physicochemical composition of the surface of the
NPs but also by the exposure condition itself that could
potentiate the adverse effect notably.

Another recent study revealed a dose-dependent delay of
embryo hatching after incubation of 96 h with Congo red-
labeled Fe3O4 (Cr@Fe3O4). The observed effect was both
dose- (>200μg/mL) and time-dependent. In particular, the
highest dose of 800μg/mL induced a reduction of around
70% in the overall hatching behavior. However, as no
adverse effect in terms of hatching was revealed for the bare
NPs at any investigated concentration, it might be concluded
that the toxic impact is due to the presence of the dye [93].
Indeed, another possibly cytotoxic effect to take into consid-
eration for IO NPs is the one given by their surface structure.
This is further demonstrated by the fact that proper surface
coating of the IO NPs could ameliorate the observed adverse
effects to a certain degree underlying again the importance
of the physicochemical composition of nanoparticles in the
induction of toxicity and teratogenicity [89]. Indeed, it has
been shown that specific coatings, such as dextran or poly-
ethylene, can significantly reduce the toxicity of IO NPs for
a wide range of concentrations [77, 94].

To investigate further this aspect, Oliveira et al.
reported the effect of different coatings in the elicitation
of SP ION-induced toxicity [77]. In addition to the classic
sublethal endpoints, they assessed also behavioral patterns
after 5 days of exposure (locomotion, thigmotaxis, and
escape response). They evaluated the impact of different
coatings: dextran (SP ION-DX), chitosan (SP ION-CS),
carboxy-silane (SP ION-T), polyethylene glycol (SP ION-
T-PEG), and silica (SP ION@SiO2). The animals were
evaluated daily for mortality, hatching rate, and malforma-
tions using a stereomicroscope. Interestingly, only SP ION-
CS led to a reduction in the survival of zebrafish embryos
when administered in concentrations of >2mM. More in
detail, the deadly effect was dose-dependent and was accen-
tuated continuously after 2 days of exposure, leading to a
100%mortality rate after 5 days. As reported in other studies,
precipitation of high concentrated NPs might be at the basis
of this adverse effect [14, 77, 95].

Next, the hatching behavior was evaluated between 48
and 72 hpf. According to the specific surface coating, slight
differences were revealed. In line with the increased mor-
tality rate, animals treated with 8mM of SP ION-CS died
even before hatching. While 2mM of SP ION-CS and SP
ION@SiO2 delayed the hatching, all other groups led to
mild premature hatching at all investigated concentrations.
The fact that none of the investigated IO NPs induced any
morphological malformations after 5 days of incubation,
even at the highest investigated dose, supports the idea that
appropriate surface coating can favor the biocompatibility
of IO NPs when compared to the same dose of bare NPs
[14]. However, as the animals treated with high concentra-
tions of SP ION-CS deceased before analysis could take place,
no conclusion about teratogenicity in this context could be
given. With regard to the behavioral evaluation, similar to
what has been observed for the hatching rate, only SP
ION-CS (0.125mM) and SP ION@SiO2 82mM) revealed

a deviation in their locomotor activity in comparison to
the controls—although these results were not completely con-
vincing. For all investigated particles, an anxiogenic effect
could be excluded. However, in terms of the escape response,
zebrafish treated with SP ION-CS, SP ION-T-PEG, and SP
ION@SiO2 showed a significant decrease in their performance
[77]. The study performed by Oliveira et al. strongly affirms
that surface coatings do mitigate potentially toxic effects of
IO NPs by reducing their reactivity while increasing their
colloidal stability. Nevertheless, this effect might be bilateral.
Indeed, as demonstrated by Jurewicz et al., while IONPs func-
tionalized with a certain compound did not impact negatively
the zebrafish development, the same compound induced
toxicity when administered alone at the corresponding
concentration [93]. In this context, a previous study evaluated
the effect of pure chitosan nanoparticles on zebrafish embryos
[96]. Here, the authors showed that chitosan induced mortal-
ity and hatching delay in a dose-dependent manner, together
with the induction of morphological alterations. At the basis
of this toxicity were increased levels of ROS, apoptosis, and
physiological stress [96]. These findings could corroborate
the hypothesis that together with the characteristics of the
nanoparticle, the surface coating must be evaluated carefully
in the assessment of potential toxicity, generated probably by
a combination of both components.

To further increase the biocompatibility, Hafiz et al.
synthetized IO NPs based on a green chemistry approach
based on spinach. Zebrafish embryos and larvae were
exposed to these 150-200 nm sized crystalline Fe2O3 particles
at different concentrations for several time points, from 8 to
168 hpf. While concentrations ranging from 1 to 5mg/L did
not reveal any toxicity, higher doses of 50 and 100mg/L
had a deleterious effect on the embryos (100% mortality),
with an LC50 of 10mg/L, concomitant with a delay in
hatching. The most sensitive stadium of development was
identified to be 24 hpf, corresponding to the time point
of organogenesis [97]. Indeed, as reported in previous
studies, probably also in this case, high concentrations of
IO NPs favor their aggregation, especially in the case of pris-
tine particles due to their intrinsic reduced stability [77]. The
identified toxic effects are probably a consequence of the
obstruction of the pores of the chorion by the presence of
IO NPs. However, the observed toxicity in the early stages
of the development is mostly attributable to altered gas
exchange between the embryo and its environment rather
than to the IO NP composition itself [97]. Usually, IO NPs
of smaller dimensions are considered more toxic than their
bigger counterparts [98]. This is because smaller NPs present
a bigger reactive surface area and thus could generate theo-
retically more ROS. In addition, smaller NPs are generally
degraded more rapidly, leading to fast iron accumula-
tion [94].

Zhu et al. evaluated the effect of the exposure of differ-
ent doses of uncoated Fe2O3 NPs (0.1, 0.5, 1, 5, 10, 50,
and 100mg/L) on the early development of zebrafish
[14]. For this purpose, they analyzed the embryos and lar-
vae at different time points (6, 12, 24, 36, 48, 60, 72, 84,
96, 120, 144, and 168h) via microscopy, emphasizing the
survival, hatching rate, and morphological malformations.
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First, they demonstrated a correlation between IO NP con-
centration and hatching rate, where doses >10mg/L induced
hatching retardation and severe toxicity [14]. Indeed, the
high concentration-induced increased adherence of IO NPs
to the chorion is known to alter not only its thickness but also
its physiological functions, as reported by other studies. The
disturbance of the homeostasis of this important barrier,
and especially the alteration of gas exchanges, could lead to
ROS accumulation and thus ultimately to the observed devel-
opmental toxicity [14]. In particular, the establishment of
hypoxia is tightly associated with the onset of oxidative stress
[98]. Moreover, Zhu et al. showed that similar concentrations
to the ones investigated by Hafiz et al. (0.1-10mg/L) of naked
Fe2O3 NPs did not exhibit any toxicity to embryos or larvae,
while again higher concentrations reduced significantly via-
bility (75% 50mg/L and 45% 100mg/L) after 168 hpf, with
an LC50 corresponding to 53.35mg/L. The survival of the
embryos dropped importantly after 48 hpf, from 90% to
25% at 168 hpf, indicating that also here the embryo toxic
effect exerted by the NPs is not only depending on the dose
but also on the exposure time itself [14, 15, 97]. Indeed, treat-
ment period is a crucial point in the establishment of toxicity
of metal oxide nanoparticles in aquatic organisms [95] More-
over, serious malformations, such as pericardial edema,
tissue ulceration, and body deformation, were observed for
doses >50mg/L. These effects were even more accentuated
for the group treated with 100mg/L [14]. In extreme cases,
the treated embryos were unable to hatch and died conse-
quently. It must be kept in mind that the observed aggregate
formation and precipitation of the naked IONPs after adding
them to the maintenance medium, and which is due to their
colloidal instability (especially observed for doses >10mg/L),
possibly affects the effective concentration at which the
embryos/larvae have been exposed [14, 94]. However, as zeb-
rafish embryos/larvae are demersal, this effect might be less
important than previously stated, and the observed severe
toxicity might be due to the IO NPs strong adherence to
the organisms surface concomitant with a localized increase
of released iron [14, 77, 97, 98]. Another important factor
that contributes importantly to IO NPs’ toxicity is the state
of the iron of the NP itself; Fe3+ present in Fe3O4 NPs
revealed a greater toxicity than Fe2+ stemming from Fe2O3
NPs [94]. For example, in the lung cancer cell line A549, bare
Fe2O3 NPs (20-60 nm) did not reveal any toxicity for concen-
trations under 200μg/mL [99]. Interestingly, while bare
Fe2O3 have been shown to be completely cleared by zebrafish
after a prolonged exposure time, Fe3O4 particles are still
retained in the organism after the same time span [95]. This
observation might indicate that while the first ones are
excreted through the digestive system, the latter ones may
reach other organs where they then accumulate.

Once internalized by an organism, many studies have
described the capture of IO NPs by cells belonging to the
immune system, and their subsequent degradation concom-
itant with the release of iron ions [78, 88]. However, under
physiological conditions, tissue macrophages are the ones
in charge of replenishing the organisms’ iron needs by clear-
ance of senescent erythrocytes [100]. Under physiological
conditions, free iron ions are sequestered under the form

of the redox-inactive Fe3+, while only a small fraction used
in the cellular metabolism is available as the redox-active
Fe2+ [94]. Upon cell absorption, IO NPs accumulate usu-
ally inside lysosomes or endosomes where they are metab-
olized, causing the release of iron ions [94]. Although iron
is involved in important biochemical processes, its intra-
cellular levels must be monitored carefully [100, 101]. It
is thus clear that any disturbance of the iron homeostasis
might affect cellular functions adversely. Importantly, it
has been shown that the accumulation of iron in living
organisms is associated with the establishment of oxidative
stress and pathological conditions [75, 102]. This is because
when the iron storing ability is exceeded, the free ions lead
to the production of reactive oxygen species and/or reactive
nitrogen species (RNS) [15, 103]. Interestingly, while
2.5mg/L of pure iron ions induced a 100% mortality rate,
this could not be observed for the same concentration of
investigated IO NPs. Generally speaking, the γ-Fe2O3
NPs showed low toxicity when compared to their dis-
solved counterpart [15]. In biological systems, the Fenton
or the Haber-Weiss reaction is at the basis of the genera-
tion of ROS molecules [100, 104]. Iron is a transition
metal and consequently it can change easily its valence,
providing or accepting an electron [98]. Fe2+ reacts with
hydrogen peroxide under the release of radical OH [94].
It follows that the accumulation of iron, and thus Fe2+,
leads to the production of ROS inside the cytoplasm,
which then could cause oxidative injury in cells. This
would be true especially for uncoated IO NPs, which once
endocytosed would release ions easily and thus elevate the
intracellular iron concentration disturbing redox homeo-
stasis [105]. Indeed, Pereira et al. showed that semistatic
exposure to iron induced neurotoxicity in zebrafish
embryos after 24 hours of incubation, while intact IO
NPs corresponding to the same concentration did not
induce this effect [15]. This comes as “increased free iron”
favors the production of the highly reactive hydroxyl rad-
icle, promoting lipid peroxidation, which in turn is further
amplified in a self-sustained loop of cytotoxic events as it
reacts directly with iron ions [101]. However, ROS is a
normal byproduct of cellular metabolism, and as it carries
a key role as an intracellular signaling molecule, its con-
centration is usually regulated by the antioxidative
machinery of the cell [106]. Specific enzymes involved in
this process ensure the maintenance of intracellular redox
homeostasis [87]. It is known that exposure to xenobiotics
increases the production of ROS. Under certain condi-
tions, such as IO NP-induced reduction of the mRNA
levels of genes involved in the antioxidant defense system
or the direct inhibition of their activity [89], ROS can
though accumulate and exert its toxicity, damaging bio-
molecules and the DNA, leading eventually to cell death
[87, 100]. Moreover, in this context, a concomitant iron
accumulation inside cells has been associated with cellular
death due to oxidative injury [94]. As programmed cell
death is induced in response to adverse stimuli occurring
during embryogenic development, the onset of malforma-
tions is a clear indication of toxicity. It has been reported
that the increase of intracellular iron levels is correlated
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with the dose of administered IO NPs [94], explaining
thus the aggravation of the toxic effects in the cited studies
implementing higher concentrations.

Several studies revealed that increasing concentrations of
IO NPs induce in zebrafish larvae mainly cardiotoxic effects,
such as pericardial edema, bradycardia, and cardiac blood
accumulation [14, 15, 98]. IO NPs and iron accumulate pref-
erentially in the heart as they display a high affinity for this
organ, where they are known to induce several myocardial
deficits as shown in mammalian model systems [15]. The
cardiotoxic effects, observable in zebrafish embryos and/or
larvae after incubation with IO NPs starting from a few
hours post-fertilization, could be associated with the failure
of the exposed cells to maintain normal physiological func-
tions [15, 104]. Pereira et al. showed that citrate-coated γ-
Fe2O3 NPs and iron ions reduced significantly the heartbeat
rate after 48 h of semistatic exposure, with the latter ones
inducing mortality when present at the highest dose
(10mg/L). Static exposure to γ-Fe2O3 instead did not induce
any effect when compared to the control groups. However,
both exposure conditions to γ-Fe2O3 and iron induced an
increase of embryos displaying bradycardia. Higher concen-
trations of free iron ions (5 and 10mg/L) resulted to be toxic
for the embryos under both exposure conditions. Interest-
ingly the semistatic exposure had an overall negative effect
nearly for all investigated conditions, highlighting the
importance of the surrounding circumstances in the estab-
lishment of toxicity [15, 75]. The cardiotoxic effects observed
by Pereira et al. and induced by these treatments should be
related to the accumulation of iron ions in this organ, known
to be able to induce inflammation, lipid peroxidation (LPO),
and oxidative stress, associated with tissue degeneration and
cell death. More in detail, iron accumulation in cardiomyo-
cytes induces the production of the highly toxic hydroxyl
radicals [15]. Consequently, it is not surprising that the
administration of free iron ions induced a much more severe
effect on the treated embryos when compared to the IO NPs,
although both iron forms display cardiotoxicity.

In addition, two recent studies focused on the sublethal
effects induced by low concentrations of maghemite NPs
[77, 98]. Similar to what has been reported previously,
higher amounts of IO NPs correlate directly with hatching
delay and the induction of cardiac dysfunction [98]. The
heart is the first organ to function during embryogenesis,
and cardiogenesis itself is one of the most sensitive processes
taking place during development. In addition, after uptake,
IO NPs are rapidly targeted to this organ thanks to blood
circulation. It follows that environmental pollutants to
which an organism might be exposed during early life stages
would reveal their potentially hazardous effect, especially on
this organ, leading to cardiac defects in later life. In zebra-
fish, cardiogenesis initiates 5 hpf [107], the time point at
which most of the conducted experiments regarding IO NP
exposure start. The most common targets implemented for
the assessment of cardiotoxicity induced by a compound in
zebrafish are usually pericardial edema and altered heart
rate, the first indicating a general status of dysfunction, the
latter instead pointing towards a defective cardiac func-
tion [107].

A comparable observation, which could be in line with
this, was made by another research group [103]. Most of
the research coping with IO NP-associated toxicity identified
ROS as the main player involved [81]. However, contrary to
what has been previously thought, the production of free
radicals is rather attributable to reactions that take place at
the surface of the IO NPs than to the dissolved iron oxide
ions. Voinov et al. demonstrated that the catalytic centers
present on the surface of uncoated γ-Fe2O3 nanoparticles
are strongly responsible for the production of hydroxyl
radicals [105].

Thirumurthi and colleagues described in a recent study
that increased amounts of Fe3O4 nanoparticles induced mal-
formations by triggering several pathways that are activated
by the accumulation of ROS in tissues and organs [98]. To
understand better the underlying phenomena, they first
treated zebrafish embryos statically with several concentra-
tions of bare IO NPs (10, 20, 40, 60, 80, 100, 120, and
140 ppm) for 96 h. After individuating the LC50 = 60:17
ppm, they choose to assess only the sublethal doses of 40
and 60 ppm in further experiments. However, the obtained
results are in sharp contrast with another study performed
by Malhotra et al., in which concentrations up to
1000 ppm of bare Fe2O3 NPs did not induce any mortality
in exposed embryos after 96 h exposure [92]. Thirumurthi
et al. monitored the animals throughout the experimental
setup for survival, hatching rate, and signs of teratogenicity
via microscopy. To evaluate the potential impact of iron
levels in the establishment of adverse effects, they further
measured the iron content in the groups using inductively
coupled plasma mass spectrometry (ICP-MS) and SEM
and assessed the number of dissolved iron ions in the
medium and animals with atomic absorption spectroscopy
(AAS). As the authors were interested in the potential
underlying mechanisms triggered by the naked IO NPs, they
focused their attention on important biomarkers involved in
oxidative stress. Among these, alteration of the activities of
acetylcholinesterase (AChE), responsible for cholinergic
transmission, and Na+K+-ATPase, involved in osmoregula-
tion, are warning bells for xenobiotic toxicity. In addition,
apoptosis, ROS, and NO levels, along with LPO and protein
carbonyls, hallmarks for protein oxidation were assessed
among the groups. As other studies showed that IO NPs
could have an impact on the antioxidative response of the
cell, the authors investigated further the status of important
antioxidant markers. As described in previous studies, the
authors revealed a dose- and time-dependent lethality and
delay in hatching (10% 40ppm and 38% 60ppm), concom-
itant with colloidal instability of the bare IO NPs associable
to high doses. Precipitation of aggregates of IO NPs to the
bottom of the plate leads to an immediately increased inter-
action with the embryos, while adhesion to the chorion and
interference with the pores is known to limit oxygenation.
Regarding later life stages, it was shown that 40 and
60 ppm led to a 20% and 40% augmentation in teratogenic-
ity, respectively. In line with other studies, both investigated
doses induced a reduction in the heartbeat rate (24% 40ppm
and 36% 60ppm). As Na+K+-ATPase in combination with
ROS is known to be involved in cardiotoxicity, they now
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focused on the activity of this enzyme. They revealed a signif-
icant dose-dependent decrease in the activity of the Na+K+-
ATPase. The opposite effect was obtained for AChE, in which
protein levels were increased in the treated groups. The
altered activity of this enzyme is associated with developmen-
tal neurotoxicity. In line with these alterations, Thirumurthi
et al. showed that upon treatment with increasing doses of
Fe3O4, the animals displayed a concomitant increase of
ROS, LPO, PC, and NO levels. Consequent to the augmenta-
tion of oxidants, larvae treated with 40 and 60 ppm revealed
an elevated number of apoptotic bodies when compared to
the control group. Due to these first results, the group
focused subsequently on the antioxidant machinery, whose
IONP-induced alteration could be connected to the observed
effects. Strikingly, a substantial decrease of SOD, CAT, and
glutathione peroxidase (Gpx) activity was assessed in a
dose-dependent manner, explaining thus the failure of the
cell to counteract the oxidative stress. As described earlier,
the accumulation of iron ions is thought to be involved in
the establishment of oxidative stress. For this reason, the
authors evaluated the amount of iron in the treated larvae.
Indeed, it was shown that the exposed animals presented a
concentration-dependent increase in iron. Taken together,
the authors showed clearly that static exposure of zebrafish
larvae for 96 hpf with Fe2O3 NPs leads to a significant
increase of oxidative stress concomitant with a downregula-
tion of the antioxidant machinery [98].

This observation was partially supported by a study
conducted in another aquatic organism, the microalgae
Coelastrella terrestris [108]. Here, they demonstrated that
prolonged incubation of uncoated iron oxide NPs did
reduce in a dose-dependent manner (up to 50mg/L) via-
bility and growth. They identified oxidative stress as a
key element responsible for inducing the observed pheno-
type. It has been suggested that in response to the tempo-
rary increase of intracellular ROS levels induced by IO
NPs, the cellular antioxidative machinery is activated,
including SOD, to reduce its harmful production [106].
In line with this, SOD levels were augmented in cells of
Coelastrella terrestris accumulating IO NPs.

Jurewicz et al. investigated further the effect of different
concentrations of naked and fluorescently labeled Fe3O4
nanoparticles (Cr@Fe3O4) on two-week-old zebrafish larvae
[93]. A significantly toxic effect (up to 40%) was revealed for
all investigated concentrations above 200μg/mL after 72 h of
exposure, with the establishment of a saturation limit of tox-
icity for doses >600μg/mL. One possible explanation of this
observation is that higher doses did not lead to a higher
metabolization rate of the IO NPs. On the other hand, a high
concentration-favored increase in agglomeration and pre-
cipitation of the IO NPs could cause a reduction of the inter-
action of the particles with the larvae, ameliorating thus
toxicity. In line with this idea, and keeping in mind a poten-
tial effect induced by the presence of the conjugated dye,
naked NPs showed an effect only at the highest investigated
dose of 800μg/mL. Indeed, administration of Congo red
alone reduced the viability starting from concentrations of
50μg/mL. The revealed highly life stage-dependent toxicity
of the investigated IO NPs can be explained by an increased

oral uptake by the zebrafish larvae concomitant with an
accumulation of the IO NPs in the digestive tract. Indeed,
larvae exposed to 100-800μg/mL of Cr@Fe3O4 revealed a
dose-dependent accumulation of particles mainly in the
intestine [93]. Indeed, the digestive system is one of the
primary sites of iron absorption under physiological condi-
tions and, together with the liver, usually one of the first
organs to be affected by IO NP exposure in zebrafish [97,
100]. In this context, the intestinal barrier is known to play
a crucial role in the establishment of NP-induced toxicity
[85]. According to the size of the implemented IO NPs, the
biodistribution can be limited to these organs, as crossing
the intestinal barriers can be hampered by the necessity to
rely on active transport mechanisms [91].

3.2. Effects of IO NPs on Adult Zebrafish. Although much less
research concerns the toxicological effect of substances on
adult zebrafish, this model system proved important espe-
cially in the evaluation of cardiotoxicity [107]. In a study
performed by Chemello and colleagues, γ-Fe2O3 IO NPs
were exploited as a drug carrier, to facilitate the absorption
of antibiotics in adult zebrafish. After 28 days of incubation
with oxytetracycline (OTC), tissue accumulation and toxi-
cology markers were assessed for functionalized and naked
NPs [109]. In detail, relative quantification of the expression
of genes involved in fish stress response (hnf4a, hsp70.1,
sod1, sod2, and gsta1) and growth (igf1, igf2a, and mstnb)
was performed in addition to histological analysis of the liver
and intestine to elucidate a potential effect. The results
showed that uncoated NPs did not induce any alteration in
the gene expression pattern concerning the control group.
On the contrary, the presence of OCT, alone or on the
surface of the IO NPs, led in some cases to a deviation of
normal gene expression. In addition, OCT-coated IO NPs
showed a reduction of hsp70 and sod1 expression concomi-
tant with an increased expression of gsta1 in the liver of
treated fish. These observations are in line with previous
studies, revealing a potentially toxic effect of OCT [109].
The authors reported further that the test group receiving
the nanocarrier showed a significant increase in drug accu-
mulation, especially in the digestive system. This is in line
with previous studies conducted in zebrafish embryos,
evidencing the strong ability of IO NPs to be internalized
via oral routes and to be then targeted to the intestine tract.
They did not reveal any morphological alterations for all
analyzed tissues, not for the conjugated nor for the uncoated
IO NPs [109], indicating the importance of the status of the
organism itself at the moment of administration in the
development of teratogenicity. In addition, the fact that no
increase in stress response markers was detectable in the
presence of the IO NPs is indicative of the absence of any
stress response in adults upon IO NP incubation.

A study conducted in 2015 analyzed the effect of static
exposure of Fe2O3 and Fe3O4 on adult fish in terms of iron
accumulation and elimination [95]. For this purpose, adult
zebrafish were exposed to the IO NPs at two different con-
centrations for 28 days and afterward moved to IO NP-
free water for 24 days. Interestingly, adult fish exposed to
Fe2O3 NPs displayed a shift in their coloration, probably
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due to the direct accumulation of IO NPs onto the fish skin,
or underlying [95]. In line with what has been described ear-
lier for uncoated IO NPs, both types aggregated in the expo-
sure medium. Since Fe2O3 precipitated less intensively, their
actual exposure to the fish was greater, potentially explaining
why the researchers did not observe a shift in the color of the
fish treated with Fe3O4. Independent of the two investigated
concentrations (4 and 10mg/L), a similar amount of inter-
nalized iron was revealed in the fish body after 28 days of
incubation. However, the amount of body iron did not reach
a steady state but declined after reaching a maximum level,
indicating that the chronic gut toxicity established as a con-
sequence of the NP exposure induced a reduction of food
intake. Given that NPs are taken up by adult zebrafish
mostly via ingestion, this led to a decrease in IO NP uptake
and thus whole-body iron levels [95].

Another study evaluated the toxicity of IO NPs in the
adult zebrafish brain. For this purpose, different doses of
cross-linked aminated dextran-coated IO NPs were injected
intraperitoneally. Particular emphasis was given on the
activity of acetylcholinesterase at different time points after
exposure. Only at the highest investigated concentration
(200mg/kg), the enzymatic activity was strongly reduced
24 h posttreatment, concomitant with impaired swimming
behavior, indicative of brain toxicity [110]. Although this
effect was given only at this time point, no transcriptional
regulation seemed to be at its basis. In addition, under the
same condition, a significant accumulation of iron in the
brain, as well as the increased expression of genes involved
in oxidative stress (transcriptional factor AP-1), inflamma-
tion (caspase-9), and apoptosis (caspase-8), was observed.
Moreover, the oxidative stress markers gclc, Gpx1a, cat,
gstb1, and sod2 were differentially expressed when compared
to the control groups. The obtained results are in line with
previous findings, where a localized accumulation of IO
NPs and thus iron induces oxidative stress, apoptosis, and
proinflammatory signaling. In addition, it has been shown
several times that mostly high concentrations of IO NPs
develop toxicity, underlying the importance to establish
carefully the upper limit for each use.

In 2018, Zheng et al. evaluated the effect of 100mg/L
naked and starch-coated Fe3O4 nanoparticle exposure of 7
days on two different organs, the liver and the gills, known
to be a common target for IO NP accumulation [111]. As
this concentration of bare IO NPs is known to induce cyto-
toxic effects in a relatively short exposure time, the authors
chose it to discern a possible effect of the coating. To prevent
particle aggregation and improve biocompatibility, bare IO
NPs are often stabilized or coated with various solvents or
chemicals. However, it is widely accepted that the nature of
these coatings has an impact on the potential toxicity of IO
NPs [111]. Among these, starch coatings are widely imple-
mented in different applications, but especially in the envi-
ronmental remediation sector. To elucidate this potential
effect of the coating on the IO NP-induced toxicity, Zheng
and colleagues relied on the transcriptome sequencing
(RNA-seq) technique. It was shown that naked NPs accu-
mulated preferentially in the gills where they exerted their
toxicity when compared to the coated ones, probably due

to higher aggregation and negative surface charge. Indeed,
a total of 17 genes involved in immune response, inflamma-
tion, oxidative stress, antioxidant response, and endoplasmic
reticulum (ER = stress) were differentially expressed upon
the treatment. Strikingly, only 3 of these genes were altered
in the gills of fish exposed to starch-coated particles, strongly
suggesting that the presence of the coated ameliorated nota-
bly the toxic effects of the IO NPs on this organ. Bare parti-
cles displayed generally higher bioaccumulation in the whole
zebrafish when compared to the coated IO NPs. As the gills
are one of the first external targets for MO NPs upon expo-
sure, their accumulation in this organ seems logical. How-
ever, after surpassing this first entry point, especially the
starch-coated IO NPs reach the liver, as their increased bio-
compatibility renders them more transportable. This is in
line with previous findings and further supported by the fact
that the liver acts as a reservoir for excess iron and is
involved in its excretion [111]. While Zheng and colleagues
did not reveal any mortality upon treatment, they noted a
noteworthy alteration of gene expression profiles in the
investigated organs. More in detail, especially in the case of
bare IO NPs, an increase in the gene expression of genes
involved in stress response and inflammation was observed.
This finding is supported by a wide body of evidence, show-
ing that exposure to IO NPs triggers stress responses and
associated toxicity in several in vitro and in vivo model
systems [99, 106, 111]. However, the affected sets of genes
identified to be altered by IO NPs were only barely overlap-
ping. This difference could be explained by the fact that
according to the surface composition of the IO NPs, the inter-
action with the target organ and thus the activation/inactiva-
tion of downstream signaling might be of a different entity.
While the presence of the starch coating mitigated the toxic
effects at the level of the gills, an increase was observed instead
in the liver. This observation is in line with the fact that the
coated IO NPs accumulated mainly in the latter one. Indeed,
in the liver, both exposures led to an upregulation of genes
involved in immune and inflammation responses, concomi-
tant with a downregulation of genes involved in DNA damage
and repair. Genes involved in DNA damage/repair and apo-
ptosis (i.e., tp53) were differentially expressed especially in
the case of starch-coated NPs, indicating the possibility that
the nature of the coating is involved in determining mainly
this alteration. Interestingly, in the same organ, both forms
induced a notable upregulation of the stress gene indicator,
cytochrome P450 1 A (cyp1a), involved in the antioxidant
defense system. In addition, also tsc22d3, a marker for an
inflammation stress condition, was significantly overex-
pressed. In line with previous findings, several genes involved
in the mitochondrial dysfunction pathway were differentially
expressed after exposure to bare particles, further suggesting
the production of ROS. Despite the chemophysical properties
of the IO NPs, the properties of the main target tissue must be
evaluated to assess properly a potentially toxic effect. However,
in the study conducted by Zheng et al., both types of IO NPs
increased the expression of biomarkers involved in the path-
ways governing DNA damage, apoptosis, and oxidative stress,
in both tissues, indicating that the treated zebrafish were
exposed to constant stress.
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To assess further the potential ecotoxicity induced by
IO NPs accumulating in the environment, another recent
study instead investigated the effect of Fe3O4 MNPs in
terms of behavioral and biochemical alterations in zebra-
fish adults [92]. More in detail, several tests that indicate
potential neurotoxicity, such as novel tank, mirror biting,
social interaction, shoaling, circadian rhythm, and short-
term memory, were performed after 96 h exposure. In par-
ticular, the authors assessed two different concentrations, 1
and 10 ppm, with the latter corresponding to the maximal
concentration of iron allowed to be present in the Taiwan-
ese industrial waste effluents.

Diverse to what has been described in other studies,
Malhotra et al. did not reveal a difference of iron content
in ROS levels of the brain, the liver, and the gills of
treated and control fish for the investigated concentrations,
hinting towards the fact that these kinds of IO NPs are
either readily excreted from the adult fish or their uptake
from the surrounding environment is reduced [95]. Conse-
quently, it could be hypothesized that potentially associated
hazardous effects should be absent for the investigated con-
centrations. For this purpose, the expression patterns of bio-
markers involved in oxidative stress induction and defense
were assessed. In line with the absence of IO NP accumula-
tion in this organ, no increase of local ROS levels was
observed in the brain of treated fish. In addition, mRNA
levels of the enzyme CAT, importantly involved in the anti-
oxidative stress response [106], were significantly increased
for the 10ppm treated groups, indicating a state of stress. It
followed that cortisol and catecholamine levels were evalu-
ated, and indeed, an increase of cortisol was revealed again
for the highest dose. In addition, hypoxia-inducible factor-
1α (HIF-1α), adenosine-5′-triphosphate (ATP), and creatine
kinase (CK) together with markers of DNA damage (ssDNA)
were evaluated. Interestingly, only the DNA damage marker
revealed a significant upregulation in fish treated with
10 ppm. Exposure to a high dose could thus be associated
with the induction of stress response in zebrafish concomi-
tant with elevated brain cortisol levels. Further, the authors
showed that an especially high dosage of MNPs could induce
several alterations in neurological behavior. For example, a
significant correlation was observed in terms of reduced
novel tank exploration as well as a reduction in social behav-
ior. Zebrafish are highly social animals, and especially under
threat, they tend to swim tightly together. This comportment
is known also as shoaling behavior and indicates the anxiety
status of the animals. Malhotra and colleagues were able to
demonstrate that group formation was tightened in an IO
NP dose-dependent manner, indicating increased anxiety in
the treated fish. This is in line with the fact that IO NP-
exposed fish showed reduced locomotion and exploratory
activity for both investigated doses and tended to spend less
time at the top of the tank. Furthermore, IO NP exposure
led to a considerable reduction in social interaction among
the treated fish in comparison to the control group. As no
difference was revealed during the mirror biting assay,
treated fish did not seem to be more aggressive, although
swimming speed was notably increased in the group that
has been treated with 10 ppm of IO NPs, underlying a dose-

dependent impact on the behavioral patterns. Interestingly,
a high concentration of Fe3O4 NPs affected the circadian
rhythm locomotor activity in both light and dark cycles,
while 1 ppm induced an alteration only in the light cycle.

These observations were further supported by the fact
that exposed fish showed a reduction in the neurotransmit-
ter levels of serotonin, known to be associated with anxiety
and depression-like behavior. In addition, the same groups
revealed decreased dopamine levels, responsible for stress
response, explaining the observed reduction in locomotor
activity and aggressiveness. An interesting point in this study
is that a high dosage of Fe3O4 MNPs is correlated to memory
deficiency and changes in the levels of the cholinergic neuro-
transmitter. Indeed, the results revealed that a high dosage of
IO NPs had an adverse effect on short-term memory. As
reported previously, alteration of AChE is strongly related
to neurotoxicity. In line with the behavioral observations
made by Malhotra et al., fish treated with both doses of IO
NPs showed a significant decrease in AChE when compared
to controls. This finding is in line with the study performed
by de Oliveira et al. [110], where treatment with high doses
of MNP induced a reduction in the enzymatic activity.

4. Zinc Oxide Nanoparticles

Zinc oxide is considered a safe material and is approved by
the Food and Drug Administration [112]. It is one of the
most used metal oxides due to its unique physical and chem-
ical properties, including semiconducting, photo- and sono-
catalytic, and piezo- and pyroelectric properties [112, 113].
For all these reasons, zinc oxide nanoparticles have gained
scientific interest and present a wide range of applications
[114], including cosmetics, optoelectronics [115], ceramics,
and pigments; they are implemented as catalysts as well as
pain killers and for itch relief.

ZnO nanoparticles present strong antimicrobial proper-
ties [5, 6, 116–118]. The antibacterial toxicity of ZnO NPs
has been tested against different gram-positive and gram-
negative bacteria, such as Vibrio fischeri, Staphylococcus
aureus, E. coli, Salmonella typhimurium, and Klebsiella pneu-
moniae, showing that higher concentrations of NPs are more
toxic [117]. Moreover, in the latest years, ZnO NPs have
emerged in the cancer nanomedicine field. As mentioned
before, iron oxide nanoparticles are already in clinical use
for the hyperthermia treatment of cancer cells. Also, ZnO
NPs are implemented in cancer diagnosis and therapeutics
due to their unique physicochemical properties and low tox-
icity impact under certain circumstances [119]. For instance,
an immunosensor was developed using ZnO NPs for the
early and accurate diagnosis of patients with hepatocellular
carcinoma detecting des-carboxy-prothrombin (DCP),
which is a highly specific and sensitive biomarker for liver
cancer [119, 120]. Taking advantage of their photodynamic
and sonodynamic properties, ZnO NPs could be used for
exerting remotely cancer cytotoxicity upon an external stim-
ulus, such as light [121], or a mechanical one, like ultra-
sound [122]. ZnO nanoparticles are also used as targeted
and pH-triggered drug delivery systems, as other MO NPs.
Indeed, different sizes and shapes of ZnO NPs have been

24 Oxidative Medicine and Cellular Longevity



T
a
bl
e
4:

Im
pa
ct

of
Z
nO

N
P
s
on

ze
br
afi
sh
.

St
ag
e

N
P
s
di
am

et
er

T
re
at
m
en
t

ti
m
e

T
es
te
d
co
nc
en
tr
at
io
ns

G
en
er
al
to
xi
ci
ty

re
sp
on

se
Sp
ec
ifi
c
R
O
S
re
sp
on

se
s

R
ef
er
en
ce

E
m
br
yo
s

20
nm

96
h

0.
1,
0.
5,
1,

5,
10
,a
nd

50
m
g/
L

Si
gn
ifi
ca
nt

de
cr
ea
se

of
su
rv
iv
al
ra
te
;d

el
ay

in
ha
tc
hi
ng

ra
te

do
se
-d
ep
en
de
nt
;9
6
h

LC
50

=
1.
79
3
m
g/
L;

an
d
se
ve
ra
la
bn

or
m
al
it
ie
s

(b
od

y
ac
cu
sa
ti
on

an
d
pe
ri
ca
rd
ia
l
ed
em

a)
.

—
[3
4]

E
m
br
yo
s

20
nm

96
hp

f
0.
1,
0.
5,
1,
5,
10
,5

0,
an
d

10
0
m
g/
L

D
ec
re
as
e
of

su
rv
iv
al
ra
te
;d

el
ay

in
ha
tc
hi
ng

ra
te
;

an
d
in
ci
de
nc
e
of

pe
ri
ca
rd
ia
l
ed
em

a
do

se
-

de
pe
nd

en
t.

In
cr
ea
se

in
R
O
S
pr
od

uc
ti
on

;l
ow

le
ve
ls
of

G
st
p2

an
d
N
qo
1
ex
pr
es
si
on

s;
an
d
do

w
nf
al
li
n

co
un

te
ra
ct
in
g
th
e
R
O
S
by

ox
id
at
iv
e
st
re
ss

re
sp
on

se
s.

[1
38
]

E
m
br
yo
s

<1
00

nm
14
4
hp

f
1,
5,

10
,2
0,
50
,a
nd

10
0
m
g/
L

N
o
eff
ec
tb

in
th
e
su
rv
iv
al
ra
te
;i
m
po

rt
an
td

ec
re
as
e

in
th
e
ha
tc
hi
ng

ra
te
;a
nd

di
ff
er
en
t
m
al
fo
rm

at
io
ns

(s
pi
na
l
cu
rv
at
ur
e
an
d
hy
pe
re
m
ia
).

Im
po

rt
an
t
el
ev
at
io
n
in

th
e
SO

D
ac
ti
vi
ty

an
d

M
D
A
le
ve
ls
in

a
do

se
-d
ep
en
de
nt

w
ay
;

de
cr
ea
se

in
C
A
T
ac
ti
vi
ty
;h

ig
h
le
ve
ls
of

R
O
S;

D
N
A
da
m
ag
e
on

ly
at

th
e
hi
gh
es
t

co
nc
en
tr
at
io
n
te
st
ed
;a
nd

im
po

rt
an
t

do
w
nr
eg
ul
at
io
n
in

B
cl
-2
,N

qo
1,

an
d
G
st
p2

tr
an
sc
ri
pt
io
ns

an
d
up

re
gu
la
ti
on

in
U
cp
-2

le
ve
l.

[1
8]

E
m
br
yo
s

30
nm

96
hp

f
1,
5,

10
,2
5,
50
,a
nd

10
0
m
g/
L

D
ec
re
as
e
in

su
rv
iv
al
ra
te
an
d
in
cr
ea
se

in
ha
tc
hi
ng

ra
te

do
se
-d
ep
en
de
nt
;s
ev
er
e
de
cr
ea
se

in
bo
dy

le
ng
th
.

—
[1
8]

E
m
br
yo
s

<1
00

nm
96

hp
f

1,
5,

10
,2
0,
50
,a
nd

10
0
m
g/
L

—

In
cr
ea
se

in
th
e
lip

id
pe
ro
xi
da
ti
on

an
d
SO

D
ac
ti
vi
ty
;u

pr
eg
ul
at
io
n
in

th
e
ex
pr
es
si
on

of
th
e

pp
aα

an
d
so
d1
;d
ow

nr
eg
ul
at
io
n
of

ca
t;
al
te
re
d

ex
pr
es
si
on

of
an
ti
ap
op

to
ti
c
ge
ne
s
(b
cl
-2
)
an
d

pr
oa
po

pt
ot
ic
(b
ax
,p
um

a,
an
d
ap
af
-1
;

up
re
gu
la
ti
on

of
p5
3
ge
ne
,w

it
h

ov
er
ex
pr
es
si
on

of
it
s
pr
ot
ei
n;

an
d
in
cr
ea
se

in
th
e
ac
ti
vi
ty

of
ca
sp
as
e-
3
an
d
ca
sp
as
e-
9.

[1
16
]

E
m
br
yo
s

9.
4
nm

96
hp

f
0.
2,
1,

an
d
5
m
g/
L/

D
ra
m
at
ic
de
la
y
in

ha
tc
hi
ng
.

U
pr
eg
ul
at
io
n
of

th
e
ca
t
an
d
C
u/
Z
n-
so
d

tr
an
sc
ri
pt
s
in

em
br
yo
s
an
d
do

w
nr
eg
ul
at
io
n

in
el
eu
th
er
o;

im
po

rt
an
t
up

re
gu
la
ti
on

of
M
t2
<;

di
ff
er
en
t
ex
pr
es
si
on

of
m
R
N
A
of

IL
-

1β
,T

N
Fα

, a
nd

pr
oi
nfl

am
m
at
or
y
cy
to
ki
ne
s
in

el
eu
th
er
o-
em

br
yo
s
in

co
m
pa
ri
so
n
to

em
br
yo
s;
al
te
ra
ti
on

in
th
e
ju
n
pr
ot
o-

on
co
ge
ne

(c
-j
un

)
em

br
yo
s
tr
ea
te
d
w
it
h
hi
gh

co
nc
en
tr
at
io
n;

an
d
pe
rt
ur
ba
ti
on

in
an
ti
vi
ra
l

an
d
im

m
un

e-
re
la
te
d
ge
ne

M
yx
ov
ir
us

re
si
st
an
ce

A
.

[1
31
]

E
m
br
yo
s

50
–7
0
nm

14
4
hp

f
0.
1,
0.
5,
1,

5,
an
d
10

m
g/
L

Si
gn
ifi
ca
nt

de
la
y
in

ha
tc
hi
ng

fo
r
Z
nO

N
P
s
an
d
Z
n

io
ns
;n

o
si
gn
ifi
ca
nt

di
ff
er
en
ce

in
co
tr
ea
tm

en
tw

it
h

R
O
S
ge
ne
ra
ti
on

;c
ot
re
at
m
en
t
w
it
h
B
SO

:
lo
w
er

pr
od

uc
ti
on

of
G
SH

.
[1
32
]

25Oxidative Medicine and Cellular Longevity



T
a
bl
e
4:
C
on

ti
nu

ed
.

St
ag
e

N
P
s
di
am

et
er

T
re
at
m
en
t

ti
m
e

T
es
te
d
co
nc
en
tr
at
io
ns

G
en
er
al
to
xi
ci
ty

re
sp
on

se
Sp
ec
ifi
c
R
O
S
re
sp
on

se
s

R
ef
er
en
ce

Z
nO

N
P
s
an
d
N
A
C
;a
nd

in
cr
ea
se
d
ra
te
s
of

de
la
y

in
ha
tc
hi
ng

in
co
tr
ea
tm

en
t
w
it
h
B
SO

.

E
m
br
yo
s

N
an
os
ph

er
es
:

27
nm

;
na
no

st
ic
ks
:

32
×8

1
nm

M
;a
nd

SM
P
s:
20
2
nm

12
0
hp

f
2,

4,
8,
16
,a
nd

32
m
g
Z
n/
L

LC
50

fo
r
Z
n2

+
=
7.
9
m
g
Z
n/
L,

LC
50

Z
nO

SM
P
s=

10
.0
m
g
Z
n/
L

LC
50

na
no

st
ic
ks

=
7.
1
Z
n/
L

LC
50

na
no

sp
he
re
s
=
11
.9
m
g
Z
n/
L,

re
sp
ec
ti
ve
ly
;

hi
gh
er

to
xi
ci
ty

of
Z
n
io
ns

in
co
m
pa
ri
so
n
to

th
e

di
ff
er
en
t
sh
ap
ed

N
P
s;
an
d
de
cr
ea
se

of
ha
tc
hi
ng

ra
te

do
se
-d
ep
en
de
nt

in
th
e
em

br
yo
s
tr
ea
te
d
w
it
h

al
lt
he

di
ff
er
en
t
ki
nd

of
na
no

pa
rt
ic
le
s
an
d
su
lfa
te
,

st
ro
ng
es
t
de
la
y
in

sa
m
pl
es

ex
po

se
d
to

na
no

st
ic
ks
.

D
ec
re
as
e
do

se
-d
ep
en
de
nt

of
sw

im
m
in
g
ac
ti
vi
ty
;

na
no

st
ic
ks

m
or
e
to
xi
c
th
an

th
e
ot
he
r
N
P
s.

—
[1
33
]

E
m
br
yo
s

5,
10
,1

5,
26
,3
4,

62
,a
nd

70
nm

12
0
hp

f
0.
01
6
to

25
0
m
g/
L

Si
gn
ifi
ca
nt

m
or
ta
lit
y
at

24
hp

f
fo
r
al
lt
he

co
at
ed

N
P
s;
no

al
te
ra
ti
on

in
m
or
ta
lit
y
w
it
h
ba
re

na
no

pa
rt
ic
le
s.

—
[1
34
]

E
m
br
yo
s

20
-3
0
nm

96
hp

f
0.
01
,0
.1
,1
,a
nd

10
m
g/
L

H
ig
he
r
m
or
ta
lit
y
ra
te

by
Z
nO

N
P
s
th
an

Z
nS

O
4;

LC
25

fo
r
Z
nO

N
P
s=

2.
64

m
g/
L;

LC
25

fo
r

Z
nS

O
4
=
7.
75

m
g/
L;

an
d
si
gn
ifi
ca
nt

em
br
yo
ni
c

m
al
fo
rm

at
io
ns

af
te
r
bo
th

tr
ea
tm

en
ts
(t
ai
l

m
al
fo
rm

at
io
n,

pe
ri
ca
rd
ia
l
ed
em

a,
an
d
yo
lk

sa
c

ed
em

a)
.

D
ow

nr
eg
ul
at
io
n
of

og
fr
l2

an
d
in
tl2

tr
an
sc
ri
pt
s;
up

re
gu
la
ti
on

of
cy
b5
d1
.

[1
7]

E
m
br
yo
s

<1
00

nm
48

h
10
,3
0,
60
,9
0,

or
12
0
m
g/
L

D
el
ay

in
ha
tc
hi
ng
,i
nc
re
as
ed

he
ar
t
ra
te
,

pe
ri
ca
rd
ia
l
ed
em

a,
hy
pe
re
m
ia
,y
ol
k
sa
c
ed
em

a,
sp
in
al
cu
rv
at
ur
e,
ta
il
de
fo
rm

it
ie
s,
an
d
sw

im
bl
ad
de
r
ab
no

rm
al
it
ie
s.

SO
D

in
cr
ea
se
d
ac
ti
vi
ty
;s
od
1
up

re
gu
la
ti
on

;
C
A
T
do

w
nr
eg
ul
at
io
n;

in
cr
ea
se
d
M
D
A
le
ve
ls
;

an
d
in
cr
ea
se
d
pr
od

uc
ti
on

of
R
O
S.

[1
16
]

E
m
br
yo
s

40
nm

96
hp

f

12
.5
,2
5,
50

m
g/
L;
P
FO

S
(0
,0
.4
,

0.
8,
an
d
1.
6
m
g/
L)
;a
nd

P
FO

S
pl
us

Z
nO

-N
P
s
(0
.4
+
12
.5
,0
.8

+
25
,a
nd

1.
6
+
50

m
g/
L

—

Si
gn
ifi
ca
nt

in
cr
ea
se

of
SO

D
ac
ti
vi
ty

as
w
el
la
s

th
e
ac
ti
vi
ty

of
gl
ut
at
hi
on

e
pe
ro
xi
da
se
;

de
cr
ea
se

do
se
-d
ep
en
de
nt

of
C
A
T
ac
ti
vi
ty
:

ex
ce
ss

of
R
O
D
;i
nc
re
as
e
of

M
D
A
le
ve
l;

up
re
gu
la
ti
on

of
B
ax
;d
ow

nr
eg
ul
at
io
n
of

B
cl
-2
;

an
d
no

ch
an
ge
s
in

th
e
ac
ti
vi
ti
es

of
th
e

ca
sp
as
e-
3
an
d
ca
sp
as
e-
9
(a
pa
rt
at

50
m
g/
L)
.

[1
24
]

E
m
br
yo
s

30
0
nm

72
h,

96
h

10
-1
00

pp
m

M
it
ig
at
e
eff
ec
ts
on

th
e
to
xi
ci
ty

of
Z
nO

N
P
s

in
du

ce
d
or
ga
ni
c
m
at
te
r.

—
[4
]

26 Oxidative Medicine and Cellular Longevity



T
a
bl
e
4:
C
on

ti
nu

ed
.

St
ag
e

N
P
s
di
am

et
er

T
re
at
m
en
t

ti
m
e

T
es
te
d
co
nc
en
tr
at
io
ns

G
en
er
al
to
xi
ci
ty

re
sp
on

se
Sp
ec
ifi
c
R
O
S
re
sp
on

se
s

R
ef
er
en
ce

E
m
br
yo
s,

ad
ul
ts

P
E
G
=
25
88

nm
P
V
A
=
58

nm
P
V
P
=
60

B
ar
e
=
69

nm

E
m
br
yo
s:

72
h

A
du

lts
:

96
h

E
m
br
yo
s:
0.
00
1-
10
0
m
g/
L

E
m
br
yo
s:
m
or
ph

ol
og
ic
al
de
fe
ct
s
(y
ol
k
sa
c
ed
em

a,
no

to
ch
or
d
be
nd

in
g,
an
d
eg
g
co
ag
ul
at
io
n)

fo
r
ba
re

an
d
th
e
ca
pp

ed
N
P
s;
ra
te
s
of

to
xi
ci
ty

af
te
r

tr
ea
tm

en
t
w
it
h
10

m
g/
L
w
er
e
38
.6
7%

,2
8.
49
%
,

95
.4
6%

,a
nd

89
.3
2%

fo
r
P
E
G
-,
P
V
A
-,
an
d
P
V
P
-

ca
pp

ed
an
d
ba
re

Z
nO

N
P
s,
re
sp
ec
ti
ve
ly
;t
ox
ic
it
y

of
bu

lk
Z
nO

<
Z
nO

-P
V
A
<
Z
nO

-P
E
G

<
Z
nO

N
P
s<

Z
nO

-P
V
P
.

A
du

lts
:L

C
50

of
bu

lk
Z
nO

=
32
39

m
g/
L;

LC
50

Z
nO

-P
E
G
=
6.
44

m
g/
L;

LC
50

Z
nO

-
P
V
A
=
9.
40

m
g/
L;

LC
50

Z
nO

-P
V
P
=
3.
77

m
g/
L;

LC
50

Z
nO

N
P
s
=
20
.7
2
m
g/
L;

an
d
di
ff
er
en
t

m
or
ph

ol
og
ic
al
al
te
ra
ti
on

s;
se
ve
re

da
m
ag
es

to
th
e

gi
ll
ti
ss
ue
s
(s
ec
on

da
ry

la
m
el
la
r
st
ru
ct
ur
e

al
te
ra
ti
on

s,
ne
cr
os
is
,d

es
qu

am
at
io
n,

ac
ut
e
ce
llu

la
r

sw
el
lin

g,
an
eu
ry
sm

,a
nd

la
m
el
la
r

di
so
rg
an
iz
at
io
n)
.

—
[1
6]

A
du

lts
30

nm
96

h
2,
5,

10
,3
0,
an
d
50

m
g/
L

T
ox
ic
it
y
do

se
-d
ep
en
de
nt
;1

00
%

of
m
or
ta
lit
y
at

30
m
g/
m
L
of

Z
nO

N
P
s
an
d
bu

lk
Z
nO

;a
nd

LC
50

=
4.
92

m
g/
L
an
d
3.
31

m
g/
L,

fo
r
th
e
Z
nO

N
P
s
an
d
bu

lk
Z
nO

,r
es
pe
ct
iv
el
y.

In
cr
ea
se

of
SO

D
ac
ti
vi
ty

SO
D

in
th
e
gu
t;

re
du

ct
io
n
of

C
A
T
ac
ti
vi
ty

in
th
e
liv
er
;

in
cr
ea
se

of
C
A
T
ac
ti
vi
ty

in
gu
ta
nd

gi
lls

(o
nl
y

sl
ig
ht
ly
);
de
cr
ea
se

of
G
SH

in
th
e
liv
er
;M

D
A

le
ve
ls
hi
gh
er

in
th
e
ca
se

of
liv
er
;a
nd

in
ju
ri
es

in
th
e
gi
ll
ti
ss
ue
s
w
it
h
sh
ri
nk

ag
e
of

th
e
ce
lls
,

lo
ss

of
th
e
cy
to
pl
as
m
,a
nd

ab
no

rm
al
it
ie
s
in

th
e
nu

cl
ei
sh
ap
es
.

[9
]

A
bb
re
vi
at
io
ns
:
B
ax
:
B
C
L2

-a
ss
oc
ia
te
d
X
,
ap
op

to
si
s
re
gu
la
to
r;
bc
l2
:
B
-c
el
l
ly
m
ph

om
a
2;

B
SO

:
bu

th
io
ni
ne

su
lfo

xi
m
in
e;

C
A
T
:
ca
ta
la
se
;
cy
b5
d1
:
cy
to
ch
ro
m
e
b5

do
m
ai
n
co
nt
ai
ni
ng

1;
G
SH

:
gl
ut
at
hi
on

e;
G
st
p2
:

gl
ut
at
hi
on

e
S-
tr
an
sf
er
as
e
P
2;
hp

f:
ho

ur
s
po

st
fe
rt
ili
za
ti
on

;I
L-
1β

:i
nt
er
le
uk

in
-1
β
;i
nt
l2
:I
nt
el
ec
ti
n
2;
LC

50
:5
0%

of
le
th
al
co
nc
en
tr
at
io
n;

M
D
A
:m

al
on

di
al
de
hy
de
;M

t2
:m

et
al
lo
pr
ot
ei
n
2;
N
A
C
:N

-a
ce
ty
lc
ys
te
in
e;

N
qo
1:

N
A
D
(P
)H

:q
ui
no

ne
ox
id
or
ed
uc
ta
se
;
og
fr
l2
:
op

io
id

gr
ow

th
fa
ct
or

re
ce
pt
or
-l
ik
e;

P
E
G
:
po

ly
et
hy
le
ne

gl
yc
ol
;
P
V
A
:
po

ly
vi
ny
l
al
co
ho

l;
P
V
P
:
po

ly
vi
ny
lp
yr
ro
lid

on
e;

P
FO

S:
pe
rfl
uo

ro
oc
ta
ne

su
lfo

na
te
;
R
O
S:

re
ac
ti
ve

ox
yg
en

sp
ec
ie
s;
SM

P
s:
su
bm

ic
ro
n
pa
rt
ic
le
s;
T
N
Fα

:t
um

or
ne
cr
os
is
fa
ct
or
-α
;U

cp
-2
:u

nc
ou

pl
in
g
pr
ot
ei
n
2.

27Oxidative Medicine and Cellular Longevity



used for this reason, including mesoporous nanospheres and
dandelion-like or hexagonal structures [112]. A lot of nano-
materials have been employed in tissue engineering, which is
possible due to the easy functionalization methods of their
surface with peptides, proteins, and other molecules [112].
As mentioned previously for IO NPs, the biocompatibility
of ZnO NPs makes them a good candidate for several bio-
medical purposes.

Since they can absorb UV radiation, they are commer-
cially used in sunscreens and other products of personal
care. In addition to their increasing employment in therag-
nostic and therapeutics, a lot of questions have been raised
on their impact on the aquatic systems [123] and the poten-
tially negative and toxic effects in different organisms. To
address the toxicity of these nanoparticles, a lot of studies
have been performed on bacteria, plants [124, 125], cells
[8, 126], and vertebrates [4, 127].

Understanding the toxicity induced by ZnO NPs turned
out to be a quite challenging task for the scientific commu-
nity. This comes as a large number of parameters contribute
to this, such as high experimental condition variability, NP
formulation, size, and surface coating [128]. Each of them
results in diverse NP physicochemical characteristics that
eventually affect the release of Zn2+ ions, the reactive oxygen
species and photocatalytic ROS production, the pharmaco-
kinetics and biodistribution, and the dynamic interactions
with cells [128, 129]. Nevertheless, given the huge potential
and advantages of the ZnO NP supersize, researchers focus
intensively on approaches allowing to mitigate possible neg-
ative aspects while investigating at the same time the optimal
working conditions [4, 130]. For this reason, several works
have evaluated the potential interactions of ZnO NPs with
zebrafish (Table 4).

4.1. Effects of ZnO NPs during the Development. Different
studies have revealed a dose-dependent toxicity of ZnO
NPs in zebrafish during the development [16, 18, 55, 131].
The first work on the toxicological profile of ZnO NPs in
zebrafish reported a significant decrease in the survival rate
and a delay in the hatching rate, both concentration-depen-
dent, with a value of the LC50 at 96h of 1.793mg/L. In addi-
tion, larvae presented several abnormalities typical of metal
oxide nanoparticle-induced toxicity, including body accusa-
tion and pericardial edema [34]. One year later, the same
research group demonstrated that the concentration-
dependent toxicity of zinc oxide nanoparticles was due to
the sedimentation and formation of nanoparticle aggregates
(micron-sized) in the experimental plate during the ZnO NP
exposure time. Moreover, by using a fluorogenic ROS indi-
cator, an increase in ROS production was detected in treated
embryos and larvae. Concomitant with this expression anal-
ysis of genes encoding for the oxidant metabolism enzymes,
glutathione S-transferase P 2 (Gstp2) and NAD(P)H:qui-
none oxidoreductase (Nqo1) revealed a downregulation,
hinting thus towards a downfall in the oxidative stress
response counteracting normally ROS. Indeed, the impair-
ment of the antioxidant system is known to be associated
with the establishment of oxidative stress and injuries. Sim-
ilar behavior of the previously investigated biological

markers was also shown by a subsequent work performed
by Bai et al., even if the treated larvae displayed only one
malformation, characterized by a severe reduction in the
larvae body length [18]. In 2013, Zhao et al. investigated
deeply the toxicological profile of ZnO NPs during zebrafish
development, focusing also on the DNA damage and oxida-
tive stress. The survival rate did not present any important
changes for all the tested groups, while the hatching rate
was importantly decreased. In addition, they revealed differ-
ent morphological malformations, such as tail deformity,
spinal curvature, and hyperemia. The study of the antioxi-
dant defense system showed an important elevation in the
SOD activity in a ZnO NP concentration-dependent way.
In line with this, also the MDA levels were significantly
increased in embryos treated with ZnO NPs. CTA activity
was instead found to be lower in treated samples in compar-
ison with control ones. Importantly, the level of reactive oxy-
gen species in exposed zebrafish was significantly increased
for all the treatments, while the DNA damage level was aug-
mented only at a ZnO NP dose of 100mg/L [129]. Positive
correlations were detected between ROS and DNA damage
levels, as well as between ROS and MDA. Moreover, the
gene expression analysis of several genes of antioxidant
proteins (Bcl-2, Nqo1, and Gstp2) revealed an important
downregulation, as previously reported also by Bai et al.
[18]. On the contrary, the transcriptome level of uncoupling
protein 2 (Ucp-2) was importantly upregulated in all the
treated groups. These findings underline the fact that ZnO
NPs cause adverse effects in zebrafish during the develop-
ment, leading to an alteration in the expression of genes
involved in the oxidation concomitant with oxidative
stress [129].

A perturbation in the different toxicological endpoints of
zebrafish embryos/larvae treated with ZnO NPs was noted
also in other studies [4, 131]. Since Zn2+ ions can be released
from the ZnO and subsequently transported and uptaken
from the embryos, the effects of ZnO NPs and Zn2+ were
evaluated separately [131]. Zebrafish embryos treated both
with ZnO NPs and Zn2+ presented a dramatic delay in
hatching [131]. The expression analysis by RT-qPCR of spe-
cific genes involved in oxidative stress in embryos treated
with ZnO NPs and Zn2+ showed an upregulation of the cat
and Cu/Zn-sod transcripts at 2 dpf, and a downregulation
at 3 dpf, respectively, at the highest investigated doses.
Instead, eleuthero-embryos showed a downregulation at
5 dpf. On the other hand, the expression of Mt2 was strongly
upregulated at 2 dpf and 4dpf in all the tested doses of both
ZnO NPs and Zn2+. Moreover, mRNA levels of interleukin-
1β (IL-1β), TNFα, and proinflammatory cytokines presented
a different expression pattern in eleuthero-embryos in com-
parison to normal embryos. In eleuthero-embryos treated
with Zn2+ or ZnO NPs, the TNF-α and the IL-1β were upreg-
ulated, while they were downregulated in treated embryos.
Furthermore, an alteration of the jun proto-oncogene (c-
jun) was detected only in the case of embryos treated with a
high concentration of Zn2+ and ZnO NPs. In addition, also
the antiviral and immune-related gene Myxovirus resistance
A (MxA) was perturbed in the treatment, both with Zn2+ and
ZnO NPs. These results indicated that the perturbations
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induced by Zn2+ and ZnO NPs were stronger in the treated
embryos in comparison to eleuthero-embryo, indicating that
early-stage embryos are more sensitive to nanoparticle expo-
sure [131]. The effects of Zn2+ in comparison to ZnO NPs
were evaluated also in other studies. Ultrafiltration and
ICP-OES allow to calculate the dissolved Zn ions [16]. The
concentration of Zn ions keeps increasing over time and is
transduced in an increase of pH [16, 18]. The presence of
released Zn2+ ions derived from the ZnO NPs could explain
the low hatching rates [4]. However, this is not yet clarified
and there are different contradictory studies, some of which
support the same conclusion, while others claim that ions
contribute only partially to the low hatching rate. Chen
et al. compared the adverse effects of ZnO NPs in zebrafish
during the development in comparison to Zn ions. Both
treatments induced a hatching delay that was more severe
in the groups of embryos treated with ZnO NPs, rather than
in those exposed to Zn ions alone. However, as Zn ions did
cause a delay in hatching, it can be concluded that the toxicity
on hatching is probably caused by a combination of different
factors. Indeed, the presence of released Zn2+ ions contrib-
utes to this. The induced ROS generation and, consequently,
the oxidative stress could be another reason [132]. To under-
stand better the cause that leads to the hatching delay, Chen
et al. coexposed the embryos to ZnO NPs and NAC or
buthionine BSO. In the groups cotreated with ZnO NPs
and NAC, no significant difference was observed. However,
treatment with BSO further increased the rates of delay in
hatching. Moreover, when GSH was no longer synthetized
due to the presence of BSO, further hatching delay was
observed, suggesting that oxidative stress could be related to
the hatching delay along with Zn2+ ion release [132].

In the same year, another study evaluated the effects of
zinc oxide nanoparticles with different shapes, including
submicron particles, nanosticks, and nanospheres [133]
and Zn(NO3)2. The LC50 values for Zn(NO3)2, ZnO SMPs,
nanosticks, and nanospheres at 120 hpf were 7.9 (7.1–8.8)
mg Zn/L, 10.0 (8.9–11.1) mg Zn/L, 7.1 (6.8–7.5) mg Zn/L,
and 11.9 (10.3–13.7) mg Zn/L, respectively, reporting higher
toxicity of Zn ions in comparison to the differently shaped
NPs. The hatching rate showed a dose-dependent decrease
in the embryos treated with all the different kinds of nano-
particles and sulfate, with the strongest delay in samples
exposed to nanosticks. Besides this, the swimming activity
displayed a dose-dependent decrease. The ZnO nanosticks
were found to be more toxic in comparison to nanoparticles
with other shapes [133].

To determine the contribution of Zn2+ ions in the toxic-
ity of ZnO NPs, ZnCl2 or ZnSO4 exposure is used to com-
pare experimentally the toxic effects [16, 17]. Choi et al.
performed toxicity experiments exposing the embryos to
ZnO NPs and ZnSO4 to compare eventual effects on zebra-
fish development. As it is also shown in other studies, expo-
sure to nanoparticles leads to a higher rate of mortality than
exposure to only ZnSO4. The LC25 values for ZnO NPs were
2.64mg/L and 7.75mg/L for ZnSO4 [17]. However, embryos
showed significant embryonic malformations after both
treatments, including tail malformation, pericardial edema,
and yolk sac edema, indicating an adverse impact given by

the presence of nanoparticles and Zn ions (Figure 3) [17].
In particular, embryos exposed to all the tested doses of
ZnO NPs presented a yolk sac edema. After an extended
analysis of differentially expressed genes (DEGs) in larvae
zebrafish, it was shown that exposure to ZnO NPs and
ZnSO4 affects different molecular mechanisms and subse-
quently causes distinct toxic effects. In particular, the treat-
ment with ZnO NPs altered genes involved in the immune
system inflammation. Indeed, the expression of ogfrl2 (opi-
oid growth factor receptor-like 2 [ogfrl2]) and Intelectin
(2intl2) was upregulated after treatment with ZnO NPs,
while cytochrome b5 domain containing 1 (cyb5d1) was
upregulated. Together with cyb5d1, Ogfr12 and intl2 play
an important role in developmental and transcriptional reg-
ulation, and both genes were upregulated after treatment
with Zn nanoparticles [17].

Wehmas et al. instead found that Zn ions caused the
same mortality rate and affected zebrafish development in
the same way as ZnO NPs. This result suggests that the tox-
icity is mainly due to the presence of dissolved zinc ions
[16]. But again, also in this case, not all the reported studies
arrive at the same conclusion. Indeed, Xiong et al. observed
that all the zebrafish embryos died at a concentration of
30mg/L ZnO NPs or their bulk counterpart after 96 h of
exposure [9]. In addition, a high toxicity rate was observed
in the group of embryos treated with Zn2+ ions. The LC50
values were 4.92mg/L, 3.31mg/L, and 8.062mg/L for ZnO
NPs, ZnO bulk, and Zn2+ ions, respectively. As a result,
the released Zn2+ ions could not be the main cause of toxic-
ity, but it is rather the combination of nanoparticles with
ZnO [9], as in the case of other metallic oxide NPs.

As for other metal oxide nanoparticles, the influence of
coating and size on the toxicity of zinc oxide nanoparticles
was evaluated [116]. To this end, zebrafish embryos were
treated with 17 different types of ZnO NPs, and they were
investigated in terms of 19 different toxicological end-
points, including morphological and behavioral tests. The
biological parameters that resulted to be more affected in
all the tested nanoparticles were the mortality/survival
rate. In particular, all tested and differentially coated nano-
particles induced significant mortality at 24 hpf, while the
bare nanoparticles did not lead to important alterations
until 5 dpf. These findings indicate that the surface coat-
ing, as in the case of other families of nanoparticles, is a
key factor influencing the adverse effects in biological sys-
tems [134]. Next, the effects of ZnO NPs functionalized
with polymeric surface-modifying agents including polyvinyl
alcohol (PVA), polyethylene glycol (PEG), and polyvinylpyr-
rolidone (PVP) were evaluated in zebrafish during the devel-
opment [130]. The treatment with the bare or the capped
nanoparticles caused morphological defects, such as yolk
sac edema, notochord bending, and egg coagulation. Indeed,
the rates of toxicity reported after treatment with 10mg/L
were 38.67%, 28.49%, 95.46%, and 89.32% for PEG-, PVA-,
and PVP-capped and bare ZnO NPs, respectively [130]. It
was demonstrated that the NP toxicity is a combination of
the toxicity caused by dissolved Zn ions and aggregation of
nanoparticles on the eggs, shown by the increased toxicity
caused by capped or bare ZnO NPs in comparison to bulk
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ZnO (bulk ZnO < ZnO − PVA < ZnO − PEG < ZnONPs <
ZnO − PVP) [130].

The effects of size and surface charge were deeply inves-
tigated by Verma et al. [135]. Here, they evaluated a poten-
tial impact on the zebrafish development of different ZnO
nanoparticles produced by the HEBM technique relying on
a variety of milling times [55, 56]. They showed that decreas-
ing the size and the charge influenced proportionally both
the survival and hatching rates of treated embryos. This
observation was confirmed also in the case of the heartbeat
rate and incidence of malformations (Figure 3). In addition,
ZnO NPs induced an increase in ROS production in zebra-
fish larvae and embryos, as already observed in previous
works [134, 136].

Several studies have also reported that treatment with
ZnO NPs affects the expression of different genes which play
a crucial role in oxidative stress and inflammation [116]. The
expression and activity of CAT and SOD and the levels of
MDA were evaluated in zebrafish embryos exposed to differ-
ent concentrations of ZnO NPs [116, 136]. Embryos treated
with ZnO NPs in a concentration range of 30-120mg/L
showed an increase in lipid peroxidation and in SOD activity

and revealed perturbations of genes involved in the antioxi-
dant defense mechanism. In particular, an upregulation was
found in the expression of ppaα and sod1, while cat was
downregulated. To understand if such an increase in SOD
activity was caused by the released Zn2+ ions, Zhao et al.
treated zebrafish embryos with dissolved ions. They con-
cluded that dissolved Zn2+ ions in concentrations below
60mg/L do not lead to increased SOD activity. This means
that the upregulation of SOD cannot be caused only by the
release of Zn2+ ions from the nanoparticles, but other factors
contribute to it [116]. Furthermore, the production of ROS,
the basis of oxidative stress, was confirmed by an altered
expression of antiapoptotic genes (Bcl-2, B-cell lymphoma
2) and proapoptotic (bax, puma, and apaf-1) genes. In addi-
tion, the transcription of the p53 gene was upregulated caus-
ing an augmentation of p53 and cytochrome C protein
levels. To determine the effect of ZnO NPs on apoptosis, also
the expression levels of genes related to apoptosis (antiapop-
totic and proapoptotic genes) were evaluated. Augmenting
the concentration of nanoparticles, a higher apoptotic ratio
was observed in a dose-dependent manner (10-120mg/L),
corresponding to a significant increase in the activity of
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Figure 3: Malformations induced by ZnO NPs in zebrafish during the development. Reproduced with permissions from [17, 135, 137].
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caspase-3 and caspase-9. As the expression of ROS is
involved in the mitochondrial pathway responsible for the
induction of apoptosis, it is plausible that its accumulation
leads to a concomitant increase in MDA levels. In this
framework, Du et al. treated zebrafish embryos with differ-
ent doses of ZnO NPs and measured the activity of antioxi-
dant enzymes at 96 hpf [136]. In agreement with the
previous results, the SOD activity was significantly increased
even in embryos treated with the lowest concentration of
nanoparticles, as well as the activity of glutathione peroxi-
dase. In contrast, the CAT activity was decreased in a
dose-dependent manner. However, despite this reduction,
the expression of cat was not different from the control.
The levels of intracellular ROS were analyzed by the cell-
permeable dye DCFH-DA. ROS levels were highly increased
in a dose-dependent manner in the groups of zebrafish
exposed to ZnO NPs [136]. Moreover, the cellular content
was evaluated. As for the ROS, the MDA levels were signif-
icantly increased after treatment with 25 and 50mg/L of
ZnO. While the expression of BCL2-associated X apoptosis
regulator (Bax) was significantly upregulated, Bcl-2 resulted
to be downregulated after treatment with 50mg/L for both
conditions. These findings are in agreement with the study
conducted by Zhao et al. [116]. The only difference was
related to the caspase activity. In fact, Du et al. did not find
any changes in the activities of the caspase-3 and caspase-9
after exposure with ZnO NPs for 96h [136]. However, the
expression of caspase-3 was upregulated in the groups
treated with 25 and 50mg/L of ZnO NPs, with caspase-9
resulting to be upregulated in the group treated with
50mg/L. Both studies, as well as others, conclude that apo-
ptotic cell death is mediated by oxidative stress [116, 136].

4.2. Effects of ZnO NPs on Adults. The first work performed
on ZnO NPs and adult zebrafish has deeply investigated the
adverse and oxidative effects of this class of nanoparticles in
comparison to the titanium nanoparticles and their bulk
counterparts [9]. To this end, adult zebrafish were exposed
to different concentrations of NPs and bulk materials for
96 h. It was shown that the toxicity of ZnO NPs and bulk
ZnO was dose-dependent. Treatment with 30mg/mL of
ZnO NPs and bulk ZnO led to a 100% of mortality. The
values of LC50 at 96 hpf were found to be 4.92mg/L and
3.31mg/L, for the ZnO NPs and bulk ZnO, respectively.
Zebrafish treated under light or dark conditions with the
highest dose of ZnO NPs and bulk ZnO presented a tempo-
rary increase in liver activity of SOD in the gut, compared to
the controls. Interestingly, in the groups of zebrafish treated
with bulk ZnO, the SOD activity was less than the control in
both tissues [9]. The CAT activity instead was reduced in the
liver, whereas in the gut and gill (but only slightly), it was
shown to be increased. Glutathione was decreased in the
liver tissue after 96 h of exposure, probably due to ROS that
neutralized it. However, in the gut tissue, an increase in GSH
content was detected after exposure to the ZnO NPs, but not
to bulk ZnO. Moreover, the MDA levels were two or three
times higher in the case of the liver, while they were similar
to the control in the case of gut and gills. As reported before,
ZnO NPs can impair the maturation of gills and cause devel-

opmental defects [16, 130]. In addition, histological analysis
performed by using transmission electron microscopy
(TEM) revealed injuries in the gill tissue after treatment with
the lowest doses tested of ZnO NPs and bulk ZnO. Here,
cells displayed shrinkage, loss of the cytoplasm, and abnor-
malities in the nuclei shapes. It is worth mentioning that as
for TiO2 NPs, ZnO NPs in suspension can generate OH ions
after illumination with fluorescent light. Interestingly, the
bulk ZnO or ZnO did not generate any OH in a dark envi-
ronment. Moreover, at the concentration of 5mg/L, the
amount of produced OH- was quite low. Due to this low
concentration of·OH-, and the lack of significantly increased
levels of oxidative indicators in the gills, the damage of the
gill cells could not be caused by the induction of ROS and
oxidative stress. Hence, Xiong et al. stated that a different
mechanism had to be at the basis of the gill tissue damage.
Since zebrafish ingested the NPs mainly with the diet, the
liver was the tissue mostly exposed to the nanoparticles
and consequently mainly affected [9].

As mentioned in the case of zebrafish embryos/larvae,
different studies have been focused their attention on the
impact of surface modifications on the toxicity of ZnO
NPs. Kizhakkumpat et al. investigated these factors not only
in embryos and larvae but also in adult zebrafish. Adult fish
were treated with ZnO-PEG, ZnO-PVA, and ZnO-PVP NPs.
In embryos, the LC50 of bulk ZnO, ZnO-PEG, ZnO-PVA,
ZnO-PVP, and ZnO NPs were found to be 520.9, 17.21,
131, 0.6823, and 0.7579mg/L, respectively. However, the
LC50 values in adults were 3239, 6.44, 9.40, 3.77, and
20.72mg/L. In addition, capped ZnO nanoparticles were
taken up by the embryos at higher rates than bare ZnO
NPs, resulting in increased toxicity in later life stages. More-
over, as ZnO-PVP NPs showed the highest uptake level,
adult zebrafish had a lower survival rate when exposed to
this form of nanoparticles [130]. Furthermore, adult zebra-
fish treated with these different kinds of nanoparticles
showed different morphological alterations. In particular,
the histopathological study revealed severe damage in the gill
tissue. More specifically, secondary lamellar structure alter-
ations, necrosis, desquamation, acute cellular swelling, aneu-
rysm, and lamellar disorganization were observed [130].
This specific effect was already noticed in the previous stud-
ies elucidating the toxicity of ZnO NPs in zebrafish embryos.
Larvae treated with ZnO NPs and Zn2+ presented specifi-
cally tissue ulcerations and gill primordia. These findings
are in agreement with work of Kizhakkumpat et al. and
clearly indicate that ZnO NPs cause diverse toxic effects
relevant to the stages of zebrafish life, with later life stages
being more sensitive than the embryonic ones [16].

5. Conclusions

Current research suggests that exposure to metallic nanopar-
ticles, especially when administered in high concentrations,
causes adverse effects in zebrafish. Although TiO2 NPs, IO
NPs, and ZnO NPs are widely approved and considered
nontoxic, they can indeed present some harmful properties.
All the three nanoparticles types have in common that the
contribution given by their size (core and hydrodinamic),
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coating, as well as by the experimental conditions themselves,
need to be considered in the establishment of their toxicity.
Importantly, several studies showed that the accumulation
of highly concentrated metallic oxide nanoparticles, concom-
itant with the release of their appropriate ions, is at the basis
of the observed nanotoxicity. Especially in combination with
longer exposure times, this seems to play a crucial role in the
induction of ROS and the activation of related inflammatory
and/or immunogenetic mechanisms for all classes of investi-
gated NPs. Particularly the exposure to the highly investi-
gated TiO2 NPs has been revealed to affect these pathways.
It has been shown that alteration of sod1 activity with conse-
quent perturbation of tp53 impacts lipid homeostasis while
promoting genotoxicity and apoptosis. Given their particular
optical properties, these effects can even deteriorate under
illumination, demanding for an accurate evaluation of their
potential toxicokinetics prior to their implementation. Simi-
larly, ZnO NPs can cause an increase in reactive oxygen
species in response to fluorescent light. Furthermore, the
ZnO NP-induced steep increase of ROS stimulates the apo-
ptotic pathways regulated by caspases and mitochondria
(Gstp2, Nqo1, Bcl-2, caspase-3, and caspase-9) causing exten-
sive cellular dysfunction even at lower concentrations.
Regarding IO NPs, which are associated with oxidative stress
and the induction of redox-sensitive signal transduction
pathways (AP), nanoparticle size and coating seem to be
the factors mostly contributing to the observed cellular dys-
function. As iron ions are important components of many
biochemical reactions, its concentration must be tightly con-
trolled although when administered as IO NPs. Despite the
increasing implementations of MO NPs, and the constant
development of new variants, the obtained results regarding
nanotoxicity are often contradictory. Taken as a whole,
caution must be thus advised in the usage of all the indicated
nanoparticles. This is even more important as MO NPs are
widely used in several daily life applications, leading inevita-
ble to environmental and human exposure. It is clear that
further research is needed to fully unravel the mechanisms
underlying nanotoxicity in organisms upon MO NP expo-
sure to mitigate as much as possible potentially occurring
adverse effects. In addition, proper evaluation of their ecotox-
icological profile demands strongly for the standardization of
the experimental conditions.
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The present study deals with extracellular synthesis and characterization of copper sulfide (CuS) nanoparticles using Aeromonas
hydrophila, and the biological applications of the synthesized CuS like antibacterial, anti-inflammatory, and antioxidant activity
were reported. Further, the toxicological effects of the CuS were evaluated using zebrafish as an animal model. The primary
step of the synthesis was carried out by adding the precursor copper sulfates to the culture supernatant of Aeromonas
hydrophila. The UV-visible spectrophotometer was used to characterize the synthesized nanoparticles, and the peak was
obtained at 307 nm through the reduction process. Fourier transform infrared spectroscopy (FTIR) was involved to find out
the functional groups (carboxylic acid, alcohols, alkanes, and nitro compounds) associated with copper sulfide nanoparticles
(CuS-NPs). Atomic force microscopy (AFM) was used to characterize the CuS topographically, and a scanning electron
microscope (SEM) revealed about 200 nm sized CuS nanoparticles with agglomerated structures. Overall, the characterized
nanoparticles can be considered as a potential candidate with therapeutic proficiencies as antibacterial, antioxidant, and anti-
inflammatory mediator/agents.

1. Introduction

Copper is a common element that exists naturally in the
environment and distributes through anthropogenic activi-
ties. It is soft, flexible metal with high thermal and electrical
conductivity. Like iron, copper is a trace element required
for the formation of body tissues and red blood cells. The
economic value of combining crystalline copper and semi-
conductor nanoparticles is used in various fields including
catalysis, material science, solar cells, the environment
aspects, and medicine, owing to their unique properties [1,

2]. The size of semiconductor nanoparticles reduced into
nanometer scale is due to quantum effects. As a result, size,
shape, and quantum effects of such reduction play a critical
role in determining the properties of semiconductor nano-
particles. Copper sulfide nanoparticles have tremendous
applications, such as in solar cells [3–5], wastewater treat-
ment, and sensors [6, 7], and also used in the manufacturing
of other electronic components [8]. Different techniques,
like physical, chemical, and biological methods, are used to
synthesize copper sulfide nanoparticles [9, 10]. The biologi-
cal method has several advantages such as environmentally
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friendly, cost-effective, and usage of less toxic chemicals in
the synthesis process [11]. The described biological method
used the biological sources such as bacteria [12], fungi
[13–15], algae, plants [16, 17], and other biological mate-
rials. Here, the bacteria is used for nanoparticle synthesis,
as it produces metal resistance and participates in effectively
reducing the ions into nanoparticles. When bacteria were
exposed to low metal ion concentrations, they develop resis-
tance and induce nanoparticle synthesis [18]. Bacterial syn-
thesis of nanoparticles can be done either (i) intracellular
or extracellular. Both methods are used to obtain the con-
trolled size and shape of the nanoparticle during synthesis
process. Bacterial culture supernatant was used for the extra-
cellular synthesis of nanoparticles, and this method can be
reproduced for the better size and shape with controllable
synthesis of nanoparticles than the intracellular one [19].
There are plenty of reports on the synthesis of copper nano-
particles using bacteria such as acidophilic sulfate-reducing
bacteria [20], Escherichia coli [21], Pseudomonas sp. [22],
Pseudomonas stutzeri [23, 24], Serratia sp. [25], Streptomyces
sp. [26], Morganella bacteria [27], Pseudomonas fluorescens
[28], and Shewanella oneidensis MR-1 [12]; among them,
extracellular synthesis of copper sulfide nanoparticles
(CuS-NPs) using the bacteria Aeromonas hydrophila has
rarely been reported. The synthesized nanoparticles were
characterized using UV-vis spectra, XRD, FTIR, AFM,
SEM, and EDX analyses; biological applications such as anti-
bacterial, antioxidant, and anti-inflammatory properties of
the CuS-NPs were assessed to determine their biological
role. In addition, characterized nanoparticles and their bio-
logical roles were assessed by antibacterial, anti-inflamma-
tory, and antioxidant activities. Furthermore, a
toxicological assay of CuS-NPs was performed in zebrafish
embryos as an animal model.

2. Materials and Methods

2.1. Materials Used. The bacterial strain Aeromonas hydro-
phila (7966) was purchased from the American Type Cul-
ture Collection, Tamil Nadu, India. Nutrient broth,
Mueller-Hinton agar, DPPH, and media were purchased
from Sigma-Aldrich, India, and the standard antibiotics
were purchased from Hi-Media Laboratories, Mumbai,
India. In addition, zebrafish (Danio rerio) embryos were
purchased from Tarun fish farm, Manimangalam, Chennai.

2.2. Culturing Aeromonas hydrophila and Synthesis of CuS
Nanoparticles. Aeromonas hydrophila is a rod-shaped,
gram-negative bacterium commonly found in brackish
water and causes disease in fish. It is used in this experiment
for the synthesis of copper sulfide nanoparticles. The bacte-
rial culture was grown in the nutrient broth with the pH7.2
and incubated at 30°C for 24 hours in a shaking incubator at
120 rpm. The culture was centrifuged at 10000 rpm for
10min and collected the cell-free supernatant. The nanopar-
ticle synthesis was attempted by following slightly modified
protocol [29] and related applications as well. The bacterial
supernatant was used for the extracellular synthesis of cop-
per sulfide nanoparticles by adding the precursor material,

1mM copper sulfates thoroughly mixed and incubated for
reduction process. After the addition of copper sulfate, the
reaction mixture turns into greenish-blue from greenish-
brown color. The color change indicates the synthesis of
CuS-NPs.

2.3. Characterization of Synthesized Copper Sulfide
Nanoparticles. The crystalline character of the synthesized
copper sulfide nanoparticles was investigated with the help
of powder XRD (XRD D8 ADVANCE BRUKER) analysis.
The X-ray patterns were obtained in the 2 theta configura-
tions in the range of 20°–80°. After drying off the purified
CuS nanoparticles, the sample’s elemental composition was
analyzed with energy dispersive analysis of X-ray spectros-
copy (scanning electron microscope predicted ZEISS
(EVD18)) and the morphology and size. Absorption spectra
were determined by a UV-vis spectrophotometer (SHI-
MADZU UV-1280) with a frequency range from 300nm
to 320nm.

3. Biomedical Applications

3.1. Antibacterial Activity of Copper Sulfide (CuS)
Nanoparticles. Antibacterial activity was done by the agar
well diffusion method using various pathogenic bacteria
such as Vibrio parahaemolyticus, Serratia marcescens, Pro-
teus sp, E. coli, and Bacillus sp. Fresh bacterial inoculum of
pathogens was spread on sterile Mueller-Hinton agar plate
using sterile cotton swabs, respectively. About four wells
were made in each plate using a sterile gel puncture for add-
ing different concentrations of CuS nanoparticles. Various
concentrations (25 and 100μg/mL) of copper sulfide nano-
particles were incorporated into each well, and negative con-
trol was kept; a standard antibiotic (chloramphenicol)
(25μg/mL) was used as positive control. All the plates were
incubated at 35°C for 24 hours and observed zone formation
around the well.

3.2. Antioxidant Activity. Antioxidant activity of biosynthe-
sized CuS nanoparticles was performed by assaying the free
radical scavenging effect on DPPH (2-diphenyl-2-picrylhy-
drazyl). For the present activity, 1mL of different concentra-
tions of CuS nanoparticles (25, 50, 75, and 100μg/mL) was
mixed with 1mL of 1mM DPPH prepared using methanol.
DPPH solution prepared in methanol without sample was
considered as control. Then, the reaction solutions were
mixed thoroughly by vortexing and incubated at room tem-
perature under dark conditions for up to 30min. After incu-
bation, the discolorations of DPPH from purple to yellow
were observed and the absorbance of the DPPH scavenging
by nanoparticles was recorded at 517 nm using a UV-vis
spectrophotometer.

The percentage of inhibition was calculated using the
following formula:

Inhibition%
= ODof control −ODof test sample/OD of control ∗ 100:

ð1Þ
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3.3. Anti-Inflammatory Activity. The inflammation inhibi-
tory effects of CuS nanoparticles were performed by mem-
brane stabilizing activity in human red blood cells (RBCs).
Fresh human blood (10mL) was collected and mixed with
10mL of saline (pH7.2) solution. The mixed saline blood
was centrifuged at 3000 rpm for 10 mins and washed with
saline solution. This process was repeated three times. Pres-
ently, 2mL of CuS nanoparticles was taken in different con-
centrations (25, 50, 75, and 100μg/mL) and mixed with
1mL of RBCs (10%v/v), respectively. The standard drug
was prepared by mixing 2mL of diclofenac sodium (25mg)
with 1mL of RBCs in saline. Distilled water instead of saline
is considered as a control. All the mixtures were incubated at
56°C for 30mins. After incubation, all the tubes were cooled
and centrifuged at 2500 rpm for 5mins. The absorbance of
the supernatants was read at 560nm.

The percentage of inhibition was calculated using the
following formula:

Inhibition%
= ODof control −ODof test sample/OD of control ∗ 100:

ð2Þ

3.4. Toxicology Analysis of Synthesized Copper Nanoparticles
using Zebrafish. The embryos of Zebrafish were incubated at
26°C in culture water. Randomly selected embryos at 4 hours
postfertilization (sphere stage) were maintained with 10mL
of zebrafish culture water. Healthy embryos were selected
and placed in 96-well culture plates containing 0.2mL of
culture water. To each well, 0.1mL of different concentra-
tions of CuS nanoparticles (0 to 150μg/mL) was added,
respectively. Three replicates were included, and the
embryos in the culture medium were considered as control.
Then, the plates were incubated at 26°C and observed the
developmental status of the embryos and zebrafish larvae
at different fertilizing periods. Hatching and mortality rates
in percentages were calculated at every 12 h from the total
number of survival embryos. Malfunction in embryos
caused by nanoparticles was observed using a microscope.

3.5. Statistical Analyses. All the experiments were performed
in triplicate, and the obtained data were expressed as mean
values ± standard error (SE). Data were interpreted using
GraphPad 6.1 software. Two-way ANOVA was performed
using the Bonferroni post hoc test to evaluate the significant
differences between groups (standard drug and nanomate-
rial sample). The significant level for different concentra-
tions of standard drug and test samples was set top ≤ 0:05.

4. Results and Discussion

4.1. UV-Visible Spectroscopy. The optical properties and the
bioreduction of nanoparticles have been studied using the
UV-vis absorption spectrum. A color change from pale yel-
low to green was primarily observed when the CuSO4 was
added to the cell-free supernatant. After incubation, the
color of the reaction mixture changed into greenish-brown
(Figure 1). Several strong peaks for copper sulfide nanopar-

ticles were observed between 300 and 320nm. As the size of
the CuSO4 to the bulk decreases the absorption shifts to
shorter wavelengths (blue shift), which were observed in
the nanoregion, the maximum absorption spectrum that
produced blue shift during synthesis was observed at
307 nm, which implies the presence of copper synthesized
in high amounts.

4.2. Nature and Functional Group of CuS Nanoparticles.
XRD result revealed the crystalline nature of the synthesized
copper sulfide nanoparticles. The peaks obtained represent
the presence of copper sulfide, and it is confirmed by the
planes (110) and (111), which are corresponding to the 2θ
degree 31.18° and 43.81°, respectively (Figure 2). The average
size of nanoparticles was found to be 20 nm which was cal-
culated using the formula Debye-Scherrer equations D = K
λ/ðβCosθÞ. Here, D is the particle size, K is the Blanks con-
stant, λ is the X-ray wavelength, β is the FWHM intensity,
and θ is the Bragg angle.

The functional groups present in the supernatant of A.
hydrophila were revealed through the frequency peaks at
the wavenumber of 3350.35 cm-1 pointed to the O-H stretch-
ing vibration of carboxylic acid. Likely, two small peaks were
found at 3215.34 and 2856.58 cm-1 signifying the C-H
stretching vibration of alkanes and represented to be asym-
metric. Similarly, two peaks at 1627.92 and 1408.04 cm-1

were assigned to N–O asymmetric stretch nitro compounds.
The two wavenumbers at 1301.95 and 1037.70 cm-1 were
corresponding to the presence of C-O stretching alcohols,
respectively. A frequency band at 736.81 cm-1 was due to
the vibrations of the CH3, and the peak implies the weak
bond with C-C skeleton vibration (Figure 3).
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Figure 1: UV spectra of extracellularly synthesized copper sulfide
nanoparticles recorded at various time intervals. Insert figure (“a”
and “b”) shows color change of culture supernatant from yellow
to green indicates synthesis of copper sulfide nanoparticles by
extracellularly.
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4.3. Surface and Shape of the CuS Nanoparticles. The AFM
analysis confirmed the characteristic surface smoothness
and also portrayed the 3-dimensional structure of the nano-
particles. Figure 4 shows the average size of 20.65 nm of cop-
per sulfide nanoparticles. The smooth-surfaced and
spherical-shaped nanoparticles were observed from AFM.
Scanning electron microscopy analyzed the size and shape
of the synthesized CuS nanoparticles, which are shown in
Figure 5. It reveals that the copper sulfide nanoparticles were
in spherical and rod shaped with the size range of 20 to
200nm. EDX graph shows the elemental composition of
biosynthesized CuS nanoparticles (Figure 6). A strong signal
was received at 1 keV assigned to elemental copper, and a
weak signal at 2.3 keV displays the sulfur component. Other
peaks like carbon, oxygen, and sodium are associated with
CuS nanoparticles.

4.4. Biomedical Applications

4.4.1. Antibacterial Activity. Antibacterial activity of copper
sulfide nanoparticles was performed against gram-positive
and gram-negative bacteria. The bacterial pathogens,
namely, E. coli, Vibrio harveyi, Vibrio parahaemolyticus,
Bacillus sp., and Proteus sp., were used in this study. From
the antibacterial assay, CuS nanoparticles exhibited the high-
est zone of inhibition in E. coli with 9:00 ± 0:35mm at the
highest concentration.

The results obtained for the other three concentrations
are 5:31 ± 0:20mm, 5:99 ± 0:34mm, and 7:99 ± 0:34mm
for 25, 50, and 75μg/mL, respectively. Copper sulfide NPs
are more active against Proteus sp. recorded a maximum
zone of inhibition with the size 12:11 ± 0:25mm in the con-
centration of 100μg/mL, which confirmed potential antibac-
terial activity against Proteus sp. than on other tested
pathogens. Activity against Vibrio harveyi obtained 7:08 ±
0:43mm, 7:32 ± 0:48mm, 10:77 ± 0:16mm, and 11:11 ±
0:28mm for the tested concentrations. Similarly, activity
against Vibrio parahaemolyticus was measured as 5:35 ±
0:32mm, 7:48 ± 0:41mm, 9:43 ± 0:10mm, and 12:03 ± 0:07
mm for the tested concentrations, respectively. For Bacillus

sp., the zone of inhibition was recorded as 5:08 ± 0:37mm,
5:39 ± 0:21mm, 9:41 ± 0:32mm, and 10:58 ± 0:09mm. The
concentration of nanoparticles increases in the treatment
against pathogenic bacteria; consequently, the zone of inhi-
bition was increased (Figure 7).

4.4.2. Antioxidant Activity. Antioxidant activity of synthe-
sized copper sulfide nanoparticles by DPPH free radical
scavenging assay showed increased activity, while increasing
the concentrations. The highest inhibition was exhibited by
CuS nanoparticles at the maximum concentrations
(100μg/mL). The result observed that increasing the con-
centration of CuS nanoparticles increases the percentage of
antioxidant activity (Figure 8). Statistically, from the two-
way ANOVA test, the experimental p value recorded here
is less than 0.05. In this connection, copper sulfide nanopar-
ticles caused a significant increase in the antioxidant activity
at the concentrations of 75μg/mL and 100μg/mL, when
compared to the standard drug, ascorbic acid. DPPH reduc-
tion activity of nanoparticles showed the percentage of inhi-
bition as 64:37 ± 1:11%, which is higher than the standard
drug (55:16 ± 1:28%) at the concentration of 75μg/mL
(p < 0:01). Whereas at 100μg/mL concentration, copper sul-
fide nanoparticles exhibited the most significant (p < 0:001)
increase in the antioxidant activity (88:71 ± 0:98%) than
the standard drug (72:50 ± 2:21%). Other concentrations
(25μg/mL and 50μg/mL) did not show any significant dif-
ferences between CuS nanoparticles and standard drugs.
IC50 values of nanoparticles and commercial drug that
required for 50% reduction of DPPH radical were found to
be 55:43 ± 0:33 and 67:25 ± 1:62μg/mL, respectively.

4.4.3. Anti-Inflammatory Activity. Anti-inflammatory activ-
ity was carried out by the membrane-stabilizing method,
and the OD value of inhibition was recorded at 565 nm.
The percentage of anti-inflammatory activity was calculated,
and the graph of copper sulfide nanoparticles shows the
maximum inhibition at 100μg/mL concentration when
compared to the other concentrations. The results have
shown that CuS nanoparticles actively inhibited the heat-
induced hemolysis. Statistically, the two-way ANOVA shows
the experimental p value is less than 0.05. Therefore, it was
clear that the copper sulfide nanoparticles shows a signifi-
cant increase in the anti-inflammatory activity at the
increasing concentrations compared to the standard drug.
The percentage of inhibition produced by CuS nanoparticles
was found to be 68:68 ± 1:29%, which is highly significant
than standard drug (56:25 ± 2:34%) at the concentration of
75μg/mL (p < 0:001). At 100μg/mL concentration, the
nanoparticles exhibited the most significant increase
(p < 0:001) in the activity (93:87 ± 0:80%) than standard
drug (79:55 ± 1:32%). Other concentrations did not show
any significant differences between nanoparticles and stan-
dard drug. The inhibition of hemolysis by the nanoparticles
at 50% inhibition concentration (IC50) was calculated and
compared with the standard drug. The IC50 values for the
CuS nanoparticles and standard drugs were recorded as
47:23 ± 0:33 and 62:72 ± 0:45μg/mL, respectively (Figure 9).
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Figure 2: XRD shows crystalline nature of copper sulfide
nanoparticles.
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Figure 3: FTIR spectrum shows the functional molecules present in copper sulfide nanoparticles.

Figure 4: AFM image shows surface morphology of copper sulfide nanoparticles.
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4.5. Toxicology Study of Copper Nanoparticles on the
Zebrafish Model. Embryos prior to 4 hpf (sphere stage) were
treated with different concentrations of copper sulfide nano-
particles, and developmental abnormalities were observed in
embryos treated at different concentrations (20-150μg/mL).
Figure 10 represents the toxicity of untreated and
nanoparticle-treated groups, which shows no significant
(p > 0:05) effects at the concentrations of 20 and 60μg/mL,
respectively, at all the exposure times. The increased concen-
trations of 80 and 150μg/mL of CuS nanoparticles caused
highly significant effects (p < 0:001) on mortality in
embryos. The mortality rate of the fish was gradually and
significantly (p < 0:05) increased up to 96 hpf while increas-
ing the concentration of nanoparticles. Both 100 and 150μg/
mL of CuS nanoparticles caused 80 and 100% mortality off
the embryos, respectively, at the period of 96hpf. There is
a significant effect noticed in 150μg/mL at the exposure time
of 72 and 96 hpf of the embryos. Noticeably, the 50% of
lethal concentration (LC50) of CuS nanoparticles was found
to be 60μg/mL.

Likewise, the hatching rate of zebrafish embryos is also
affected by the increasing concentration of CuS nanoparti-
cles. The untreated embryos have shown an 80 ± 2:9%
hatching rate, whereas 60μg/mL CuS nanoparticle-treated
embryos showed 95 ± 1:7% hatching rates, respectively.
There are no significant differences observed in the hatching

percentage at 20 and 40μg/mL copper sulfide nanoparticle-
treated groups. The concentration of 40 and 60μg/mL
exhibits p value as less than 0.01 (p < 0:01). This hatching
rate was found to be moderately significant (p < 0:05) and
decreased while increasing the concentration of nanoparti-
cles up to 150μg/mL. Figure 11 shows significantly delayed
hatching ability while increasing the concentration of CuS-
NPs. Profoundly, the higher concentration of CuS nanopar-
ticles caused developmental toxicity and growth retardation
in zebrafish.

The untreated control zebrafish shows average growth
without any delayed activity. The 60μg/mL concentration
did not show any significant malfunctions or developmental
toxicity up to 96hpf. Above 80μg/mL of CuS nanoparticles
caused tail and spinal cord flexure and truncation, yolk sac
edema, and fin abnormalities. Axial bent and tail bend, peri-
cardial edema was identified through a microscope, which
was indicated by arrows, head and eye hypoplasia, and no
swim bladder and reduced digestive gut were observed in
CuS-NP-exposed embryos (Figure 12). The abnormality
was observed in 80μg/mL CuS-NP-treated groups at
24 hpf, 48 hpf, and 96 hpf.

5. Discussion

The formation of greenish-brown indicates the reduction of
Cu2+ to zerovalent copper (Cu0) in the reaction mixture. The
mechanism behind this reduction is copper sulfate which is
dissociating into Cu2+ and sulfate initially. Further, the
Cu2+ is reduced into zerovalent copper sulfide nanoparticles
(Cu0) through the biomolecules present in the culture super-
natant [30]. Similarly, Pradhan et al. [31] have observed blue
color, and later, it could be changed into brown by the
involvement of lemon extract.

UV-vis spectrum showed the highest peak at 307 nm,
which could be due to surface plasmon resonance effects of
copper sulfide nanoparticles [32]. The peak intensity was
increased by increasing the time of incubation of reaction
mixture. The present results were in good accordance with
Rawat et al. [17] who observed the range from 220 to
380 nm for copper nanoparticles during UV-vis spectrum

200 nm
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Figure 5: SEM analysis of copper sulfide nanoparticle synthesized by Aeromonas hydrophila scanned at different magnification ranges: (a)
scale bar: 2 μm; (b) scale bar: 200 nm.
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Figure 6: EDX spectrum of CuS nanoparticles.
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analysis. Presently, some minor peaks were observed as fluc-
tuations, which corresponded to the biomolecules associated
with cell-free supernatant that may not be actively involved
in the synthesis [33].

XRD spectrum shows two distinct peaks at the 2θ values,
31.18° and 44.81°, which are corresponding to the respective
(hkl) planes of (110) and (111). These diffraction peaks are
well-matched with the pattern of the FCC (face-centred
cubic) phase of copper sulfide nanoparticles (JCPDS 04-
0836). The average size of nanoparticles observed in this
present study (20 nm) using the Debye-Scherrer equation

was found to be proficient due to its size which implies more
surface area to volume ratio might act as a good candidate to
target drug delivery. Also, the present findings are in line
with Rosy et al. [34] who have synthesized that the copper
nanoparticles in 56 ± 8nm sized from Cissus arnotiana
proved significant biological properties.

The functional groups associated with the biosynthesized
copper sulfide nanoparticles using cell-free supernatant of A.
hydrophila were characterized. It was clear that the func-
tional groups, N-O asymmetric stretch nitro compounds,
and alcohols involved in the synthesis have been confirmed

(a)

(a)

(b)

(b)

(c)

(c)

(d)

(d)

(e)

(e)

Figure 7: Antibacterial activity of CuS nanoparticles against pathogenic bacteria: (a) V. harveyi; (b) V. parahaemolyticus; (c) E. coli; (d)
Bacillus sp; (e) Proteus sp.
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in the dried and purified copper nanoparticles by comparing
the earlier results of Rasouli et al. [35] who have stated that
carboxylic acid from protein molecules in supernatant might
be responsible for the synthesized nanoparticles. The
absorption peak at 1627 cm-1 corresponds to protein link-
ages that interact with nanoparticles and reduce copper ions
(Cu2+) to copper nanoparticles (Cu0) which have been well
coincided with Patel et al. [36], who reported the exact wave-
number in their copper nanoparticle biosynthesis.

AFM study revealed the surface characters of synthe-
sized nanoparticles which are showing the rough and
smooth surfaces. The average size of CuS nanoparticles is

20.65 nm, which is approximately equal to the XRD size cal-
culation. The presently obtained sizes of the nanoparticles
are in accordance with the earlier findings of Karthik and
Singh [37] who reported the average size of nanocopper
from AFM images as 6.45 nm.

The morphological characters like size and shape of
nanoparticles were determined using SEM. The biosynthe-
sized copper sulfide nanoparticles are homogenous and uni-
formly dispersed. Some are observed as rod and spherical
with the size ranging from 20 to 200nm. Copper and sulfide
were bonded to each other, and it appears clustered. Simi-
larly, Ghidan et al. [38] and Khani et al. [39] reported the
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Figure 8: Antioxidant activity of copper sulfide nanoparticles. The error bar values are expressed as mean ± SE. Significant differences were
expressed as p < 0:001 (∗∗∗), p < 0:01 (∗∗), and p < 0:05 (∗), and all the experiments were performed in triplicate.
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average size observed between 10 and 100nm using Punica
granatum and 5–20nm using Z. spina-christi supernatants’,
respectively. Inspiringly, the CuS-NPs may elicit a good biolog-
ical activity due to their different morphological characteristics.

EDX analysis showed the presence of different elemental
composition of biosynthesized CuS nanoparticles. The
EDAX pattern confirmed respective peaks for copper and
the sulfur component as well as the other peaks called
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Figure 10: Mortality rate of zebrafish embryos treated with copper sulfide nanoparticles. The error bar values are expressed as mean ± SE.
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biomoities, which may be evolved from the culture superna-
tant of A. hydrophila [40].

Copper sulfide nanoparticles exhibited the preponderant
inhibition activity against gram-negative pathogenic bacteria
like E. coli, Vibrio harveyi, Vibrio parahaemolyticus, and
Proteus sp. The gram-positive Bacillus sp. resulted in a low
inhibition activity that might be due to integrity of cell wall
where evasion of the nanoparticles is quite difficult, as they
have thick and strong cell wall composition, and made up
of complex peptidoglycan [41]. Whereas in the gram-
negative bacteria, the nanoparticles may easily penetrate
the cell and cause leakage of cell components. Sometimes,
nanoparticles were altering either DNA or RNA and even
thus lead to cell death [41, 42].

Free radicals are highly uncharged and unstable mole-
cules that contain one or more unpaired electrons which
are highly reactive to produce any toxic components. In vitro
radical scavenging activity of biosynthesized copper sulfide
nanoparticles has been evaluated against DPPH. Biosynthe-
sized CuS nanoparticles exhibited significant scavenging
activity when compared to the standard drug, ascorbic acid.
This difference could be achieved by NPs due to the presence
of carboxylic acid, alkanes, and alcohol. In vitro anti-
inflammatory activity (inflammation inhibition) of biosynthe-
sized CuS nanoparticles was determined by themembrane sta-
bilizing method. The nanoparticles exhibited excellent
percentage of inhibition around 93.71%, when compared to
a standard drug (79.43%). Comparably, the presently recorded
inhibition is prominent as like the previous reports of Tiwari
et al. [43] who obtained 92% of inflammation inhibition from
the biosynthesized copper nanoparticles.

Toxicity assay of CuS nanoparticles carried out on zebra-
fish embryos at different concentrations and exposure time.
The mortality rate and hatching rate were affected with the
increased concentration of nanoparticles. Biosynthesized
CuS nanoparticles were found to be toxic to the zebrafish
that resulted above 80μg/mL. Diplomatically to the above
biological activity, though the CuS-NPs are potential
enough, presently, the nontargeted toxic potentials have
not been favored in the acceptable dose of copper nanoparti-
cles in various biomedical applications, i.e., below 80μg/mL.

On contrary to this, various abnormalities like axial bent, spi-
nal cord curvature, tail bent, and yolk sac edema were
observed at 80μg/mL concentration of CuS-NPs. Similarly,
Rajendran et al. [44] reported the toxic effect of zirconium
nanoparticles on zebrafish. They obtained LC50 values for Zr
nanoparticles to be 1μg/mL. Then, 2 to 5μg/mL shows
delayed hatching ability and increased concentration caused
malfunctions and developmental retardation in zebrafish.

6. Conclusion

One of the affordable and reproducible sources for biosyn-
thesis, the bacteria (A. hydrophila), a very perceptible
method compared to physical- or chemical-based ones for
synthesizing metal nanoparticles was successfully achieved.
Bacteria-mediated synthesis can also save time, can be a
cost-effective one, and can be grown large scale at an opti-
mum condition. Hence, bacteria will be a best choice as an
impending source for the improvement in nanotechnology
to synthesize nanoparticles for large-scale production. Extra-
cellular synthesis using Aeromonas hydrophila and its bio-
medical applications have been extensively studied in this
present research. Nanoparticle synthesis was characterized
and confirmed by XRD, FTIR, UV, SEM, and AFM analyses.
Applications such as antibacterial, anti-inflammatory, and
antioxidant activity and the nontargeted toxicology effects
of copper nanoparticles using zebrafish were also been eval-
uated. Future studies are warranted with further characteri-
zation and field applications.
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With advent of nanotechnology, silver nanoparticles, AgNPs owing majorly to their antibacterial properties, are used widely in
food industry and biomedical applications implying human exposure by various routes including inhalation. Several reports
have suggested AgNPs induced pathophysiological effects in a cardiovascular system. However, cardiovascular diseases such as
hypertension may interfere with AgNPs-induced response, yet majority of them are understudied. The aim of this work was to
evaluate the thrombotic complications in response to polyethylene glycol- (PEG-) coated AgNPs using an experimental
hypertensive (HT) mouse model. Saline (control) or PEG-AgNPs (0.5mg/kg) were intratracheally (i.t.) instilled four times, i.e.,
on days 7, 14, 21, and 28 post-angiotensin II-induced HT, or vehicle (saline) infusion. On day 29, various parameters were
assessed including thrombosis in pial arterioles and venules, platelet aggregation in whole blood in vitro, plasma markers of
coagulation, and fibrinolysis and systemic oxidative stress. Pulmonary exposure to PEG-AgNPs in HT mice induced an
aggravation of in vivo thrombosis in pial arterioles and venules compared to normotensive (NT) mice exposed to PEG-AgNPs
or HT mice given saline. The prothrombin time, activated partial thromboplastin time, and platelet aggregation in vitro were
exacerbated after exposure to PEG-AgNPs in HT mice compared with either NT mice exposed to nanoparticles or HT mice
exposed to saline. Elevated concentrations of fibrinogen, plasminogen activator inhibitor-1, and von Willebrand factor were
seen after the exposure to PEG-AgNPs in HT mice compared with either PEG-AgNPs exposed NT mice or HT mice given
with saline. Likewise, the plasma levels of superoxide dismutase and nitric oxide were augmented by PEG-AgNPs in HT mice
compared with either NT mice exposed to nanoparticles or HT mice exposed to saline. Collectively, these results demonstrate
that PEG-AgNPs can potentially exacerbate the in vivo and in vitro procoagulatory and oxidative stress effect in HT mice and
suggest that population with hypertension are at higher risk of the toxicity of PEG-AgNPs.

1. Introduction

Silver nanoparticles (AgNPs) became one of the most inves-
tigated engineered nanomaterials during the past few years,
given the fact that these nanomaterials proved to have inter-
esting, challenging, and promising characteristics suitable
for various household and biomedical applications [1–3].

The widespread application in turn results in environmental
contamination and human exposure raising serious concern
about their potential adverse effects and toxicity on human
health [2, 4]. Of all the various routes of exposure of nano-
particles reported so far, pulmonary exposure provides a
major a potential route to aerosolized AgNPs used in health
sprays, nebulizers, deodorants, and disinfectants [5].
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Moreover, inhalation exposure to these particles is inescap-
able to workers in nanosilver-manufacturing industries, par-
ticularly during particle synthesis and handling of dry
powders, as well as during the manufacture of AgNPs-
containing products [6].

A collection of studies have previously addressed the
effects and applications of different kinds of AgNPs (shaped,
sized, coated and functionalized) in several components of
the cardiovascular system, such as endothelial cells, isolated
vessels, and organs as well as integrative animal models, try-
ing to elucidate the underlying mechanisms involved in their
pathophysiological effect and hence to understand their
implication in the field of biomedicine [7–11]. For instance,
Sun et al. [12] demonstrated that AgNPs exposure signifi-
cantly and dose-dependently decreased the cell viability,
induced NADPH oxidase 4 and nuclear factor erythroid 2-
related factor 2 (Nrf2) mediated oxidative stress, and led to
early apoptosis in human umbilical vein endothelial cells.
Using Langendorff rat heart preparation, Ramirez-Lee and
colleagues evaluated direct actions of AgNPs (15 ± 4 nm)
on coronary vascular tone and cardiac contractility [13].
Similarly, we have recently demonstrated significant patho-
physiological effect to pulmonary-exposed polyvinylpyrroli-
done and citrate-coated AgNPs (10nm) on a
cardiovascular system particularly on the thrombotic events,
oxidative stress, inflammatory markers, DNA damage, and
apoptosis [14]. Our in vitro study further revealed the poten-
tial of these same nanoparticles to cause significant erythro-
cytic oxidative damage and eryptosis [10].

Although the number of evidence about the toxic effects
and mechanisms induced by AgNPs on heart is limited,
there are much fewer investigations on the impeding effects
of these nanoparticles on populations with cardiovascular
pathologies such as hypertension. In this regard, previous
studies have demonstrated that pulmonary exposure to engi-
neered nanomaterials is capable of aggravating cardiovascu-
lar dysfunction via mechanisms including systemic
inflammation, coronary artery dysfunction, metabolic
derangement, autonomic dysregulation, and oxidative stress
[15–18]. Oxidative stress contributed by increased reactive
oxygen species level generates an imbalance between reactive
oxygen species generation and antioxidant defence mecha-
nism such as catalase and superoxide dismutase [19]. This
process also contributes to the development of a common
cardiovascular disorder, namely, hypertension [20]. In addi-
tion, evidence for the prothrombotic and hypercoagulable
state in hypertension has been extensively reviewed
[20–22]. In fact, some studies have reported abnormalities
in the coagulation and fibrinolytic pathways, as well as in
platelets and the endothelium, among hypertensive experi-
mental models and patients [23–25]. In this context, we have
recently shown significant oxidative stress and prothrombo-
tic and inflammatory effects in mice exposed to 10 nm
AgNPs via intratracheal instillation [14]. Nevertheless, influ-
ence of hypertension on the latter effects has not been stud-
ied so far.

AgNPs are coated with various natural or synthetic poly-
mers in order to preserve their bioavailability, increase sta-
bility, and reduce toxicity [2, 3, 26]. In this regard,

polyethylene glycol (PEG) has been widely applied as an
effective stabilizing agent in the fabrication of AgNPs and
other metal nanoparticles. Consequently, the aim of this
study is to assess the effect of PEG-AgNPs, in a mouse model
of angiotensin (ANG) II-induced hypertension, on throm-
botic events, coagulation profile, and oxidative stress by
measuring thrombotic occlusion time in pial arterioles and
venules, prothrombin time (PT), activated partial thrombo-
plastin time (aPTT), fibrinogen, plasminogen activator
inhibitor-1 (PAI-1), von Willebrand factor (vWF), superox-
ide dismutase, and total nitric oxide.

2. Materials and Methods

2.1. Nanoparticles. Suspensions of polyethylene glycol-
(PEG-) coated silver nanoparticles (PEG-AgNPs) of 40:6 ±
3:8 nm (BioPure™) were purchased from NanoComposix
(San Diego, CA, USA). The provided stock concentrations
were 1.0mg/ml with silver purity of 99.99% and endotoxin
level < 2:5EU/ml. The nanoparticle surface area was
13.8m2/g. PEG-AgNPs were suspended in sterile 0.9%
NaCl. Silver acetate (AgAc), as the source of Ag+ ions, pur-
chased from Sigma-Aldrich (#216674, St. Louis, MO,
USA), was dissolved in sterile water to yield a stock concen-
tration of 1mg/ml. In order to reduce nanoparticle aggrega-
tion, the suspensions of PEG-AgNPs were constantly
sonicated (Clifton Ultrasonic Bath, Clifton, NJ, USA) for
10min and vortexed prior their dilution and intratracheal
(i.t.) instillation.

2.2. Animal, Experimental Hypertensive Model, and Dosing.
Both male and female BALB/C mice of age 8–10 weeks,
weighing 20 to 25 g (Animal House of the College of Medi-
cine and Health Sciences, United Arab Emirates University),
were housed in light- (12 h light : 12 h dark cycle) and
temperature-controlled (22 ± 1°C) rooms. They had free
access to commercial laboratory chow and were provided
tap water ad libitum.

A well-validated murine model of hypertension (HT
mice) was utilized [21, 27, 28]. BALB/c (8-10 weeks old)
mice were administered angiotensin II (ANG II, 0.75mg/
kg/day in 0.15mol/l NaCl and 0.01N acetic acid) or vehicle
(normotensive (NT), i.e., control mice) for the entire dura-
tion of the experiments using an osmotic pump (Alzet
osmotic pump model 2006, Durect Corporation, Cupertino,
CA, USA). This treatment delivers ANG II plasma concen-
tration equivalent to that observed in patients with renovas-
cular hypertension [28, 29]. The systolic blood pressure
(SBP) was measured using computerized noninvasive tail
cuff manometry system (ADInstruments, Colorado Springs,
USA). SBP was recorded prior to the measurement of
thrombosis or animal sacrifice for blood collection and
analysis.

Pulmonary exposure was achieved by intratracheal (i.t.)
instillation [30, 31]. Mice were anesthetized with isoflurane
and positioned supine with an extended neck on an angled
board. A Becton Dickinson 24 Gauge cannula was intro-
duced via the mouth into the trachea. The PEG-AgNPs
(0.5mg/kg) or saline (control) was instilled (100μl) via a
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sterile syringe, followed by an equal volume of air bolus. The
nanoparticles or saline were i.t. instilled four times, i.e., on
days 7, 14, 21, and 28 post-ANG II or vehicle (control) infu-
sion. Another similar group of NT and HT mice received
AgAc as a source of Ag+. On day 29, mice weights were
taken, and various cardiovascular parameters were assessed.

This study was reviewed and approved (approval #
ERA_2019_5876) by the United Arab Emirates University
Animal Ethics Committee, and experiments were performed
in accordance with protocols approved by the committee.

2.3. Characterization of PEG-AgNPs. Transmission electron
microscopy (TEM) of AgNPs was performed by a method
described in our previous paper [10]. Briefly, the suspensions
were subjected to sonication at room temperature for 15min
prior to processing for TEM. A drop of PEG-AgNPs suspen-
sions was deposited on a 200-mesh Formvar/Carbon coated
copper grid and allowed to dry for 1h at room temperature.
Then, the grids were examined and photographed at different
magnifications using Tecnai™ G2 Spirit transmission micro-
scope (FEI Company, Hillsboro, OR, USA).

Regarding zeta potential analysis, the PEG-AgNPs sus-
pensions were diluted to 10% by volume in absolute ethanol,
vortexed for 10 minutes, and then were subjected to the size
distribution and zeta potential measurements using Malvern
zetasizer instrument (Malvern Panalytical, UK) and Zetasi-
zer 7.11 software for the measurement and data processing.
All measurements were carried out at room temperature
and were done in triplicate.

2.4. Experimental Pial Arteriole and Venule Thrombosis
Model. In separate animals, in vivo thrombogenesis in the
pial arterioles and venules was assessed in NT and HT mice
after saline or PEG-AgNPs or Ag+ ion exposure, according
to a previously described technique [32]. Briefly, the animal
was anesthetized with urethane (1mg/g BW, i.p.), the tra-
chea was intubated, and the right jugular vein was cannu-
lated with a 2F venous catheter (Portex, Hythe, UK) for
the administration of fluorescein (Sigma-Aldrich, St. Louis,
MO, USA). Thereafter, craniotomy was first performed on
the right temporoparietal cortex with a hand-held micro-
drill, and the dura was stripped open. Only untraumatized
preparations were used, and those showing trauma to either
microvessels or underlying brain tissue were discarded.
Cerebral microcirculation was directly visualized using a
fluorescence microscope (Olympus, Melville, NY, USA) con-
nected to a camera and DVD recorder. A heating pad was
used, and body temperature was raised to 37°C, as moni-
tored by a rectal thermoprobe connected to a temperature
reader (Physitemp Instruments, NJ, USA). A field contain-
ing arterioles and venules (15-20μm) in diameter was cho-
sen. Such a field was taped prior to and during the
photochemical insult, which was carried out by injecting
fluorescein (0.1ml/mouse of 5% solution) via the jugular
vein, which was allowed to circulate for 30-40 sec. The cra-
nial preparation was then exposed to stabilized mercury
light. The photochemically induced injury to arterioles and
venules, in turn, causes platelets to adhere at the site of
endothelial damage and aggregate. Platelet aggregates and

thrombus formation grow in size until complete vascular
occlusion. The time from the injury until complete vascular
occlusion (time to flow stop) in arterioles and venules was
measured in seconds. At the end of the experiments, the ani-
mals were euthanized by an overdose of urethane.

2.5. Prothrombin Time (PT) and Activated Partial
Thromboplastin Time (aPTT) Measurements in Plasma.
The PT and aPTT were measured in plasma collected from
treated mice by using TEClot PT-S and TEClot aPTT-S kits
(TECO GmbH, Dieselstr. 1, 84088, Neufahrn, NB, Ger-
many), according to the manufacturer’s instruction. Briefly,
the PT and aPTT were measured in platelet poor plasma
(PPP), preincubated at 37°C for 3 minutes, followed by addi-
tion of PT and aPTT reagent, using a Merlin coagulometer
(MC 1 VET, Merlin, Lemgo, Germany).

2.6. In Vitro Platelet Aggregation in Mouse Whole Blood. In
vitro platelet aggregation in whole blood collected from NT
or HT mice after i.t. instillation of saline or PEG-AgNPs or
Ag+ ions was performed with slight modifications as previ-
ously described [32]. After anesthesia, blood from untreated
mice was withdrawn from the inferior vena cava, placed in cit-
rate (3.2%), and 0.1ml aliquots were added to the well of a
Merlin coagulometer (MC 1 VET; Merlin, Lemgo, Germany).
Blood samples were incubated at 37.2°C with ADP (0.1μM)
for 3min and then stirred for another 3min. At the end of this
period, 25μl samples were removed and fixed on ice in 225ml
cellFix (Becton Dickinson, Franklin Lakes, NJ). After fixation,
single platelets were counted in a VET ABX Micros with a
mouse card (ABX). The occurrence of platelet aggregation
induced by ADP caused a decrease in the counted single plate-
lets in the blood (fall in the number of single platelets counted)
obtained from the four studied groups compared with each
other and with untreated (without ADP) whole blood
obtained from control (unexposed) mice.

2.7. Measurement of Systemic Markers of Coagulation,
Fibrinolysis, and vWF. The concentrations of fibrinogen
(Molecular Innovation, Southfield, MI, USA) and plasmino-
gen activation inhibitor (PAI-1, Molecular Innovation,
Southfield, USA) were determined using an ELISA Kit. The
plasma concentration of vWF (Molecular Innovation,
Southfield, MI, USA) was measured using an ELISA kit.

2.8. Oxidative Stress Evaluation: Total NO2 and Superoxide
Dismutase (SOD). The determination of NO was performed
with a total NO assay kit from R&D Systems (Minneapolis,
MN, USA) which measures the more stable NO metabolites
NO2

- and NO3
- [33]. SOD activity was measured as the conver-

sion of nitroblue tetrazolium (NBT) to NBT-diformazan
according to the vendor’s protocol (Chemical Cayman, MI,
USA). The extent of reduction in the appearance of NBT-
formazan was used as a measure of SOD activity present in
the plasma.

2.9. Statistics. All data are presented as the mean ±
standard error of the mean, and the statistical significance
was determined by one-way analysis of variance (ANOVA-
1) followed by the Holm-Sidak post hoc test. P values less
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than 0.05 were regarded as significant using GraphPad
Prism Ver. 5.01 (GraphPad Software Inc., La Jolla, CA,
USA).

3. Results

3.1. Characterization of PEG-AgNPs and Establishment of
Hypertension. The morphology and particle size of PEG-
AgNPs were determined by TEM are shown in Figure 1.
TEM analysis of PEG-AgNPs revealed a homogenous parti-
cle size of approximately 40 nm in diameter, and this corrob-
orates the size provided by the manufacturer. The
nanoparticles were spherical in shape. The zeta potential
assessments of PEG-AgNPs revealed that they were electro-
neutral (0.160mV).

Mice infused with Angiotensin II exhibited a significant
increase in SBP (P < 0:0001) compared with normotensive
mice as shown in supplementary Figure S1.

3.2. Effect of PEG-AgNPs on Photochemically Induced
Thrombosis in Pial Arterioles and Venules of Mice In Vivo.
The effect of PEG-AgNPs on thrombotic occlusion time is
illustrated in Figure 2. PEG-AgNPs induced significant
shortening of the thrombotic occlusion time (P < 0:0001)
in both the arterioles (Figure 2(a)) and venules
(Figure 2(b)) of HT mice compared to NT mice. Moreover,
thrombotic occlusion time was significantly reduced in HT
mice exposed to PEG-AgNPs (P < 0:0001) compared to
HT mice exposed to saline.

Ag ions also caused significant shortening of thrombotic
occlusion time (P < 0:0001) in NT and HT mice compared
to controls receiving saline (data shown in supplementary
Figure S2).

3.3. Effect of PEG-AgNPs on PT and aPTT. Figure 3 repre-
sents the PT and aPTT in PPP collected from NT and HT
mice treated with either saline or PEG-AgNPs. Compared
to NT mice treated with PEG-AgNPs, a significant decrease
in PT was observed in HT mice (P < 0:0001) exposed to
PEG-AgNPs. Similar significant decrease was also observed
with aPTT in HT mice exposed to PEG-AgNPs compared
to NT mice given PEG-AgNPs. In addition, significant
decreases in PT and aPTT were observed in HT mice
exposed to PEG-AgNPs (P < 0:0001) compared to saline
exposed HT mice. Likewise, there was a significant shorten-
ing of PT and aPTT in NT mice exposed to PEG-AgNPs
(P < 0:0001) compared to NT mice treated with saline
(Figure 3).

Similar significant reduction (P < 0:0001) in PT and
aPTT was also observed in Ag+ ion-exposed NT and HT
mice compared to their respective controls. Significant
reduction (P < 0:0001) was also observed in Ag+ ion-
exposed HT mice compared to NT mice (data shown in sup-
plementary Figure S3).

3.4. Effect of PEG-AgNPs on Platelet Aggregation in Whole
Blood In Vitro. Figure 4 illustrates the effect of e PEG-
AgNPs on platelet aggregation in whole blood. The in vitro
ADP incubation of whole blood collected from HT mice
exposed to PEG-AgNPs caused a significant platelet aggrega-

tion compared with HT mice exposed to saline (P < 0:0001)
and NT mice exposed to nanoparticles (P < 0:0001).

Ag+ ions also caused significant platelet aggregation in
HT mice compared to the saline-treated HT group
(P < 0:0001) and also NT mice exposed to Ag+ ions
(P < 0:0001) (data shown in supplementary Figure S4).

3.5. Effect of PEG-AgNPs on Fibrinogen, PAI-1, and vWF.
After exposure to PEG-AgNPs, the concentrations of fibrin-
ogen were significantly increased in HT mice compared to
either saline-exposed HT mice (P < 0:05) or PEG-AgNPs-
exposed NT mice (P < 0:05) as represented in Figure 5(a).

The concentration of PAI-1 was significantly increased
in PEG-AgNPs-exposed HT mice compared to either
saline-exposed HT mice (P < 0:01) or PEG-AgNPs-exposed
NT mice (P < 0:01) as represented in Figure 5(b).

A significant increase in the concentration of vWF was
also seen in PEG-AgNPs-exposed HT mice compared to
either saline-exposed HT mice (P < 0:0001) or PEG-
AgNPs-exposed NT mice (P < 0:05) as represented in
Figure 5(c).

In the Ag+ ions-exposed group, there was significant
reduction in fibrinogen level in HT mice compared to either
saline-exposed HT mice (P < 0:0001) and Ag+ ion-exposed
NT mice (P < 0:0001). A significant reduction was also
observed in concentration of PAI-1 in Ag+ ion-exposed
HT mice compared to either saline-exposed HT mice
(P < 0:05) and Ag+ ion-exposed NT mice (P < 0:01) (data
shown in supplementary Figure S5).

3.6. Effect of PEG-AgNPs on SOD and NO. Figure 6 illus-
trates the effect of PEG-AgNPs on plasma levels of SOD
and NO. The activity of SOD in plasma was significantly ele-
vated in PEG-AgNPs-exposed HT mice compared to saline-
exposed HT mice (P < 0:05) and PEG-AgNPs-exposed NT
mice (P < 0:01) as shown in Figure 6(a).

Likewise, the level of NO was significantly increased in
PEG-AgNPs-exposed HT mice compared to either saline-
exposed HT mice (P < 0:05) or PEG-AgNPs-exposed NT
mice (P < 0:001) as shown in Figure 6(b).

Ag+ ions caused significant elevation of SOD (P < 0:05)
in HT mice compared to NT mice. A significant increase

Figure 1: Transmission electron microscope (TEM) image of
polyethylene glycol silver nanoparticles (PEG-AgNPs).
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of NO was also observed in this group in Ag+ ions-exposed
HT mice compared to either saline-exposed HT mice
(P < 0:0001) or Ag+ ions-exposed NT mice (P < 0:0001)
(data shown in supplementary Figure S6).

4. Discussion

Application of AgNPs has been increasing immensely over
the last few years in various industries, given their strong
antimicrobial properties [26, 34, 35]. Consequently, their
potential exposure to environment and human health via

various routes including respiratory, oral, and dermal also
soared, warranting intensive studies in order to understand
the safe application and effect of AgNPs on human health
[36]. A considerable amount of studies has reported Ag
accumulation and toxicity to local as well as distant organs
following AgNPs exposure [37–39]. To this regard, several
data revealed the toxic effects of different kinds of AgNPs
(shaped, sized, coated, and functionalized) on the cardiovas-
cular system including systemic inflammatory response, oxi-
dative stress, DNA damage, apoptosis, and thrombosis [14,
15]. An aspect that has been overlooked is the nanotoxicity
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Figure 2: Thrombotic occlusion time in pial arterioles (a) or venules (b) following intratracheal instillation of saline or polyethylene glycol
silver nanoparticles (PEG-AgNPs) in normotensive (NT) or hypertensive (HT) mice. Data are the mean ± SEM (n = 6–8 in each group).
Statistical analysis by one-way ANOVA followed by Holm-Sidak’s multiple comparison test.
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saline or polyethylene glycol silver nanoparticles (PEG-AgNPs) in normotensive (NT) or hypertensive (HT) mice. Data are themean ± SEM
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effects on susceptible populations as majority of the studies
mainly focused on the risks to healthy adult population. Sus-
ceptible populations, due to alterations in physiological
structure and functions, may suffer more damage and toxic-
ity from the same exposure. A study by Holland et al. [16]
revealed that pulmonary exposure to different size and
coated AgNPs (size 20 nm and 110nm, coating: polyvinyl-
pyrrolidone and citrate) can induce exacerbation of cardio-
vascular injury such as expansion of cardiac/ischemic
reperfusion injury. Recently, another investigation of cardio-
vascular responses to AgNPs (15 ± 4 nm) in spontaneously
hypertensive rats suggested that hypertension intensified
AgNPs cardiotoxicity [40].

Despite collection of studies reporting into how pulmo-
nary exposure to AgNPs may impact cardiovascular toxicity,
there are far fewer investigations on the impact of respira-
tory exposures on populations with preexisting cardiovascu-
lar conditions such as hypertension. In an effort to address
these influences, we evaluated the effects of pulmonary-
exposed AgNPs in healthy BALB/C mice and compared
the same in a HT model. Our findings showed that PEG-
AgNPs can induce acute dose-dependent cardiovascular
effects including thrombosis, oxidative stress, and coagula-
tion, and these effects were significantly aggravated in the

animal model of hypertension. Due to potential of AgNPs
to dissociate to Ag+ ions, we further studied the latter effects
in NT and HT mice exposed to Ag+ ions.

In our present study, we used PEG-AgNPs and charac-
terized them using TEM which revealed a homogenous par-
ticle size of 40nm, correlating with the size of the
manufacturer. Similar to our previous studies, intratracheal
instillation was chosen to simulate pulmonary exposure
which gave better control of the dose administered, given
the fact that mice are obligate nose breathers and filter most
inhaled particles. The dose selected was comparable to those
in previous animal models of AgNPs exposure [41].

We have recently shown that single i.t. administration of
AgNPs induced a significant dose-dependent shortening of
the thrombotic occlusion time in pial arterioles and venules,
1 and 7 days after exposure, indicating that AgNPs possess
prothrombotic effects [14]. Also, it is well known that
thrombogenesis is the basic pathophysiological process
underlying the major complications of hypertension [23,
42]. Interestingly, our current data reveals a marked short-
ening of thrombotic occlusion time in the HT mice com-
pared to NT mice, confirming the prothrombotic effect of
PEG-AgNPs. To gain further insights, into the mechanism
underlying the latter effects of PEG-AgNPs, we investigated
in vitro platelet aggregation in whole blood and the coagula-
tion pathways. In agreement with our previous study [14],
the addition of ADP into the whole blood of PEG-AgNPs-
exposed NT mice caused significant platelet aggregation
in vitro, and much stronger effect was observed in the whole
blood of HT mice exposed to PEG-AgNPs. Furthermore, we
demonstrated enhanced activation of PT and aPTT in HT
mice compared to NT mice in response to AgNPs exposure.
These effects reflect aggravated hypercoagulability caused by
PEG-AgNPs in the HT model. We further studied the effects
of PEG-AgNPs on haemostatic markers including fibrino-
gen, PAI-1, and vWF. Fibrinogen is an acute-phase protein
that increases blood viscosity and promotes thrombus for-
mation. Our data shows significant increase in fibrinogen
levels in NT mice exposed to PEG-AgNPs, and the effect is
aggravated in the HT mice. Likewise, an exacerbated effect
was also observed with PAI-1, a potent endogenous inhibitor
of fibrinolysis in HT mice comparted to NT mice receiving
AgNPs. vWF is a biomarker for endothelial damage, and
an increase in its level is associated with hypertension and
cardiovascular disease [43]. Interestingly, our data reveals
that this increase is further accelerated in PEG-AgNPs-
exposed HT mice. Our results are in corroboration with pre-
vious in vitro and in vivo studies demonstrating AgNPs
increase platelet aggregation, procoagulant activity, and con-
sequently enhance thrombus formation [8, 14, 44, 45]. In
line with our data, a recent study evaluating effect of tita-
nium oxide nanoparticles exhibited significant deterioration
of hemodynamic performance, demonstrated by an increase
in the left ventricular end-diastolic pressure, decrement in
the maximal rate of left ventricular pressure rise and decline,
and marked prolongation of isovolumic contraction time in
spontaneously hypertensive rats [46]. Further, our results
corroborate findings that showed that exposure to particu-
late matter air pollution and nanoparticles is associated with
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Figure 4: In vitro platelet aggregation in whole blood collected
from normotensive (NT) or hypertensive (HT) mice after
intratracheal (i.t.) instillation of saline or polyethylene glycol
silver nanoparticles (PEG-AgNPs). Blood samples obtained from
the aforementioned groups were incubated at 37°C with ADP
(0.1 μM) for 3min and stirred for another 3min, and single
platelets were then counted. The degree of platelet aggregation in
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6 Oxidative Medicine and Cellular Longevity



0

20000Fi
br

in
og

en
 (n

g/
m

l)

40000

60000

80000

P<0.05
P<0.05

P<0.05

P<0.05

NT+Sal
ine

NT+PEG-A
gN

Ps

HT+Sal
ine

HT+PEG-A
gN

Ps

(a)

PA
I-

1 
(p

g/
m

l)

0

1000

2000

3000

4000

5000 P<0.01

P<0.01

P<0.05

P<0.05

NT+Sal
ine

NT+PEG-A
gN

Ps

HT+Sal
ine

HT+PEG-A
gN

Ps

(b)

vW
F 

(n
g/

m
l)

0

20

40

60

80 P<0.0001

P<0.05

P<0.0001
P<0.05

NT+Sal
ine

NT+PEG-A
gN

Ps

HT+Sal
ine

HT+PEG-A
gN

Ps

(c)

Figure 5: Fibrinogen (a), plasminogen activator inhibitor-1 (PAI-1 (b)), and von Willebrand factor (vWF (c)) concentrations in plasma,
following intratracheal instillation of saline or polyethylene glycol silver nanoparticles (PEG-AgNPs) in normotensive (NT) or
hypertensive (HT) mice. Data are the mean ± SEM (n = 6–8 in each group). Statistical analysis by one-way ANOVA followed by Holm-
Sidak’s multiple comparison test.

0

2

4

6

8

10
P<0.05

P<0.01

NT+Sal
ine

NT+PEG-A
gN

Ps

HT+Sal
ine

HT+PEG-A
gN

Ps

SO
D

 in
 p

la
sm

a (
U

/m
l)

(a)

0

5

10

15

20
P<0.05

P<0.001

P<0.05

NT+Sal
ine

NT+PEG-A
gN

Ps

HT+Sal
ine

HT+PEG-A
gN

Ps

To
ta

l N
O

 in
 p

la
sm

a (
µM

)

(b)

Figure 6: Superoxide dismutase (SOD (a)), total nitric oxide (NO (b)) levels in plasma, following intratracheal instillation of saline or
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changes in the global coagulation function suggesting a ten-
dency toward hypercoagulability [21, 22, 47].

Similar to many nanoparticles, dissolution of PEG-
AgNPs to Ag+ ions in vivo may also contribute to the cause
of the observed effect discussed above. Hence, we repeated
the identical tests on the Ag+ ion-exposed group. Interest-
ingly, we found similar significant effects with regard to
thrombotic occlusion time, PT, aPTT, and in vitro platelet
aggregation. However, distinct results were obtained with
the level of fibrinogen and PAI-1 and no effects were
observed on the level of vWF. This dissimilar pattern of data
observed corroborates with our previous study indicating
Ag+ ions may induce different pathophysiological effect
compared to the nanoparticle form [14, 48].

A central phenomenon associated with vascular struc-
tural and functional changes in hypertension, leading to car-
diovascular disease, stroke, and renal failure, is oxidative
stress, generating an imbalance between the levels of reactive
oxygen species and antioxidants such as superoxide dismut-
ase [20]. This condition also plays a key role in AgNPs-
induced toxicity in living organisms [49–51]. In fact, the
data in our present study shows an increase of superoxide
dismutase in AgNPs-exposed NT mice compared to saline-
exposed NT mice, and this effect was significantly aggra-
vated in HT mice exposed to AgNPs or Ag+. Likewise, sim-
ilar results were also obtained with the level of total NO. The
increase of SOD and NO in our study indicates the develop-
ment of counterbalance system that in turn prevents the
potentially damaging activity of reactive oxygen species by
antioxidant defence mechanisms [52, 53].

The limitations of the present work include the fact that
we did not differentiate the observed effects in male and
female mice separately. Given the fact that gender is an
important biological variable in biomedical research and
hormonal variations can potentially influence vascular func-
tion and circulating factors [54], additional studies are
required to clarify this point. We evaluated the impact of
pulmonary-exposed PEG-AgNPs on the model of hyperten-
sion. Nevertheless, it is equally important to understand the
impact of AgNPs on other susceptible populations, for
instance, diabetes, cancer, and pregnancy, before their wider
use. Hence, additional research is warranted to assess AgNPs
toxicity among other populations of increased susceptibility
or disease model.

In conclusion, our present study provides a number of
assertions regarding the correlation of the biological impact
of AgNPs on models of hypertension and their possible
mechanism. Our data reveals that pulmonary-exposed
AgNPs can exacerbate procoagulatory and systemic oxida-
tive stress in animals with preexisting hypertension. The
findings of the present work have potential clinical signifi-
cance. Actually, silver nanoparticles are widely used for ther-
apeutic interventions and diagnosis in medical practice (e.g.,
drug carriers, nanoprobes, bioimaging, and labeling agents).
In this regard, susceptible populations, due to alterations in
physiological structure and functions, may suffer more dam-
age and toxicity from the same exposure. Our data revealed
that the impact of pulmonary exposure to silver nanoparti-
cles is more severe in hypertensive animals compared to

normotensive mice, indicating the importance of assessing
the toxicity of nanoparticles not only in healthy people but
also in populations with high risk factors or disease.
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Supplementary 1. Figure S1: systolic blood pressure, mea-
sured prior to sacrifice and analysis. Data are the mean ±
SEM (n = 8 in each group). Statistical analysis by unpaired
Student’s t-test.

Supplementary 2. Figure S2: thrombotic occlusion time in
pial arterioles (A) or venules (B) following intratracheal
instillation of saline or silver acetate (AgAc) in normotensive
(NT) or hypertensive (HT) mice. Data are the mean ± SEM
(n = 6–8 in each group). Statistical analysis by one-way
ANOVA followed by Holm-Sidak’s multiple comparison
test.

Supplementary 3. Figure S3: prothrombin time (PT, A) and
activated partial thromboplastin time (aPTT, B) measured
following intratracheal instillation of saline or silver acetate
(AgAc) in normotensive (NT) or hypertensive (HT) mice.
Data are themean ± SEM (n = 6–8 in each group). Statistical
analysis by one-way ANOVA followed by Holm-Sidak’s
multiple comparison test.

Supplementary 4. Figure S4: in vitro platelet aggregation in
whole blood collected from normotensive (NT) or hyperten-
sive (HT) mice after intratracheal (i.t.) instillation of saline
or silver acetate (AgAc). Blood samples obtained from the
aforementioned groups were incubated at 37°C with ADP
(0.1μM) for 3min and stirred for another 3min, and single
platelets were then counted. The degree of platelet aggrega-
tion in HT or NT mice exposed to AgAc or saline was com-
pared with each other and with that obtained in untreated
(without ADP) whole blood obtained from control (unex-
posed) mice. Data are the mean ± SEM (n = 4). Statistical
analysis by one-way ANOVA followed by Holm-Sidak’s
multiple comparison test.

Supplementary 5. Figure S5: fibrinogen (A), plasminogen
activator inhibitor-1 (PAI-1, B), and von-Willebrand factor
(vWF, C) concentrations in plasma, following intratracheal
instillation of saline or silver acetate (AgAc) in normotensive
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(NT) or hypertensive (HT) mice. Data are the mean ± SEM
(n = 6–8 in each group). Statistical analysis by one-way
ANOVA followed by Holm-Sidak’s multiple comparison
test.

Supplementary 6. Figure S6: superoxide dismutase (SOD, A)
and total nitric oxide (NO, B) levels in plasma, following
intratracheal instillation of saline or silver acetate (AgAc)
in normotensive (NT) or hypertensive (HT) mice. Data are
the mean ± SEM (n = 6–8 in each group). Statistical analysis
by one-way ANOVA followed by Holm-Sidak’s multiple
comparison test.
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Nanoparticles (NPs) are used in many products and materials for humans such as electronics, in medicine for drug delivery, as
biosensors, in biotechnology, and in agriculture, as ingredients in cosmetics and food supplements. Besides that, NPs may
display potentially hazardous properties on human health and the environment as a consequence of their abundant use in life
nowadays. Hence, there is increased interest of researchers to provide possible therapeutic agents or dietary supplements for
the amelioration of NP-induced toxicity. This review summarizes the new findings in the research of the use of antioxidants as
supplements for the prevention and alleviation of harmful effects caused by exposure of organisms to NPs. Also, mechanisms
involved in the formation of NP-induced oxidative stress and protective mechanisms using different antioxidant substances
have also been elaborated. This review also highlights the potential of naturally occurring antioxidants for the enhancement of
the antioxidant defense systems in the prevention and mitigation of organism damage caused by NP-induced oxidative stress.
Based on the presented results of the most recent studies, it may be concluded that the role of antioxidants in the prevention
and treatment of nanoparticle-induced toxicity is unimpeachable. This is particularly important in terms of oxidative stress
suppression.

1. Introduction

The “nano era” has emerged latterly in many different fields
of science and industry. Nanotechnology refers to the devel-
opment and use of small nanometer-sized objects based on
their various properties. The European Commission defines
nanomaterials (NM) as “Natural, incidental and manufac-
tured materials that contain particles of which 50% or more
have one or more external dimensions in the size range 1–
100 nm and/or their volume-specific surface area is larger
than 60 m2/cm3” [1]. There are three main classes of nano-
materials (NPs): nanoparticles, nanofibers, and nanoplates
[2]. All of them have valuable and diverse use, e.g., in the

electronics industry, in medicine for drug delivery, as biosen-
sors, in biotechnology, and in agriculture, as ingredients in
cosmetics and food supplements [3, 4]. They are used in
paints, fillers, and filters for water purification, as catalysts,
semiconductors, and opacifiers. Besides that, many nanoma-
terials find their purpose in material science, for making
clothes, as well as in aerospace engineering [5–7]. The dis-
tinctive physical, chemical, and optical properties of nano-
materials enabled their use for a variety of purposes, but the
most prominent is the progressive application in the field of
medicine.

Because of their particularly interesting and unique
properties, like solubility, specific surface area, aggregation
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state, conductivity, and high tensile strength, the metal-
based nanoparticles (NP) and carbon nanotubes (CNT) have
gained most of the attention of science and industry [3]. The
fields of immense interest in different types of nanomateri-
als, e.g., lipid- or polymer-based NM, metal, metal oxide,
or carbon-based NM, are medicinal and biological sciences.
Regarding their small size and potential to enter the body
easily, NPs have been used as drug delivery systems where
they are capable to reach targeted organs or sites by cellular
pathways [5]; thus, they are also used in cancer therapy, bioi-
maging, and diagnostics [4, 6].

As a consequence of the abundant use of nanomaterials
in life nowadays, a new question has arisen concerning their
potentially hazardous nature on human health and the envi-
ronment in general [2, 3, 6]. In their interaction with cell
membranes, many key signaling pathways may be disrupted
[8]. Numerous nanotoxicological studies reported that
autophagy, the main cellular process in the human organ-
ism, is affected by NMs. The disruption in autophagy can
lead to many ailments such as cancer and neurodegenerative
diseases [6]. By entering the cell, NPs cause the excessive for-
mation of reactive oxygen species (ROS) which can lead to
oxidative stress. The process of oxidative stress lies in the
background of NP-induced cell damage and destruction,
cytotoxicity, and genotoxicity [3, 9].

In recent years, there are several review papers regarding
the nanoparticle-induced toxicities and their harmful mech-
anism of action [6, 7, 10–13] but also the positive effects of
NPs synthesized using antioxidant compounds such as vita-
mins, minerals, natural compounds, or plant extracts
[14–16]. Nevertheless, there are no comprehensive studies
about the effects of antioxidants on the prevention and mit-
igation of severe toxicities induced by the application of
nanoparticles in therapies and everyday life. In that sense,
in this review, our focus was to present the recent knowledge
in the field of indicative application of antioxidants to com-
bat the deleterious effects of nanoparticles in living
organisms.

2. The Mechanism of Nanoparticle Toxicity

Nanoparticles may enter the human body via three main
pathways. The most common cause is the NP entrance by
inhalation, then via the skin, and last and the most infre-
quent though the digestion process that depends mostly on
their physicochemical characteristics. These include their
hydrophilic and hydrophobic properties, particle size, shape,
surface charge, and dispersity. The inhalation of NPs will
transfer them into the lungs and respiratory tract, and as a
result of the lower size of particles, there is an increasing
concern of NPs to get deeper into the respiratory system
quickly. In the dermal system, the nanoparticles will pene-
trate through the process of absorption but only if the skin
is deeply damaged or the size of particles is below 5nm.
Ingestion of NPs rarely happens [17, 18]. After entering
the body, NPs can be transferred via the bloodstream
throughout the body and then accumulate and interact with
various systems affecting many vital organs, such as the
lungs, liver, kidneys, and reproductive organs [5, 18–21].

Additionally, the NPs can be transferred into the brain by
affecting the cells and disrupting the blood-brain barrier.
They can cause severe neurotoxicity; nevertheless, the way
they pass through the membrane is still not sufficiently elu-
cidated [8, 18, 22–25].

The interactions of NPs with cells lead to the disruption
of many cell barriers, NPs entering the cell and causing
mitochondrial damage, affecting DNA via DNA methylation
and histone modifications, the development of the state of
oxidative stress, and aftermost cell apoptosis. The high levels
of reactive oxygen species (ROS) produced in the cell gener-
ally introduce the cell into the state of oxidative stress where
proteins, DNA, and lipid structures are damaged, leading to
the malfunction of the cells and severe toxicity. The oxida-
tive stress is usually accompanied by increased expression
of proinflammatory genes and activation of neutrophils
and macrophages [17, 26, 27]. Nanoparticles may produce
various concentrations of ROS depending on their physico-
chemical properties. The main properties of NPs that cause
increased production of ROS are the presence of prooxidant
functional groups on the NP surface, particle-cell interac-
tions, and the existence of active redox cycling on the surface
of NPs (in transition metal-based NPs) [3]. Nevertheless, the
claims that oxidative stress is the most prominent factor in
NP-induced toxicity have not been proven in all cases since
various NPs, which have an inactive surface or low solubil-
ity, may induce toxicity without causing oxidative stress [2].

2.1. Nanoparticle-Induced Oxidative Stress. In most circum-
stances, the excess production of ROS caused by the interac-
tion with nanoparticles underlays the formation of oxidative
stress [27–29]. Oxidative stress, by its definition, represents
“an imbalance between ROS production and their elimina-
tion in reaction with antioxidant defensive systems” [30].
This imbalance in the prooxidant/antioxidant relation may
induce severe damage of various biomolecules like proteins,
lipids, and nucleic acids, thereby causing damage to the cells
and the whole organism. Although the synthesis of ROS in
the organism during mitochondrial respiration or phagocy-
tosis is a normal process, the excess in their production
can be caused by various elements. If antioxidant defense
systems of the organism, containing catalase (CAT), super-
oxide dismutase (SOD), glutathione (GSH), etc., are not
capable to neutralize the increased concentration of ROS,
this condition may lead to the development of severe dis-
eases [31].

The physicochemical properties of nanoparticles signifi-
cantly affect their interaction with the cell. The entrance of
NPs into the cell can occur via diffusion and endocytosis or
interacting with phospholipids in the cell membrane. In the
physicochemical interaction with the cell membrane surface,
NPs can disrupt the membrane affecting the transport mech-
anisms as well as induce oxidative stress by generating ions.
NPs can also affect the function of cell organelles, primarily
mitochondria and peroxisome, influencing the intracellular
transport and therefore inducing oxidative stress [2, 18].

In general, there are two types of NP-induced oxidative
stress: (i) primary or direct and (ii) secondary or indirect
oxidative stress (Figure 1). The first one refers to a direct
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reaction of the NP surface with cells inducing ROS genera-
tion. Metal-based NPs are able to release the metal ion into
the cells that may also trigger an increase in ROS formation.
The secondary oxidative stress may arise via indirect path-
ways, mainly due to NPS-induced disruption in mitochon-
drial function or the inability of the antioxidant defense to
reinstate the redox balance. In this case, NPs are not directly
responsible for the oxidative stress but affect mitochondria
and phagocytes, indirectly increasing the ROS level in the
cell. For instance, NPs are interacting with phagocytes (mac-
rophages and neutrophils) whose goal is to digest them, but
since NPs have often an inorganic part, the phagocytes
become damaged due to their inability to neutralize the inor-
ganic molecules. This ultimately results in an increase of the
ROS level in the cell and therefore the generation of oxida-
tive stress. NPs may affect the levels of inflammatory factors
like TNF-α and interleukins causing mitochondrial disrup-
tion and thereafter ER stress and DNA damage. All this
can finally induce the activation of apoptotic response and
cell death [2, 18]. When the level of oxidative stress sur-
passes the ability of the organism to neutralize it, many
severe conditions may occur, like inflammation, fibrosis,
genotoxicity, and cancer formation [3].

The cell disturbance caused by NPs was characterized by
the direct destruction of cell and organelle membranes, as
well as binding to biomacromolecules with an impact on
their structure and function. In addition, the NP-induced
intracellular generation of ROS, also, modulates the struc-
ture and function of lipids, DNA, proteins, and carbohy-

drates, as main cell constituents, leading to cellular
organelles and membrane damage. NP-induced toxicity
involves complex mechanisms with the important role of
mitochondria, lysosomes, and endoplasmic reticulum (ER)
in that process [32, 33]. The intensive ROS generation has
also a role in several signal pathways causing cell apoptosis,
inflammation, and autophagy process. The main conse-
quences of these processes are mitochondrial dysfunction,
lysosomal, and ER damage [32]. It has been shown that the
increased ROS production provoked by exposure to NPs,
as well as some toxic xenobiotics, leads to mitochondrial res-
piration disturbance and damage of mitochondrial mem-
brane phospholipid bilayer. The lower adenosine
triphosphate (ATP) production and increased mitochon-
drial membrane permeability initiate apoptotic cascade and
cell death [34–36]. It was also shown that the toxic concen-
tration of different NPs accompanied by oxidative stress may
disrupt the structure of the lysosomal membrane. The liber-
ation of the lysosomal inner content to the cytosol, due to its
membrane damage, could induce further damage of other
organelles (especially the mitochondrial outer membrane)
and further activate apoptosis [34, 37, 38]. In this regard,
the use of antioxidants regulating ROS production seems a
promising therapeutic strategy for NP-induced toxicity.

2.2. Toxicological Effects of Various Nanoparticles. In the
global market of NPs, the alumina nanoparticles (Al2O3-
NPs) are represented around 20% [17]. The purpose of their
use is diverse, from application in medicine (for site-specific
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Figure 1: Nanoparticle-induced oxidative stress in the cell—an outline of main events.
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drug delivery), orthopedic implants, cosmetics, food indus-
try, chemical engineering, catalysis, resistant coatings, lith-
ium batteries, and all the way to jet and rocket fuels [22,
39, 40]. They also have been used in weapons, munitions,
and explosives; in propeller shafts as surface coatings; also
as scratch and abrasive-resistant coatings on sunglasses;
and in the car industry [41]. However, their potential
adverse effects on humans, animals, and the environment
increase due to many ways of exposure. The most common
modus of Al2O3-NPs entering into the organism is via inha-
lation, dermal exposure, food, and water. The small size of
Al2O3-NPs and high reactivity allow easier penetration into
the cells, transport via circulation, and thus the accumula-
tion in multiple organs and tissues, e.g., the lungs, heart,
spleen, testes, bone marrow, lymph nodes, and brain [22,
39]. They can also easily cross the blood-brain barrier and
enter the CNS causing severe neurotoxicity. Al2O3-NP accu-
mulation in different parts of the brain may generate mem-
ory dysfunction, depressive behavior, and neurodegenerative
disorders such as Alzheimer’s and Parkinson’s diseases [22,
42]. Oxidative stress plays a key role in Al2O3-NP-induced
toxicity in many organ systems. Recent findings showed that
Al2O3-NPs provoke high production of ROS, the elevation
of the MnSOD level, high levels of markers of oxidative
damage (CAT, SOD, and GSH), activation of caspases,
expression of endothelial cell adhesion molecules (VCAM-
1, ICAM-1, and ELAM-1), and high levels of interleukins
in serum. Based on published data, it can be concluded that
they are triggering many adverse reactions causing an
inflammatory response, mitochondrial dysfunction, cytotox-
icity, genotoxicity, carcinogenicity, and apoptosis [22, 39,
42–44]. For instance, Park et al. [44] in their study related
to the toxicity of aluminum NPs showed that their daily
administration to mice for 28 days lead to the significant
platelet increase; decrease in white blood cells, neutrophils,
lymphocytes, and monocytes; and high accumulation of Al
in the lung, brain, and thymus in the group treated with
the highest dose. Besides, neurotoxicological effects have
been observed leading to the formation of neurodegenerative
and immunosuppressive effects. Another in vivo study by
Shrivastava et al. [39] suggested that Al2O3-NPs induce a
high level of oxidative stress followed by high ROS concen-
tration, reduced levels of GSH, and low CAT and SOD activ-
ities, in mice during 7 days of an oral application. The
hepatorenal toxicity of Al2O3-NPs and ZnO-NPs was mon-
itored by Yousef et al. [43], showing that both NPs exerted
significant toxicity but also synergistic toxicological effect
on the liver and kidneys accompanied by systemic inflam-
mation. Al2O3-NPs affected mitochondrial membrane
potential, activation of caspases, and red blood cell dysfunc-
tion and increased ROS formation. Neurotoxicity and brain
damage have been primary adverse effects in the Al2O3-NP
in vivo application. Abou-Zeid et al. [22] reported that Al2O3-
NPs caused disrupted levels of oxidative stress markers, such
as MDA, 8-OHdG, GSH, CAT, and SOD; the expression of
GST, TNF-α, and caspase-3 genes in the brain; and IL-1β
and IL-6 levels in serum of treated animals, pointing to severe
oxidative stress, inflammatory reactions, and neurotoxicity.
Since NPs can also be transferred through the placental barrier,

Zhang et al. [42] studied the effects of aluminum NP exposure
to pregnant female mice that will influence the CNS develop-
ment in the offspring. The concentration of Al in a newborn’s
hippocampus was significantly increased, and they showed
stunted neurodevelopmental behaviors with high anxiety and
impaired learning and memory performance. Taking into con-
sideration that aluminum has many questionable deleterious
effects [45], the concern of the scientific community regarding
the further application of Al nanoparticles is justified.

Various calcium-containing nanoparticles (CaNPs), fre-
quently used in composites, may also be the cause of devel-
oping serious conditions in the organism. CaNPs such as
hydroxyapatite, mono-, di-, tri-, and tetracalcium phos-
phates as well as amorphous calcium phosphate were
reported to provoke many adverse reactions in the organism.
Accumulation of ROS, oxidative stress development, and
cytotoxicity are just some of the consequences of CaNP
use. They can affect the structure and function of various
organs, like the liver, kidneys, and testes [46] and influence
prodepressant behavior and cognitive impairment [23].

Cerium nanoparticles (CeO2-NPs or nanoceria) are
widely used metal oxide nanoparticles. They are mostly
applied as a diesel fuel additive to enhance combustion, as
abrasive agents, in solar cells, sunscreens as UV absorbent,
and contact lenses [20, 47]. Their biomedical and pharmaco-
logical application is based on their outstanding antioxidant
properties. Since CeO2-NPs contain a small amount of Ce3+

ions, the redox reactions between the Ce3+ and Ce4+ open
the possibility of nanoceria to react with free radicals like
O2

−• and •OH, therefore establishing a function similar to
CAT and SOD. Based on these criteria, they can be used to
combat oxidative stress in the organism so their yearly pro-
duction of around 10 000 t is not surprising [47–49]. The
CeO2-NP dermal and intestinal absorption is unlikely; there-
fore, the main route of entering the organism is by inhala-
tion into the respiratory tract [47]. Although it could be
concluded that the antioxidant effects of CeO2-NPs can only
bring benefits, the in vivo studies showed that inhalation of
CeO2-NPs can induce severe damages in the respiratory sys-
tem, pulmonary tissues, and systematic toxicity. The investi-
gation of Ma et al. [20] showed that due to the exposure of
rats with CeO2-NPs, the NO production was reduced but
IL-12 production in alveolar macrophages increased leading
to the activation of caspases 3 and 9 and alveolar macro-
phage apoptosis. Arginase-1 and osteopontin were elevated
in lung cells. CeO2-NPs induced significant lung inflamma-
tion and damage of tissue that may cause fibrosis [20].
Another in vivo research reported tissue distribution of
inhaled CeO2-NPs in rats after a 28-day exposure [50]. Ger-
aets et al. came up with astonishing results that nanoceria
particles were distributed in every monitored tissue (lung,
liver, kidney, spleen, brain, testis, and epididymis) after a
single 6 h exposure. Moreover, repeated exposures lead to a
significant accumulation of CeO2-NPs in tissues. Besides
severe toxicity in the respiratory tract, hepatic, neural, and
dermal toxicities of CeO2-NPs were also reported [47].

Titanium dioxide nanoparticles (TiO2-NPs) are in high
use in medicine, cosmetics, and industry. They are added
to sunscreen, toothpaste, food, and various paints and are
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also used for drug delivery and in wastewater treatment, due
to their photocatalytic, UV-protective, antibacterial, and
self-cleaning properties [29, 51]. TiO2-NPs have the ability
to absorb photons after exposure to UV light, but photoex-
cited TiO2-NPs can also induce high production of ROS,
thus triggering a state of oxidative stress in live organisms
[52]. The rising concern regarding human exposure to
TiO2-NPs is more than justified. There are two crystalline
forms of TiO2, anatase, and rutile. Anatase is a frequently
used form in sunscreens (regulated by the United States
Food and Drug Administration); thus, dermal exposure to
TiO2-NPs can be quite high leading to possible keratinocyte
toxicity and skin allergy responses [53]. TiO2-NP accumula-
tion may cause severe problems in heart function, develop-
ing oxidative stress, inflammation, and atherosclerosis. The
study of Hong et al. [51] showed significant TiO2-NP-
induced cardiac lesions and pulmonary inflammation in
mice, with high levels of oxidative stress parameters. Besides
the skin and hearth tissue, TiO2-NPs were reported to accu-
mulate in other vital organs, like the kidney, liver, lung,
spleen, and brain, leading to apoptosis and organ failure
[19, 29]. One of the most serious toxicities of TiO2-NPs
was observed in the reproductive system. Because of their
physicochemical properties and small size, TiO2-NPs can
easily go through the blood-testis barrier, accumulate and
damage testes tissue, and disrupt all vital functions [54].
Gao and coworkers [19] reported that the application of a
low dose of TiO2-NPs during a long period caused severe
testicular tissue damage accompanied by sperm lesions and
reduced spermatogenesis in mice. The expression of the
genes included in the process of spermatogenesis was also
disrupted. Many similar results should raise awareness of
the TiO2-NP negative effects on human health [19].

The iron oxide nanoparticles (IONPs) can be of various
types of oxides depending on the ferrous valence, such as
magnetite (Fe3O4), hematite (α-Fe2O3), and maghemite (γ-
Fe2O3). The bioavailability of IONPs is very high, and they
can be located in certain tissues by the influence of an exter-
nal magnetic field. In that sense, they find their application
mostly in medicine (magnetite and maghemite), for various
purposes like drug delivery, therapy of cancer and thermal
ablation, and magnetic resonance imaging (MRI). Even
FDA approved some of the IONPs, ferumoxytol and ferum-
oxides, for use in MRI. Since IONPs are superparamagnetic,
they can be used for medical imaging or magnetic drug tar-
geting (MDT) [55, 56]. Various studies have been reporting
the discrepant results on IONP toxicological effects, some
claiming that there is no significant toxicity while others
reported severe consequences. A recent study dealt with
in vivo toxicity induced by ultrafine IONPs in rats [56].
The results of 4 weeks of exposure to IONPs showed to be
decreasing in bone marrow-mononuclear cell proliferation,
with high ROS levels, increased inflammatory response,
and DNA changes leading to an apoptotic outcome.
Although structural spleen tissue damage had not been
noticed, the level of oxidative stress markers in tissue was
extremely high, suggesting that high doses of IONPs may
cause significant toxicity in the organism [56, 57]. One can
be exposed to IONPs also via inhalation, and by entering

the respiratory tract, these nanoparticles may become
extremely deleterious, thereby causing pulmonary inflam-
mation, tissue fibrosis, changes in pulmonary function, and
immunological response. Zhang and coworkers [58] showed
that the treatment with Fe3O4-NPs can induce high toxicity
in the human bronchial epithelial cells by cumulative oxida-
tive stress, whereby low GST, SOD, and CAT activities were
detected.

The application of copper oxide nanoparticles (CuO-
NPs) is quite versatile, from industrial use as additives in
inks, medical devices, and metallic coatings, up to medicinal
purposes due to their antibacterial, antifungal, and anti-
inflammatory properties [59, 60]. Although the use of
CuO-NPs in nanomedicine showed many benefits, for drug
delivery, as a contrast agent, and in diagnostics, their overac-
cumulation in the human body may lead to pronounced
consequences, mainly via inducing oxidative stress [61]. Like
the abovementioned NPs, because of their size, CuO-NPs
can easily cross biological barriers, therefore reacting with
biomolecules, inducing ROS synthesis and accumulation,
which further evokes oxidative stress and damage on various
levels [60]. They interact with biological membranes, DNA,
and proteins, causing severe damage and inactivation, liver
and kidney toxicities, brain dysfunction, and metabolic alka-
losis [62].

One of the most important and the most used nanopar-
ticles is zinc oxide nanoparticles (ZnO-NPs). ZnO-NPs have
been listed as safe substances by the US FDA so that their
use increased sharply in recent years [63]. They can be syn-
thesized by various methods and used in different fields,
such as the rubber, textile, electronics, electrotechnology,
and food packaging industries, in concrete production, in
photocatalysis, and as pigments and coatings. ZnO-NPs are
quite used in the cosmetic industry, in sunscreens, based
on their valuable UV absorption effects, but also in many
other products because of their remarkable antimicrobial
properties [63, 64]. Although these NPs are generally con-
sidered to be safe, some aspects of their potential to induce
toxicity should be mentioned. ZnO-NPs can induce various
toxicities accumulating in the human organism, but the
exact mechanisms of their toxicity are still quite unknown
[28, 65]. Pandurangan and Kim [64] explained the most
likely mechanisms of ZnO-NP action in the cells causing
severe damage based on their high solubility. One is that
the high extracellular concentration of these NPs may lead
to an increase of the Zn2+ level inside the cells cutting down
the activity of the Zn-dependent enzymes and transcription
factors. Another mechanism of ZnO-NP toxicity can arise
when they enter the cell where they can affect the structure
of enzymes and transcription factors, and the last mecha-
nism is via disrupting the pH level caused by dissolution of
ZnO-NPs in the lysosomes. Cytotoxicity of ZnO-NPs was
demonstrated in a study designed by Yu et al. [28] where
normal skin cells were exposed to ZnO-NPs. It was shown
that ZnO-NPs induced the formation of ROS in high con-
centrations, leading to oxidative stress development, autoph-
agic vacuole accumulation, and mitochondria dysfunction.
Cytotoxic effects and genotoxicity of ZnO-NPs were also
demonstrated on human SHSY5Y neuronal cells [24].
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Although zinc NPs did not enter the neuronal cells, they
caused cell death via various damages of the cell cycle,
DNA, and cell structure. In vivo studies on ZnO-NPs
reported similar findings and the possibility of developing
serious disorders. ZnO-NPs, at concentrations of 200 or
400mg/kg/day (for 90 days), induced a state of high oxida-
tive stress in mice [65]. The level of liver injury was enor-
mous, including tissue disruption, reduced concentration
of GSH, high levels of transaminases in serum, and endo-
plasmic reticulum stress which lead to apoptosis. Similar
results were obtained by Yousef et al. [43] in the study on
male Wistar rats treated, not just with ZnO-NPs, but also
with Al2O3-NPs. It was shown that the oral administration
of those NPs, alone and together, induced high toxicity in
the liver and kidneys with the loss of function, oxidative
stress, tissue damage, and systemic inflammation, with
highly synergistic action.

Gold nanoparticles (AuNPs) are recognized and FDA
approved for their biomedical application, drug delivery,
biosensing, cell imaging, gene therapy, and radiotherapy
but also find use in the food industry, water purification,
and alleviation of pollution [13]. Nevertheless, certain stud-
ies revealed potential harmful effects of AuNPs on humans
and the environment. After entering the organism, via previ-
ously mentioned routes, AuNPs can induce inflammation
and cytotoxicity, increasing levels of oxidative stress. Abdel-
halim et al. [66] conducted an in vivo study in which male
Wistar-Kyoto rats were intraperitoneally treated with
AuNPs for 7 days. AuNPs significantly elevated the oxidative
stress markers, but also the parameters of liver function,
causing hepatotoxicity. Gold NPs also may affect the red
blood cells (RBCs), causing hemoglobin deoxygenation [4].
The same study reported similar activity of silver nanoparti-
cles (AgNPs) on RBCs, additionally producing ROS and
therefore high oxidative stress levels and cell damage. The
conclusion was derived that changes in the structure of
hemoglobin were mainly due to pH shifting in the cyto-
plasm [4].

Silver nanosized particles are used, to the greatest extent,
for their immense antimicrobial properties, like silver itself.
AgNPs proved their effects as antibacterial, antifungal, and
antiviral agents [17] so their usage in biomedical purposes
relies on these properties. Since they are FDA approved for
antibactericidal purposes, over four hundred products on
the market contain these NPs [67]. They are applied in
wound dressings, but also as the coating of medical appli-
ances, like surgical instruments or prosthetics [5]. AgNPs
have also been applied, as many previously mentioned
NPs, for drug delivery, molecular imaging, and even cancer
therapy, but in the food and textile industry too [10, 17].
Due to the widespread use of AgNPs, there is, again, reason-
able concern whether these NPs can harm live organisms.
The route of uptake of AgNPs does not differ much from
the above stated. In the cells, AgNPs can accumulate and
release Ag+ ions, therefore affecting the cell function by pro-
voking oxidative stress, damage of the mitochondria and
genetic material, and, ultimately, apoptosis [3, 10, 67]. They
are also able to readily transfer the blood-brain barrier, reach
the brain tissue, and provoke severe consequences [17].

Thus, AgNP-induced neurotoxicity was investigated by Yin
et al. [25] on neonatal Sprague-Dawley rats and it was shown
that AgNPs induced significant alterations in neuronal tis-
sue. Hepatic tissue can also be affected by AgNPs [5], where
they induce high levels of oxidative stress (observed through
CAT, SOD, MDA, and GSH levels) and increase serum
markers of liver function (transaminases, alkaline phospha-
tase, and proteins), accompanied with tissue changes and
DNA damage. Besides the accumulation in organs, AgNPs
have extensive toxicity on the human sperm. Wang et al.
[27] reported a dose- and time-dependent change in sperm
viability and motility after treatment with AgNPs with high
levels of ROS and DNA damage. Treatment of freshwater
snail (Lymnaea luteola L.) with silver NPs lowered the levels
of GSH, glutathione-S-transferase, and glutathione peroxi-
dase while lipid peroxidation was significantly elevated as
well as DNA damage in digestive gland cells [68].

3. Antioxidants

The antioxidants can be defined in different ways, but one of
the most simple definitions is that they are molecules able to
protect the various section of biological systems against oxi-
dative damage [69]. They are able to act in the prevention of
the damage, to scavenge and neutralize free radicals and
reactive oxygen and nitrogen species, and to repair new anti-
oxidants, thus counteracting their action, inhibiting the oxi-
dation of biologically important molecules [70]. In that
sense, antioxidants possess an important role in aerobic liv-
ing organisms. Essentially, this group of different compo-
nents in organisms possesses a high ability to prevent
oxidative stress (preventing reactions of free radicals with
biomolecules), terminate radical oxidation reactions, and
repair the damage induced by free radical reactions [71].
The intensive production of free radical and reactive species
in humans leads to an imbalance between the rate of their
formation and the antioxidant defense of the organism lead-
ing to pathological processes called “oxidative stress.” This
imbalance may be provoked by intense exposure of the
organism to exogenous harmful factors such as UV and
radioactive irradiation, pollutants, xenobiotics, smoking,
heavy metals, and extreme physical exertion. This may be a
cause of different tissue and organ damage, as well as differ-
ent disease promotions [72]. The exogenous nonenzymatic
antioxidants such as mineral elements, vitamins, dietary
supplements, or plant antioxidants represent an important
source of compounds for support of the human antioxidant
defense system in the prevention and mitigation of organism
damage caused by oxidative stress [70, 73].

The most used antioxidants among the human popula-
tion are vitamins, such as vitamin A, vitamin C, and vitamin
E and, then, β-carotene, minerals (like Se), and plant poly-
phenols. Regardless of their importance for human halt
and vitality, they can cause adverse effects if consumed in
much higher doses than those found in foodstuffs. Scientists
have reported that long-term consumption of high dosages
of antioxidant supplements (vitamins A, C, and E and β-car-
otene) may be associated with an increased risk of some dis-
orders in humans. Researchers reported that the most
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beneficial use of antioxidant supplements may be in the case
of their deficit for normalization of their levels [74, 75].

Despite the high efficacy and a high number of currently
known natural or synthetic antioxidants, there are some lim-
itations in their specific applications in biomedicine, food
industry, pharmaceutical, and cosmetic products. Some-
times, the main problem for their application is possible
toxic effects, self-retention in the desired location, and sensi-
tivity to atmospheric oxygen or enzyme degradation. Anti-
oxidants in the form of nanoparticles have been recently
proposed as an innovative solution for the improvement of
their characteristics. Advancement in nanotechnology has
revealed several nanoparticles consisting of biologically orig-
inated molecules with antioxidant activities, such as lignin,
melanin, coenzyme Q10, or polyphenol nanoparticles [38,
76, 77]. Many antioxidant compounds are developed as
nanoparticles functionalized with antioxidants. This type of
nanoparticle antioxidants may possess a core with a surface
consisting of covalently bound antioxidants (magnetic
nanoantioxidants) or nanoparticles as passive carriers able
to deliver and release antioxidants (e.g., nanoencapsulated,
nanotubes, or mesoporous materials). There is a number of
functionalized nanoparticles, e.g., Fe3O4 or graphite-coated
cobalt magnetic NPs functionalized with different natural
or synthetic antioxidants, as well as nanoencapsulated anti-
oxidants [76, 78, 79].

Considering the wide use of different NPs in many prod-
ucts and materials for human use, as well as due to the people
exposure risk workplaces and their existence in the environ-
ment [29, 80], there is increased interest of researchers to pro-
vide possible therapeutic agents or dietary supplements for the
amelioration of nanoparticle-induced toxicity. In this context,
the authors focused in this review, to summarize the knowl-
edge about the use of antioxidants as supplements for preven-
tion and alleviation of harmful effects caused by exposure of
organisms to NPs. The studies in this field were searched using
Scopus, Google Scholar, Science Direct, and PubMed. The
most relevant publications were selected based on the follow-
ing keywords: “nanoparticle-induced toxicity,” “prevention
of nanoparticle-induced toxicity,” “effects of antioxidants on
nanoparticle-induced toxicity,” “antioxidants and nanoparti-
cles,” “plants and nanoparticle-induced toxicity,” “plant
extracts and nanoparticle-induced toxicity,” and “bioactive
compounds in nanoparticle-induced toxicity.” The references
from 2010 until 2021 are included in this review.

3.1. Vitamins and Dietary Supplements. Vitamin E (α-
tocopherol) is one of the most important carotenoids with
remarkable antioxidant properties. It is able to neutralize
ROS and decrease the lipid peroxidation reactions in the
organism [81]. Therefore, the idea of its application to coun-
teract the NP-induced oxidative stress is not surprising.
Most of the recent in vivo studies used silver nanoparticles
for inducing toxicity. For example, Hedayati et al. [82] used
the zebrafish (Danio rerio) model for the evaluation of vita-
min E protective effects towards AgNP-induced toxicity.
Vitamin E was applied as a food supplement in three differ-
ent doses. The results showed that AgNPs induced signifi-
cant immunological impairments with inhibition of

lysozyme and ACH50 (alternative complement pathway)
activity, cellular damage with increased LDH activity and
cortisol levels, and high levels of oxidative and metabolic
stress by lowering of inhibiting CAT and SOD activities.
Higher doses of vitamin E were able to significantly protect
the organism from AgNP action, restoring all vital parame-
ters [82]. The lipophilic nature of vitamin E grants its use
as a neuroprotective agent, but the studies of its effect against
neurological impairment induced by NPs are rare. One of
these is the study of Yin et al. [25] dealing with the AgNP-
induced neurological toxicity in neonatal Sprague Dawley
rats. A series of deleterious neurotoxic effects of nasal
administration of AgNPs were reported, including structural
disorders in the cerebellum, stress, and body weight loss.
Vitamin E oral supplementation exerted strong neuropro-
tective effects and was able to improve the bodyweight of
animals and reduce the level of astrocyte activation or prolif-
eration, but it was unable to significantly ameliorate AgNP-
induced neurohistological changes [25]. Recently, another
in vivo study showed valuable effects of vitamin E on
AgNP-induced degeneration of filiform and circumvallate
tongue papillae [83]. The albino rats were exposed to AgNPs
and vitamin E for 28 days. The immunohistochemical and
histological examinations showed valuable protective effects
of vitamin E administration in terms of protecting both ton-
gue papillae of AgNP toxic effects and apoptotic changes.
The combination of lipophilic vitamin E and hydrophilic
vitamin C proved to be efficient against toxicity induced by
zinc oxide nanoparticles (ZnO-NPs) in fish species Nile tila-
pia (Oreochromis niloticus) [84]. The oxidative stress param-
eters, such as glutathione reductase (GR), glutathione
peroxidase (GPx), and glutathione-S-transferase (GST)
activities and gene expression, the levels of glutathione
(GSH) and lipid peroxidation, in the liver and gill of Nile
tilapia were monitored. It was shown that ZnO-NPs signifi-
cantly altered all parameters, but the mixture of vitamins E
and C was able to reduce the levels of oxidative stress in Nile
tilapia by upgrading all parameters within normal limits.
The synergistic effects of tocopherols with vitamin C, where
vitamin C is able to regenerate tocopherol activity, seem to
be a crucial factor for their use as a mixture [72].

Another lipophilic vitamin used as an antioxidant is vita-
min A (retinol) which showed significant activity in different
cellular processes, and it is essential for the vision and repro-
ductive system. Its activity, in mixture with vitamin E,
regarding TiO2-NP-induced toxicity was monitored by sev-
eral recent studies. Khanvirdiloo et al. [85] evaluated testic-
ular changes induced by titanium dioxide nanoparticles
(TiO2-NPs) and how vitamin A, vitamin E, and their combi-
nation can alter those changes in male Wistar rats. TiO2-
NPs caused severe damage to the spermatogenesis process;
it decreased sperm count, motility, and viability, sperm
chromatin integrity was disturbed, and inflammation in tes-
ticular tissue was observed. Nevertheless, the administration
of vitamins A and E, particularly their mixture, had pro-
found effects on reducing the testicular toxicity of TiO2-
NPs. Besides testicles, TiO2-NPs can be accumulated in
many other organs where they may provoke severe implica-
tions. The spleen is very susceptible to TiO2-NP
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accumulation and deleterious action. Afshari-Kaveh et al.
[86] reported severe changes in the oxidative status of spleen
tissue of Wistar rats treated with TiO2-NPs. Nanoparticles
induced significantly increased total oxidant status and lipid
peroxidation levels. The total antioxidant capacity in spleen
tissue was decreased likewise SOD and GPx activities and their
gene expression. Nevertheless, the treatment with vitamins A
and E, separately and as a mixture, showed outstanding anti-
oxidant properties in terms of reinstating the levels of antiox-
idant parameters back to normal as well as protecting spleen
tissue from histological changes induced by TiO2-NPs.

Vitamin D, also called “the sunshine vitamin,” has a cru-
cial role in promoting bone health in children and adults as
well as lowering the potential formation of chronic diseases,
including cancer and cardiovascular disorders. It serves as a
membrane antioxidant but also as a regulator of endogenous
antioxidant defense systems. Generally, vitamin D exists in
its inactive form, whether made in the skin or ingested, but
becomes activated by hydroxylation in the liver and kidneys
[87]. Its protective role towards the liver and kidneys was
studied in the state of oxidative stress induced by manganese
oxide-nanoparticles (MnO2-NPs) [88]. Although MnO2-
NPs can affect environmental conditions, their possibility
of entering into the human organism, via previously men-
tioned routes, is of great concern. They can be toxic on dif-
ferent levels, wherever they accumulate, including the
possibility to penetrate the blood-brain barrier. In the BALB
c mice, significant toxicity was developed after exposing
them to MnO2-NPs and the levels of liver and kidney func-
tions were substantially lowered while serum bilirubin and
glucose concentrations were much higher compared with
the control group. The intraperitoneal administration of
vitamin D for 50 consecutive days showed improvement in
liver and kidney functions with a reduction of disrupted
serum parameters. Taking that into account, vitamin D
exerted significant hepato- and nephroprotective effects
against MnO2-NP-induced toxicity [88].

Hydrophilic vitamin C (L-ascorbic acid) is known as a
very potent antioxidant compound. Since it is easily soluble
in water, it can react directly with free radicals or its action
may be indirect via reinstating the antioxidant activity of
liposoluble vitamin E, as mentioned previously [89]. Besides
its activity as a radical scavenger, it may also react as a che-
lator of heavy metals. Vitamin C has many beneficial effects
on human health, it prevents heart disease; improves the
function of cartilage, joints, and skin; has profound effects
on the immune system; increases nutrition absorption; and
has antigenotoxic and anticarcinogenic potential [90]. In
in vitro assays, in human lung carcinoma, A549 cells showed
significant toxicity of ZnO-NPs. Exposure to vitamin C leads
to a decrease in intracellular ROS production which lowered
the inflammation level [91]. The proposed mechanism of
vitamin C action was based on its antioxidant activity and
chelating reaction with Zn leading to the formation of a sta-
ble complex. The in vivo fish model, common carp (Cypri-
nus carpio), was used for the evaluation of vitamin C
protective activity against TiO2-NP-induced toxicity [92].
It was reported that TiO2-NPs significantly increased the
level of oxidative stress in the organism, which can be seen

through increased levels of glucose and cortisol; higher activ-
ity of ALT, AST, and ALP; and decreased immune parame-
ters. Liver tissue damage was also observed in the group
treated only with TiO2-NPs. Supplementation with vitamin
C, at a concentration of 500 to 1000mg/kg of feed, decreased
the level of tissue damage and mainly restored oxidative
stress parameters preventing severe consequences which
may have arisen due to exposure with TiO2-NPs. Vitamin
C has also proven itself in the protection of rats against
reproductive toxicities and oxidative stress induced by nickel
nanoparticles (NiNPs) as reported by Kong et al. [93].
NiNPs induced severe consequences in rats’ testicular tissue
function; the levels of CAT, SOD, and gonad-stimulating
hormone (GSH) were disrupted, with increased levels of
ROS, nitric oxide, and lipid peroxidation. Also, NiNPs
affected caspases 9, 8, and 3 and expression of Bcl-2-
associated X protein (Bax) and apoptosis-inducing factor
(AIF). Vitamin C upregulated all parameters and amelio-
rated NiNP-induced reproductive toxicity mostly due to its
antioxidant properties [93].

Besides vitamins, many other compounds used as dietary
supplements can serve as natural antioxidant supplementa-
tion to help combat NP-induced oxidative stress. One of
those is selenium (Se), an essential trace element with valu-
able antioxidant and anticancer activities [94]. In the
in vivo study by Ansar et al. [95], sodium selenite was used
in the treatment of rats exposed to silver nanoparticles
(AgNPs). AgNPs applied at a concentration of 5mg/kg/b.w.
induced substantial oxidative stress in animal testes, by
reducing GSH levels, GPx, SOD, and CAT activities and,
on the other hand, increasing the levels of lipid peroxidation
and expression of interleukins (IL-1β and IL-6) and tumor
necrosis factor-alpha (TNF-α). Moreover, the testes tissue
damage induced by AgNPs was prominent and spermato-
genesis was affected. Sodium selenite (0.2mg/kg/b.w.) was
able to improve all parameters of oxidative stress defense
and inflammatory markers, including testicular tissue mor-
phology. Although the exact mechanism of Se antioxidant
effects against AgNP-induced toxicity is not known, its ben-
eficial role in reestablishing endogenous antioxidant defense
mechanisms should be acknowledged.

A sulfur-containing amino acid N-acetylcysteine (NAC)
is known as an impressive free radical scavenger and antiox-
idant. It serves as a contributor to L-cysteine, in relation to
which it has a more stable structure, as a precursor in gluta-
thione synthesis, thus regulating the intracellular levels of
GSH. Antioxidant effects of NAC are realized through
releasing of sulfhydryl groups to reduce ROS levels. NAC
can react with various free radicals such as hydrogen perox-
ide, superoxide, and peroxynitrite. It can also act on the
reduction of the NF-κB pathway and secretion of inflamma-
tory cytokines. In the state of oxidative stress, NAC plays a
crucial role in preventing and reducing the damage that
may arise [96, 97]. The effects of NAC on cobalt nanoparti-
cle- (CoNP-) induced cytotoxicity in a mouse renal tubular
epithelial cell model (TCMK-1 cell line) were monitored
in vitro [98]. The application of CoNPs induced a higher rate
of cell apoptosis; increased the p-ERK, p-p38, and p-JNK
expression; and activated the MAPK pathway. NAC was able

8 Oxidative Medicine and Cellular Longevity



to reverse the cell death process and inhibited ROS-induced
p-ERK, p-p38, and p-JNK MAPK pathways. These findings
support the fact that NAC has an exceptional antioxidant
potential which can find its application in NP-induced oxida-
tive stress [98]. In that sense, an in vivo study conducted in
male albino rats used titanium dioxide nanoparticles (TiO2-
NPs) for inducing the testicular toxicity [97]. As expected,
TiO2-NPs caused severe histological changes in testes tissue
accompanied by positive TNF-α immunoreaction and DNA
damage. Lipid peroxidation in serum was highly elevated
while GSH and testosterone levels were reduced. The treat-
ment with NAC had an impact on all parameters and lead to
their restoration, with minor antigenotoxic effects. Therefore,
its antioxidant potential was significantly expressed in this
state of TiO2-NP-induced oxidative stress.

Another amino acid, L-arginine (Arg), defined as a con-
ditionally essential amino acid, can be implemented in the
treatment of NP-induced toxicities. Recently, Abdelhalim
et al. [66] conducted an in vivo study using rats as a model
organism. They were treated with gold nanoparticles
(AuNPs), and the level of oxidative stress was monitored
via estimation of crucial markers (ALP, ALT, GGT, total
protein, MDA, and GSH). The AuNP administration
induced significant hepatotoxicity and increased oxidative
stress levels. The use of arginine proved to be very successful
in terms of alleviation of all oxidative stress parameters thus
acting protectively against the influence of AuNPs.

α-Lipoic acid, also known as thioctic acid, is a naturally
occurring organosulfur compound that can be synthesized
by plants, animals, and humans. It is often used as a dietary
supplement due to its remarkable bioactive properties, par-
ticularly the antioxidant potential. α-Lipoic acid can act as
a direct antioxidant by scavenging reactive oxygen and
nitrogen species, or it may activate various antioxidants
and regulate other signaling pathways [99]. This supplement
has been used as additional therapy in the state of mesopo-
rous silica nanoparticle- (MSiNP-) induced oxidative stress
[100]. Primarily, Sun et al. designed in vitro experiment on
the human neuroblastoma SH-SY5Y cell line which showed
that MSiNPs were able to inhibit cellular proliferation via
ROS generation that further entails impaired mitochondrial
function and apoptosis activation. The in vivo part of the
study was conducted on mice and showed high levels of oxi-
dative stress and disrupted the brain function due to the easy
transition of MSiNPs through the blood-brain barrier. α-
Lipoic acid was used for modification of MSiNPs and
showed a reduction in the oxidative stress level, alleviation
of the cytotoxicity both in vitro and in vivo, and reduction
of NP toxicity due to its significant antioxidant effects
[100]. The combination of α-lipoic acid and vitamin E
turned out to be great in the treatment of AuNP-induced
nephrotoxicity in rats [101]. Since AuNPs caused severe
changes in renal tissue and, again, high levels of oxidative
stress, α-lipoic acid and vitamin E were able to reduce lipid
peroxidation, inflammation, and toxicity by increasing anti-
oxidant defense in the organism.

3.2. Plant-Based Antioxidants. The use of medicinal and edi-
ble plants is intensively studied in the prevention and treat-

ment of oxidative stress ailments [73, 102, 103]. The
potential use of plant extracts as antioxidant supplements
for the mitigation of nanoparticle-induced toxicity has
intensively been researched in recent years.

The most extensive research about the ameliorated
effects of plant extracts or essential oils has been conducted
on TiO2-NP- and AgNP-induced oxidative stress using dif-
ferent model organisms (Table 1). The use of Tinospora cor-
difolia ethanol extract in experiments with Nile tilapia
(Oreochromis niloticus) fish showed that a standard fish diet
supplemented with this plan extracts can regulate antioxi-
dant parameters in fish gill, liver, and kidney, as well as
inflammation in the liver induced by TiO2-NPs [104]. Ros-
marinus officinalis is reported as a plant that successfully
ameliorated plasma antioxidant markers (CAT, SOD,
MDA, and total antioxidant status (TAS)), the IL-6 level,
and DNA damage in rats treated with TiO2-NPs [105].
The modulation of hepatotoxicity induced by TiO2-NPs in
rats showed grape seed standardized (based on proanthocya-
nidins (95%)) extract [106] and cinnamon bark extract [107]
enhancing oxidative parameters in liver tissue. Besides the
hepatoprotective activity of cinnamon bark extract, an
encapsulated cinnamon essential oil also possesses protective
properties of TiO2-NP-induced oxidative stress. It is
observed that the treatment of mice with maltodextrin-
encapsulated cinnamon essential oil significantly reduced
oxidative markers in the liver and kidney caused by TiO2-
NPs. In the same study, cinnamon essential oil reduced
serum cytokines levels, DNA fragmentation in the hepato-
cytes, chromosomal aberrations in bone marrow cells, and
sperm shape abnormalities of male mice treated with TiO2-
NPs [108]. Abdou et al. [109] demonstrated that Moringa
oleifera leaf extract possesses nephroprotective potential in
rats treated with TiO2-NPs. This plant extract decreased oxi-
dative stress in the kidneys induced by TiO2-NPs, as well as
modulated expression of NF-κB, Nrf2, and HSP-70 attrib-
uted to increased oxidative stress. Another study also
showed thatM. oleifera seed extract displayed a similar effect
on TiO2-NP-induced cerebral oxidative damage in rats
[110]. Moringa oleifera seed extract was also applied in the
prevention of copper nanoparticle- (CuNP-) induced toxic-
ity in Cyprinus carpio fish, suggesting that this extract may
successfully normalized lipid peroxidation, GSH level, and
CAT activity in gill and liver tissues of fish [60].

In vitro studies published about AgNP-induced toxicity
showed that studied NPs induced ROS formation leading
to DNA damage of human embryonic kidney (HEK 293)
cells. Pretreatment of these cells with G. asclepiadea extracts
showed prevention of AgNP-induced DNA damage deter-
mined in comet assay and reduction of oxidized base lesions
(8-oxoG) compared with cells that were not pretreated with
the extracts [114, 115]. Experiments performed on Nile tila-
pia fish demonstrated the beneficial role of diet supple-
mented with pomegranate (Punica granatum) peel when
the fish were exposed to sublethal levels of AgNPs (up to
2.0mg/L) for six weeks. In this study, pomegranate peel sup-
plementation significantly improved biochemical parame-
ters in blood related with liver and kidney function,
antioxidant markers in liver and kidney tissues, and
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Table 1: Plant extracts, essential oils, and phytocompounds used in antioxidant supplementation of NP-induced toxicity.

Extract/compound Nanoparticles Action Reference

Extracts and essential oils

Basil essential oil
(nanoencapsulated)

IONPs Hepatoprotection in rats
El-Nekeety et al.

[111]

Beta vulgaris (beetroot) juice AgNPs Hepatoprotection in rats
Albrahim and
Alonazi [5]

Cinnamomum cassia extract TiO2-NPs Hepatoprotection in rats Shakeel et al. [107]

Cinnamomum cassia oil
encapsulated with maltodextrin

TiO2-NPs
Increase antioxidant capacity in the liver and kidney and
prevent genotoxicity and reproductive disturbances in male

mice
Salman et al. [108]

Eruca sativa seeds
Hydroxyapatite

NPs
Cardioprotection in rats Alotaibi et al. [112]

Filipendula ulmaria CaNPs
Reduce oxidative stress in brain tissue of rats as well as in

liver, kidney, and testes tissues

Arsenijevic et al.
[23]

Scepanovic et al.
[46]

Foeniculum vulgare (fennel) and
Pimpinella anisum (anise) seeds

ZnO-NPs Hepatoprotection in rats Barakat [113]

Gentiana asclepiadea AgNPs In vitro DNA protection
Hudecová et al.

[114, 115]

Ginkgo biloba AgNPs
Hepatoprotection in rats

Abd El-Maksoud
et al. [116]

Improved neurotoxic side effects in rats Lebda et al. [117]

Ginseng SiO2-NPs
Reduce oxidative stress and apoptotic and inflammatory

processes in rat lung
El-Sayed et al. [118]

Grape seed extract TiO2-NPs Hepatoprotection in rats
Mohammed and
Safwat, [106]

Green tea extract CuNPs Hepatoprotection in rats Ibrahim et al. [59]

Moringa oleifera leaf extract TiO2-NPs Nephroprotection in rats Abdou et al. [109]

Moringa oleifera seed extract
TiO2-NPs Cerebroprotective effect Kandeil et al. [110]

CuNPs Enhance gill and liver oxidative damage in Cyprinus carpio Noureen et al. [60]

Pistacia lentiscus essential oil NiO-NPs
Decrease ROS generation in human lung epithelial (A549)

cells
Mohamed et al.

[119]

Pomegranate peel AgNPs
Enhance liver and kidney damage, oxidative stress, and

immunity biomarkers in Nile tilapia fish
Hamed et al. [120]

Pomegranate juice
CuO-NPs

Reduce oxidative stress manifestations in the brain through
regulation of HO-1 and Nrf2 gens

Hassanen et al.
[121]

Antioxidant, anti-inflammatory, and antiapoptotic effects in
the liver and kidney of rats

Hassanen et al.
[122]

AgNPs Hepatoprotection in mice Sallam et al. [123]

Zataria multiflora essential oil IONPs Hepatoprotection in rats Attaran et al. [124]

Pumpkin seed oil Al2O3-NPs
Antioxidant protection of rats’ maternal and fetal hepatic

and brain tissues
Hamdi et al. [125]

Rosmarinus officinalis extract TiO2-NPs Ameliorated plasma antioxidant markers in rets Grissa et al. [105]

Tinospora cordifolia extract TiO2-NPs
Enhance gill, liver and kidney oxidative damage and

immunity biomarkers in Nile tilapia fish
Vineetha et al. [104]

Zataria multiflora essential oil IONPs Hepatoprotection in rats Attaran et al. [124]

Phytocompounds

Apigenin

NiO-NPs Hepatorenal protection in rats Ali et al. [126]

Mesoporous silica
nanoparticles

(MSNs)
Nephroprotection in mice Wang et al. [127]

β-Carotene TiO2-NPs Cerebroprotective effect
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Table 1: Continued.

Extract/compound Nanoparticles Action Reference

Abdel-kareem and
Ayat Domouky

[128]

Crocetin CuO-NPs Oxidative stress protection in HT22 cells Niska et al. [129]

Curcumin

NiO-NPs Reduce oxidative stress in human HEp-2 and MCF-7 cells Siddiqui et al. [130]

TiO2-NPs
Reduction of ROS generation in Caenorhabditis elegans

worms
Sonane et al. [131]

In vitro DNA protection in lymphocytes Ryu et al. [132]

ZnO-NPs
Reduction of ROS generation in Caenorhabditis elegans

worms
Sonane et al. [131]

Curcumin nanoparticles
Hydroxyapatite
nanoparticles

Cardioprotection in rats Mosa et al. [133]

Ellagic acid IONPs Nephroprotection in rats
Mohammed et al.

[57]

Eugenol TiO2-NPs Reduce oxidative stress in different organs of rats Wani et al. [134]

Epigallocatechin-3-gallate NiNPs
Reduce intracellular ROS generation and cell apoptosis in the

JB6 cell line
Gu et al. [135]

Geraniol ZnO-NPs Neuroprotective effect in rats
Farokhcheh et al.

[136]

Glycyrrhizic acid TiO2-NPs Hepatoprotection in rats
Orazizadeh et al.

[137]

Hesperidin ZnO-NPs Hepatoprotection in rats Ansar et al. [138]

Lycopene
TiO2-NPs Reduce oxidative stress in testicular tissue of rats Meng et al. [139]

ZnO-NPs
Enhance gill, liver, and kidney oxidative damage in Nile

tilapia fish
Abdel-Daim et al.

[140]

Morin TiO2-NPs Reduce oxidative stress in testicular tissue of rats Hussein et al. [141]

Pterostilbene AgNPs Prevent oxidative stress in zebrafish embryos Chen et al. [142]

Resveratrol

CuO-NPs Hepatorenal protection in rats Khalid et al. [62]

TiO2-NPs
Prevent testicular damage

Solaiman et al.
[143]

In vitro DNA protection in lymphocytes Ryu et al. [132]

ZnO-NPs

Prevent prooxidant mitochondrial damage and apoptotic
and necrotic effects in zebrafish embryos

Giordo et al. [144]

Enhance gill, liver, and kidney oxidative damage in Nile
tilapia fish

Abdel-Daim et al.
[140]

Rutin TiO2-NPs Reduce oxidative stress in testicular tissue of rats Hussein et al. [141]

Sesamol Al2O3-NPs Neuroprotective effect in rats
Abou-Zeid et al.

[22]

Silymarin AgNPs Hepatoprotection in Nile tilapia fish Veisi et al. [145]

Sulforaphane
CuO-NPs Reduce oxidative stress in BALB C3T cells Akhtar et al. [146]

TiO2-NPs In vitro DNA protection in lymphocytes Ryu et al. [132]

Tannic acid AgNPs Hepatorenal protection in rats Mosa et al. [147]

Thymol TiO2-NPs
Protection of testicular damage Jafari et al. [54]

Hepatoprotection in rats Jafari et al. [148]

Quercetin

AuNPs
Hepatoprotection in rats

Abdelhalim et al.
[66]

Hepatoprotection in rats
Abdelhalim et al.

[149]

CuO-NPs
Reduce oxidative stress in the liver and antiapoptotic action

in rats’ liver
Abdelazeim et al.

[150]

Hepatoprotection in rats Arafa et al. [151]
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immunity biomarkers of the fish exposed to sublethal levels
of AgNPs [120]. The hepatoprotective properties of several
plant species were also studied in vivo against AgNP-
induced hepatotoxicity. Ginkgo biloba aqueous extract
showed an important influence on liver function and the
antioxidative status of rats treated with AgNPs (50mg/kg
b.w.) upregulating PGC-1α, mtTFA, and Nrf2 mRNA mito-
chondrial transcription factors [116]. In another study, stan-
dardized G. biloba extract to 24% ginkgo flavonoids
improved oxidative damage in the brain of rats treated with
AgNPs, as well as significantly regulated proinflammatory
cytokine gene expression in brain tissue [117]. Pomegranate
[123] and beetroot [5] juices also provided significant hepa-
toprotective activities against AgNP-induced toxicity in ani-
mal experiments. Albrahim and Alonazi [5] showed that
beetroot juice posttreatment has the potential to regulate
apoptotic proteins p53 and Bcl-2 in liver tissue of rats
treated with AgNPs. Pomegranate juice also displayed the
decrease of the MDA level and the increase of the GSH level
in the liver and kidney of rats intoxicated with CuO-NPs,
regulating caspase-3, Bcl-2 levels, and NF-κB disturbed
expression caused by overproduction of ROS [122]. In
another publication, Hassanen et al. [121] showed that
pomegranate juice can reduce oxidative stress manifesta-
tions in the brain of rats treated with CuO-NPs through reg-
ulation of HO-1 and Nrf2 expression, important for cellular
redox balance. Green tea extract also showed significant
improvement of hepatotoxic manifestation caused by CuO-
NP application in rats, improving the oxidative status of
the liver and regulating the expression of the caspase-3 and
Bax proteins [59].

Essential oils of Ocimum basilicum L. (basil) and Zataria
multiflora Boiss. were studied for hepatoprotective activity
against IONP-induced toxicity. Both essential oils had the
ability to prevent hepatotoxicity of IONPs in rats regulating
antioxidant parameters in liver tissue of experimental ani-
mals [111, 124]. A few published studies examined the appli-
cation of plant extract or oils for the prevention of toxic
effects of lesser-extent-investigated NPs. Pumpkin seed oil
was applied in the study for the determination of its protec-
tive effects against Al2O3-NP-induced toxicity in pregnant
rats. The oil possessed the ability to enhance antioxidant
parameters in maternal and fetal hepatic and brain tissues
of pregnant rats with developed Al2O3-NP-toxicity [125].
Alotaibi et al. [112] used Eruca sativa L. seed extract for
the treatment of hydroxyapatite nanoparticle-induced toxic-
ity concluding that this extract improved antioxidant
parameters (SOD, CAT, GSH, and TBARS) in heart tissues
of hydroxyapatite NP-treated rats. Filipendula ulmaria

extract also showed a positive influence on CaNP- and
hydroxyapatite NP-induced oxidative stress in brain tissue
of rats [23], but also in liver, kidney, and testes tissues
[46]. The essential oil of Pistacia lentiscus L. lowered ROS
generation and stimulated SOD and CAT activities in
human lung epithelial cells (A549) exposed to NiO-NPs
[119]. SiO2-NPs-induced toxicity in rats described by El-
Sayed et al. [118] was ameliorated using ginseng dried plant
which could reduce oxidative stress, as well as apoptotic and
inflammatory processes in rat lung. The mixture of Foenicu-
lum vulgare (fennel) and Pimpinella anisum (anise) seed
extracts showed hepatoprotective potential significantly low-
ering oxidative stress in liver tissue of rats exposed to ZnO-
NPs [113].

In terms of reducing NP toxicity, many plant extracts are
frequently used in the eco-friendly synthesis of NPs with
lower toxic effects. NPs obtained in these processes usually
display additional pharmacological properties compared
with conventionally synthesized NPs. Besides, plants repre-
sent a renewable, environment-friendly, and widely available
material for NP synthesis. This relatively new approach in
NP synthesis is in the research focus in recent years [14,
156, 157]. Hence, plants are also important for the develop-
ment of new methods for the synthesis of less-toxic NPs as
well as for the suppression of NP toxicity. Analyzed litera-
ture data about the use of plant extracts or essential oils in
the prevention and reduction of NP-induced oxidative stress
showed that some plants may be utilized as effective supple-
ments in this type of oxidative damage. Most studies deal
with research about the use of aromatic and edible plants
in NP-induced oxidative stress that emphasizes and encour-
ages the consumption of these plant species in the preven-
tion and fight against oxidative stress. The highest number
of analyzed studies reported that examined plant products
exert hepatorenal protection in experimental animals report-
ing essential results about the oxidative status of organ tis-
sues. The significantly lower number of studies deals with a
profound analysis of protection mechanisms of NP-
induced oxidative stress using plants. Hence, there is a need
for more research with comprehensive results about the
application of plants in the suppression of NP-induced oxi-
dative stress. All these results open the possibility for further
research of plants in this field.

3.3. Phytochemicals. Different plant constituents are well
known for their excellent antioxidant properties; among
them, phenolic compounds and some components of essen-
tial oils possess the most pronounced antioxidant properties
[70, 157]. In this regard, phytochemicals with high

Table 1: Continued.

Extract/compound Nanoparticles Action Reference

TiO2-NPs

Hepatoprotection in rats Fadda et al. [152]

Nephroprotection in rats Alidadi et al. [153]

Protection of testicular damage
Khorsandi et al.

[154]

ZnO-NPs Hepatoprotection in rats Lotfy et al. [155]
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antioxidant potential are frequently used in studies for NP-
induced toxicity as protection agents. The most studied phy-
tocompounds in such studies are phenolic compounds and
flavonoids such as quercetin, resveratrol, or curcumin
(Table 1).

Quercetin (Figure 2) is one of the most studied dietary
flavonoids present in many fruits, vegetables, and medicinal
plants. Its antioxidant, anti-inflammatory, neuroprotective,
chemopreventive, and cardioprotective properties are well
documented. The bioactivity of quercetin is related to its
high antioxidant and free radical scavenging activities [152,
158]. The antioxidant potential of quercetin in the suppres-
sion of NP-induced oxidative stress was examined using dif-
ferent models exposed to TiO2-NPs, AuNPs, CuO-NPs, and
ZnO-NPs. Quercetin showed antioxidant protection of liver
[152], kidney [153], and testicular [154] tissues in rats
exposed to an overdose of TiO2-NPs. The concentration of
TiO2-NPs used in these studies was in the range of 50 to
1000mg/kg of body weight (b.w.) daily or once during the
experiment, while the dose of quercetin was 75 or 200mg/kg
b.w. of tested animals daily. Quercetin displayed oxidative
protection of liver, kidney, and testicular tissues lowering
lipid peroxidation and improving antioxidant parameters
of kidney and testicular tissues. Also, quercetin (75mg/kg
b.w. daily) significantly reduced the apoptotic index in kid-
neys [153] and testes [154], while mitigation of apoptotic
marker caspase 3 and DNA fragmentation in liver tissue
using 200mg/kg b.w. daily for 21 days was observed [152].
The hepatoprotective activity of quercetin was also proven
in AuNP-intoxicated rats reducing oxidative stress parame-
ters in the liver [66, 149]. Quercetin was effective against
CuO-NP-induced hepatotoxicity in rats. It is repented that
coadministration of 150μg/kg b.w. quercetin daily for 3
weeks reduced significantly oxidative stress in liver tissue,
serum levels of TNF-α, caspase-3 activity, and mRNA of
Bax, while the significant elevation of the Bcl2 level was
observed [150]. This research suggests that quercetin has
the properties to inhibit some critical points of apoptosis.
Similar antioxidant protection of quercetin against CuO-
NP-induced hepatotoxicity in rats was observed in the study
published by Arafa et al. [151], as well as against ZnO-NP-
induced hepatotoxicity in rats [155].

Resveratrol (Figure 2), a stilbene, is also one of the com-
monly used plant antioxidants in the prevention of NP-
induced toxicity. It can be found in different fruits, berries
and medicinal and edible plants. Its antioxidant properties
are the subject of many scientific publications, and results
suggest that it possesses better antioxidant properties com-
pared with vitamin E and C [143]. An in vitro study con-
ducted by Ryu et al. [132] showed antioxidant effects of
resveratrol on DNA damage induced by TiO2-NPs in lym-
phocytes. Resveratrol provoked significant decreases of
ZnO-NP-induced prooxidant effects measured using
DCFDA fluorescence intensity, mitochondrial damage, and
apoptotic and necrotic effects in zebrafish embryos [144].
Pterostilbene, a stilbene chemically related to resveratrol,
showed similar protection effects against AgNP-induced oxi-
dative stress in zebrafish embryos [142]. The experiments
with Nile tilapia fish showed that a fish diet supplemented

with resveratrol enhances antioxidant protection parameters
in fish gill, liver, and kidney disturbed by ZnO-NP applica-
tion [140]. Resveratrol also displayed antioxidant protection
of CuO-NP-induced oxidative stress in rats increasing total
antioxidant capacity (TAC) and decreasing the total oxidant
status (TOS) in serum [62]. Solaiman et al. [143] reported
that resveratrol also has the ability to mitigate the increase
of the serum MDA level induced by TiO2-NPs in an exper-
iment with rats.

Curcumin (Figure 2), the main phenolic compound in
spice turmeric, is reported as a natural antioxidant supple-
ment against NiO-NPs, TiO2-NPs, and ZnO-NPs. Siddiqui
et al. [130] reported that curcumin reduces ROS and lipid
peroxidation levels, as well as increases the GSH level in
NiO-NP-induced toxicity in human airway epithelial
(HEp-2) and breast cancer (MCF-7) cells. Another in vitro
study showed antioxidant protective effects of curcumin on
DNA damage induced by TiO2-NPs in lymphocytes [132].
Curcumin also displayed a reduction in ROS generation
measured using H2DCF-D dye on Caenorhabditis elegans
worms exposed for 24 h to the LC50 concentration of TiO2-
NPs and ZnO-NPs [131]. In vivo experiment on rats showed
that coadministration of curcumin nanoparticles improved
antioxidant parameters (TBARS, NO, GST, GPx, GSH,
CAR, SOD, and total antioxidant capacity) and suppressed
increased levels of tumor suppressor P53, TNF-α, and
interleukin-6 in heart tissue of rats exposed to hydroxyapa-
tite nanoparticles [133]. Apigenin is also one of the dietary
flavonoids that showed hepato- and nephroprotective activ-
ities in animal models with NP-induced toxicity. Apigenin
can protect the liver and kidneys against NiO-NP-induced
toxicity [126] and kidneys against mesoporous silica nano-
particle- (MSN-) induced toxicity [127]. Apigenin in both
mentioned studies significantly upregulated antioxidant
parameters in analyzed tissues, while reducing the expres-
sion of TNF-α and IL-6 in the kidney of mice with MSN-
induced toxicity. Similar protection activity of ellagic acid,
as described for apigenin nephroprotection of MSN-
induced toxicity in mice, was observed in a study conducted
by Mohammed et al. [57] for IONP-induced nephrotoxicity
in Wistar rats.

Among examined phenolic compounds in the protection
of NP-induced oxidative stress, epigallocatechin-3-gallate
was proved to be effective in the inhibition of oxidative stress
developed with NiNPs in a mouse epidermal (JB6) cell line
[135]. Epigallocatechin-3-gallate reduced intracellular ROS
generation and cell apoptosis, significantly regulating the
expression levels of AP-1 and NF-κB and the MAPK signal-
ing pathways disturbed by NiNP application. Nanoencapsu-
lated silymarin and tannic acid showed potential to
ameliorate hepatotoxicity in Nile tilapia fish [145] and hepa-
tonephrotoxicity induced in rats [147] with AgNP-induced
toxicity, respectively. These phenolic components modu-
lated disturbed antioxidant parameters in the liver or renal
tissues. Also, similar effects, with the regulation of antioxi-
dant parameters GSH, CAT, GPx, SOD, and MDA in liver
tissue, demonstrated coadministration of hesperidin parallel
with ZnO-NP-induced oxidative stress in rats [138]. Flavo-
noids morin and rutin showed the same effects on testicular
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tissue of rats treated with TiO2-NPs [141]. Sesamol, a phe-
nolic lignan from sesame oil, exhibited significant antioxi-
dant protection effects of brain tissue in Al2O3-NP-treated
rats [22].

Sulforaphane, an isothiocyanate compound found in
cruciferous vegetables, also manifested antioxidant protec-
tion of CuO-NP-induced oxidative stress in BALB C3T cells
[146], as well as DNA damage induced by TiO2-NPs in lym-
phocytes [132]. Glycyrrhizic acid, a natural sweetener iso-
lated from the root of Glycyrrhiza glabra, showed the
potential to reduce oxidative stress and the apoptotic process
in the liver of rats treated with TiO2-NPs [137].

In addition to phenolic compounds, terpenoids and
components of plant essential oils are often the subjects of
NP-induced oxidative stress protection (Figure 3). β-Caro-
tene showed potential to reduce the apoptotic index and
increase CAT and GPx activities in the cerebral tissues of

TiO2-NP-intoxicated rats [128]. A fish diet supplemented
with lycopene manifested an increase of antioxidant protec-
tion parameters in Nile tilapia fish gill, liver, and kidney dis-
turbed by ZnO-NP application [140]. Lycopene also
enhances antioxidant protection and decreases cell apoptosis
in testes of mice treated with TiO2-NPs [139]. CuO-NP-
induced oxidative stress in the mouse hippocampal HT22
cell was effectively protected with coadministration of croce-
tin, a compound found in gardenia fruits and saffron [129].
It is found that crocetin increases the activity of antioxidant
enzymes SOD and CAT, as well as GSH, SOD mRNA, CAT
mRNA, and Bcl-2 mRNA levels in CuO-NP-intoxicated
HT22 cell. The same study described the crocetin potential
to reduce intracellular ROS and proapoptotic Bax mRNA
levels in HT22 cells treated with CuO-NPs. The common
constituents of essential oils eugenol, thymol, and geraniol
are proven as antioxidant compounds in the prevention of
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Figure 2: Plant phenolic compounds used in supplementation of nanoparticle-induced oxidative stress.
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oxidative stress in different organs induced by various NPs
in experiments performed on rats [54, 134, 136, 148].

Available literature data about the use of phytochemicals
as supplements in NP-induced oxidative stress showed the
high potential of these compounds for application and
development of new plant-based dietary supplements. The
investigated phytochemicals are common constituents of
aromatic, medicinal, and edible plants, and obtained results
indicate a beneficial effect of the use of these plants or
plant-based supplements in oxidative stress-related disor-
ders. Also, these results are very useful for further research
in this field suggesting that most of the known antioxidant
phytocompounds have not been investigated yet as potential
supplements in the treatment of oxidative stress induced by
NPs.

4. Conclusion

Considering the many benefits of antioxidants, including
vitamins, dietary supplements, plant products, and phyto-
chemicals and their great potential in suppression of NP-
induced oxidative stress, there is no doubt that the research
that deals with the application of antioxidants in this field
will continue with more attention in the forthcoming years.
Different natural occurring antioxidants have been compre-
hensively reviewed in this paper. Although vitamins, plant
extracts, and phytochemicals have shown great potential in
NP-induced oxidative stress protection, understanding the
mechanisms involved in the modulation of NP-induced oxi-
dative stress of these natural products is still not fully under-
stood. Hence, it seems that achieved results in this field

present a good base for further research on protection mech-
anisms of NP-induced oxidative stress using naturally occur-
ring antioxidants, as well as for more research including
some earlier not tested plants and their bioactive com-
pounds. The overall goals of future studies are dominantly
focused to give an insight into new perspectives of NP usage
with an imperative to decrease their toxicity using verified,
safe, and validated antioxidant supplementary therapy that
may be also beneficial for the living organism as a whole.
Based on the analyzed results, one of the greatest potentials
for further research is antioxidants of plant origin. A further
strategy for the advancement of this area of research could
be the related investigation for the use of new plant-based
antioxidants as dietary supplements in the prevention or
alleviation of oxidative stress symptoms associated with
long-term exposure to NPs or their high concentration.
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Nanomedicine and plasmamedicine are innovative andmultidisciplinary research fields aiming to employ nanotechnology and gas
plasma to improve health-related treatments. Especially cancer treatment has been in the focus of both approaches because clinical
response rates with traditional methods that remain improvable for many types of tumor entities. Here, we discuss the recent
progress of nanotechnology and gas plasma independently as well as in the concomitant modality of nanoplasma as
multimodal platforms with unique capabilities for addressing various therapeutic issues in oncological research. The main
features, delivery vehicles, and nexus between reactivity and therapeutic outcomes of nanoparticles and the processes,
efficacy, and mechanisms of gas plasma are examined. Especially that the unique feature of gas plasma technology, the
local and temporally controlled deposition of a plethora of reactive oxygen, and nitrogen species released simultaneously
might be a suitable additive treatment to the use of systemic nanotechnology therapy approaches. Finally, we focus on the
convergence of plasma and nanotechnology to provide a suitable strategy that may lead to the required therapeutic outcomes.

1. Introduction

Albeit progress continues, cancer remains a devastating
disease in millions of patients worldwide. In 2020, over 19
million new cancer cases are projected to occur globally [1].
The standard treatments for cancer therapy include radio-
therapy, chemotherapy, surgery, and immunotherapy. These
therapeutic strategies yield inadequate therapeutic efficacy in
some patients or have unfavorable safety profiles [2].
Another challenge of current treatment methods is the
therapy resistance related to tumor cells’ intrinsic or acquired
exit strategies to circumvent cytotoxic therapy effects [3]. For
instance, tumors consistently comprise a mixture of drug-
sensitive cells and stem cells, which leads to adaption and
drug resistance [4]. Hence, efforts have been dedicated to

exploiting multimodal, flexible, and multifunctional thera-
peutic modalities. In combination with main treatment strat-
egies, nanomedicine helps overcome numerous oncotherapy
obstacles and might reduce side effects for enhancing treat-
ment tolerability of conventional treatment [5].

Nanotechnology refers to different designs of matter in
nanoscale. This technology has emerged as a multidisciplin-
ary scientific field, including physics, chemistry, engineering,
and biology. In recent years, nanotechnology has gained
much attention, especially in medicine, known as nanomed-
icine [6]. Nanoparticles (NPs) are utilized to treat, diagnose,
image, and prevent disease spread in cancer. Different types
of NPs with several properties, such as drug delivery, have
been created to complement current treatments. Organic
NPs (e.g., lipid-based and polymeric NPs) and inorganic

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2021, Article ID 2990326, 20 pages
https://doi.org/10.1155/2021/2990326

https://orcid.org/0000-0002-4006-2148
https://orcid.org/0000-0001-8479-5979
https://orcid.org/0000-0002-8773-8862
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/2990326


NPs (e.g., silica NPs and quantum dots), or the combination
of them, indicate an efficient oncotherapy by targeting solid
tumors [7]. Improved drug solubility, stability in the
bloodstream, target delivery to tumors, control released,
and reduction in toxicity are the outstanding features that
distinguish this strategy from other therapies. Besides,
enhancement in permeability and retention is accompa-
nied by a high accumulation of NPs in tumors compared
to normal tissues [8].

Gas plasma, produced at body temperature by applying
an electric field to one or a set of electrodes, represents a
multimodal environment of physical and chemical factors
[9]. This technology has introduced an exciting application
to modern medicine, ranging from wound healing, decon-
tamination and antiviral action, and surface modification
to recently also cancer therapy [10, 11]. Plasma cancer
therapy is one of the most investigated applications of this
technology today by engaging multiple disciplines, including
engineering, physics, biology, and medicine, to achieve a
novel oncotherapeutic approach. With effective targeting of
multiple cancer hallmarks, gas plasmas provide a cocktail
of physicochemical agents having great potential for transla-
tional cancer medicine separately or in combinatorial use
with conventional therapeutic modalities [12]. Gas plasma
treatment is performed directly by bringing the target tissue
in immediate contact with the plasma plume or indirectly by
exposing liquids suitable for clinical practice [13]. At the
level of preclinical studies, gas plasma treatment showed a
selective antitumor action to some extent [14], improves
combination chemotherapy [15], and inhibits metastatic
spread [16]. It is understood that these actions result from
the multi-ROS/RNS (reactive oxygen species/reactive nitro-
gen species) generation by gas plasmas [17]. Apart from this,
gas plasma can be combined with conventional therapies
[18] due to its adjustable and flexible properties [19]. This
introduces gas plasma as a promising modality in cancer
treatment, separately or in combination with conventional
methods and new technologies.

In pursuit of an innovative oncotherapeutic strategy, the
combination of nanoparticles and gas plasma with their
main features is presented. Moreover, therapeutic outcomes,
efficacy, and implication of each technology are being dis-
cussed. To advance cancer treatment modality development,
the convergence of plasma and nanotechnology in oncology,
especially the nexus between reactivity and therapeutic
implications of these therapeutic modalities, is summarized.
The future horizons with opportunities and challenges also
are presented.

2. Nanotechnology as a Platform for
Oncotherapy: Types of Material and
Targeting Systems

Playing a significant role in the COVID-19 vaccine develop-
ment [20], nanotechnology was once again introduced as a
multifunctional platform in resolving healthcare-related
challenges. Cancer nanomedicine, which utilized nanotech-
nology for combating cancer, received significant attention

owing to the promising results. Here, we present the NPs
used to treat cancer based on their main features. Further,
with a particular focus on NPs delivery vehicles, the thera-
peutic implications are described in detail.

2.1. Main Features of Appropriate Nanoparticles for Cancer
Treatment. By their tunable capacity for loading agents and
the facilitation and accuracy in drug delivery [21], nanocar-
riers are proper candidates for experiments at the level of
in vitro and in vivo research and clinical trials [22]. In
general, the use of NPs, due to their properties in various
cancers, might play an essential role in the effectiveness of
treatment across biological barriers. Charge, hydrophobicity,
and surface cloaking are the surface properties of NPs, and
shape, size, elasticity, and porosity are their physical features.
Altering these physicochemical properties is the changes the
subsequent penetration and toxicity profiles of NPs [23].

The surface coating, shapes, size, and elasticity of NPs
play crucial roles in their biodistribution and pharmacoki-
netics in clinical and preclinical experiments [24–26].
Besides, the rate of internalization is linked to the shape
and size of NPs [27]. Spherical NPs are very common and
gained trust during these years. However, nonspherical
properties with their unique characteristics gained attention
in recent years [28]. It is interesting to note that the shape of
the NPs is more important for the attraction of macrophages
and phagocytosis than their size [29]. Evidence suggests the
deviating hydrodynamic manner of nonspheroidal NPs; so
,their circulation time in the blood is more extended than
spheroid NPs [30]. The aggregation of NPs at tumors sites
is regulated by their shape, too [31]. The size of NPs is
directly related to their effectiveness and biological function
in experiments. Further, the formation of nanocarriers and
agents is affected by the NP size [32]. Regarding elasticity,
soft NPs represent higher permanence in blood circulation
compared to hard NPs. On the contrary, hard NPs demon-
strate higher cellular uptake rates. Accordingly, soft and
hard NPs, according to the type of organ, display varying
distributions [33].

NPs can have a positive or negative surface charge based
on different components employed during their production.
The surface charge has a significant effect on the stability,
encapsulation capacity, and biodistribution of NPs. For
instance, a slightly negative charge causes a better accumula-
tion of NPs in tumor tissue [34]. Surface hydrophobicity has
an essential role in immune processing and phagocytosis
through opsonization and quicker blood clearance. Nowa-
days, using PEGylation (covalent or noncovalent attachment
of amalgamation of polyethylene-glycol for masking an
agent to reduce antigenicity) and hiding surface charge and
hydrophobicity enhances the durability of NPs in blood
circulation [31, 35]. In addition to PEG, some other factors
for NP coating include peptides and biological membranes
for concealing NPs and giving them unique properties [36,
37]. Hence, the active targeting decrements toxic effects in
nonmalignant cells and enhances cellular uptake of NP-
based drugs in tumors.

NPs in drug delivery systems for oncotherapy can be
coated with different organic or inorganic substances

2 Oxidative Medicine and Cellular Longevity



containing, for instance, metals, polymers, carbon, lipids,
and proteins. These NPs, based on their hydrophilic or
hydrophobic properties, also can encapsulate different
agents. For example, liposomes with their hydrophilic core
are suitable for hydrophobic therapeutic compounds [38].
Concerning polymeric NPs, different types of polymers (syn-
thetic or natural) with biocompatible and biodegradable
properties are used for drug delivery. Emulsion polymeriza-
tion, emulsion evaporation, emulsion diffusion, nanoprecipi-
tation, salting-out, dialysis, and supercritical fluids are used
for synthesizing polymeric NPs [39]. In recent decades,
metal-based (inorganic) NPs made of gold, silver, superpara-
magnetic iron oxide, and quantum dots have been utilized for
experimental therapy and especially tumor diagnosis [40, 41].

2.2. Nanoparticle Delivery Vehicles. NPs should have specific
properties for the successful delivery of therapeutic agents to
tumor tissue. First, NPs require a particular marker or anti-
body targeted against tumor cells to reduce side effects to
nonmalignant tissues. All types of NPs, including micelles,
liposomes, and polymeric NPs, can load antibodies on their
surface to increase efficacy and improve clinical trials’ out-
comes [42]. However, leakage of blood vessels and insuffi-
cient lymphatic drainage often result in drugs not reaching
tumor cells sufficiently. Hence, targeted NP therapy is a suit-
able strategy to prevail these obstacles in tumor cells [8]. For
instance, iron oxide NPs linked to anti-CD44 monoclonal
antibodies are utilized for cancer cells with the high CD44
expression [43]. Polymeric and magnetic NPs coated with
anti-HER2 antibodies are used for HER2-receptor-positive
cancers, especially ovarian and breast cancer [44, 45].
Transferrin-coated liposomes are used against head and
neck cancer [46] and glioblastoma [47].

At the same time, the immunological dimension of
cancer therapy is increasingly being recognized, as evident
by the advent and success of immunotherapies in the 21st

century [48–50]. Therefore, NPs have been heavily investi-
gated in the past decade for their effects of providing and
stimulating antitumor immunity in several types of cancer.
Notably, the versatility of NPs lies in their tunable composi-
tion and hence target penetration and delivery, as recently
summarized for macrophage update [51]. As another
example, NPs were shown to perform targeted delivery of
miR-200c and a CXCR-4 antagonistic peptide that led to
immunogenic cancer cell death (ICD), perpetuating antitu-
mor immunity, decreasing immunosuppression, and abro-
gating the expression of immune checkpoints in the tumor
microenvironment [52]. Primarily gold nanoparticles are
envisioned to perform a dual role as immune regulators
and drug delivery into the tumor tissue [53]. NPs were
recently proposed as efficient vehicles for anticancer vac-
cines, owing to their unique properties in targeted delivery
and tissue penetration [54]. Nevertheless, care must be taken
that NPs do not overstimulate immunity, leading to multiple
organ failures. Along those lines, other safety aspects need to
be considered, including NP reactions with proteins in the
blood, nonphysiological activation of platelets leading to
coagulopathies, excessive cellular damage, and hemolysis
[55]. By crossing biological barriers, some NPs can cause

adverse effects on various organs kidney, liver, brain, and
reproductive systems. For instance, aggregation of NPs in
the reproductive system by toxicity inducing impair the cells
related to reproductive function. Although the exact molec-
ular mechanisms and signaling are not clear, apoptosis,
stress oxidative, and inflammation are among the response
of these organs to NP toxicity [56]. AgNPs are widely used
for antimicrobial properties in medicine, but this kind of
NP can cause alteration in neurobehavioral and organ devel-
opment in offspring after long-term exposure. AgNPs
passing the blood-brain barrier (BBB) and disrupting devel-
opment in the fetal brain can induce oxidative stress causing
sensitivity against infection [57].

The last factor for drug delivery in oncotherapy is con-
trolled drug release, which some of the elements used for
NP generation can regulate. The purpose of the controlled
release of drugs from NPs is to preserve the drug coating
during the NP journey in the bloodstream and increase its
toxic effect once delivered to the purpose destination in the
tumor microenvironment (TME) [58]. In general, it should
be noted that the optimal concentrations are achieved after
an appropriate dose is applied that allows maximum tumor
toxicity while retaining acceptable levels of side effects [59].
Stimuli-responsive NPs for drug release are categorized into
two groups responsive to either internal and external stimuli.
For example, pH, temperature, electric field, magnetic fields,
and glutathione levels are used as stimuli [60–62]. Moreover,
polymeric NPs can release agents by a hydrolytic or enzy-
matic method called degradation-controlled release. In this
strategy, bonds in the backbone of NPs are being destructed
for triggering drug release [63]. The solvent-controlled
release, which works based on osmosis or swelling, is
another method for releasing drugs from NPs. The
osmosis-controlled release is suitable for NPs with semipe-
netrable membranes [64], while swelling-controlled release
occurs in polymeric NPs with a glassy hydrophilic mem-
brane [65]. In the latter, water can quickly enter the NPs
present in, for instance, hydrogels, and there is a direct rela-
tion between the rate of water diffusion and drug release.

2.3. Therapeutic Outcomes of NPs in Oncology. One of the
essential applications of NPs is their targeted delivery of
agents for oncotherapy engineered according to the type of
cancer and the therapeutic agents, as well as the unique
properties of the nanoparticles (Table 1). Overall, the use
of NPs for the treatment or diagnosis of cancer is not limited
to preclinical experiments. There have been many successes
in clinical trials in several cancer entities; albeit, approval
for medical use still is awaited in many instances. Colorec-
tal cancer, breast cancer, melanoma, and head and neck
cancer are examples of using NPs in clinical trials [66].
Gold nanoparticles (AuNPs) induce toxicity in tumor cells,
and their size is directly associated with the rate of pene-
trance, leading to toxicity effect by increasing ROS/RNS
levels and subsequently induce oxidative stress. AuNPs
are also used for imaging and probing tumor tissues. This
is facilitated by free electrons of gold atoms being exposed
to light, which leads to collective oscillation, also known as
localized surface plasmon resonance, and subsequent light
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Table 1: Selected studies using nanoparticles in oncotherapy.

Tumor entity Particle type Main finding Ref.

Preclinical studies

Lung cancer

Polyurethane NPs, superparamagnetic iron oxide
NPs coated with silica layers, mesoporous silica
NPs, zinc oxide NPs, triphenylphosphonium-

Pluronic F127 nanomicelles, cetuximab chitosan
NPs, polymeric NPs, polyethyleneimine NPs

coated with bovine serum albumin

Reduction in cancer cell survival, apoptosis
induction (upregulating caspase-3, caspase-9,
PARP, Bax), inhibition of lung tumor growth,
pausing growth of cancerous cells, decrease in

tumor size, induction of DNA leakage from nuclei
by ROS/RNS, inhibition of metastasis, cell cycle
arrest at G2/M phase, prevention of autophagy

[180–187]

Breast cancer

Porous silicon NPs, mesoporous maghemite NPs,
PCE NPs, metal-organic frameworks, polymeric
NPs (NVA-AA), porphyrin-based metal-organic

framework carrier

Inhibition of metastasis; prevention of tumor
growth; decrement of cell viability; suppression of
cancer cell proliferation; reduction in tumor size;
decrease in side effects; induction of apoptosis

(downregulating Bcl-2 and upregulating caspase-
3, UBA52, TIAL1, and PPP1C); suppression of
cell motility and invasiveness; downregulating

proteins involved in vesicular trafficking

[188–193]

Ovarian cancer

Selenium NPs, poly (lactic-co-glycolic) acid NPs
with inorganic molybdenum octahedral cluster,
Fe2O3 NPs, PEGL NPs, chitosan copolymer-
magnetic NPs, poly-ε-caprolactone NPs

Inhibition of cancer cell growth, cytotoxic effect
on cancer cells, reduction of metastasis, decrease
of cancer cell viability and cytotoxicity, increased
the intracellular ROS/RNS, diminution of tumor

volume

[194–199]

Colon cancer

Albumin NPs, chitosan NPs,
perfluorooctylbromide- porphyrin grafted lipid

NPs, biosynthesized silver NPs,
superparamagnetic iron oxide coated with
mesenchymal stem cell, silver and gold NPs,
mesoporous silica NPs coated with folic acid
chitosan-glycine complex, hydroxyapatite NPs
coated with gum Arabic, PLGA NPs co-loaded

with 5-fluorouracil and perfluorocarbon

Enhancement of cancer cells killing; improved
antitumor efficacy; prevention of tumor growth
and metastasis; decrement of tumor volume;
enhancement of photodynamic effects against
cancer cells (by increasing oxidative stress);
induction of apoptosis (overexpression of

caspase-3, caspase-9, bid, and Bax); reduction of
immune system response and systemic side
effects; fragmentation of DNA in cancer cells;

increase in antimitotic effects

[200–207]

Glioblastoma

Silver NPs, lanthanum oxide NPs, transferrin-
conjugated porous silicon NPs, high-Z metal NPs,
PEI surface-functionalized mesoporous silica
NPs, PLGA NPs coated with polyvinyl alcohol
and Poloxamer188, magnetic iron oxide NPs
loaded trimethoxysilylpropyl-ethylenediamine

triacetic acid, polymerized human serum albumin
NPs, PEI-PEG-magnetic iron oxide NPs

Immense antitumor effect, increase in caspase
activity, increase intrinsic and extrinsic apoptosis,
diminution tumor cell viability, induce DNA
damage and autophagic pathways, enhancing

ROS/RNS, pausing cancer cell migration, causing
a rupture of the lysosomal membranes, inhibition
of cancer cell proliferation, downregulation of
crucial enzymes for DNA repair and replication
in cancer cells, upregulation of tumor suppressors

[208–214]

Pancreatic cancer

Magnetic NPs, nitric oxide donor S-nitroso-N-
acetylpenicillamine loaded liposomes, PLGA NPs,

polyanhydride NPs, solid lipid NPs, porous
coordination network-Fe (III) NPs

Tumor growth inhibition, efficient tumor
retention, enhancement of cytotoxicity; decrease

of cell proliferation, reduction in cancer
metastasis and progression, overexpression of
proapoptotic genes, induction of ROS/RNS,
improvement of anticancer treatment efficacy

[215–220]

Bone cancer

Superparamagnetic γ-Fe2O3 iron oxide with
SiO2-CaO shell NPs, zinc oxide NPs; Fe ions-
releasing mesoporous NPs, NPs with magnetic

inner core and polymeric outer shell,
alendronate-poly(amidoamine) NPs, metal-

organic framework NPs

Increase of cytotoxicity in cancer cells,
suppression of cancer cell growth, induction of

apoptosis, exhibition of anticancer action,
inhibition of the formation of osteoclasts,
prevention of metastasis, induction of the

polarization of tumor-resident macrophages to
M1 phenotype

[221–226]

Prostate cancer

Selenium NPs, PLGA-PEG NPs,
superparamagnetic iron oxide NPs, human serum
albumin-coated NPs of (2) Ga, lipid-polymer

hybrid NPs, manganese oxide–mesoporous silica,
hexagonal boron nitride NPs

High anticancer activity, induction of tumor cell
death via necrosis, increase of cytotoxicity, tumor
regression, cell death induction, disruption of

lysosomal structure in cancer cells, attenuation of
lysosomal protease activity, modulator of autophagy

[227–232]
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emission. Moreover, especially smaller AuNPs transmute
light to heat and, as a result, are suitable for photothermal
therapy [67, 68]. Due to their simple synthesis, suitable
pharmacokinetics, and low toxicity profile, gold nanoparti-
cles have drawn significant attention in the field of cancer
therapy in recent years [69, 70].

Quantum dots are known as semiconductor NPs, and
their characteristics originate from their ability to scatter
fluorescent light from the visible to the infrared spectrum
after excitation [71]. Quantum dots can help image small
tumors in their initial stage that are otherwise difficult to
diagnose [72]. Moreover, to better recognize tumor cells,
they can be conjugate to different types of antibodies on
their surface, which helps increase their utilization in clinical
trials [73]. Polymeric-based NPs generally are made from
naturally degradable materials such as polysaccharides, chi-
tosan, hyaluronic acid, alginates, dextran, protein-based
polymers, collagen, gelatin, and albumin, which do not cause
toxic effects in the human body but can exert antitumor
effects based on their cargo [39]. As an example of polymeric
NPs, hyaluronic acid can affect tumor cell proliferation and
angiogenesis, while albumin NPs can penetrate the blood-

brain barrier. Chitosan NPs, by their unique features, have
an essential role in tumor growth inhibition and apoptosis
induction [74].

Lipid-based NPs consist of natural hydrocarbons or are
being derived from plants and animal material. They can
also be composed of synthetic phospholipids, cholesterol
for membrane bilayer, and sphingolipids. For increasing
therapy efficacy, lipid-based NPs can be conjugate with poly-
meric residues such as PEG and PEI (polyethyleneimine).
Their form is usually spherical, and by active targeting, they
enhance the drug’s pharmacodynamics and pharmacoki-
netic properties [75, 76]. Lipid-based NPs can inhibit migra-
tion and invasion of tumor cells and improve the
internalization of anticancer drugs loaded on lipid-based
NPs compared to free drugs [77]. Mesoporous silica NPs
are another widely used type of NPs, having a high capacity
for encapsulating therapeutic agents and showing adjustable
drug release. They are also utilized for optical imaging, ultra-
sound and magnetic resonance imaging, and positron emis-
sion tomography [78]. Furthermore, the alterable pore size
of mesoporous silica NPs makes them a good option for pro-
teins transfer [79]. Besides, they can easily be decorated with

Table 1: Continued.

Tumor entity Particle type Main finding Ref.

Liver cancer

Fe3O4-au nanoheterostructures,
hydroxycamptothecin-based polyprodrug as the
inner core, amphiphilic lipid-PEG as the outer
shell NPs, exonanoRNA NPs, chondroitin-

modified lipid NPs, glycogen NPs, rubber-like
RNA NPs, CoFe2O4@MnFe2O4 magnetic NPs,

mesoporous silica NPs

Significant cytotoxicity in cancerous cells,
inhibition of tumor growth, induction of

apoptosis, reduction in cell proliferation, increase
of antitumor efficacy, inducing the enhanced

permeability and retention effect, increment the
release rate of the drug, reducing systemic side

effects

[233–239]

Clinical trials

Solid tumor in
advanced stage

CYT-6091 (consist of AuNPs-PEG and tumor
necrosis factor-α)

Treatment was well-tolerated, and one partial
response was observed among 29 patients in this

phase I study
[240, 241]

Colorectal cancer
CPX-1 (liposome-encapsulated formulation of

irinotecan and floxuridine)
11 out of 13 patients showed disease control while

2 patients showed partial response
[242]

Breast cancer, lung
cancer, colorectal
cancer

FCE28068 (anthracycline doxorubicin linked to
copolymers based on N-(2-hydroxypropyl)

methacrylamide)

Response in breast and lung cancer patients, no
response in colorectal cancer patients

[243]

Stomach cancer
MCC-465 (PEG immunoliposome-encapsulated

doxorubicin)

Acute reactions related to infusion observed, no
antitumor response observed, stable disease (SD)

observed in 10 of 18 patients
[244]

Adenocarcinoma of the
esophagus and
gastroesophageal
junction

SP1049C (doxorubicin in P-glycoprotein-
targeting Pluronic)

9 out of 21 patients showed partial response, and
8 patients had either a minor response or stable

disease
[245]

Advanced pancreatic
cancer

Rexin-G (retroviral vector expressing a cytocidal
cyclin G1 construct)

No antitumor activity observed [246]

Pancreatic cancer
NK105 (a paclitaxel-incorporating micellar

nanoparticle)

Partial response observed in 1 out of 11 patients,
significant myelosuppression not observed up to
80mg/m−2, pain or local toxicity in the area of the
injection not observed in any patient, and 10

patients did not experience any hypersensitivity
during the study

[247]

Pancreatic cancer Lipoplatin (liposomal cisplatin) and gemcitabine
Partial response in 2/24 patients, disease stability

in 14 patients, clinical benefit in 8 patients
[248]
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different small molecules including folate, transferrin,
VEGF, IGF, EGF, C-type lectin, mannose, asialoglycopro-
tein, and monoclonal antibodies targeting, for instance,
HER2, CD44, TLR9, and integrins as a marker to improve
the detection of cancer cells [80]. Ultimately, this can lead
to decreased tumor volumes owing to enhanced cellular
uptake of the NPs.

Themainstay of future clinical cancer treatment is combi-
nation therapy between novel technologies and conventional
strategies. Nanomedicine and gas plasma as documented
oncotherapeutic modalities have great potential to potentially
improve cancer treatment due to themultifunctional capacity
of NPs and the multimodal nature of gas plasmas.

3. Plasma Oncology: Processes, Efficacy, and
Mechanisms of Action and Challenges

Medical gas plasma technology, also known as cold physical
plasma, is a partially ionized gas generated at atmospheric
pressure and operated at body temperature. It is distin-
guished for generating a complex physicochemical flux of
agents, including ions, electrons, mild thermal radiation,
UV light, electric fields, and ROS/RNS [81]. The latter has
been identified as unique agents to deliver the biotherapeutic
effects [82]. While plasmas generate a mixture of ROS/RNS
simultaneously with defined spatiotemporal profiles [83, 84],
the overall deposition of these redox agents can be controlled
either via the treatment time or energy in put [85]. Once close
to biological targets, the ROS/RNS react with different bio-
molecules and partially oxidize, for instance, proteins [86],
peptides [87], amino acids [88], lipids [89], and nuclei acids
[90]. Accordingly, gas plasma-treated cells are potentially
challenged by multiple ways, including diffusion of long-
lived ROS such as hydrogen peroxide into the cytosol via
aquaporins [91], lipid peroxidation [92], uptake of proteins
with oxidative posttranslational modifications (PTMs) [86],
and stresses through damage-associated pattern (DAMPs)
being released into the microenvironment [93]. Due to the
apolar nature of cell membranes, it is unlikely that the major-
ity of species will enter the cytosol, as most ROS/RNS will
find plentiful reaction partners at cellular membranes and
their immediate vicinity to react with [17].

3.1. Gas Plasma Generation and Delivery Technologies. Gas
plasma is generated by electric discharges and represents a
partly ionized gas, where all heavy particles except electrons
remain cold. The collisions between surrounding air and gas
plasma-derived species bring about a physicochemical envi-
ronment, which comprises the reactive agents including
ROS/RNS. Depending on the different device geometries
(plasma jet, dielectric barrier discharge, and plasma torch)
as well as device configurations and parameters along with
individual treatment procedures, different amounts of reac-
tive compounds are being produced, leading to different
intensities of the effects observed [94].

Plasma treatment is the process of transferring a set of
physical and chemical agents to the target. An important
consideration, and perhaps downfall, of the field of plasma
medicine is the polypragmasia in the use of plasma devices.

Hundreds of different plasma sources for biomedical appli-
cation have been published, and most work is not necessarily
building on top of previous knowledge but is instead repro-
duced based on methods in physics, chemistry, and cell
biology. A clear scheme on optimal plasma source design
considerations and technical parameters is not present.
However, several sources have been developed in Germany;
among them, the first true (cold) medical gas plasma devices
intended for medically accredited use in dermatology centers
in Europe [95]. Notwithstanding, it is understood that
despite different geometries and ROS/RNS profiles, gas
plasma treatment overall produces similar effects, being
stimulating at low doses, treatment times, or energy input,
and toxic at higher doses, treatment times, or energy input
as predicted by the concept of hormesis [82].

Direct plasma treatment and gas plasma-treated solution
(PTS) are two very different plasma treatment procedures.
Direct treatment transfers all physical and chemical agents
concomitantly on target, especially the short-lived ROS/RNS
unique to the gas plasma technology. When treating a liquid,
some of the species can be retained in such liquid and stored
for later therapeutic use. This concept is called plasma-
oxidized liquids (POL) that can be used for clinical applica-
tion if using solutions certified as medical products such as
sodium chloride [13]. Alternative names for the concept
are plasma-treated liquids (PTL), plasma-treated solution
or saline (PTS), plasma-activated medium (PAM), and
plasma-activated liquid (PAL), among others [96]. POS
recently has received significant attention in widespread
areas, especially where direct plasma treatment has faced
challenges. Several animal models have shown the versatility
of POL [97–99]. Current challenges include its large bulk
liquid generation, storage, sterility, and the lack of animal
studies showing a benefit of such liquids over
concentration-matched hydrogen peroxide solutions.

3.2. Cocktail of Physical and Chemical Factors in Gas
Plasmas. ROS/RNS are produced in several stages based on
plasma interaction with air, liquid, and matter and appear
to play a vital role in the plasma therapy process [94]. The
most important aspect of plasma differentiation, along with
the diversity of physical and chemical factors and their com-
bination, is their controlled and adjustable transfer to the
biological target. Thus, depending on the input factors
(e.g., discharge voltage, external electric field, target capaci-
tance above ground, gas flow rate, and quenching gas shield-
ing), a specific concentration of ROS/RNS is generated,
which is not achievable in any other conventional cancer
treatment methods [17], including photodynamic therapy.
At the same time, UV and microwave emissions’, positive
ions, and electrons as main output parameters are highly
related to the input parameters; albeit, their individual
contribution to anticancer effects has not been studied so
far, primarily because of the lack of ability to separate such
factors from the ubiquitous ROS/RNS being generated
simultaneously. For more detail regarding the nexus
between the inputs and output parameters, see [100].

Apart from identifying the chemistry being critical for
biomedical gas plasma effects, the short half-life of generated
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ROS/RNS [101] and the low penetration depth of species in
cells and tissues [102] remain a practical challenge in some
applications. For example, the half-life of hydrogen perox-
ide, nitrite, nitrate, and ozone is on minutes to hours scale,
depending on the temperature, whereas for other species
such as atomic oxygen, hydroxyl, and nitric oxide, it varies
between nanoseconds to seconds [103–105]. Although it
has been reported that gas plasma triggers tissues effects in
cm ranges, it has to be kept in mind, however, that the pen-
etration depth of the most reactive species is about a few
micrometers only, which is not enough to penetrate the
tissue and seems appropriate for superficial skin lesions
treatment. Notwithstanding, the signaling function of these
gas plasma-derived ROS/RNS seems to transport informa-
tion deep into tissues, as demonstrated using hyperspectral
imaging of murine gas plasma-treated skin and wounds
[106–108]. Hence, the current model is that superficial layers
are being oxidized by the gas plasma-generated ROS/RNS,
subsequently leading to PTMs and oxPTMs (oxidative
post-translational modifications) on biomolecules, ulti-
mately being sensed by cells and translated into differential
signaling responses [109]. OxPTMs are increasingly recog-
nized as signaling agents in, for example, neurodegenerative
and cardiovascular disease [110–112]. Oxidative distress
occurs at supraphysiological ROS/RNS concentrations, and
cell and tissue damage may be induced directly [113]. The
biological responses can then affect neighboring cells via
paracrine routes via soluble factors or communication via
junctional proteins to deeper layers of the tissue [107, 114].

The other physiochemical parameters of gas plasma
are thought to play a minor role. UV radiation is present
but relatively weak [115]. Electric fields are moderate with
dielectric barrier discharges [116] and helium plasma jets
[117] and weak for the clinically relevant argon plasma
jet kINPen, but the fields on their own cannot recapitulate
the plasma effect.

3.3. Anticancer Effects and Mechanisms of Gas Plasma
Therapy. Even though significant progress has been achieved
in recent years, the exact dose definition and optimization of
plasma devices remain a debate due to the variety of plasma
devices, different therapeutic procedures, and input factors
affecting the composition of the produced plasma. Primarily,
the concentration of produced ROS/RNS is considered the
plasma dose, and based on that, the effect of gas plasma on
cancer cells is classified in the majority of cases as pro-
grammed cell death as evident in vitro [17], in vivo [93],
in ovo [118], and ex vivo in human patient samples [119].

At low doses, gas plasma exposure causes autophagy,
senescence, and cell cycle arrest. Concomitant modality of
gas plasma and silymarin nanoemulsion (SN) resulted in
autophagy activation in human melanoma cells (G-361)
[120]. Besides, it was reported that the cell viability of AMEC
and HEC50 cells, relevant to endometrial cancer, was
decreased through POL treatment, and this was related to
the induction of autophagic cell death [121]. Furthermore,
short gas plasma exposure led to a senescence phenotype
in the adipose-derived stromal cells (ASC) and dermal fibro-
blasts [122]. Senescence induction was also found in mela-

noma cells following gas plasma exposure [123]. This was
found to be related to calcium influx [124]. Simultaneously,
several studies showed that gas plasma treatment induces
cell cycle arrest. Lung adenocarcinoma (A549 cells), epider-
mal papilloma (308 cells), glioblastoma (U87MG cells),
epidermal carcinoma (PAM212 cells), and wild-type kerati-
nocytes are among the reported cell line that gas plasma able
to induce cell cycle arrest in them, especially at G2/M and
G1/S and checkpoints [15, 125, 126].

Regardless of the various affected signaling, apoptosis is
the most documented type of cell death that has been evalu-
ated following gas plasma treatment. It can be claimed that
the induction of apoptosis has been shown in the majority
of cancer types that have been studied yet by gas plasma
and POL. For example, we recently indicated that POL with
high selectivity induces intrinsic apoptosis in chemotherapy-
resistant ovarian cancer cells accompanied by high expres-
sion of p53, Bax, and caspase-3 [127]. Overall, in moderate
concentrations of ROS/RNS, apoptosis is induced by gas
plasma exposure.

Interestingly, gas plasma can induce ICD, a type of cell
death eliciting an immune response that is highly important
in progress on plasma oncology [128]. To overcome the
penetrating depth challenges of gas plasmas-generated
ROS/RNS into tumors, inducing ICD by gas plasma is the
milestone of this multidisciplinary technology to introduce
gas plasma as an emerging approach to complement tradi-
tional and novel oncotherapeutic modalities such as immu-
notherapies. This was previously shown in a vaccination
model in mice [129] and in a model of elevating protein
immunogenicity in a melanoma model [86]. The immune-
stimulating effects of gas plasma were very recently shown
to be dramatic, showing direct evidence of abscopal effects
in a syngenic breast cancer tumor model in vivo [93]. Such
effects are observed at high treatment energies or long expo-
sure times, while low energy and short treatment times were
also documented to be beneficial for tissue regeneration,
including proangiogenic, and wound healing effects [130].

Further, nonprogrammed cell death might occur under a
high dose of ROS/RNS so that both normal and cancer cells
are affected and might cause undesirable hallmark effects
and tissue damage. Therefore, the concentration of
ROS/RNS should be adjusted for acquiring a unique envi-
ronment for oncotherapy through gas plasma. Besides the
abovementioned therapeutic efficacies, selectivity towards
cancer and normal cells has been described in some reports
[131–133]. The selectivity mechanism has been ascribed to
the chemistry of gas plasma and the fundamental difference
between cancer and healthy cells. Briefly, the high ROS/RNS
baseline, more abundant aquaporins in cell membranes, and
the lower cholesterol content in cancer cells versus healthy
counterparts form the basis of selectivity [134–137].

It is important to note that several end-stage head and
neck cancer patients have benefited from clinical gas plasma
treatment using the medically accredited atmospheric pres-
sure argon plasma jet kINPen MED [138]. Tissue analysis
revealed induction of apoptosis but not severe side effects
[139, 140]. Based on the results and responding vs. nonre-
sponding patients, it was hypothesized that the immune
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system might have contributed to the therapeutic effects
observed [141].

4. Future Horizons: Convergence of Plasma and
Nanotechnology in Oncology

Although the combination of nanotechnology and gas
plasma is still in preclinical settings, the results show a new
strategy that in the future might be able to advance the effi-
cacy of conventional therapies. Here, we emphasize the com-
plementary role of plasma and nanotechnology technologies
in improving each other’s performance and highlight their
main features that led to promising results. In addition, the
nexus between reactivity and their therapeutic implications
and potential challenges for translating into clinical uses
are presented as the basis for a future innovative trend in
cancer treatment.

4.1. How Nanotechnology and Gas Plasma Complement Each
Other. Considering the multifunctional and practical prop-
erties of nanotechnology platforms and gas plasmas in
addressing various cancer hallmarks, the combination or
concomitant modality of these technologies arises an emerg-
ing strategy towards personalized medicine for cancer
patients [142]. Albeit advances in nanomedicine are more
than plasma oncotherapy, gas plasmas with promising
outcomes led to the emergence of multimodal, safe, and con-
trollable therapy for cancer treatment. While the complexity
of tumor morphology on the one hand and the toxicity of
some NPs on the other are the biggest challenges of nano-
medicine in cancer therapy, the low penetration of gas
plasma-produced ROS/RNS and the complexity of control-
ling and determining gas plasmas’ dose are the essential
troubles in plasma cancer therapy [143, 144].

The proposed synergy of gas plasma and NPs is such
that in addition to improving each other’s strengths, they
also cover each other’s limitations (Figure 1). NPs have great
potential to combine locally with gas plasma-generated
ROS/RNS [145]. Moreover, the combinational use of gas
plasma with NPs might reduce the minimum NPs concen-
tration required, decreasing NPs toxicity as a novel strategy.
Gas plasma improves the delivery of NPs and increases
ROS/RNS in the target tissue. Such mechanisms have been
previously shown in gas plasma-treated murine and human
skin [107, 146–148]. Moreover, one of the most promising
applications of these two technologies is the combination
with chemotherapy drugs [149–151]. The potential combi-
natory routes are numerous and include, for instance,
extrinsic and intrinsic apoptosis, enhanced drug transporter
activity, DNA damage, oxidative stress, mitochondrial mem-
brane collapse, growth factor deprival, and enhanced
immune cell activity. Interestingly, in dermal applications,
plasma appears to facilitate the penetration of NPs into the
upper layers of the skin, and one hypothesis is that this is
based on the plasma-generated electric fields [152]. In
particular, transdermal delivery is an exciting field for
combining plasma and nanotechnology, where the plasma-
derived electric field is the most crucial factor for the effi-

cient transfer of biological materials such as proteins, NPs,
dextrans, and liposomes [153–155].

Due to the peroxynitrite production, gas plasma reduces
the pH of tissue fluid or tissue in a rapid and reversible
process and creates the acidic conditions required for the
delivery of NPs [156, 157]. Another mechanism affecting
the delivery NPs is the localized variation of temperature
as adjuvant treatment in preclinical studies [158]. We have
recently observed that the combination of hyperthermia
with gas plasma leads to encouraging results for melanoma
cancer treatment (unpublished observation). Therefore, the
combination of hyperthermia, gas plasma, and nanomedi-
cine seems to lead to an innovative combination therapy
by increasing membrane fluidity, reducing tissue pH, and
targeted transfer. Furthermore, the electric fields generated
by the plasma possibly improve the magnetic NPs’ perfor-
mance for cancer therapy.

4.2. Relationship between Reactivity and Therapeutic
Implications of These Therapeutic Modalities. Regardless of
the types of cancer, NPs, and plasma devices, the combina-
tion of NPs and gas plasmas led to encouraging results.
Regarding the mechanisms and effectiveness, current
research is directed to the production of ROS/RNS and
increase of NPs uptake. The currently available studies on
combining NPs and gas plasma treatment in vitro and
in vivo are summarized in Table 2.

Glioblastoma is the most studied tumor with a combina-
tion of gas plasmas and AuNPs, and numerous studies have
emphasized the efficacy of concomitant treatments of these
technologies compared to each of them. Increased cancer cell
death, activation of tumor suppressors, inhibition of tumor
growth, reduction of migration and invasion in cancer cells,
increased induction of apoptosis, increased E-cadherin in
treated tissues, and decreased tumor volume have been pre-
sented as a collection of the main findings. The action mech-
anisms were related to the production of ROS/RNS and
enhancement of the uptake of NPs [154, 159–162].

Similar results for melanoma were obtained when gas
plasmas and NPs were used together. The increase of
ROS/RNS resulting from the combination of different config-
urations of gas plasma with FAK antibody conjugated-
AuNPs, silica, silver, iron oxide, cerium oxide, titanium oxide,
iron-doped titanium oxide NPs, and Anti-EGFR-AuNPs
leads to a significant increase of early apoptosis and secondary
necrosis, reduction in G2/M levels, increase in the sub-G1
fraction, FAS externalization, caspase-8 activation, increase
of selective cancer cell death, inhibition the viability of cancer
cells, and reduction of growth pattern [163–167].

In addition to the antiproliferative effects and induction
of cytotoxic effects, decreased metastatic gene expression
and increased cellular internalization of NPs have previously
been revealed, where fluorouracil-loaded PLGA NPs and gas
plasmas concomitantly are utilized as novel solutions for
breast cancer oncotherapy [149]. Further, combined use of
iron NPs and plasma jet exposure reduces cell proliferation
and induces apoptosis and DNA fragmentation in breast
cancer [168].
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Iron oxide-based magnetic NPs and plasma jet treatment
have previously been used to cause cell cycle arrest at the
G0/G1 phase, apoptosis induction, condensation of nuclei,
restraining tumor growth, intensive necrosis, and reduction
of tumor size in lung cancer considering the high-level
generation of ROS/RNS [169].

4.3. Challenges to Achieving Clinical Success and Future
Needs. To avoid undesirable effects and target incurable
tumors effectively, the mainstay strategy is combination
therapies, which aims for cotreatments and integrating novel
modalities with traditional methods. To this end, nanomed-
icine is combined with gas plasma as a multimodal and
encouraging platform, as seen in the promising outcomes
of preclinical studies. Based on these studies and the proper-
ties of gas plasma and NPs, the synergy of these two technol-
ogies can become an anticancer treatment strategy in the
future. In particular, it is hoped that the synthesis of NPs with
gas plasma or processing and subsequent plasma treatment
will improve NPs in terms of preventing the degradation of
conjugated drugs, delivery of optimum concentration and
fluxes in desirable time, and improving the pharmacokinetics
of the drug, which is consequently aimed to lead to enhanced
cancer cell death and immunogenicity. Importantly, multi-
functional and multimodal natures of NPs and gas plasma
create a unique environment for cancer treatment.

Despite the increasing number of studies on cancer
nanomedicine, there is a striking imbalance between preclin-
ical and clinical applications, and the number of approved

NPs, which are using for the clinical settings, is relatively
limited [170]. Regarding plasma medicine, several devices
have so far received accreditation as medical device class
IIa in Europe [130]. However, plasma application in cancer
patients has been mostly performed within exploratory stud-
ies [138, 171–175], and a guideline-based indication of
plasma devices in cancer treatment is not given as of now.
State-of-the-art NP synthesis methods, which can address
some challenges of traditional bulk techniques, have not
been considered in most clinical trials. Besides, a gap
between preclinical and clinical studies indicates the need
for additional clinical trials, especially given the acceptable
safety profiles of some of the approaches (Table 1). As for
the challenges facing plasma, since most research groups
use self-made devices, the most critical issue is the lack
of a specific framework for standardizing plasma devices.
In addition, the multiplicity of factors involved in plasma
processing and treatment causes obstacles to the definition
of plasma dose. Therefore, more studies with the same
treatment process and device are needed in addition to
efforts to standardize and optimize these two technologies.
An exciting option to combine both technologies would be
to treat molecules or substances, including NPs, with gas
plasma while the treated target has been modified to store
the chemical energy of the short-lived plasma-derived
ROS/RNS. At the delivery site in the TME, the highly
reactive ROS/RNS modification can then perform the
oxidative action to bring the gas plasma to the point of
care via a detour.
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Figure 1: Combinational use of nanoparticles and gas plasma for cancer treatment, where reactive oxygen and nitrogen species along with
the gas plasma-derived electromagnetic field and UV radiation affect tumor cells through the membrane. Reducing the pH acts as a
complementary agent for improving nanoparticles efficacy and reducing toxicity. In addition, nanoparticles as carriers facilitate
transferring gas plasma-generated reactive species to deep biological targets and may moderate the gas plasma irradiation time in highly
selective ranges.
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Table 2: Studies on combining nanoparticle and gas plasma treatment in vitro and in vivo.

Particle and gas plasma type Main finding Tumor entity Ref.

AuNPs and helium-based plasma jet

(i) Enhancement of the intracellular
formation of superoxide andhydroxyl radical
(ii) Decrease in intracellular glutathione

(iii) Increase early apoptosis and secondary
necrosis

(iv) Caused a significant increase in the sub-
G1 fraction

(v) Reduction in G2/M levels
(vi) FAS externalization and caspase-8

activation

Melanoma [163]

AuNPs and plasma jet
(i) Increase of cell death

(ii) Production of ROS/RNS
(iii) decrease of cancer cells viability

Glioblastoma [154]

Anti-NEU AuNPs and surface type air plasma
(i) Reduction of proliferation rate

(ii) Increase of selective cancer cell death
Melanoma [164]

PEG-coated AuNPs and surface DBD air plasma

(i) Decrease cancer cells viability
(ii) Inhibiting tumor cell proliferation
(iii) ROS/RNS-mediated apoptosis
(iv) Activation of tumor suppressors

(v) Inhibition of tumor growth
(vi) Reduction of migration and invasion in

cancer cells
(vii) Decrease of tumor volume

(viii) Increase of E-cadherin in treated tissues

Glioblastoma [159]

AuNPs and DBD plasma

(i) Augmentation of anti-cancer cytotoxicity
(ii) Increasing AuNP endocytosis and
trafficking to lysosomes in cancer cells
(iii) Enhancement of AuNP uptake

Glioblastoma [160]

AuNPs and plasma jet

(i) Decrease of cell viability
(ii) Improvement of NPs uptake rate into cells
(iii) Increment of ROS/RNS intensity in the

cancer cells

Glioblastoma [161]

FAK antibody conjugated-AuNPs and DBD plasma

(i) Inhibition of the viability of cancer cells
(ii) Induction of apoptosis

(iii) Decrease of cell cycle phase in G1
(iv) Increase of the number of apoptotic cells

Melanoma [165]

Fluorouracil loaded PLGA NPs and plasma jet

(i) Induction of cytotoxic effects
(ii) Decrease of metastatic gene expression
(iii) Enhancement of anti-cancer effects
(iv) Exhibited anti-proliferative effects

(v) Increase of cellular internalization of NPs

Breast cancer [149]

Iron NPs and plasma jet

(i) Reduction in cell proliferation
(ii) Induction apoptotic process
(iii) Showed DNA fragmentation
(iv) Increment of cancer cell death

Breast cancer [168]

Epidermal growth factor conjugated AuNPs and DBD plasma
(i) Increase in cytotoxicity

(ii) Enhancement of the apoptotic response
Lung cancer [249]

Silica, silver, iron oxide, cerium oxide, titanium oxide, and iron-
doped titanium oxide NPs, and plasma jet

(i) Reduction of growth pattern
(ii) Increased cytotoxic effects
(iii) ROS/RNS generation

Melanoma [166]

AuNPs and plasma jet
(i) Increase of apoptotic cell death

(ii) Induction of nuclear condensation and
DNA fragmentation

Colorectal
cancer

[250]
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Finally, there are future challenges for NP drug discovery
and development in oncology. First, standardized proce-
dures in production for research and commercial applica-
tions will help accelerate results translated from bench to
bedside [176]. Second, organo-typic 3D cultures much more
resemble the clinical pathology of cancer tissues than 2D
cultures while being faster and more ethical animal models,
potentially allowing for screening many different types of
functionalized NPs, which will eventually allow propelling
the field to clinically relevant approaches at higher speeds
[177, 178]. Third, novel functionalization techniques such

as genetically engineered cell membranes may aid the tar-
geted delivery of NPs’ cargo [179]. Last, preclinical research
would vastly benefit from adhering to standardized proto-
cols on studying NPs and assessing their drug delivery and
distribution, as proposed by the National Cancer Institute
(NCI) [179].

5. Conclusions

Nanomedicine and gas plasmas have been considered
appropriate options for future oncotherapy due to the

Table 2: Continued.

Particle and gas plasma type Main finding Tumor entity Ref.

Iron oxide-based magnetic NPs and plasma jet

(i) Decrease of cell viability
(ii) Indication of high levels of ROS/RNS
(iii) G0/G1 Phase cell cycle arrest and

condensation of nuclei
(iv) Inhibitory effect on cell migration and

invasion
(v) Indicating intensive necrosis and apoptosis
(vi) Inhibition of cancer cells proliferation

(vii) Restraining tumor growth and reduction
of tumor size

Lung cancer [169]

PLGA-magnetic iron oxide NPs and plasma jet

(i) Inhibition of cancer cells proliferation
(ii) Enhancement of cytotoxicity

(iii) Induction of necrosis and apoptosis
(iv) Increase of intracellular ROS/RNS levels

Lung cancer [142]

Production of AuNPs by gas plasma

(i) Reduction of invasive cancer cell
proliferation

(ii) Induction of cancer cell apoptosis
(iii) Impairment of cell migration

Breast cancer [251]

Platinum NPs and plasma jet

(i) Decrease in the viability of cancer cells
(ii) Enhancement the percentage of apoptosis

cells
(iii) Increment in the percentage of DNA

fragmentation
(iv) Decrease of cells in the G1 cell cycle

phases
(v) Induction of ROS/RNS production
(vi) Augment of intracellular Ca2+ levels

Lymphoma [252]

AuNPs and gas plasma

(i) Gas plasma-stimulated AuNP uptake
(ii) Constant production of ROS/RNS
(especially H2O2, NO2

-, and NO3
-)

(iii) Gas plasma-induced lipid peroxidation
(iv) Increase of AuNPs uptake through

endocytosis

Glioblastoma [162]

Anti-EGFR-AuNPs and air plasma
(i) Increment of death rate and proliferation

(ii) Increase necrosis
Melanoma and
oral cancer

[167]

PEG-AuNPs and plasma jet
(i) Production of singlet oxygen

(ii) Hot electrons cause gold−PEG bond
[253]

Curcumin loaded on triphosphate chitosan NPs by plasma jet

(i) Decrease of cell viability
(ii) Induction of sub-G1; arrest of G2/M

(iii) Upregulation of TP53 mRNA expression
as a tumor suppressor

(iv) Increase in the percentage of apoptotic
cells

Breast cancer [254]
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promising preliminary results. To improve nanomedicine’s
efficacy, combination with novel therapeutic modalities such
as gas plasmas should be taken into account. Cocktail of
ROS/RNS and electric fields of gas plasma and the NPs’ abil-
ity to precisely targeting and penetrating tissues creates a
putative oncotherapeutic platform for cancer treatment by
enhancing selectivity and targeting chemotherapy resistance.
Even though synergistic efficacy of NPs and gas plasmas are
reported, more studies are essential to elucidate underlying
mechanisms and impact on aggressive cancers.
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Nanotechnology is gaining significant attention, with numerous biomedical applications. Silver in wound dressings, copper oxide
and silver in antibacterial preparations, and zinc oxide nanoparticles as a food and cosmetic ingredient are common examples.
However, adverse effects of nanoparticles in humans and the environment from extended exposure at varied concentrations
have yet to be established. One of the drawbacks of employing nanoparticles is their tendency to cause oxidative stress, a
significant public health concern with life-threatening consequences. Cardiovascular, renal, and respiratory problems and
diabetes are among the oxidative stress-related disorders. In this context, phytoantioxidant functionalized nanoparticles could
be a novel and effective alternative. In addition to performing their intended function, they can protect against oxidative
damage. This review was designed by searching through various websites, books, and articles found in PubMed, Science Direct,
and Google Scholar. To begin with, oxidative stress, its related diseases, and the mechanistic basis of oxidative damage caused
by nanoparticles are discussed. One of the main mechanisms of action of nanoparticles was unearthed to be oxidative stress,
which limits their use in humans. Secondly, the role of phytoantioxidant functionalized nanoparticles in oxidative damage
prevention is critically discussed. The parameters for the characterization of nanoparticles were also discussed. The majority of
silver, gold, iron, zinc oxide, and copper nanoparticles produced utilizing various plant extracts were active free radical
scavengers. This potential is linked to several surface fabricated phytoconstituents, such as flavonoids and phenols. These
phytoantioxidant functionalized nanoparticles could be a better alternative to nanoparticles prepared by other existing
approaches.
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1. Introduction

Nanotechnology is being designated the “next industrial rev-
olution” since it is rapidly developing with the introduction
of nanomaterial-based consumer goods [1, 2]. Nanoparticles
(10-9m) are small objects that function as a whole unit in
their transport and characteristics [3]. Nanoparticles (NPs)
have diverse applications in disciplines like agriculture,
healthcare, diagnosis, drug delivery, imaging, cosmetics,
sunscreens, food, paints, catalysis, biolabeling, sensors, elec-
tronics, fiber optics, and other areas [2, 4–7]. Interestingly,
most nanoparticles, such as Ag, Au, MgO, CuO, Al, CdS,
and TiO2, are potent antibacterial agents [3, 8–10]. Copper
oxide (CuO) NPs are used in antimicrobial products, cos-
metics, heat transfer liquids, and semiconductors [11–13].
On the other hand, iron nanoparticles are used in biological
material labeling and magnetic separation, drug delivery,
and anticancer hyperthermia therapy [14]. Zinc oxide nano-
particles (ZnO NPs) are used in sunscreens, cosmetics, food
additives, and packaging purposes [15–17]. Silver nanoparti-
cles (Ag NPs) are popular due to their broad-spectrum anti-
bacterial action [18–20]. Their therapeutic application
ranged from silver-impregnated catheters to wound dress-
ings [21, 22]. The silver-Acticoat™ dressing containing Ag
NPs is superior to silver nitrate and silver sulfadiazine in
wound healing [23, 24]. Ferric oxide (Fe2O3) NPs are used
as catalysts and in the manufacture of pigments [25]. TiO2
NPs are believed to be the most valuable materials for cos-
metics, food colorants, paper inks, pharmaceuticals, and
protecting skin from UV rays [26–29]. Further, they have
been used to prevent the spread of many infectious diseases
[30, 31]. Furthermore, NPs including SiO2, TiO2, Bi2O3,
Ag2O, FeO, MnO2, and Al2O3 play important roles in a vari-
ety of medicinal applications [32, 33]. In addition, AgS-,
CuS-, FeS-, Zn-, and Cu-based metal organic frameworks
are frequently utilized in drug delivery and antibacterial for-
mulations [34].

Despite significant advances in nanomedicine, the long-
term implications of NP exposure on human health and
the environment are unknown [35]. When NPs enter the
environment, they affect water, soil, and the air, where they
might persist for a longer duration or be gobbled up by liv-
ing organisms. They may biodegrade or bioaccumulate in
the food chain, posing a hazardous risk [36–38]. The mem-
brane injury, inflammatory response, DNA damage, and
apoptosis have all been harmful consequences of ZnO NPs
in mammalian cells [39–41]. Although Ag NPs are highly
toxic to cancer cells, their use is limited since they are also
hazardous to normal cells [35]. In continuation, when the
toxicity of Ag NPs (10μg/mL) was investigated in human
mesenchymal stem cells, DNA damage, impaired functioning,
and cell death were observed [42]. Subsequently, ZnO NPs
(300mg/kg) caused oxidative stress in mice, which resulted
in DNA damage [43]. Furthermore, intratracheal instillation
of TiO2 NPs in mice resulted in accumulation of ROS, lipid
peroxidation, and decreased antioxidant capacity [44].
Metal-derived NPs (copper, iron, cadmium, and silver) pro-
duce reactive oxygen species (ROS), which causes oxidative
stress, restricting their wide-ranging application [45–50].

As evidenced by several pieces of research, oxidative
stress is the key factor ascribed to the biological potential
of nanoparticles [2, 35, 51]. ROS-induced oxidative stress
destroys lipids, proteins, and DNA, and long-term exposure
leads to neurological disorders, diabetes, rheumatoid arthri-
tis, cancer, cardiovascular problems, and other diseases
[52–56]. In the current situation, one interesting possibility
for combating nanoparticle-induced oxidative stress could
be the phytoantioxidant functionalized nanoparticles syn-
thesized using plant extract-mediated green approach. Since
these NPs contain a variety of surface-attached bioactive
compounds from plants, they are referred to as phytoan-
tioxidant functionalized NPs. The sonochemical, thermal
decomposition, microwave aided, electrochemical, chemical
reduction, and green synthesis are some of the chemical
and physical methods used to synthesize NPs [57–62].
Unfortunately, many of these technologies employ hazardous
chemicals, necessitate much energy, and produce poisonous
by-products [63]. Green synthesis, which encompasses syn-
thesis using plants, bacteria, fungus, algae, actinomycetes,
and other organisms, is environmentally friendly, cost-effec-
tive, biocompatible, and safe [64–70]. Furthermore, phyto-
mediated synthesis is preferable to a microbial method, which
necessitates time-consuming and expensive downstream pro-
cessing [71, 72].

Keeping in view the problem of nanoparticle-induced
oxidative stress, in this review, we attempted to put some
light on the antioxidant potential of phytoantioxidant func-
tionalized NPs. Firstly, we have compiled a brief overview of
oxidative stress-associated disorders and oxidative stress-
mediated toxicity of nanoparticles. Secondly, a brief over-
view of green synthesis using plant extracts and the protec-
tive role of phytoantioxidant functionalized NPs as a
therapeutic for oxidative stress is highlighted along with its
mechanistic approaches.

2. Search and Inclusion Criteria

Science Direct, PubMed, and Google Scholar databases have
been searched in this review with various keywords like oxida-
tive stress, its related disorders, reactive oxygen and nitrogen
species, mechanism of action, the toxicity of nanoparticles,
oxidative stress-induced toxicity of nanoparticles, green syn-
thesis, and antioxidant activity of nanoparticles. The literature
review took place between May 1, 2021, and July 2, 2021. This
review only considered full-length, original, and English-
language papers from Web of Science, Scopus-indexed, and
peer-reviewed journals.

3. Oxidative Stress and Its Related Disorders: A
Brief Overview

Free radicals are strongly reactive atoms or molecules with
unpaired electrons in their exterior shell and can be gener-
ated when oxygen reacts with specific molecules [73]. Free
radicals, such as reactive oxygen species (ROS) and reactive
nitrogen species (RNS), are produced continuously through-
out cellular metabolism and play an important part in vari-
ous cell signaling pathways [74–78]. Various endogenous
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and external activities generate ROS and RNS, and antioxi-
dant defenses mitigate their harmful effects. Superoxide rad-
icals (O2

⋅−), hydroxyl for (⋅OH), hydrogen peroxide radicals
(H2O2), and singlet oxygen are generally defined ROS
[79–82]. RNS comprises nitric oxide, peroxynitrite
(ONOO-), and their reaction products [83].

The protein phosphorylation, transcription factor activa-
tion, immunity, apoptosis, and differentiation are all reliant
on adequate ROS production within cells, which must be
maintained at a minimum level [84]. The ROS generation
occurs mainly in the mitochondria, cell membranes, and
cytoplasm. Even though these organelles have an inherent
potential to scavenge ROS [85], it is noteworthy that this is
insufficient to fulfill the cellular demand to eliminate the
quantity of ROS generated by mitochondria [86].

The disparities between ROS and RNS generation and
antioxidant defenses cause oxidative stress. Furthermore,
when the formation of ROS rises, they begin to have
adverse effects on essential cellular components (lipids, pro-
teins, and nucleic acids) [77, 78, 87–89]. A substantial body
of evidence suggests that oxidative stress has a role in the
genesis and overall progress of various diseases, including
diabetes; metabolic disorders; atherosclerosis; neurological,
cardiovascular, and respiratory disorders; and cancer
[90–92]. In Figure 1, several disorders linked to oxidative
stress are presented.

Furthermore, as the level of antioxidant enzymes, gluta-
thione peroxidase (GPx), catalase (CAT), and superoxide
dismutase (SOD), diminishes with age, the age-related func-
tional losses are attributed to ROS- and RNS-mediated lipid,
protein, and DNA damage [93, 94]. Oxidative stress has a
role in vascular endothelial dysfunction with age [95]. Sev-
eral reports (both in vivo and ex vivo) shred the threads of
evidence against oxidative stress-induced atherosclerosis,
hypertension, ischemic heart disease, cardiomyopathy, and
congestive heart failure [96–99]. Importantly, oxidative

stress causes cardiovascular complications in type 2 diabetes
(T2D) subjects by promoting prothrombotic reactions [100].
ROS are also associated with cardiac arrest by cardiac hyper-
trophy development, ischemia-reperfusion injury, and myo-
cyte apoptosis [101–103].

There are reports that asthma and chronic obstructive
pulmonary disease (COPD) are linked to ROS-induced
oxidative stress [104–106]. Choudhury and MacNee [107]
reported increased levels of oxidative stress biomarkers
(8-hydroxydeoxyguanosine, protein carbonyl, 3-nitrotyro-
sine, F2-isoprostanes, and advanced glycation end products)
in COPD patients. Subsequently, oxidative stress contributes
to chronic kidney disease (CKD) pathogenesis via glomerular
damage, renal ischemia, inflammation, and endothelial dys-
function [97, 108, 109]. In CKD patients, polymorphonu-
clear leukocytes (PMNs) and monocytes are activated,
resulting in increased release of nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase and myeloperoxidase
(MPO), which promotes the formation of ROS [110].

On the other hand, oxidative stress disrupts neuronal
and cellular processes and has been related to several neuro-
logical illnesses, including amyotrophic lateral sclerosis,
depression, amnesia, and Parkinson’s and Alzheimer’s dis-
ease [56, 111, 112]. The lipid membrane is one of the most
impacted structures in the brain due to redox imbalance
[113]. Moreover, due to higher glucose, insulin blood levels,
fatty acids, and impaired glutathione synthesis, diabetes
individuals have substantial ROS levels [114]. Increased pro-
duction of ROS causes a mutation in an oncogene, leading to
cancer [115]. ROS disrupt the Akt/PI3K/ERK cell signaling
pathway, diminishing proapoptotic proteins while boosting
antiapoptotic genes [116, 117]. Subsequently, ROS has been
linked to acute liver injury pathogenesis for a long time
[118]. Similarly, multiple reports have shown that oxidative
stress has a role in the etiology of inflammatory disorders
like rheumatoid arthritis [119–121].

Neurodegenerative
disorders

Inflammation

Cardiovascular
disorders

Renal disorders
Hepatic disorders

Diabetes

Cancer

Oxidative
stress
(free

radicals)

Figure 1: Various indications associated with the generation of oxidative stress.
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4. Oxidative Stress-Mediated
Toxicity of Nanoparticles

Nanotechnology has found applications in a range of fields,
including the environment, energy, food, and medicine.
Nanoparticles are employed in biomedical applications
because they have several advantages over bulk materials,
including a higher surface-to-volume ratio, improved mag-
netic characteristics, thermal stability, and improved optical
and mechanical properties. Despite the widespread use of
NPs stated in Introduction, there is still a lack of ample
knowledge about NP-mediated toxicity. However, there are
reports that NPs induce toxicity via increasing intracellular
ROS levels. Nanoparticle toxicity due to oxidative stress is
well documented, restricting their usage in human patients.

In this context, using carboxy-2′,7′-dichlorofluorescein
diacetate (H2DCFDDA) assay, the function of oxidative
stress in the toxicity of iron oxide NPs against murine mac-
rophage (J774) cells was examined. It was shown that expos-
ing cells to a higher concentration of NPs (500μg/mL)
enhanced the generation of ROS, resulting in cellular dam-
age and death [122]. Subsequently, when human microvas-
cular endothelial cells were exposed to iron NPs, they
showed an increase in permeability, ascribed to ROS gener-
ation. Furthermore, when cells are exposed to iron NPs, ROS
is proven to be a significant factor in modulating Akt/GSK-
3-mediated cell permeability [123].

Ahamed et al. [51] investigated the CuO NP-induced
genotoxic reaction in human pulmonary epithelial cells
(A549) via the p53 pathway. CuO NPs increased the cell
cycle checkpoint protein p53 and the DNA damage repair
proteins Rad51 and MSH2. In a dose-dependent manner,
CuO NPs also triggered oxidative stress (10, 25, and
50μg/mL), as evidenced by glutathione, CAT, and SOD
depletion and the stimulation of lipid peroxidation. These
findings show that CuO NPs exerted genotoxicity in A549
cells, which could be due to oxidative stress. Likewise, using
the Alamar blue assay, the cytotoxicity of CuO, silicon oxide,
and ferric oxide NPs against human laryngeal epithelial cells
(HEp-2) was examined. CuO exhibited cytotoxicity; how-
ever, HEp-2 cells were unaffected by silicon oxide or ferric
oxide even at high doses (400μg/cm2). CuO-induced oxida-
tive stress was suggested by a considerable rise in amount of
8-isoprostanes and the ratio of oxidized glutathione to total
glutathione [124]. In human liver cells (HepG2), the apoptotic
and genotoxic capacity of ZnO NPs was investigated. Their
cellular toxicity was also examined at the molecular level.
HepG2 viability was reduced on exposure to ZnO NPs (14-
20μg/mL) for 12h, and the cell death that occurred was apo-
ptosis. They also triggered DNA damage, as demonstrated by
an upsurge in formamidopyrimidine DNA glycosylase- (Fpg-)
sensitive regions mediated by oxidative stress. ROS led to a
decline in mitochondria membrane capacity and a rise in the
Bax/Bcl2 ratio, resulting in a mitochondria-mediated apopto-
sis pathway [2].

Similarly, the impact of oxidative stress in the toxicity of
ZnO NPs against human skin melanoma (A375) cells was
studied. ZnO NPs were reported to cause oxidative stress,

as evidenced by lipid peroxidation and the depletion of anti-
oxidant enzymes. In cells exposed to the ZnO NPs, DNA
damage was seen, which could be mediated by oxidative
stress [125]. The occurrence of oxidative damage in lipids
and proteins of MRC-5 human lung fibroblasts after expo-
sure to Au NPs was investigated in vitro by Li et al. [126].
In addition, Au NP-treated cells produced considerably
higher lipid hydroperoxides, indicating lipid peroxidation.
Furthermore, oxidative damage was confirmed by verifying
malondialdehyde (MDA) protein adducts using western
blot study.

The impact of oxidative stress on the cytotoxic and gen-
otoxic potential of Ag NPs was investigated against human
lung fibroblasts (IMR-90) and the human glioma (U251) cell
lines. The findings revealed mitochondrial malfunction and
ROS generation by Ag NPs, which resulted in DNA damage
and chromosomal abnormalities. The mitochondrial respi-
ratory chain disruption by Ag NPs is thought to cause the
generation of ROS and the cessation of ATP synthesis,
which leads to DNA damage [35]. Chairuangkitti et al.
[127] evaluated the in vitro mechanisms of Ag NP
(<100nm) toxicity in connection to the ROS generation in
A549 cells. Surprisingly, both ROS-dependent (cytotoxicity)
and ROS-independent (cell cycle arrest) mechanisms are
involved in Ag NP toxicity in A549 cells. The oxidative
stress-dependent activity of NPs is depicted in Figure 2.

Several investigations using various human cells have
added to our understanding of the underlying mechanism of
NPs concerning ROS production. To a large extent, ROS for-
mation causes cytotoxicity, genotoxicity, and signaling and
inflammatory response activation, revealing the mutagenic
and carcinogenic properties of NPs [51, 128, 129]. Increased
ROS production is highly linked to the size and shape of
NPs [130, 131]. However, because research reports vary, it is
difficult to draw broad conclusions about shape and size.

In the event of NP exposure to cells, ROS generation is
enhanced and leads to hyperoxidation of cell organelles, dis-
ruption of mitochondrial activity, endoplasmic reticulum
(ER) stress, and unfolded protein response [129, 132–137].
Mitochondrial and ER stresses have cumulative effects on
cell ROS production and apoptotic cell death, referred to
as cytotoxicity [35, 132]. Furthermore, NPs in the nucleus
cause oxidative base damages (8-oxoguanine), strand break-
age, and mutations in DNA, resulting in genotoxicity
[138–141]. Furthermore, NPs can mediate oxidative-
sensitive activation of signaling cascades such as mitogen-
activated protein kinase (MAPK), epidermal growth factor
receptor, transcription factor activator protein-1, and
nuclear factor-kappa B (NF-κB), as well as activate the
inflammatory response, which plays a role in mammalian
growth and proliferative and developmental processes [97,
129, 142]. Subsequently, when phagocytes, such as neutro-
phils and macrophages, fail to phagocytose NPs completely,
the NADPH-oxidase enzyme system produces ROS. The
stimulation of cell signaling pathways such as MAPK, NF-
κB, Akt, and RTK by NP-induced ROS promotes an inflam-
matory cascade of chemokine and cytokine expression. The
majority of the subsequent adverse effects elicited by NPs
are due to ROS [129].
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For instance, Chen and Schluesener [143] demonstrated
that, to the human primary organ system, silver is relatively
nontoxic and nonmutagenic. In contrast to antimicrobial
metallic NPs (Au, Pt, Cu, Zn, Ti, and so on), silver is recog-
nized to have the most potent antibacterial activity. Ag NPs’
powerful antibacterial, antifungal, and antiviral properties
are related to their potential to produce H2O2, O2

⋅−, ⋅OH,
and hypochlorous acid (HOCl) singlet oxygen [20, 144–147].
Furthermore, free radicals induced by Ag NPs reduce glutathi-
one to glutathione disulfide that leads to oxidative stress, apo-
ptosis, and stimulation of oxidative signaling pathways [51, 90,
128, 129, 148].

The cytotoxicity, genotoxicity, and inflammatory
response of Ag NPs in cells have raised concerns about their
unintended human exposure [149]. Ag NPs’ cytotoxic, gen-
otoxic, apoptotic, and antiproliferative effects, on the other
hand, can be employed to treat glioblastoma [150, 151].
Dakal et al. [152] reported that Ag NP-induced ROS produc-
tion and increased oxidative stress are linked to antimicro-
bial effects, with cytotoxic and genotoxic consequences.
The most devastating and undeniable issue with using silver
or any other nanoparticles in humans is their biosafety and
biocompatibility.

5. Green Synthesis of NPs: A Brief Overview

Several methods for the synthesis of NPs have been devel-
oped, but their use in biomedical applications is limited
due to the use of toxic compounds, the high energy require-
ments, and the formation of toxic by-products. The choice of
a solvent medium, an environmentally friendly reducing
agent, and a nontoxic substance for NP stabilization are all

important components to consider during the NP prepara-
tion process [153]. In this context, green synthesis, which
encompasses synthesis through plants, bacteria, fungi, algae,
and others, is an effective way for generating NPs [64, 154]
as shown in Figure 3(a). The ability of numerous biological
entities, such as those indicated above, to generate metal
nanoparticles for diverse pharmacological applications has
been extensively researched. In general, plant extracts and
microorganisms are used in the green, environmentally
acceptable synthesis of NPs [65, 66].

Plant-derived NPs overwhelm microorganism-derived
NPs, owing to the former’s single-step, nonhazardous fabri-
cating process [72]. Furthermore, phyto-mediated synthesis
is preferable to microbial synthesis, which requires time-
consuming and expensive downstream processing [71].
The plant extract is combined with a metal salt solution in
the green synthesis of metal nanoparticles. The electrochem-
ical potential of a metal ion and the pH of the reaction mix-
ture, temperature, concentration, and reaction time are all
critical aspects to consider. The phytoconstituents promote
metal ion reduction to zero-valent state, followed by nucle-
ation and growth to generate metal NPs [72, 154, 155] as
depicted in Figure 3(b).

The plant-mediated synthesis is attributed to protein,
phenols, terpenoids, ascorbic acid, and flavonoids that are
capable of reducing the ions to nanosize and capping of
nanoparticles [156, 157]. This method has several advantages,
including energy savings due to the lack of high energy and
pressure, use of biological entities that work as both reducing
and stabilizing agents, environmental friendliness, lower costs,
and the capacity to be employed on a large scale [64, 68, 69,
154]. Several NPs such as TiO2 using Azadirachta indica [9],

NPs
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NPs induced OS
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Figure 2: Mechanistic aspects of oxidative stress-mediated nanoparticle-induced toxicity. NPs: nanoparticles; ROS: reactive oxygen species;
OS: oxidative stress; RNS: reactive nitrogen species.
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ZnO using Ocimum tenuiflorum[158], CuO using Ocimum
tenuiflorum[159], and ZnO using Aloe vera[160] have been
successfully synthesized using the green approach.

6. Antioxidant Potential of Phytoantioxidant
Functionalized Nanoparticles

Green synthesis is an innovative method of synthesizing
phytoantioxidant functionalized NPs using plant extracts.
It is gaining popularity as a result of its cost-effective, envi-
ronmentally friendly, and large-scale production capabilities.
As the importance of green synthesis using plant extracts is
already highlighted in Section 5, in Table 1, the antioxidant
potential of phytoantioxidant functionalized nanoparticles
is shown. Hibiscus rosa-sinensis demonstrated excellent abil-
ity to synthesize copper NPs at optimal temperatures. These
NPs showed good antioxidant potential in ferric-reducing

antioxidant power (FRAP) and hydrogen peroxide (H2O2)
assays [161]. Cu NPs synthesized using Dioscorea bulbifera
tubers (DBTE) showed 40:81 ± 1:44, 79:06 ± 1:02, and
48:39 ± 1:46% scavenging against 1,1-diphenyl-2-picryl-
hydrazyl (DPPH), nitric oxide (NO), and superoxide radi-
cals (O2

⋅−), respectively; this demonstrated its role in the pre-
vention of oxidative stress, which is a significant factor in the
progression of a variety of diseases. The action of DBTE is
believed to be due to its substantial ascorbic acid con-
tent [162].

The aqueous fruit extract of Couroupita guianensis (CG),
a promising bioreductant for reducing Au3+ ions into their
nanoscale analogs, was used to produce gold nanoparticles
(Au NPs) in a smaller duration of time. Au NPs have excep-
tional antioxidant characteristics; DPPH radical scavenging
at 100μg/mL was 70.6%, compared to 96.28% for ascorbic
acid. Further, they showed dose-dependent ferric ion
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Figure 3: (a) Various precursors used for green synthesis of NPs; (b) mechanistic insight into plant-mediated green synthesis of metallic
NPs. Reproduced from Kumar et al. [154] and Bhardwaj et al. [72] under Creative Commons Attribution (CC BY) license (http://
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reduction activity and hydroxyl (⋅OH) radical scavenging
ability, which is primarily due to the presence of antioxidant
residues, such as phenolics from the CG on its surface,
which have been recognized, using various analytical tech-
niques [67]. Subsequently, Au NPs were synthesized using
Rhus coriaria, which is used as a reducing and capping
agent. The plant polyphenols may play a role in reducing
gold ions, as evident from FT-IR analysis. In vitro, antiox-
idant activity studies showed that DPPH (85.73% at
800μM) and ABTS activities (96.83% at 800μM) increased
in a dose-dependent manner (25-800μM) which is related
to the adsorption of phytocompounds on the surface of
the Au NPs [163].

Hippophae rhamnoides leaves were utilized by Kalaiyar-
asan et al. [164] for the biosynthesis of silver NPs (Ag
NPs). As the sample concentrations (5-25μg/mL) began to
rise, the DPPH radical scavenging abilities increased, indi-
cating that the antioxidant capabilities of the samples are
dosage-dependent. The activity of Ag NPs has enhanced by
more than tenfold when compared to that of the plant
extract alone, which can be attributable to the presence of
plant phytochemicals, including flavonoids. Due to these fla-
vonoids and silver ions, antioxidant activity may occur via a
single electron transfer mode [186, 187]. Similarly, Ag NPs
developed using Costus after leaves were more effective
DPPH scavengers than the leaf extract alone, and their anti-
oxidant activity was comparable to those of ascorbic acid
with IC50 value < 50 μg/mL[165]. Ag NPs fabricated using
Taraxacum officinale leaves demonstrated substantial anti-
oxidant capability against ABTS (IC50 45.6μg/mL), DPPH
(IC50 56.1μg/mL), and NO (IC50 55.2μg/mL). Catechol
and ascorbic acid were utilized as controls, with IC50 40 to
60μg/mL [166]. Ag NPs synthesized using Erythrina suberosa
leaves demonstrated significant antioxidant activity in a
DPPH radical scavenging experiment, with IC50 30.04μg/mL.
The BHT was used as a standard. The findings significantly
support the use of Ag NPs as natural antioxidants against oxi-
dative stress-linked degenerative disorders [167].

Ag NPs synthesized using Cestrum nocturnum leaves,
when evaluated for antioxidant activity, were found more
active scavengers of DPPH (29.55% at 100μg/mL) as com-
pared to ascorbic acid at a similar concentration (24.28%).
Further, Ag NPs showed 45.41 and 20% scavenging of
H2O2 and ⋅OH as compared to ascorbic acid (65.63 and
9.47% at 250μg/mL, respectively). However, negligible activ-
ity was reported in the O2

⋅− scavenging assay [168].
Subsequently, DPPH, H2O2, and FRAP assays were used

to estimate the antioxidant activity of Ag NPs prepared
using Cassia angustifolia flowers. Ag NPs were found to have
FRAP and DPPH IC50 values of 63:21 ± 0:75 and 47:24 ± 0:5
μg/mL, respectively. On the other hand, in the H2O2 assay,
the IC50 value was 78:10 ± 1:2μg/mL [169]. The H2O2 scav-
enging is well related to the presence of phenolic compo-
nents in the samples [188]. A compound mixture
containing Camellia sinensis leaves, Allium sativum bulbs,
and Curcuma longa rhizome mediated Ag NPs which were
found highly active scavengers of ABTS, DPPH, ⋅OH, O2

⋅−,
and H2O2 radicals with IC50 ranging between 5:02 ± 1:11
and 22:93 ± 0:34μg/mL in comparison to rutoside and

ascorbic acid (IC50 between 7:14 ± 1:02 and 14:17 ± 0:24
μg/mL) [170]. Interestingly, Ag NPs synthesized using a
spice blend exhibited IC50 < 31:25 and 68.75μg/mL against
DPPH and ABTS, respectively, and the findings are compa-
rable to standard rutoside. The different functional groups of
spice blends present on the surface of Ag NPs could be
responsible for the activity [171]. Psidium guajava leaves
were utilized by Wang et al. [172] for the successful synthesis
of Ag NPs, which were found to be highly active in scaveng-
ing free radicals with IC5052:53 ± 0:31μg/mL (DPPH) and
55:10 ± 0:29μg/mL (ABTS). In contrast, standard ascorbic
acid showed IC50 < 40μg/mL against both DPPH and ABTS
radicals. On the other hand, Berberis aristata leaf-mediated
ZnO NPs, when evaluated for antioxidant activity using
DPPH, showed 61.63% scavenging at 5μg/mL, lower than
ascorbic acid (87.76%) at the same concentration [173]. On
the other hand, Ag NPs synthesized using Ananas comosus
fruit peel exhibited a moderate ABTS and DPPH and
reduced power and nitric oxide (NO) scavenging activity
as compared to standard BHT [174]. The action is due to
the involvement of numerous plant functional groups
attached to the surface of Ag NPs [189].

The antioxidant activity of Ag NPs fabricated using Pro-
sopis farcta (PF) fruits was evaluated using DPPH and FRAP
assay. Ag NPs had a scavenging activity of 43 to 63% at doses
of 0.2-1mg/mL; however, the effect was lower (74% at
1mg/mL) than that of standard ascorbic acid. Ag NPs were
also found active with FRAP activity > 25mmol Fe(II)/mg
extract at 1mg/mL [175]. The primary phytochemicals
responsible for the antioxidant capacity are phenolics and
flavonoids, abundant in PF [190]. Subsequently, Vitex
negundo leaf-mediated Au NPs exhibited IC50 values of
62.18 and 70.45μg/mL in DPPH and nitric oxide assays,
respectively [176]. Moreover, Morus alba leaves were uti-
lized by Das et al. [177] for synthesizing Ag NPs. When
compared to ascorbic acid (10-50μg/mL), antioxidant activ-
ity of produced NPs against DPPH, ABTS, superoxide, and
nitric oxide was dose-dependent with IC50 ranging between
25.9 and 97.2μg/mL. The lowest IC50 (25.9μg/mL) of Ag
NPs was observed in the ABTS assay.

The DPPH radical scavenging activity of Lavandula stoe-
chas aerial part-mediated Ag NPs (75% scavenging at 25
mg/mL) is attributed to phytochemical compounds such as
phenol and terpenoid flavonoids that are involved in the
reduction of Ag+ to Ag0[178]. Nothapodytes foetida leaf-
mediated Ag NPs (100μg/mL) exhibited strong antioxidant
potential with 93.80% inhibition of DPPH and compara-
tively lower ABTS radical scavenging activity (84.59% at
the same conc.); however, results are comparable to standard
BHT [179].

Likewise, Ansar et al. [180] utilized Brassica oleracea
leaves for Ag NP synthesis. Ag NPs revealed a strong antiox-
idant potential against DPPH, NO, superoxide (O2

⋅−), and
hydroxyl radical (⋅OH) with percent scavenging ranged
between 60 and 80% at 200μg/mL as compared to standard
ascorbic acid (>80% at 200μg/mL). The antioxidant capacity
of these nanoparticles could be attributed to the abundance
of surface fabricated flavonoids and phenolics as capping
agents [180]. In another study, Akintola et al. [181]
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investigated the antioxidant effects of Ag NPs (synthesized
using Blighia sapida leaves) using DPPH and reducing power
assay. AgNPs at different concentrations (50, 75, 100, 125, and
150μg/mL) scavenged DPPH by 58.10, 59.26, 62.33, 71.24,
and 75.42%, respectively. These effects, however, are less pro-
nounced than those of ascorbic acid (>80% at 150μg/mL). Ag
NPs had a maximum reduction capability of 53.52% at
150μg/mL compared to ascorbic acid (70.19%).

Similarly, iron NPs produced using Asphodelus aestivus
aerial parts scavenged DPPH with IC50 3.48μg/mL [182].
In addition, Rajput et al. [183] evaluated the antioxidant
potential of Ag NPs (Atropa acuminata leaf mediated) using
DPPH, H2O2, and O2

⋅− assay with IC50 16.08, 25.4, and

21.12μg/mL, which is lower than standard ascorbic and gal-
lic acid (IC50 27.68-30.48μg/mL). In the DPPH and total
antioxidant activity (TAA) assays, TiO2 NPs made from Psi-
dium guajava leaves displayed strong antioxidant capability,
with >85 and >90% scavenging at 500μg/mL, respectively.
When compared to standard ascorbic acid, the action of
NPs in TAA is more prominent [184]. On the other hand,
different parts (leaves, pods, seeds, and seed shell) of Cola
nitida (10-80μg/mL) exhibited 32.61-62.06% scavenging of
DPPH. In addition, the scavenging ranged between 78.45
and 99.23% in H2O2 assay [185]. The antioxidant activity
of phytoantioxidant functionalized NPs is related to the bio-
active composition of the plant. The substantial body of
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research, including those selected in this study, did not go
into extensive depth about plant selection. However, the
selection of antioxidant-rich plants is the most important
factor in the activity of phytoantioxidant functionalized NPs.

The frequency of methodologies utilized for characteri-
zation of NPs, their significance, methods used for assessing
antioxidant activity, plant parts used in green synthesis, and
choice of NPs were all examined critically. The most com-
monly used strategy for antioxidant investigations was
observed to be DPPH, followed by ABTS, superoxide, nitric
oxide, and others. Surprisingly, all of the free radicals were
successfully scavenged by the tested NPs. On the other hand,
almost all plant parts have been used, but leaves are primar-
ily harvested to synthesize NPs (Figure 4 and Table 1). Ag
NPs are frequently employed in practice due to their inclu-
sion in various formulations; the majority of researchers
are currently focusing on these NPs, with silver topping
the list of studies, followed by gold, copper, iron, and zinc
oxide NPs.

The most common approach for measuring surface plas-
mon resonance and investigating the optical characteristics
of produced NPs is UV-visible absorption spectroscopy,
followed by FT-IR analysis to identify functional groups cor-
responding to surface-attached bioactive compounds
responsible for reduction and stabilization. In 14, 21, and
18 investigations included in this study (N = 26), the shape
and size of produced NPs were analyzed using scanning
electron microscopy, transmission electron microscopy,
and X-ray diffraction analysis. Dynamic light scattering
analysis was also used to determine hydrodynamic size and

surface charge. Zeta potential measurements were carried
out to assess NP stability; a relatively high zeta potential
value shows that the surface has a substantial electric charge,
demonstrating its stability. The thermal stability of NPs was
evaluated using thermal gravimetric analysis (TGA) in a sin-
gle study (Figure 4 and Table 1). Furthermore, elemental
analysis was carried out using energy-dispersive X-ray anal-
ysis (EDX), which is used to detect impurities [67, 163, 166,
169, 177, 182, 183].

7. Mechanistic Basis of Oxidative Stress
Management by Phytoantioxidant
Functionalized NPs

Antioxidant defenses mitigate the detrimental effects of ROS
and RNS, which are generated by a variety of endogenous
and external mechanisms [88]. NADPH oxidase, lipoxygen-
ase, angiotensin II, and myeloperoxidase (MPO) are all
endogenous producers of ROS and RNS [191]. NADPH oxi-
dase produces superoxide radical (O2

⋅−), which in turn is dis-
sociated into the H2O2 by SOD [192]. Glutathione
peroxidase (GPx), SOD, and CAT aid in the breakdown of
free radicals into safe and less active molecules (H2O2/alco-
hol, and O2) [2, 193–198]. The phytoconstituents upregulate
the level of antioxidant enzymes, and SOD is a significant
force in radical neutralization [198]. As previously stated,
SOD converts O2

⋅− to H2O2, which is then degraded by
CAT and GPx into water and oxygen, preventing the forma-
tion of ⋅OH [199, 200]. Glutathione-S-transferase and
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glucose-6-phosphate dehydrogenase are two other antioxidant
enzymes [200]. The inhibition of ⋅OH generation contributed
to lipid radical (LR∗) inhibition, which is generated due to
the interplay between ⋅OH and lipid membrane [198, 199].
GPx inhibits the peroxynitrite anion produced by numerous
interactions, such as when combined with carbon dioxide to
make nitrosoperoxycarbonate, which disintegrates over time
to form nitrogen dioxide and carbonate radicals [198, 201].

On the other hand, nonenzymatic antioxidants interact
with ROS and RNS to stop the free radical chain. In contin-
uation, blood contains α-tocopherol, bilirubin, and β-caro-
tene whereas albumin and uric acid make about 85% of
antioxidant defense in plasma [89]. The phytoconstituents
on nanoparticle surfaces reduce oxidative stress [72]. In
Figure 5, a mechanistic approach to the protective impact
of phytoantioxidant functionalized nanoparticles in the reg-
ulation of oxidative stress is highlighted.

The abundance of terpenoids, ascorbic acid, flavonoids,
phenols, and other bioactive phytoconstituents on the sur-
face of NPs is strongly correlated with their antioxidant
activity [178, 180]. The phytoantioxidant functionalized
nanoparticles would upregulate the antioxidant enzymes,
and nonenzymatic components such as ascorbic acid on
the surface of these NPs would also neutralize the adverse
effects of free radicals.

8. Conclusion and Perspectives

In conclusion, the evidence of oxidative stress caused by
nanoparticle exposure raises concerns about their use in
humans. Although the antioxidant potential of phytoantiox-
idant functionalized NPs is well documented, the majority of
the researches have been conducted in vitro. The bioactive
substances like flavonoids and phenols are correlated to the
antioxidant action of these NPs. The stability of nanoparti-
cles is an important aspect, but only three articles have
investigated the storage stability of these NPs. Most studies
lack a zeta potential measurement, which is an indicator of
stability. The data compiled in this review is expected to
serve as a roadmap for researchers to fulfill various gaps.
Because of their widespread use in a variety of industries,
Ag NPs are the most investigated NPs. It is suggested that
the plant utilized for green synthesis should be selected care-
fully, as antioxidant action is linked to phytoconstituents. As
an alternative to NPs, phytoantioxidant functionalized NPs
could be employed; however, high-quality toxicity studies
are necessary. Nanotechnology is rapidly expanding, but
research into the nanoparticles’ toxicological impacts on
human health and the environment is still in its early stages.
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The present research displays the green synthesis of stable silver nanoparticles (AgNPs). The aqueous solution of Fucoidan from
Fucus vesiculosus source (brown marine algae) is used as a reducing and capping agent. UV-Vis spectroscopy, XRD, FT-IR, SEM,
EDX, and TEM with selected area electron diffraction are used to characterize the synthesized silver nanoparticles (AgNPs). The
synthesized AgNPs exhibit a surface plasmon resonance at 430 nm after 24 h. The characterization results showed that AgNPs are
crystalline in nature and exhibit mostly spherical shapes with an average diameter of 4-45 nm. Silver nanoparticles showed
effective antibacterial activity against representative pathogens of bacteria. The activities of commercial antibiotics were
enhanced by impregnation with the synthesized AgNPs. It also shows good fungicidal and anticancer activity against liver and
lung cell lines and shows significant antioxidant efficacy (84%) at 10 μg/ml AgNP concentration against DPPH. The utilization
of environmentally synthesized AgNPs offers numerous benefits of ecofriendliness and compatibility for biomedical applications.

1. Introduction

The noble metal nanoparticles have gained great interest in a
number of studies due to their potential applications in
medical, optical, electronic devices, and water treatment.
The most prominent challenge is how to control their sizes
and shapes. For this purpose, a large number of reports have
been published for the synthesis of metal nanoparticles of
diverse structures [1]. The silver nanoparticles have become
a comprehensive research point owing to their broad range
of applications as disinfectant agents, catalyst, biosensor,
and water treatment [2]. Various approaches were made

for synthesis of AgNPs such as chemical reduction, electro-
chemical techniques, photochemical reduction, sonochem-
ical, microwave, and radiation-assisted process [3]. Among
these methods, the chemical reduction method is the most
frequently used but remains costly and employs risky
substances, such as organic solvents and harmful reducing
agents, e.g., sodium borohydride, hydrazine, and N,N-
dimethyl formamide. Furthermore, surface passivation and
capping agents are generally added to the reaction system
to avoid aggregates formation of the nanoparticles [3]. The
state-of-the-art studies have focused on the green synthesis
approaches to avoid utilization of highly toxic materials.

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2021, Article ID 8511576, 11 pages
https://doi.org/10.1155/2021/8511576

https://orcid.org/0000-0001-7059-8894
https://orcid.org/0000-0002-9022-7887
https://orcid.org/0000-0003-3996-1434
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/8511576


These approaches emphasize on the utilization of eco-
friendly, cost-effective, and biocompatible reducing agents
for the synthesis of AgNPs, which gives the synthesized
AgNPs sufficient stability in the strong electrolytic and pH
conditions for therapeutic application [4]. Various biological
organisms have emerged as simple and viable substitutes to
obtain AgNPs such as bacteria, yeast, fungi, algae, and
plants [4–7]. Polysaccharides acquired from marine algae
include fucoidan, alginate, ascophyllan, agar, and carra-

geenan as phycocolloids have been used for decades in
medicine and pharmacy [8–15]. Fucoidan (sulfated fucan)
is one of nonstarch polysaccharide which is soluble in
water. It has complicated chemical structure and found
in brown sugars such as galactose, xylose, and mannose.
Fucoidan is derived from marine brown algae, containing
large quantities of L-fucose and sulfated including Fucus
vesiculosus [15–20]. Due to the wide spectrum of activity
of fucoidan in biological systems including antitumor,

(a) (b)

Figure 1: Fucoidan- (F. vesiculosus) mediated AgNPs. (a) Initial reaction and (b) after 24 h final color change reaction.
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Figure 2: UV-Vis spectra of fucoidan-stabilized AgNPs at different time intervals. X-axis indicates the wavelength in nm and Y-axis
indicates the absorbance of nanoparticles.
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immunomodulatory, antibacterial, antiviral, anti-inflamma-
tory, anticoagulant, and antithrombotic effects [20–25], the
aim of the present study is to synthesize AgNPs using the
commercially available fucoidan source of Fucus vesiculo-
sus (Fv-fucoidan) as a reducing and capping agent and
to explore the potential antimicrobial, antioxidant, and
anticancer activities of the synthesized AgNPs.

2. Materials and Methods

Fucoidan from Fucus vesiculosus source (brown marine
algae) and silver nitrate was purchased from Sigma Aldrich,

India, and the standard antibiotics and media were pur-
chased from HiMedia laboratories, Mumbai, India. The
bacterial strains used in the present study were obtained
from Micro Labs, Tamil Nadu, India (Bacillus sp., Serratia
pnematodiphila, Streptococcus sp., and Klebsiella pneumo-
niae), and Micro Labs, Chandigarh, India (Bacillus subtilis
and Klebsiella planticola).

2.1. Synthesis and Characterization of AgNPs. Colloidal
AgNPs were synthesized by reducing the silver nitrate in
an aqueous solution of fucoidan from Fucus vesiculosus
source (brown marine algae). Briefly, fucoidan-stabilized
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Figure 3: XRD pattern of the synthesized AgNPs. X-axis shows the 2-theta scale, and Y-axis indicates the intensity of the silver
nanoparticles.
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Figure 4: (a) TEM micrograph of AgNPs and (b) SAED pattern.
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AgNPs were synthesized by mixing aqueous solutions of
fucoidan (10ml) and silver nitrate (100ml, 1mM) in an
Erlenmeyer flask at room temperature. The flask was kept
in the orbital shaker at 300 rpm to homogenize the resulting
solution for 20min. The reduction of Ag+ to AgNPs was
regularly checked by the UV-visible spectra. The analysis
was done using UV-visible spectrophotometer (Perkin
Elmer) in the wavelength range 350–650nm.

The synthesized AgNPs were purified using deionized
water with continuous centrifugation, collected, and dried
in hot air oven at 80°C for 2 hours. The dried AgNPs were
characterized by various techniques. The crystalline nature
was studied by XRD (Bruker, Karlsruhe, Germany), and
the functional groups responsible for reduction of silver ions
and stabilization of the formed AgNPs were studied by
Fourier transform infrared (FT-IR) spectroscopy (Perkin
Elmer). To examine the size and shape of AgNPs, the trans-

mission electron microscope (TEM) (Hitachi S-4500) and
scanning electron microscope (SEM) (Philip model CM
200) were used. The elemental analysis was determined by
energy-dispersive X-ray spectroscopy (EDS) attached to the
SEM [26–28].

2.2. Antibacterial Assessment. The antibacterial activity of
fucoidan-stabilized AgNPs was examined against six bacte-
rial strains (Bacillus sp., Serratia pnematodiphila, Streptococ-
cus sp., Klebsiella pneumoniae, Bacillus subtilis, and Klebsiella
planticola). The standard antibiotic disks were purchased
from HiMedia laboratories (Mumbai, India). Two different
diffusion methods were applied [27–30] to assess the antibac-
terial activity.

2.3. Agar Well Diffusion Method. The antibacterial activity
of the synthesized AgNPs were explored against Gram-
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Figure 5: EDX spectrum of the synthesized AgNPs.
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negative (Serratia pnematodiphila,Klebsiella pneumonia, and
Klebsiella planticola) and Gram-positive (Streptococcus sp.,
Bacillus subtilis, and Bacillus sp.) bacteria by adopting the
agar well diffusion method [10]. Roughly, 20ml of sterilized
and cooledMueller-Hinton agar medium was filled with ster-
ile Petri dishes and permitted to solidify at room tempera-
ture. The overnight growth test organisms were spread over
the agar medium by a sterile cotton swab for each test, and
then, the wells were made using a sterile polystyrene tip.
Diverse concentrations of AgNPs (25, 50, and 75μl) were
added to the wells. The AgNP-inoculated plates were incu-
bated for 24 h at 37°C. After that, the inhibition zone around
the well was calculated and recorded. The tests were done in
triplicates [31–34].

2.4. Disk Diffusion Method. Disk diffusion method was used
to evaluate the in vitro enhanced antibacterial activity of
diverse antibiotics (ampicillin, tetracycline, novobiocin, pen-
icillin, kanamycin, gentamicin, chloramphenicol, streptomy-
cin, and ciprofloxacin) against the clinical isolates of bacteria
(such as B. subtilis, Bacillus sp., S. nematodiphila, K. planti-
cola, K. pneumoniae, and Streptococcus sp.). To determine
the mutual effect, each standard antibiotic disks was further
impregnated with 25μl of the freshly prepared AgNPs. The
Petri dishes containing 20ml Mueller-Hinton agar (MHA)
were swabbed with 24h culture of bacterial strains. Standard
sterile antibiotic disks are known as positive control, and

Table 2: Antibacterial activity of diverse antibiotics and AgNPs impregnated with diverse antibiotics (blend).

Bacterial isolates
Bacillus
subtilis

Bacillus sp. K. planticola K. pneumoniae
Serratia

nematodiphila
Streptococcus

sp.

Zone of inhibition (mm)

Antibiotics Ab Blend Ab Blend Ab Blend Ab Blend Ab Blend Ab Blend

Tetracycline 15 18 18 21 21 25 29 31 13 12 15 18

Novobiocin 15 15 16 18 18 23 18 20 0 6 15 17

Gentamicin 11 14 18 23 19 24 25 29 17 21 19 20

Kanamycin 18 20 19 20 21 28 21 30 19 19 18 20

Streptomycin 15 19 15 20 16 20 16 22 13 14 16 20

Penicillin 0 5 0 8 20 19 36 38 0 6 0 8

Chloramphenicol 25 28 21 25 32 38 34 37 27 30 24 21

Ampicillin 0 11 8 11 20 23 38 43 15 22 0 9

Ciprofloxacin 27 22 27 25 34 39 31 33 40 41 27 25

Antibiotics

Tetracycline

Streptomycin

Chloramphenicol

Ciprofloxacin

Ampicillin

Penicillin

Novabiocin

Gentamycin

Kanamycin

0.5
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K. Planticola 

K. Pneumoniae 

Streptococcus sp 
S. Nematodiphila

Figure 7: Increased fold area of fucoidan-stabilized AgNPs for
enhanced antibacterial activity.

Table 1: Antibacterial activity of fucoidan-stabilized AgNPs.

AgNPs conc. 25μl 50μl 75 μl

Bacterial isolates Zone of inhibition (mm)

Bacillus subtilis 09:03 ± 0:033 10:17 ± 0:088 11:17 ± 0:088
Bacillus sp. 09:27 ± 0:146 09:97 ± 0:033 11:03 ± 0:033
K. planticola 09:07 ± 0:120 10:07 ± 0:120 11:77 ± 0:394
K. pneumoniae 10:23 ± 0:186 11:00 ± 0:000 15:53 ± 0:318
Serratia nematodiphila 10:20 ± 0:116 11:00 ± 0:000 14:00 ± 0:000
Streptococcus sp. 09:06 ± 0:177 09:67 ± 0:334 10:23 ± 0:234
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antibiotics disks impregnated with AgNPs were placed onto
the MHA medium inoculated with pathogenic bacterial iso-
lates. The inoculated plates were then incubated at room
temperature for 24 h. After the incubation, the zone of inhi-
bition was measured, and the assays were performed in trip-
licates. The enhancement in the fold area in the zone of
inhibition was evaluated by calculating the mean surface
area of the inhibition zone generated by an antibiotic (a)
and AgNPs impregnated with an antibiotic (b). The fold
increase area was calculated by the following equation.

b2 − a2
� �

a2
, ð1Þ

where a refers to the inhibition zones for antibiotic alone
and b refers to the AgNPs impregnated with antibiotic,
respectively [11].

2.5. Antifungal Susceptibility by the Well Diffusion Method.
Several pathogenic impacts of fungi have been stated in
plants and animals, as well as humans. The opportunistic
infections are caused by fungi such as Aspergillus niger,
Aspergillus fumigatus, Candida sp., and Aspergillus flavus.
Inoculum suspensions were prepared by scratching the sur-
face of the colonies via an antiseptic needle, and the fungal

spores were blended with 10ml sterilized distilled water.
Each fungal suspension was swabbed consistently using ster-
ile cotton swabs on sterilized Potato Dextrose Agar (PDA)
plates. With the help of a sterilized polystyrene tip, about 3
wells (5mm diameter) were prepared. Diverse concentra-
tions of AgNPs solution (50μl, 100μl, and 150μl) were
added to each well on all plates. Then, the plates were incu-
bated at 37°C for 48-78 h. A clear inhibition zone around the
wells was detected. For each organism, the inhibition zone
diameter was measured (in millimeter).

2.6. Anticancer Activity of AgNPs against HepG2 and A549
Cell Lines

2.6.1. Cell Viability Test. The in vitro cytotoxic effect of the
synthesized AgNPs on HepG2 and A549 cell lines were
evaluated by MTT assay [11]. Briefly, the cell lines were
plated separately in 96 well plates (1 × 104 cells/well) and
incubated for 24 h at 37°C in 5% CO2. Afterwards, the cells
were washed twofold with 100μl of serum-free medium
and starved for 1 h in CO2 incubator. Subsequently, the cells
were treated with various concentrations of AgNPs in the
range of 1-100μg/ml and again warmed at 37°C in CO2
incubator. After 24 h incubation, MTT (0.05mg/ml) was
added in every well and again incubated for 4 h. The MTT-
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Figure 8: Enhanced antibacterial activity of the synthesized AgNPs impregnated with diverse antibiotics in the Y-axis the antibiotics such as
TE (tetracycline), NV (novamycin), GEN (gentamycin), K (kanamycin), S (streptomycin), P (penicillin), C (cephalexin), AMP (ampicillin),
CIP (ciprofloxacin) against the bacterial strains in X-axis B. subtilis, Bacillus sp., K. planticola, K. pneumoniae, S. pnematodiphila, and
Streptococcus sp.
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Figure 9: Fungicidal activity of the synthesized AgNPs against the selected fungi. (a) C. albicans, (b) Fusarium sp., (c) A. fumigatus, (d) A.
niger, and (e) A. flavus.
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containing medium was thrown away and washed with
200μl phosphate buffer saline solutions. Then, the crystals
were dissolved by adding 100μl of DMSO and mixed well.
The appearance of purple blue formazan dye was measured
in a microplate reader (570 nm). The cytotoxicity of AgNPs
is analyzed using the GraphPad Prism 5 software.

2.7. Antioxidant Activity of AgNPs (DPPH Radical Scavenging
Activity). The formation of free radicals or the deficient
removal of reactive oxygen species can develop oxidative
damage to biomolecules. These damage leads to numerous
sicknesses for human, such as tumor, atherosclerosis, diabe-
tes, maturing, and other degenerative disorders [12]. DPPH
(2,2-diphenyl-2-picrylhydrazyl) is a stable free radical that
accepts an electron or hydrogen radical from the antioxi-
dant compound and gets reduced to a stable diamagnetic
molecule. The reduction of DPPH is associated with color
change from pink to yellow. The scavenging ability of
DPPH free radicals by fucoidan extract-mediated AgNPs
and vitamin C was used as standard as mentioned in the
previous study [13]. The percentage of inhibition was calcu-
lated by utilizing the following equation:

%Inhibition

= absorbance of control − absorbance of test sample
absorbance of control

� �
× 100:

ð2Þ

3. Results and Discussion

3.1. Visual Inspection and UV-Visible Spectroscopy of AgNPs.
The formation of AgNPs by aqueous solution of fucoidan at
room temperature was affirmed by visual examination. As
appeared in Figure 1, the color of the reaction mixture
change from yellow to brown which shows the generation
of silver nanoparticles, due to the reduction of Ag ions into
AgNPs through the active molecules present in the fucoidan
extract. This color is credited due to the excitation of surface
plasmon spectra (SPR). Moreover, the formation of AgNPs
was followed by measuring the UV-visible absorbance at
various time intervals in the range of 350–650nm (Figure 2).

3.2. X-Ray Diffraction Analysis. The crystalline nature of
AgNPs was confirmed by XRD (Figure 3). The diffraction
patterns showed four distinct peaks at 2θ = 38:15°, 44:30°,
64:53°, and 76:96°. These peaks can be indexed to the
(111), (200), (220), and (311) reflection planes which pre-
dicts the face centered cubic structure (fcc) of AgNPs in
agreement with the previous study.

3.3. Transmission Electron Microscopy. The TEM image of
AgNPs showed monodisperse nanoparticles with spherical
shape in the size ranges from 4 to 45 nm (Figure 4(a)). More-
over, the crystalline nature of the nanoparticles is evidenced
by the selected area electron diffraction (SAED) patterns
with bright circular spots matching to (111), (200), (220),
and (311) planes. The SAED pattern results stay in concor-
dant good agreement with the previous study [14].

3.4. Energy-Dispersive X-Rays (EDX). The elemental outline
of the synthesized AgNPs (Figure 5) showed higher propor-
tion of silver at 3 keV. Mostly, metallic silver nanoparticles
display distinctive optical absorption peak almost at 3 keV
due to their surface plasmon resonance.

3.5. Fourier Transform Infrared Spectroscopy. The inorganic
biomolecules in the fucoidans responsible for the synthesis
of silver nanoparticles were analyzed by using the FT-IR
analysis (Figure 6). Silver nanoparticle-synthesized Fv-
fucoidan had the absorption band at 3068 cm-1, showing
C-H stretching groups of aromatics, and the low absorption
band shows at 2655 and 2325 cm-1, indicating the presence
of O-H stretching carboxylic groups. The band at 1560 cm-1

corresponds to amides of N-H bending group, 1363 cm-1

shows aliphatic nitro groups, and 994 cm-1 shows =C-H
bending of alkenes groups. The small bands at 702 and
490 cm-1 indicate the presence of alkyl halides.

3.6. Antibacterial Activities of Fucoidan-Mediated Silver
Nanoparticles. The result demonstrated that AgNPs display
great bactericidal action against Gram-negative and Gram-
positive microscopic organisms. The Gram-negative bacteria
(K. planticola, K. pneumoniae, and Serratia nematodiphila)
indicated bigger inhibition zones than the Gram-positive
bacteria (Bacillus Subtilis, Bacillus sp., and Streptococcus
sp.) (Table 1).

This might be due to the variety in the composition of
their cell walls [14, 15]. The bactericidal action increases by
increasing the AgNP concentration. Interestingly, the com-
bination of AgNPs and diverse antibiotics demonstrated a
synergistic impact. It was observed that AgNPs impregnated
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with novobiocin and penicillin disks showed a great inhibi-
tion zone (Table 2 and Figures 7 and 8) compared to the
novobiocin and penicillin antibiotic-treated S. nematodi-
phila (6mm), penicillin-treated B. subtilis (5mm), Bacillus
sp. (8mm), and Streptococcus sp. (8mm), and ampicillin-
treated B. subtilis (11mm) and Streptococcus sp. (9mm).

3.7. Antifungal Activity of Fucoidan-Mediated Silver
Nanoparticles. The synthesized AgNPs showed excellent
fungicidal activity against all chosen clinical isolates
(Figures 9 and 10). The inhibition zone increases in a spe-
cific order ranging from Fusarium sp. (22:43 ± 0:296) > C.
albicans (20:07 ± 0:067) > A. niger (17:87 ± 0:241) > A.
fumigatus (17:50 ± 0:501) > A. flavus (12:97 ± 0:261). The
minimal fungicidal action was noted against A. flavus.

3.8. Anticancer Activity of AgNPs against Liver and Lung
Cancer Cell Lines. The liver and lung cancers are the most
common cancers causing a lot of death globally. The results
of anticancer action imply the high cytotoxic activity of the
synthesized AgNPs against the tumor cells (HepG2 and
A549) when compared with the standard cyclophospha-
mide. The cytotoxic effect of fucoidan-mediated silver nano-
particles was higher in A549 cell line than HepG2. As the
concentration of AgNPs increases, the cytotoxicity also
increases as predicted in Table 3.

3.9. DPPH Radical Scavenging Activity. The free radical
scavenging activity by the DPPH (2,2-diphenyl-2-picrylhy-
drazyl) method showed higher activity in the green synthe-
sized AgNPs when compared with fucoidan and vitamin C
(standard). The antioxidant activity of AgNPs displayed
significant dosage-dependent inhibition (Figure 11). The
maximum inhibition percentage of AgNPs at 10μg/ml con-
centration was recorded to be 84% for DPPH scavenging.

4. Discussion

Noble metals are known to exhibit unique optical properties
due to the excitation of SPR. A distinctive surface plasmon
resonance (SPR) band was observed at 430nm after 24 h
which is characteristic for AgNPs. As the incubation time
was increased, the absorbance of SPR band increased too
without band shift. This clearly reflects the development of
AgNPs. The stability of the formed AgNPs was evidenced
by measuring its UV-Vis absorbance after two months
where no alteration in absorbance or shapes of bands was
recognized. In the XRD results, the intensity of these peaks
(111), (200), (220), and (311) reflects the high degree of crys-
talline nature of the AgNPs [11].

The EDX spectrum additionally shows that the weak sig-
nals for oxygen, nitrogen, and carbon were observed. This
could be due to the biochemical molecules of Fv-fucoidan
responsible for AgNP synthesis and stabilization [14]. In
concurrence with previous studies, the AgNPs impregnated
with antibiotics showed fine antibacterial action when com-
pared with AgNPs and antibiotics separately [16, 17]. These
are essential results to prompt a diminishment in the
amount of medications important to treat illnesses, subse-
quently reducing side effects and improvement of antibacte-
rial action against drug-resistant bacterial strains.

Despite the fact that it is more pathogenic, it also has
more noteworthy harmfulness and produces mycotoxins.
Moreover, the increase in AgNPs concentration reduces
the antifungal action in a dose-dependent manner [35].
The cytotoxic effect of AgNPs is due to the physicochemical
interaction of silver atoms with the functional groups of
intracellular proteins, as well as with the phosphate group’s
nitrogen bases in DNA [2]. Some of the approved chemo-
therapeutic agents were identified to cause side effects.
Accordingly, there is an imperative need to create alternative
drugs against these deadly diseases. Thus, the green synthe-
sized AgNPs from fucoidan extract act as a powerful free
radical scavenger and thus establish their therapeutic
importance [11, 35].

Table 3: Anticancer activity of AgNPs against liver (HepG2) and lung (A549) cancer cell lines.

AgNPs conc. (μg) 1 10 25 50 100

HepG2
% cell viability (treatment) 90.48 74.23 59.25 47.56 32.22

% cell viability (cyclophosphamide) 87.81 73.40 23.21 1.93 1.48

A549
% cell viability (treatment) 98.27 89.26 75.20 68.25 50.14

% cell viability (cyclophosphamide) 85.57 68.64 37.90 19.30 5.40
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Figure 11: DPPH radical scavenging activity of fucoidan, fucoidan-
stabilized AgNPs, and vitamin C as standard X-axis indicates the
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5. Conclusion

In the current study, we have recognized an ecofriendly,
cost-effective, and facile method for the synthesizing AgNPs
using fucoidan extract from Fucus vesiculosus source (brown
marine algae) at ambient temperature as an effective green
reducing and stabilizing agent. The spectroscopic character-
ization methods display the formation of stable, crystalline,
and spherical shape of AgNPs with size ranges from 4 to
45 nm. The synthesized AgNPs show good antimicrobial
activity against the selected six pathogenic microorganisms.
They also showed a synergistic effect on the antimicrobial
activity of the standard antibiotics. Moreover, AgNPs inhibit
the cell viability of liver cancer cells lines (HepG2) and lung
cancer cell lines (A549). In vitro antioxidant assays illus-
trated that AgNPs have the potential scavenging activity
against DPPH. The conventional chemical methods for syn-
thesizing nanoparticles are costly and time consuming and
pose a great threat when disposed in environment, and con-
tact with these chemically synthesized nanoparticles might
result in major diseases like skin cancer and lung cancer.
Therefore, this green synthesis approach appears to be an eco-
friendly alternative to the conventional chemical methods and
stands as an effective alternative drug that can be used for
biomedical applications in the future.
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Fullerene molecules are composed of carbon in the form of a hollow sphere, tube, or ellipsoid. Since their discovery in 1985, they
have gained a lot of attention in many science fields. The unique carbon cage structure of fullerene provides immense scope for
derivatization, rendering potential for various industrial applications. Thus, the prospective applications of fullerenes have led to
assorted fullerene derivatives. In addition, their unique chemical structure also eases them to be synthesized through various
kinds of conjugating techniques, where fullerene can be located either on the backbone or the branch chain. In this review, we
have compiled the toxicity and biosafety aspects of fullerene in aquatic organisms since the frequent use of fullerene is likely to
come in contact and interact with the aquatic environment and aquatic organisms. According to the current understanding,
waterborne exposure to fullerene-based nanomaterials indeed triggers toxicities at cellular, organic, molecular, and
neurobehavioral levels.

1. Introduction and Application of Fullerene

1.1. Introduction of Fullerene. Carbon is known to be found in
two allotropes, namely, diamond and graphite. In 1985, Kroto,
Curl, and Smalley discovered another allotropic form of car-
bon, which was fullerene. Because of the discovery and their
pioneering efforts, they received the Nobel Prize in 1996 [1].
Fullerenes are regarded as three-dimensional analogs of ben-
zene and composed of carbon atoms that are joined by single

and double bonds. Together with fused rings of five to seven
carbon atoms, these bonds form a closed or partially closed
mesh. Carbon atoms in a fullerene molecule can be found in
a variety of sizes and shapes, including hollow spheres, ellip-
soids, and tubes [2, 3]. The discovered fullerenes consist of var-
ious n numbers of carbon atoms, which obeyed a specific rule.

C60, one of the most well-known and abundant forms of
fullerenes, is composed of n = 60 carbon atoms, which are
arranged in a spherical cage structure of about 7Å in diameter.
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Furthermore, to honor the inventor of geodesic domes in the
1960s, it also goes by the name of buckminsterfullerene [2].
Informally, C60 fullerenes are also known as buckyballs since
their shape resembles a soccer ball shape. In C60 fullerenes,
there are two types of C-C bonds with distinct lengths:
C5-C5 single bonds in the pentagons and C5-C6 double
bonds in the hexagons with 1.45Å and 1.40Å in distance,
respectively [4]. The C60 has a low specific gravity relative to
the diamond (1.65 compared to 3.51). Chemically, the mole-
cule is very stable owing to the fact that destruction of the
cages requires temperatures above 1000°C [4, 5]. In addition,
besides C60, other fullerenes can consist of numerous carbon
atoms, ranging from 30 to 980, creating various structures
with different characteristics and applications.

1.2. Applications of Fullerene. These new forms of carbon’s
distinctive physical and chemical properties have taken
numerous scientists to propose several technological applica-
tions. Nowadays, C60 molecules have attracted a lot of atten-
tion since they have a high electron affinity and antioxidant
and radical scavenging properties, which can absorb many
free radicals responsible for aging the skins and grafting sur-
factants or hydrophilic polymers in aqueous environments
[6–8]. Fullerenes can be integrated into shafts and frames
for strengthening composite materials with very thin-walled,
lightweight, robust carbon structures that make them cur-
rently be applied in cosmetic products and sporting goods
industries [9]. Recently, several investigations suggested that
a lot of the proposed fullerenes are applicable in many areas,
including information technology devices, lubricants, cata-
lysts, diagnostics, pharmaceuticals, polymer modifications,
energy applications, and environmental fields [2, 3, 6, 10].
Furthermore, the unique cage structure of fullerenes, coupled
with their immense scope for derivatization, opens up the

potential of fullerenes to be a therapeutic agent. In addition,
it has also been extensively used in many biomedical applica-
tions, including MRI contrast agents, X-ray imaging contrast
agents, anti-HIV drugs, targeted drug delivery systems, and
photodynamic therapy [11–13]. Therefore, the production
and usage of fullerenes are expected to escalate in the future.
However, most fullerenes are nonbiodegradable molecules
whose potential toxicity has not been thoroughly investigated
so far. The increased demand for fullerenes and their mass
production have raised biosafety and environmental con-
cerns. In vivo toxicity testing provides intact systems for the
prediction of biological responses. Aquatic invertebrates
and vertebrates provide cost, labor, and time-effective plat-
forms for these studies. These in vivo study models provide
results on many cellular, anatomical, and physiological char-
acteristics. Moreover, their small size, speedy development,
and short life cycle make them attractive for evaluating nano-
material’s toxicological effects. Various methods of toxicity
assessments have been developed at different levels of these
in vivo model systems, such as morphological alterations
assessed under a microscope, cellular alterations, gene/-
protein expression alteration, biochemical analysis, and
behavior alterations. The applications of fullerene, aquatic
invertebrate, and vertebrate model systems used to assess
the toxicity and methods of toxicity analysis of fullerene are
compiled in Figure 1.

2. Types and Chemical
Composition of Fullerene

2.1. Types of Fullerenes. Fullerenes occur in nature and have a
similar structure to graphite, except that they may contain
pentagonal rings [14]. Small quantities of fullerene in the
form of C60, C70, C76, and C84 might be found hidden in

Polymer
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technology devices

Lubricants

Aquatic invertebrate and vertebrate models

Morphological
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Cellular
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Behavioral
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Catalysts Diagnostics Drug delivery

Figure 1: Summary of applications, animal models, and methods of fullerene toxicity assessment in aquatic species. The industrial and
biomedical applications of fullerene were compiled in the upper panel (pink color). The invertebrate and vertebrate animal models used to
perform fullerene toxicity assessment were compiled in the middle panel (blue color). The various methods used to detect fullerene-
induced changes at either morphological, cellular, gene/protein expressional, or behavioral levels were summarized in the bottom panel
(green color).
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carbon soot [15]. In 2010, by using Spitzer infrared telescope,
NASA also found C60 and C70 in a cloud of cosmic dust sur-
rounding a star [16]. Generally, the synthesis of these fuller-
enes starts by forming fullerene-rich soot. The original
process generates an electric arc between two graphite rods
in an inert atmosphere resulting in a vaporized carbon that
is subsequently cooled into sooty residue [1, 17]. In addition,
laser ablation of graphite targets or laser pyrolysis of aromatic
hydrocarbons can also form carbon soot [17]. By contrast,
combustion is the most effective method to produce com-
mercial fullerenes in high-temperature, low-pressure pre-
mixed flat flames [18]. Later, through these chemical
processes, a solid mixture of various fullerenes and other car-
bons is formed. Afterward, by using suitable organic solvents,
small amounts of fullerenes are extracted from the soot and
separated by liquid chromatography [17].

The closed buckyballs and cylindrical carbon nanotubes
are two major fullerene classes with distinct properties and
applications, although some hybrid structures also exist
besides these families, including carbon nanobuds. These
classes have unique properties due to their carbon atom
arrangement. Each carbon atom in the closed fullerenes,
especially C60, bonds to three others and is sp2 hybridized.
These delocalized electrons on the surface of a three-
dimensional structure stabilize the spheroid structure of C60
by resonance [19]. Distorted buckyballs with n = 24, 28, 32,
36, and 50 were also obtained, but they are predicted to be
unstable. Other relatively common clusters with n = 70, 72,
74, 76, 80, 82, and 84 exist but are less abundant in the exper-
imentally produced carbon soot [20]. A general rule is
observed that the chemical reactivity significantly decreases
with the increasing size of the fullerene molecule. The closed
buckyballs, in contrast to graphite, are not electrically con-
ductive. Due to their spherical shape, buckyballs are well
known as suitable lubricants. Moreover, buckyballs might
be useful in medicine deliveries in the future because of their
unique and hollow cage. On the other hand, cylindrical ful-
lerenes, another major family of fullerenes, are known as car-
bon nanotubes or buckytubes. Every nanotube is a single
molecule consisting of millions of carbon atoms. Generally,
this molecule’s width is only a few nanometers; however,
the length ranges from less than a micrometer to several mil-
limeters [21]. Most of the time, the nanotubes have closed
ends; however, it is also possible to be open-ended. Carbon
nanotubes exhibit higher tensile strength, flexibility, elastic-
ity, and high thermal conductivity [22, 23]. They are often
utilized to reinforce composite materials with improved
mechanical, electrical, and thermal properties. In addition,
these nanotubes may act electrically as either a metal or a
semiconductor depending on the hexagonal units’ orienta-
tion in the tube wall with the tube axis [24].

2.2. Chemical Composition of Fullerene. Since every fullerene
possesses abundant cyclohexanes, they are very aromatic and
have stable and inert carbon bonds. The insolubility in aque-
ous media and poor miscibility of fullerenes limit the biolog-
ical applications, and its strong tendency to form self-
aggregate also leads to phase separation problems [25, 26].
Since pristine fullerenes and carbon nanotubes lack hydrogen

atoms or other groups on their surface, they cannot undergo
substitution reactions. Because of this reason, they need to
carry out surface modification in order to promote the func-
tionalization on their surface [26]. It is worth noting that ful-
lerenes are the only known allotropic carbons that are soluble
in common organic solvents (for example, toluene) despite a
limited solubility in most solvents [4, 26–28]. Once fullerenes
are dissolved in organic solvents, various chemical reactions
tend to proceed in solution, and thus, numerous fullerene
derivatives are formed. In producing these derivatives, fuller-
enes can undergo various chemical reactions, e.g., oxidation,
reduction, nucleophilic substitutions, halogenations, hydro-
genations, radical additions, transition-metal-complex for-
mations, and regioselective functionalization reactions [2].
By attaching active groups to their surface and modifying
their basic properties to be adjusted to specific functions,
the increment in fullerenes reactivity has been demonstrated.

Functionalized buckyballs are primarily divided into
two classes: endohedral and exohedral fullerenes. Exohe-
dral fullerenes are formed with substituents outside their
cages, while endohedral fullerenes are formed with trapped
atomes or molecules inside their cages [27]. These endohe-
dral and exohedral derivatives have been shown to exhibit
attractive photonic, electronic, superconducting, lubrica-
tion, biomedical, and magnetic properties due to their
unique structures [25]. Similar studies have shown that
the carbon nanotubes require chemical modifications by
attaching the functional groups to improve the compatibil-
ity, processing, and solubility with host materials in the
engineering of multifunctional materials [29, 30]. Accord-
ingly, the chemical modifications maintain the interesting
pristine fullerenes electrochemical, chemical, and physical
properties and make them more applicable and reactive
for many applications [31].

3. Interaction of Fullerene with Aquatic
Invertebrates in reference to Bioavailability,
Toxicity, and Biosafety

The invertebrates are among the target groups for nanoparti-
cle (NP) ecotoxicity due to their highly developed cellular
internalization processes, such as phagocytosis and endocy-
tosis, of nano- and microscale particles that are essential for
physiological functions (cellular immunity and intracellular
digestion). The biologic, ecologic, and toxicologic character-
istics of invertebrates render them a suitable model to detect
chemicals and pollutants in typical habitats, primarily via
bioaccumulation potential. In addition, invertebrates also
offer an advantage to evaluate the individual effect of expo-
sure to the tested chemicals. Assumptions have also been
made that the invertebrate model can be used to predict the
effects of some toxicants at population and community levels.
Thus, they can early indicate the ecosystem function and
structure’s deterioration or restoration [32]. We are going
to discuss the effects of fullerene in aquatic invertebrate
organisms in the current section.

First, the chronic toxicity of fullerene C60 was tested on
Chironomus riparius, also known as the harlequin fly, and
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hypothesized that higher food concentration could reduce
the toxic response. This 10-day test was performed by using
Urtica sp. as food in two different concentrations, which were
0.5 and 0.8%. The test was conducted in sediment that con-
tained fullerene with masses of 0.36 to 0.55mg/cm2. The
results demonstrated that at 0.5% food treatment, a signifi-
cant difference in growth-related endpoints was found,
whereas little effect was observed for the higher food concen-
trations than the control group. Furthermore, although they
found agglomerates of fullerene in the gut, the microvilli were
damaged. Taken together, this finding demonstrated the ful-
lerene’s potential toxicity to C. riparius in terms of morpho-
logical changes and larval growth inhibition [33]. Next, a
similar study on the chronic effects of C60 on different life
stages of C. riparius in 10-day growth (larvae) and 42-day
(adult midges) emergence tests was conducted. The results
showed a decrease in body length at a concentration of
0.0025-20mg/kg C60, but effects disappeared at higher con-
centrations. The study stated that small fullerene agglomer-
ates more significantly affected C. riparius than the large
ones, as shown with high doses of C60. Further, a bell-
shaped dose-response relationship was observed in the C60
exposure results, which might be caused by the relative
growth pattern. This dose-response relationship makes eco-
logical risk assessment of C60 more difficult since several
effects occur at low concentrations [34].

Several prior studies had assessed the toxicity of C60 in
Mytilus. First, the toxicity of C60 at 1, 5, and 10μg/ml concen-
trations was investigated in marine bivalveMytilus. From the
results, the C60 expressed no significant effect in lysosomal
membrane stability, which indicated an absence of a major
toxicity effect. However, C60 suspension led to the release of
lysozyme and extracellular oxyradical and nitric oxide pro-
duction in a concentration-dependent manner. Therefore,
the results supported the speculation about the bivalve
immune system as a key target of NPs [35]. Forward, in a
similar study with Mytilus sp., a marine mussel, they were
exposed for three days to either 0.10-1mg/l of C60 and 32-
100μg/l of polycyclic aromatic hydrocarbon (PAH) fluoran-
thene or the combination of both compounds. The observed
results depicted a concentration-dependent increase in DNA
strand breaks caused by C60 and fluoranthene individually;
however, their combined exposure enhanced the level of
DNA strand breaks together with a twofold increment in
total glutathione (GSH) content, indicating oxidative stress.
The work concluded the generation of toxic response and
damage with additive effects. Afterward, the research group
suggested further analysis of C60 and fluoranthene alone or
in combination for a longer duration to establish concrete
toxicity results [36]. Further, Mytilus galloprovincialis Lam.
were also exposed to C60 at 0.01, 0.1, and 1mg/l concentra-
tion for 72h. Later, the accumulation of C60 in the digestive
gland was demonstrated to induce dephosphorylation of
mTOR with no oxidative stress for cellular distribution of
C60 at 0.01mg/l concentration. The study suggested that
mussels’most affected functions were related to the organiza-
tion of the cytoskeleton, energy metabolism, and lysosomal
activity [36, 37]. Lastly, in another report on Mytilus gallo-
provincialis, the mussels were exposed to C60 (0.01, 0.1, and

1mg/l), B[a]P (5, 50, and 100μg/l), and B[a]P (5, 50, and
100μg/l) in combination with C60 (1mg/l). Afterward, the
uptake of each treatment group was measured by a different
set of chromatography techniques. The study supports the
hypothesis of an interaction between these two compounds
and demonstrated an antagonistic relationship at the geno-
toxic and proteome expression level. However, as this effect
is observed on a single concentration, the research group fur-
ther suggested that other dosage concentrations should also
be investigated [37, 38].

Further, ecotoxicities of several fullerenes (C60, C70, and
C60-phenyl-C61-butyric acid methyl ester (PCBM)) on Lum-
briculus variegatus (California blackworm), a benthic organ-
ism, were assessed. The results indicated that 25 to 150mg/kg
of C60 reduce the population growth of L. variegatus, even
though no effect on the organism’s growth or weight was
observed after treated with 25mg/kg of C70 [38, 39]. Simi-
larly, in another study, 10 and 50mg/kg dry mass of C60 were
exposed to L. variegatus for 28 days. Later, it was found that
the survival rate or reproduction of L. variegatus was not
affected by C60. However, the impairment of feeding activity
observed in the study indicated the C60’s disruptive effect on
worm feeding. In addition, electron and light microscopy
also detected C60 agglomerates in fecal pellets, and they were
not absorbed in gut epithelial cells. This study also reported
that through feeding and egestion, fullerene transfer from
sediment-to-sediment surface occurred in L. variegatus. This
phenomenon might increase the bioavailability of C60 to epi-
benthic organisms and facilitate the C60 transfer in the food
web [39, 40].

The acute toxicity of C60 was also assessed on Daphnia
magna, Hyalella Azteca, and Copepods. The 21-day exposure
of C60 in different concentrations (2.5 and 5ppm) generated
a significant delay in molting and a reduction in offspring
production, producing impacts at a population level [40,
41]. Further toxicity tests were performed in Daphnia magna
and Moina macrocopa with 4 h/d sunlight exposure, testing
the photo-toxicity of fullerene by the environmental level of
ultraviolet light. The neonates were exposed acutely to
aqu/nC60 filtered through 0.2μm (0, 0.462, 0.925, 1.85, 3.70,
and 7.40mg/l) and filtered through 0.45μm (0, 0.703, 1.40,
2.81, 5.62, and 11.2mg/l) at 21 ± 1°C, and observations were
recorded at 24, 48, 72, and 96 hours. From the results, antiox-
idant enzyme activities were observed to be increased by
coexposure to C60 aqueous suspensions and sunlight. The
results demonstrated that fullerene led to oxidative damage
to D. magna, aggravated by natural sunlight [41, 42]. Next,
in another study, C60 NPs were prepared at different concen-
trations by sonication (0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10ppm)
and ultrafiltration (40, 180, 260, 350, 440, 510, 700, and
880 ppb) before exposure to Artemia salina for 1, 6, 12, 24,
36, 48, and 96 h for acute toxicity testing. The results showed
that sonicated C60 caused varied mortalities in different cho-
sen stages of this brine shrimp at 15-24 h, 24-48 h, 72-96 h, 6
to 7 days old, and adult. In contrast, filtered solution showed
increased mortality with increased C60 NP concentrations
[42, 43]. Next, a prior study analyzed the antioxidant and
oxidative damage responses in the several regions of Lophio-
toma acuta (marbled turrid) and a bacterium (feeding on
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mucus produced by L. acuta) after C60 exposure for 24h.
After 1.0mg of C60/l was administered, low levels of antioxi-
dant capacity and lipid peroxidation were displayed in the
anterior region of L. acuta, indicating that complex interac-
tions between estuarine organisms and associated bacteria
could be compromised by nanomaterials, which is C60 in this
case. This finding highlights the importance of proper evalu-
ation of C60 usage, considering the ecological consequences
[43, 44]. Next, C60 was tested in Daphnia magna for 48 h
acute toxicity tests. From the results, C60 increased the mor-
tality rate with an increased concentration of C60 and caused
even more severe toxicity effects at lower C60 concentrations
[44, 45]. Similarly, the amount of C60 stored in the body at a
particular time due to the exposure of C60 was also evaluated
on Daphnia. After being treated with 1mg/l of C60, C60 was
taken with a body burden of 413μg/g wet weight. C60 was
observed to be accumulated significantly in the gut of
Daphnia. Moreover, gut impairments, reduced digestion
and filtration rates, and inhibited several digestive enzymes,
such as β-galactosidase, trypsin, cellulose, and amylase, were
shown after the exposure. The research work provides evi-
dence for limitation in energy acquisition and increases in
oxidative damage in Daphnia that might be associated with
the C60 bioaccumulation, which causes immobility and mor-
tality later [45, 46]. In another similar study with the same
animal model, the toxicity of C60 in artificial freshwater was
investigated. After 2mg/l of fullerene solution was adminis-
tered for 24 hours, the wet weight of the organism’s wet mass
was 4:5 ± 0:7 g/kg. However, after depuration for 24 and 48 h
in clean water, 46% and 74% of accumulated fullerene,
respectively, were eliminated. Also, large aggregates of fuller-
enes were found in the gut of Daphnids. Taken together, the
study suggested that D. magna might have contributed to
carrying fullerene from one trophic level to another because
of their significant uptake of fullerene and relatively slow
depuration [46, 47]. Further, another behavior study in D.
magna also discovered that chronic exposure of nC60
(21 days) in different concentrations (0.1 or 1mg/l) yielded
a reduction in their feeding ability, hopping, and heartbeat
frequencies. Later, the transcriptome analysis depicted this
phenomenon which is possibly due to alterations in some
underlying physiological functions, including protein degra-
dation, reproduction, energy metabolism, and cell structure
repair [37, 38]. Similarly, C60 and PCBM (is a solubilized ver-
sion of the C60) were not found to be acutely toxic when
tested at 5, 10, 25, and 50mg/l for 21 days, while C70 had sig-
nificant acute toxic effects. However, C60, C70, and PCBM
depicted heart rate elevation over time [47, 48]. In addition,
another study demonstrated that accumulated C60 in D.
magna could be transferred to zebrafish through dietary
exposure and accumulated mostly in the intestines; however,
no magnification was found [48, 49].

Taken together, we envisage that when exposed to
Daphnia magna, the suspended C60 nanoparticles revealed
protection against short-term UV and fluoranthene photo-
induced toxicity, although it caused cellular damage. The cel-
lular components, such as microvilli, mitochondria, and
basal unfolding, are protected by C60, which evidenced by
transmission electron microscopy in organisms after being

shortly exposed to UV and fluoranthene photo-toxicity,
while longer exposure time (21 days) of C60 at low concentra-
tion led to significant cellular damage in the alimentary canal
of Daphnia magna [49, 50]. Further, when C60 was analyzed
in Perinereis gualpensis (a Polychaete species), there were no
oxidative damage, GSH (glutathione), and GCL (glutamate
cysteine ligase) observed in all tested concentrations, even
though after 2 and 7 days, the antioxidant capacity was found
to be elevated in the treated group, suggesting a possibility for
fullerene acting as an antioxidant [50, 51]. The summary of
the toxicity of fullerene-based nanomaterial to aquatic inver-
tebrates is described in Table 1.

4. Interaction of Fullerene with Aquatic
Vertebrates in reference to Bioavailability,
Toxicity, and Biosafety

Identification of nanomaterial toxicity is challenging since
the potential usage of nanomaterial exposes them to the envi-
ronment and eventually harms human health. The assess-
ment of cytotoxicity of nanomaterials is important to
understand the actual interaction and interpretation in a bio-
logical organism. The quality of NPs depends on the disper-
sion medium used for their suspension, which may add to
their cytotoxicity potential. The main concern of fullerene
testing is to identify the associated risk factors. In addition,
the defined conditions of laboratories play a large part in
understanding the toxicology profile. The comprehension
of nanomaterial interaction inside the biological body is
essential to understand all aspects of cells, organs, and blood
systems. The vertebrate system plays a significant part in pro-
viding cheap, easy, and time-efficient animal models to assess
toxicity rapidly. In a prior study, fullerenes (100-500 ppb of
C60 and C70 and 500-5000 ppb of C60(OH)24) were adminis-
tered 24-96 hours of postfertilization (hpf) zebrafish embryo.
The results showed that while C60 alone led to apoptotic and
necrotic cell death, both C60 and C70 were demonstrated to
cause mortality, malformations, and pericardial edema in
the embryos. On the other hand, even though C60(OH)24
exposure increased embryonic cellular death, it did not lead
to apoptosis. Therefore, the study suggested less toxicity of
C60(OH)24 compared to C60 [52]. Furthermore, in a similar
study in the embryonic zebrafish model conducted by Henry
et al., the depletion of C60 from exposure medium and
embryonic zebrafish uptake was evaluated [53]. Later, it
was found that around 90% of C60 could be recovered from
zebrafish embryo extracts. The toxicological assay revealed
that sorption to test vials caused the loss. After 6 hours, this
absorption already resulted a decrease of exposure solution
to less than 50% of the initial dose. The embryo uptake of
C60 increased throughout the 12 h exposure. The study sug-
gested that it is necessary to measure the time course of the
C60 dose to determine the range of concentrations to which
the organism will be exposed. Furthermore, in a prior exper-
iment done by Zhu et al., the Danio rerio embryo was
exposed to nC60 to analyze the developmental toxicity in a
96 h exposure [54]. The results demonstrated that 1.5mg/l
of nC60 delayed the development of the zebrafish embryo
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and larvae, reduced the hatching and survival rates, and
caused pericardial edema, whereas 50mg/l of fullerol hydrox-
ylated C60 derivative did not affect the zebrafish embryos.
The study also showed that the addition of an antioxidant
(glutathione) mitigated the toxicity, suggesting the develop-
mental toxicities are regulated by a free radical-induced
mechanism or another form of oxidative stress. Furthermore,
in the following study reported by Henry et al., C60 in two dif-
ferent forms (C60-water) and tetrahydrofuran (THF-C60)
were exposed to larval zebrafish to assess the changes in sur-
vival and gene expression [55]. The results demonstrated that
the zebrafish larval survivability was compromised in THF-
C60 and THF-water. However, this phenomenon was not
observed in the C60-water treatment group. In addition, in
terms of gene expression, the biggest difference was displayed
in the THF-C60 group. The research indicated that toxic
effects found in this study might be associated with the prod-
ucts of THF degradation rather than C60. Additionally, this
also may explain the C60 toxicity found in other findings.

In another in vivo study conducted by Sarasamma et al.
[56], waterborne C60 was exposed to adult zebrafish for 12
days at 1 and 2ppm concentrations, respectively, and fish’s
behavioral alterations were measured by phenomics
approach. The results showed the alteration in fish’s locomo-
tor activity, response to a novel environment, aggression
level, shoal formation, and color preference. Moreover, the
fish also displayed dysregulation in the circadian rhythm
locomotor activity. The corroboratory biochemical test
results showed the induction of oxidative stress and DNA
damage, followed by a significant reduction in antioxidative
capacity and ATP level. The research group concluded low
concentration of C60-induced multiple behavioral abnormal-
ities in adult zebrafish. Similarly, in another prior study also
conducted by Sarasamma et al. [57], the potential adverse
effects of fullerene C70 exposure were assessed on adult zebra-
fish. Two different doses, 0.5 ppm and 1.5 ppm, were exposed
to adult zebrafish for two weeks. Similar to C60 results, the
results showed abnormalities in locomotion, explorative
behavior, aggressiveness level, conspecific social interaction
behavior, shoal formation, anxiety elevation, and circadian
rhythm locomotor activity. Also, biochemical marker tests
revealed a significant increase in superoxide dismutase
(SOD), reactive oxygen species (ROS), cortisol, Hif 1-α,
ssDNA, TNF-α, and IL-1ꞵ in brain and muscle tissue, con-
cluding several and similar toxic effects in altering the neuro-
behavior parameters of zebrafish after exposed to fullerene-
based nanomaterials [57]. Taken together, the studies per-
formed on Danio rerio in the embryos and adult stages indi-
cate the importance of concentration range and exposure
time in assessing the toxicity effect of fullerene over verte-
brate model since different toxicological effects are observed
in different studies under different concentrations and tests
performed. To establish a concrete result of the toxicological
effect of fullerene, it is necessary to accumulate more data on
different parameters.

Next, in a previous study done by Oberdörster, when
0.5 ppm of uncoated nC60 was exposed to largemouth bass,
Micropterus salmoides, for 48 hours, it resulted in significant
lipid peroxidation in the brain [58]. In addition, GSH was

observed to be marginally decreased in the fish’s gills with
an increase in water clarity. Further, in another experiment
on Anabas testudineus, a freshwater fish, C60 was demon-
strated to induce toxicity, specifically on reproductive param-
eters, after being exposed for 60 days at 5mg/l and 10mg/l.
The results showed a reduction in gonadal steroidogenesis
with a decrease in steroidogenic enzymes, 3β- and 17β-
hydroxysteroid dehydrogenase. Furthermore, a significant
decrement was also observed in the serum testosterone and
estradiol in male and female fish, respectively, in concentra-
tion- and time-dependent manners. Thus, the study sug-
gested stress induced by administration of C60 leads to
reproductive toxicity in Anabas testudineus [59]. In a similar
study protocol on Anabas testudineus, the toxic effect of C60
was evaluated on their behavior and hematology levels at 5
and 10mg/l for 96 h and 60 days. The decline in acetylcholin-
esterase (AChE) enzyme activity in brain tissue showed
prominent changes in fish behavior. Furthermore, the hema-
tological parameter showed a significant reduction in blood
cells with increased alanine and aspartate aminotransferase
in serum. The results concluded that the sublethal concentra-
tion of C60 generates toxicity by affecting the normal physiol-
ogy of A. testudineus, which might affect the ecosystem’s
health status [59, 60].

Forward, in another prior study by Sumi and Chitra and
Blickley and McClellan-Green., the role of C60 was evaluated
on the role of the brain antioxidant system of cichlid fish,
Pseudetroplus maculatus [60, 61]. In their study, 0.1mg/l of
C60 was administered to the fish for 96 hours. The results
demonstrated no significant alterations in terms of the brain
weight, whereas the notable reduction in antioxidant
enzymes (like catalase, SOD, and GSH) and a significant
increase in hydrogen peroxide and lipid peroxidation were
found after 48 h C60 treatment. Also, acetylcholinesterase
(AChE), a marker enzyme for the brain, showed a significant
reduction after exposure to C60 at the end of 48-96 h. Thus,
the work showed that the administration of C60 has adverse
effects on the fish brain. The aqueous suspensions of C60
aggregates were studied on marine teleost Fundulus heterocli-
tus of an embryo, larvae, and adult stages. In natural seawa-
ter, the aggregates of C60 are mixed and precipitated in
bottom water after 24 hours, resulting in very low mortality.
No median lethal doses could be calculated at a concentra-
tion below 10mg/l. In addition, even though the C60 aggre-
gates were attached to chorion, no effect in the
development of the embryos on hatching success was
observed. With higher exposure levels, the movement of
C60 from chorion into the embryo tended to increase
together with a dose-dependent increase in GSH and a
decrease in lipid peroxidation (LPO) [61]. Further, the C60
exposed to Cyprinus carpio (common carp) demonstrated
no effect on viability, whereas hampered growth occurred
after 3 h of exposure to several concentrations of C60, which
were 0.1, 1, and 10mg/l. Also, higher antioxidant competence
to peroxyl radicals was observed in this fullerene than in
other reactive colonies [62, 63].

On the contrary, another study exposed three different
chemical toxins, which were 6-hydroxydopamine, gentami-
cin, and cisplatinum, to a whole animal system in order to
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investigate the fullerenes’ ability to protect the animal from
the toxins. This model is useful to predict the toxicity and
efficacy of this fullerene in mammals. When water-soluble
fullerenes in both positive and negative charges were exposed
to the zebrafish embryos at 1 and 500μM for 24-120 hpf, the
results indicated that the fullerenes could give protection
against the toxins, which can induce apoptotic cell death in
a vertebrate. Furthermore, this work suggested that the rela-
tive potential for these compounds’ pharmacologic use varies
significantly with respect to stability [63, 64]. Hence, more
studies on different parameters of concentration, time, envi-
ronmental factors, and vertebrate model are necessary to
understand the toxic as well as beneficial properties of fuller-
ene nanomaterials. We have compiled the results of different
toxicity studies in Table 2.

5. Biodistribution and Fate of Fullerene after
Ingestion by Aquatic Organisms

The biodistribution of fullerene on ingestion by aquatic
organisms has been seldom addressed in the literature. More-
over, the concentration of fullerenes in many environmental
matrices is still unknown, while quantification methods are
under development [33, 65, 66]. However, NPs within cells
may cause alterations in the cytoskeletal network [67, 68].
Waissi-Leinonen and colleagues depicted the agglomeration
of fullerene C60 in the gut area and damaged the microvilli
of C. riparius [33]. Furthermore, in another study by Sforzini
et al. and Barranger et al., C60 was reported to be distributed
in mussel digestive gland cells [36, 37]. In addition, the inhi-
bition of mTORmight also be involved in pathophysiological
perturbation induced by nanoparticle accumulation. Further,
they stated that autophagic induction by fullerene C60 might
reflect the degradation of unrecognized materials attempted
by lysosomes. These materials might be identified by cells
as damaged intracellular proteins and membranes or patho-
gens. The statement was made based on observations, where
C60 accumulation in the lysosomal-vacuolar system of the
epithelial cells is in the major digestive gland. Overall, the
report suggested that dysregulation of mTOR 1 and 2 might
inhibit the growth and reproduction of cells and organisms.
Also, in a study, Pakarinen et al. and Oberdörster et al.
reported that fullerene concentration in feces of L. variegatus
was high in comparison to the bulk sediments [39, 40]. The
study suggested that high fullerene concentration in the form
of pellets might partially stem fromworm’s consumption and
absorption of some sediment fraction for nutritional pur-
poses, whereas the fullerenes and other particles are excreted.
Further, Tao et.al and Rouse et al. exposed D. magna to 0,
0.01, 0.02, 0.04, 0.06, and 1.0mg/l for seven days and the
results showed an increment in body burden of C60 along
with a higher dose and bigger particle size [69, 70]. Thus,
the various papers and results suggest that more research is
needed to understand the risks that fullerene may pose in
sediments and organisms’ bodies in different doses and con-
centrations under specific environmental conditions. There-
fore, the limited information in the fullerene biodistribution
is an important topic for future research.

6. Discussion Based on Current Understanding

The manufacturing of fullerenes to fit in for a specific task
demands changes in their surface chemistries and properties.
With the improvement according to demand, the fullerenes
acquire novel physicochemical properties to be assessed for
potential toxicological behavior compared to the natural
ones. The impact of fullerenes via direct contact with water
containing the amount of fullerene through skin and inhala-
tion and via an indirect consumption of aquatic organisms
exposure might pose a serious threat to human health in
the long run [65, 67, 71, 72]. Until now, the real effects asso-
ciated with the interaction of fullerenes with the aquatic
organisms are still lacking and remain challenging to analyze
in the absence of relevant data.

The methods to evaluate the toxicity of fullerenes are
evolving in recent years. The current understanding of the
toxicity of fullerene must acknowledge that data compilation
limitation serves as a barrier to understanding the interaction
of fullerene inside the organism’s body to interpret the results
firmly. In reviewing the emerging environmental problem, it
is highlighted that all significant effects on environmental
fate, transport, and bioavailability of cocontaminants play a
crucial part in understanding fullerene’s toxicology.

The toxicity of fullerenes is, to date, poorly understood
and contradictory in some cases. However, experimentation
on fullerene toxicity testing has demonstrated that fullerene
is toxic in some forms. Studies have shown that ROS and free
radical production are among the main mechanisms of nano-
toxicity; in turn, they might lead to inflammation, oxidative
stress, and consequent damage to proteins, membranes, and
DNA [69, 73]. In a study, Oberdörster showed that fullerenes
caused damage in fish brains [58]. Also, Fortner et al. and
Howard demonstrated that fullerenes killed water fleas and
showed bactericidal properties [66, 71]. Furthermore, Sayes
et al. and Daughton stated that toxicity is a sensitive function
of surface derivatization [68, 72], while Rouse et al. and Nel
et al. reported that the extent of aggregation, emulsion bases,
and different solvents are important variables in the forma-
tion of aggregates [70, 73].

The studies discussed here with fullerene toxicity
response on invertebrate and vertebrate models depicted
contradictory results. Although fullerene C60 has been shown
to cause mortality, ROS production, aggregation, and lipid
peroxidation on a large basis, some studies have reported
conflicting results. Waissi-Leinonen et al. demonstrated the
effect of C60 in relative growth patterns of C. riparius in a
bell-shaped dose-response manner [34]. Rajasree et al. and
Marques et al. showed that exposure of sonicated C60 resulted
in varied mortality in different stages ofA. salina, whereas the
filtered solution of C60 upon exposure revealed increasing
mortality with an increase in concentration [42, 43]. Simi-
larly, Blickley and McClellan-Green and Letts et al. also sug-
gested the nontoxic effect of water-stirred suspensions of C60
at a concentration up to 10mg/l in H. heteroclitus at different
life stages [61, 62].

Next, in another study, Tervonen et al. and Wang et al.
mentioned the role of D. magna in carrying fullerene from
one trophic level to another [46, 47]. Similarly, Pakarinen
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et al. and Oberdörster et al. demonstrated the fullerenes
transfer process from sediment to sediment surface by
L. variegatus through feeding and egestion [39, 40]. This
observation indicated that this transfer might potentially
increase the fullerenes’ bioavailability to epibenthic organ-
isms, which might be more sensitive to the exposures and
might further assist the transfer process in the food chain.
Beuerle et al. and Sumi and Chitra stated that positively
charged fullerene exhibited greater toxicity in the vertebrate
model compared to negatively charged fullerene, which
showed a dependency behavior on the structural features
[63, 64].

7. Conclusions of Future Directions

Taken together, the toxicity of fullerenes to aquatic animals
was clearly demonstrated. Since it has great medical implica-
tion potentials, it should be studied further in the future. We
propose that techniques such as behavioral assay by phe-
nomics, tissue distribution analysis by MASS spectrum, or
isotope labeling for in vivo tracking should be used to study
fullerene-induced toxicity in aquatic animals (i.e., specific
biomarkers study, biodistribution, and interaction within
an organism’s body) to accumulate relevant data required
to achieve a clear picture about fullerene-induced toxicity.
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