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Editorial

Predictive and Mechanism-Based Toxicity Evaluation of
Engineered Nanoparticles

Rongrong Liu * and Bing Yan

Key Laboratory for Water Quality and Conservation of the Pearl River Delta, Institute of Environmental Research
at the Greater Bay Area, Ministry of Education, Guangzhou University, Guangzhou 510006, China;
drbingyan@yahoo.com
* Correspondence: liurr@gzhu.edu.cn

The rapid expansion of nanotechnology has driven the widespread use of engineered
nanomaterials in energy, electronics, medicine, and consumer products [1,2]. Inevitably,
however, these materials are released into the environment during their production, use,
and disposal, raising increasing concern about their potential ecological and human health
risks [3,4]. Owing to their nanoscale dimensions, large specific surface area, and highly
reactive surface chemistries, nanoparticles (NPs) interact with biological systems in ways
fundamentally different from their bulk counterparts, often giving rise to novel bioavail-
ability, transport, and toxicity profiles [5]. Consequently, the development of scientifically
rigorous, reliable, and predictive frameworks for NP toxicity evaluation has become a
prerequisite for the sustainable and responsible advancement of nanotechnology.

Nanotoxicology has evolved from early assessments of acute cytotoxicity toward a
more comprehensive understanding of long-term, low-dose, and system-level biological
effects. The contributions to this Special Issue reflect this transition and illustrate important
progress on multiple fronts. With respect to toxicological outcomes, it is now evident that
NP toxicity is strongly dependent on both material properties and exposure context. For
example, carbonaceous nanoparticles—a major component of fine atmospheric particulate
matter—are closely associated with adverse effects on the respiratory, cardiovascular, and
nervous systems [6]. Likewise, silver nanomaterials exhibit pronounced shape-dependent
toxicity, with spherical, cubic, and prismatic forms eliciting markedly different biological
responses [7].

In parallel, this Special Issue highlights the diversification and increasing sophistica-
tion of toxicity assessment models. Studies span conventional in vitro systems (e.g., A549
and HepG2 cells) to whole-organism models, including rats, zebrafish, rainbow trout, and
aquatic plants such as Lemna minor L. [7–11]. Importantly, model choice has emerged as a
critical determinant of toxicological outcomes. Differences in nanoparticle uptake, intracel-
lular processing, and stress responses between primary cells and immortalized cancer cell
lines underscore the necessity of selecting biologically relevant systems [12]. Moreover, the
integration of experimental data with computational nanotoxicology approaches offers a
powerful strategy for screening and prioritizing emerging nanomaterials [13].

Despite these advances, several fundamental challenges remain. First, the intrinsic
heterogeneity of NPs, encompassing their size, shape, surface chemistry, and colloidal
stability, combined with highly variable exposure conditions severely limits cross-study
comparability and predictive extrapolation. For example, the toxicity of MXenes is closely
linked to their environmental stability and degradation pathways [14]. Second, the accurate
identification, quantification, and speciation of NPs and their transformation products
within complex biological matrices remain technically demanding, as illustrated by the

Nanomaterials 2026, 16, 185 https://doi.org/10.3390/nano16030185
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in situ reduction of Ce(IV) to Ce(III) in plant tissues following CeO2 NP exposure [10].
Third, although oxidative stress, inflammatory signaling, and endocrine disruption are
frequently implicated, a mechanistically integrated and system-level understanding of
the effects of NP-induced toxicity—such as TiO2 NP-mediated impairment of zebrafish
gonadal function—has yet to be established [11].

In future, nanoparticle toxicity evaluation must transition toward more precise,
mechanism-based, and predictive paradigms. This will require the systematic integration
of experimental toxicology with advanced computational tools, including QSAR, machine
learning, and deep learning models, to enable intelligent screening, hazard ranking, and
exposure-effect prediction. Equally important, risk assessment frameworks must adopt
a life-cycle perspective, accounting not only for pristine nanomaterials but also for their
environmental transformation products and dynamic behavior in complex biological and
ecological systems [15]. Only through such integrative and forward-looking approaches
can society fully realize the benefits of nanotechnology while ensuring the protection of
human health and environmental safety.
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Safety Assessment of 2D MXenes: In Vitro and In Vivo

Jialong Wu 1, Yanyan Yu 2,* and Gaoxing Su 2,*
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Abstract: MXenes, representing a new class of two-dimensional nanomaterial, have attracted intense
interest in a variety of fields as supercapacitors, catalysts, and sensors, and in biomedicine. The
assessment of the safety of MXenes and related materials in biological systems is thus an issue that
requires significant attention. In this review, the toxic effects of MXenes and their derivatives are
summarized through the discussion of current research into their behaviors in mammalian cells,
animals and plants. Numerous studies have shown that MXenes have generally low cytotoxicity and
good biocompatibility. However, a few studies have indicated that MXenes are toxic to stem cells and
embryos. These in vitro and in vivo toxic effects are strongly associated with the dose of material, the
cell type, the mode of exposure, and the specific type of MXene. In addition, surface modifications
alter the toxic effects of MXenes. The stability of MXenes must be considered during toxicity
evaluation, as degradation can lead to potentially toxic byproducts. Although research concerning
the toxicity of MXenes is limited, this review provides an overview of the current understanding of
interactions of MXenes with biological systems and suggests future research directions.

Keywords: MXenes; 2D materials; toxicology; safety assessments; in vitro; in vivo

1. Introduction

Due to the remarkable properties of graphene, two-dimensional (2D) materials have
attracted extensive scientific and engineering interest. In 2011, a novel class of inorganic
2D materials named MXenes was discovered by scientists at Drexel University [1]. MXenes
are represented by the general chemical formula Mn+1XnTx, in which M represents an
early transition metal (e.g., Ti, V, Sc, Nb, Zr, Mo, Hf, or Ta), X is C and/or N, n = 1 to 6,
and Tx stands for the surface termination groups (typically, –O, –OH, –F, –Cl, –Br, or –S).
To date, more than 30 stoichiometric MXenes have been experimentally produced, and
over 70 MXenes have been theoretically predicted [2]. Among them, Ti3C2Tx is the most
widely studied.

MXenes are fabricated by etching layers of A-elements including Al, Si, Ga, and Ge,
containing the parent transition metal carbides and/or nitrides in the so-called MAX phase.
The A layers are selectively etched without destroying the M−X bonds because of the
stronger chemical activity of M−A bonds relative to M−X bonds. As the resulting 2D M-X
materials have graphene-like morphologies, they have been termed “MXenes”.

MXenes exhibit favorable properties for use in electronics, mechanics, magnetism,
and optics because the layers are only a few atoms thick [3]. The use of MXenes in
multiple fields, especially in biomedical applications, is facilitated by abundant polar
surface functional groups that make MXenes hydrophilic. In addition, the preparation of
MXenes is relatively easy and can be readily scaled up. These properties make MXenes
valuable to a variety of fields, including supercapacitors [4], catalysis [5], sensors [6],
electrochemical energy storage [2], optoelectronics [7], environmental remediation [8,9],
electromagnetic interference shielding [10] and biomedicine [11,12].

Nanomaterials 2022, 12, 828. https://doi.org/10.3390/nano12050828 https://www.mdpi.com/journal/nanomaterials4
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With the rapid growth in the production and application of MXenes, the release of
these materials into the environment is inevitable, and potential toxicities of MXenes should
be carefully evaluated. Interactions with physiological systems is especially important due
to the increasing interest in biomedical applications of MXenes, including in anticancer
therapy [13], antibacterial therapy [14], biosensing [15,16], bioimaging [17], radioprotec-
tion [18], combined therapy and theranostics [11,19]. Before these materials are approved
for clinical use, the basic interactions with physiological systems should be understood,
and evaluations of biocompatibility are essential. The assessment of the safety of MXenes is
important both regarding the use of MXenes in nanomedicine and regarding implications
for the synthesis and widespread use of MXenes for the environment.

Once nanomaterials come in contact with cells, they could be internalized into cells or
adhered to cell membranes. Intracellular homeostasis may then be disrupted due to the
physical presence of the nanomaterial and its interactions with organelles, cell membranes,
proteins, lipids, and other cellular structures. This disruption may lead to apoptosis [20],
autophagy [21], neurosis [20], immunostimulation [22], and other deleterious effects. Two-
dimensional materials with ultra-thin nanostructures are likely to enter into multiple
cell types [23], and cytotoxicity has been observed experimentally [24]. In vivo studies
have demonstrated that 2D materials can accumulate in organs including liver, spleen,
kidneys and lungs. Numerous in vivo and in vitro investigations into mechanisms and
consequences exposure to 2D ultrathin nanostructures have been reported [24,25]. However,
since MXenes are relatively new 2D materials, a limited number of studies regarding the
toxicity of this material have been carried out. Some of these studies focus on the biomedical
applications of MXenes, and evaluations of toxic effects are merely tangential aspects of
the work. Generally, MXenes have been reported as having no obvious toxicity in these
cell-based or short-term experiments. Thus far, deep investigations about physiological
influences and basic interactions between MXenes and physiological environments have
been rare, but they are in high demand.

In this review, we first introduce the synthesis of MXenes, paying particular attention
to important hazards related to the synthetic procedures. Next, recent studies regarding
interactions between MXenes and various classes of mammalian cells and tissues are
summarized, while noting that the toxicology and mechanisms of toxicity vary depending
on cell type and route and extent of exposure. The toxicological profiles also depend on
the physicochemical properties of the MXenes, including stability and surface chemistry.
Finally, we conclude this review with future perspectives for the assessment of the safety
production and application of MXenes.

2. Synthesis of MXenes and Safety Concerns

Among the multiple bottom-up and top-down approaches to MXene synthesis, etching
of A-element layers from the MAX phase is the most popular strategy (Figure 1) [1,26,27].
In this process, the MAX phase powder is stirred in aqueous hydrofluoric acid (HF), and
after an appropriate amount of time, the solid is separated from the supernatant by cen-
trifugation or filtration. After washing, the dense MAX particles are converted to a loosely
packed accordion-like structure, which is referred to as multilayer MXenes. Subsequent
gentle sonication results in the exfoliation of MXene nanosheets, and 10 or fewer layers of
terminated MXenes, with thicknesses of approximately 10 nm, are ultimately obtained.

As the production of MXene materials is scaled up to commercial levels, it is important
to analyze the safety of the synthetic procedure. Dust ignition, runaway reactions, and
toxic chemical exposure are the most important potentially hazardous factors in MXene
synthesis (Figure 2) [28]. Firstly, in MAX phase synthesis, hazards associated with dust
production are present in both reactant handling and postsynthesis processing procedures.
Using alternative milling methods may increase safety.

5
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Figure 1. Synthesis of MXenes from the corresponding MAX phases. Reproduced with permission
from [27]. Copyright American Chemical Society, 2012.

Figure 2. Safety concerns in the synthesis of Ti3C2Tx from raw materials. Reproduced with permission
from [28]. Copyright American Chemical Society, 2019.

Next, a significant hazard exists in the process of etching the Al layer in the MAX
phase. If the Ti3AlC2 MAX phase is added too quickly, corrosive materials can leave
containment, and toxic fumes can be produced. In particular, the most widely used
etching methods employ HF, which is extremely toxic and containment of HF represents
a significant challenge to the industry. When using HF, HF-specific personal protective
equipment should be worn to minimize HF exposure [29]. Additionally, if the Ti3C2Tx
clay is not properly washed, HF-related hazards persist throughout the procedure, even
into postprocessing, and this durability adds to the toxicity found through in vitro and
in vivo studies.
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Due to the hazardous nature of HF, researchers have explored an alternative milder
etching processes, including electrochemistry [30], alkali treatment [31], hydrothermal
methods [32] and the use of Lewis acidic molten salts [33]. In addition to using sonication
for exfoliation, organic solvents including dimethyl sulfoxide, n-butylamine, tetrabutylam-
monium hydroxide and choline hydroxide have been investigated for the generation of
MXenes [3,34]. Furthermore, multilayer MXenes can be immersed in such solvents to swell,
which with further sonication would result in the formation of colloidal particles. After
centrifugation, homogeneous MXene nanosheets were prepared.

3. In Vitro Toxic Effects of MXenes

Toxicity concerns are not only associated with the production of MXenes, in addition,
the use of MXenes, especially in medical related application, may be associated with safety
issues. Cell-based assays are usually initially employed to evaluate the toxic effects of engi-
neered nanomaterials in vitro (Table 1). As Ti3C2Tx nanosheets are the most widely applied
MXenes, the cytotoxicity of this material was the first to be evaluated. Zhang et al. revealed
that there was no obvious acute cytotoxicity to human umbilical vein endothelial cells
(HUVECs) after treatment with two different concentrations of Ti3C2Tx nanosheets (100 and
500 μg mL−1) [35]. While scanning electron microscopy (SEM) images of MXene-treated
cells showed that Ti3C2Tx nanosheets contacted cell membranes and formed spherical
structures, the ratios of living, apoptotic, and necrotic cells after treatment were similar
to those of the control group. However, at a high dose, a significant metabolic shift was
observed in HUVECs, which was reflected as the enhancement of glycolysis, fatty acid
biosynthesis, and lipid accumulation. On the other hand, in experiments using HUVECs
as an in vitro model, Gu et al. found that Ti3C2 quantum dots (QDs) exhibited higher
cytotoxic effects than did Nb2C QDs [36]. After treatment with 25 μg mL−1 of Ti3C2 QDs,
the cellular viability was greater than 70%, but higher concentrations (50 and 100 μg mL−1)
of Ti3C2 QDs led to significantly lower cellular viability as compared with Nb2C QDs.
For Nb2C QDs, there was no significant cytotoxicity after being treated with these three
concentrations. Due to the different cytotoxicities of MXene QDs relative to other forms of
MXene, it is likely that the MXene structure has an important impact on its toxicity.

Treating human mesenchymal stem cells (hMSCs) with a high dose of Ti3C2Tx nanosheets
(>50 μg mL−1) led to obvious cytotoxicity, as shown in [37]. At a dose of 100 μg mL−1, hMSCs
displayed a significant decrease of cell proliferation early in this study. As for cells treated
with 50 μg mL−1 of MXenes, the first decrease of cell proliferation was noted after 5 days
of incubation.

In a similar finding from another lab [38], Ti3C2Tx nanosheets were shown to induce
dose-dependent cytotoxicity to primary neural stem cells (NSCs) and NSC-derived dif-
ferentiated cells. At a dose of 12.5 μg mL−1, Ti3C2Tx nanosheets exhibited no observable
adverse effects on NSCs or NSCs-derived differentiated cells. However, at 25 μg mL−1,
Ti3C2Tx nanosheets caused significant cytotoxicity and were internalized into the NSCs
upon compromising of the cell membrane. Subsequent biological assays revealed that the
25 μg mL−1 dose significantly increased the rate of apoptosis of the NSCs. Furthermore,
198 differently expressed genes (DEGs), which were mainly associated with the extracellu-
lar regions, were identified. The characteristics of these DEGs suggested that the decrease
of viability of NSCs might due to the disruption of the cell membrane upon internalization
of nanosheets at high doses.

In addition to being dependent on the dose, the in vitro toxic effects of MXenes are
also dependent on the target cell types. Jastrzebska et al. investigated the cytotoxicity in
two normal (MRC-5 and HaCaT) and two cancerous (A549 and A375) cell lines [39]. For
Ti3C2Tx nanosheets, the toxic effects were higher against the cancerous cells in comparison
to normal cells. Scheibe et al. also found that the short-term cytotoxicities of different
Ti3C2Tx MXene structures and their precursors (TiC, Ti2AlC, and Ti3AlC2) were higher
when they were applied to cancer-derived HeLa cells than when they were applied to
normal human fibroblasts [40]. The higher ROS generation and stronger adhesion to cell
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membranes brought about higher cytotoxicity to cancer cells. In addition, for HeLa cells,
MXene structures showed higher cell viability in comparison to MAX phases.

Previous studies have demonstrated that oxidative stress was the most probable cause
of the cytotoxicity of 2D materials. However, images from confocal laser scanning mi-
croscopy demonstrated higher generation of reactive oxygen species (ROS) upon treatment
with MXenes in comparison to their precursor MAX phases. As MXenes tend to be more
toxic, this finding indicated that cytotoxicity pathways are not strongly dependent on the
ROS production, but rather on direct physicochemical interactions of larger particles with
the cell membranes. These mechanisms were further confirmed through the evaluation
of the cytotoxicity of the Ti2NTx MXene [41]. In this experiment, Ti2NTx nanosheets also
showed higher toxicity towards cancerous cell lines in comparison to normal ones, but
intracellular ROS production only increased in A375 cells. Meanwhile, in each normal
cell line, and in MCF-7 cells, their ROS-specific fluorescence remained constant over time
and relative to controls. Therefore, the mechanism of cytotoxicity of Ti2NTx nanosheets
was not solely dependent on the generation of ROS, but instead, internalization of the 2D
sheets and cell membrane disruption were also the mechanisms leading to the toxic effects
of MXenes.

Notably, the cytotoxicity of MXenes has been applied in a therapeutic way. Due
to the differential toxic effects of MXenes towards normal cells, and because MXenes
have been shown to have photothermal effects, MXenes have been developed as cancer
phototherapeutic agents [13]. Two cancer cell lines, breast 4T1 cancer cells and glioma U87
cancer cells, were treated with polyvinyl pyrrolidone (PVP)-coated Nb2CTx nanosheets at
various concentrations from 0 to 200 μg mL−1. After a 24 h incubation, Nb2CTx nanosheets
showed negligible effects on the survival of both 4T1 and U87 cells, even the highest
dose. However, after incubation with 40 μg mL−1 Nb2CTx nanosheets for 4 h followed by
infrared laser irradiation (λ = 808 or 1064 nm), the cancer cells exhibited significant growth
inhibition. The same lab also performed similar photothermal therapy using soybean
phospholipid-modified Ti3C2Tx nanosheets. These nanomaterials showed negligible effect
on the viability of 4T1 cells, even at a dose of 400 μg mL−1 [42]. When Ti3C2Tx nanosheets
and near infrared laser irradiation were applied the majority of 4T1 cells were killed,
suggesting that the increased intracellular temperature promoted cancer cell ablation.

In addition, Ti2N QDs have also been explored as photothermal therapeutic agents [43].
At a dose of 80 μg mL−1 Ti2N QDs exhibited no cytotoxicity to all tested cells, including
293T human embryonic kidney cells, 4T1 murine mammary carcinoma cells, and U87
human malignant glioma cells (Figure 3). However, supplementing this treatment with
near infrared laser irradiation for 5 min led to almost all of the cancer cells being killed.
These studies suggested tremendous potential for the use of MXenes in cancer treatment.

Furthermore, 3D cell culture systems have also been used to evaluate the cytotoxicity
of Ti2CTx MXene in vitro [44]. Using microscopy, it was observed that MXenes possessed
a strong binding capacity to the cellular membranes of HeLa cells due to the electrostatic
interactions between the negatively charged MXenes and positively charged proteins on
the cell surface. Accordingly, cell viability decreased from 98% to 43% as the dose of
Ti2CTx MXenes increased from 50 to 300 μg mL−1, indicating that the cytotoxicity was
dose dependent. In the 3D cell culture system, the cytotoxicity of MXenes was evaluated
by dispersing the Ti2CTx MXenes at doses of 50 μg mL−1 and 500 μg mL−1, among HeLa
cells encapsulated in alginate microbeads. Using fluorescence microscopy, dead cells
were observed in the area where the agglomerates of Ti2CTx MXenes directly bound to the
surface of the 3D microtissues. The direct adhesion of Ti2CTx MXenes to the cell membranes
of microtissues limited the growth of microtissues and cell division, resulting in lower
cell viability. Importantly, oxidative stress assays showed that there was no significant
difference in ROS level between control cells and Ti2CTx MXene-treated cells, meaning that
the cytotoxicity pathways of Ti2CTx MXene were not associated with oxidative stress, but
instead were influenced by the direct physicochemical interactions of Ti2CTx MXene with
the cell membrane.
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Figure 3. (a) Cell viability of 293T, 4T1, and U87 cells after 24 h incubation with different concentra-
tions of Ti2N QDs. (b) Cell viability of 4 T1 cells co-cultured with different concentrations of Ti2N
QDs for 4 h after 5 min irradiation with 808 or 1064 nm lasers. (c) Cell viability of 4T1 cells after
incubation with Ti2N QDs (40 μg mL−1) irradiated with 808 or 1064 nm laser at different power
densities for 5 min. (d) Confocal fluorescence images of calcein-AM (green, live cells) and PI (red,
dead cells) co-stained cells after the treatment (scale bars: 100 μM). Reproduced with permission
from [43]. Copyright Elsevier, 2020.

As in vitro cytotoxicity evaluations are time-consuming and expensive, computational
machine learning methods have recently been applied to predict the interactions between
MXenes and cells. Marchwiany et al. constructed the predictive model of 2D MXenes and
identified that the most relevant highly surface-specific features that might be responsible
for the cytotoxic behavior of MXenes [45]. The machine learning models predicted that
two types of 2D MXenes could exhibit cytotoxic properties with high probabilities, while
other MXenes studied were predicted to be non-toxic. In the non-toxic MXenes, there was
no presence of MxOy on the surface, suggesting that the presence of MxOy was the key
toxicity-generating feature. This study also identified the presence of surface Li+ ions as
an important cytotoxicity-generating feature. Overall, these predictions indicated that
the crucial factor for cytotoxicity of MXenes is not the structure of the materials, but the
surface properties.

Interactions between MXenes and immune cells were also explored. Rafieerad et al.
employed MXene (Ti3C2) QDs for immunomodulation and tissue repair [46]. In a simu-
lated lymphocyte population, Ti3C2 QDs was shown to selectively reduce the activation
of CD4+IFN-γ+ T-lymphocytes, while promoting the expansion of immunosuppressive
regulatory T-cells. After being incorporated into a chitosan-based hydrogel, the constructed
platform enhanced the stem cell delivery and tissue repair. The immunomodulatory prop-
erties of MXenes remind us to pay attention to the immunotoxicity of MXenes. Overall,
the cytotoxicity of MXene has been found to depend on dose, material type, and cell type.
At low doses, MXenes exhibits low cytotoxicity and good biocompatibility. Meanwhile,
MXenes showed higher toxicity to cancer cells as compared to normal cells, and are more
toxic to stem cells than to differentiated cells. Ultrasmall MXene QDs tend to exhibit higher

9



Nanomaterials 2022, 12, 828

cytotoxicity than nanosheet materials. Unlike other 2D nanomaterials, the cytotoxicity of
MXenes is not strongly associated with the intracellular ROS, but instead with the stable
binding of MXenes to cell membranes. Upon near-infrared (NIR) irradiation, certain MX-
enes showed strong photothermal therapy effects in promoting cancer cell ablation. Very
recently, artificial intelligence methods were also used to verify and even to predict the
cytotoxicity, and surface properties of MXene were identified as the crucial factors leading
to cytotoxicity. Computer-based modeling thus represents a new way to gain additional
knowledge regarding the in vitro toxicity of MXenes.

Table 1. Summary of in vitro toxicity of MXenes.

Type of MXenes Type of Cells Dose Toxicity Effects Reference

Ti3C2Tx

human umbilical vein
endothelial cells

(HUVECs)

100 and 500 μg mL−1,
48 h

No obvious acute cytotoxicity. The
ratios of living, apoptotic, and necrotic

cells exhibited patterns similar to
those of the control group.

[35]

Ti3C2 QDs,
Nb2C QDs HUVECs 0–100 μg mL−1, 24 h

At 25 μg mL−1 of Ti3C2 QDs, the
cellular viability was larger than 70%.
While at 50 and 100 μg mL−1, Ti3C2

QDs led to significantly lower cellular
viability compared with Nb2C QDs.

For Nb2C QDs, there was no
significant cytotoxicity after treated

with these three concentrations.

[36]

Ti3C2Tx
human mesenchymal

stem cells (hMSCs)
0–100 μg mL−1,

7 days
>50 μg mL−1, obvious cytotoxicity

was shown
[37]

Ti3C2Tx

neural stem cells
(NSCs)

and NSCs-derived
differentiated cells

12.5–100 μg mL−1,
24 h

At 25 μg mL−1, Ti3C2Tx nanosheets
caused significant cytotoxicity to

NSCs. 198 differently expressed genes
(DEGs) which were mainly associated

with the extracellular regions
were identified.

[38]

Ti3C2Tx
A549, MRC-5, A375,

and HaCaT cells 0–500 μg mL−1, 24 h

Concentration dependent cytotoxicity.
Toxic effects were higher against
cancerous cells in comparison to

normal ones.

[39]

Ti3C2Tx MXene
structures
and their

precursors
(TiC, Ti2AlC, and

Ti3AlC2)

HeLa cells
and normal fibroblasts

(MSU1.1)

10–400 μg mL−1,
24–48 h

Concentration dependent and
cell-type dependent cytotoxicity.

MXene structures showed higher cell
viability in comparison to

MAX phases.

[40]

Ti2NTx

human skin malignant
melanoma cells,

human immortalized
keratinocytes,
human breast
cancer cells,

and normal human
mammary

epithelial cells

62.5–500 μg mL−1,
24 h

Higher toxicity towards cancerous cell
lines in comparison to normal ones. [41]

Nb2CTx

breast 4T1 cancer cells
and glioma U87

cancer cells
0–200 μg mL−1, 24 h

Negligible effect on the cell viability at
200 μg mL−1. After exposed to 808 or
1064 nm laser, cancer cells were killed

significantly with the increase of
laser intensity.

[13]
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Table 1. Cont.

Type of MXenes Type of Cells Dose Toxicity Effects Reference

Ti2N QDs 293T, 4T1, and U87 0–80 μg mL−1, 24 h

Adding irradiating with 808 or
1064 nm lasers for 5 min after

incubation with the Ti2N QDs, cancer
cells were almost completely killed.

[43]

Ti2CTx
3D HeLa cell

culture system 0–500 μg mL−1, 24 h

The direct adhesion of Ti2CTx MXenes
to the cell membrane of microtissues

limited the growth of microtissues and
cell division, resulting in lower

cell viability.

[44]

4. Toxic Effects of MXenes In Vivo

Zebrafish (Danio rerio) are the most often used model animals in in vivo investigations
of the toxicity of nanomaterials. The utility of zebrafish in this regard is due to their
high genetic homology to humans, small size, rapid reproduction and development and
their transparency during early growth stages [47]. Nasrallah et al. employed a zebrafish
embryo model to evaluate the potential in vivo acute toxicity of Ti3C2Tx nanosheets [48].
No cumulative mortality was observed at a dose of 50 μg mL−1. At 100 μg mL−1, however,
the cumulative mortality rate was 21%, and this dose represented the lowest concentration
with an observed effect. According to a dose curve generated at 96 h post fertilization,
the calculated dose that led to 50% lethality (LC50) was 257.46 μg mL−1. In addition to
lethality, other assays revealed that Ti3C2Tx-treated embryos exhibited a normal locomotion
behavior at the lowest dose (50 μg mL−1), nor did Ti3C2Tx nanosheets at this concentration
influence neuron or muscle activity of the zebrafish embryos. Therefore, according to the
Acute Toxicity Rating Scale by the Fish and Wildlife Service (FWS), Ti3C2Tx nanosheets can
be categorized as the “practically nontoxic” group.

Alhussain et al. employed chicken embryos to investigate the developmental tox-
icity of MXenes [49]. At a dose of 30 μg per embryo, after 5 days incubation, Ti3C2Tx
nanosheets provoked a significant toxicity on the chicken embryos, as approximately 46%
of embryos died shortly after exposure. Moreover, at the tested dose, a significant inhibition
of angiogenesis in the chorioallantoic membrane was also observed. These toxic effects
may be attributed to the downregulation of several genes that control cell proliferation,
survival, cell death and angiogenesis, including ATF3, FOXA2, INHBA, SERPINA3 and
VEGF-C. These findings demonstrated that MXenes potentially exert development toxicity
on embryos. However, only one dose was tested in this study, and the method of exposure
was debatable.

The recent reports of the use of MXenes for photothermal conversion and cancer
photothermal therapy using near infrared radiation has led to a need for the in vivo
evaluation of toxicity in a mouse model [13]. In Kunning mice, normal hematological
parameters and standard blood biochemical indexes were confirmed and no statistical
significance in these assays was observed in groups with 20 mg kg−1 Nb2CTx at 1, 7, and
28 days post-injection in comparison to the control group. These results indicated that no
significant inflammation was caused by exposure to Nb2CTx nanosheets.

Hematoxylin and eosin staining assays were performed to evaluate histological
changes of major organs, including the heart, liver, spleen, lung, and kidney. No sig-
nificant histological abnormality was found during the treatment period after exposure to
Nb2CTx nanosheets with or without near infrared light irradiation. These results revealed
that MXenes are biocompatible and thus appropriate for in vivo photothermal ablation
of cancer.

The biocompatibility of Ti3C2Tx MXenes films was also evaluated when they were
used for guided bone regeneration [50]. After implanting the films in subcutaneous sites
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and sites of calvarial defects in rats, Ti3C2Tx MXene films was found to have no obvious
inflammatory or toxic side effects, indicating their safety for in vivo uses.

To evaluate the impacts of MXenes on organ function, Sui et al. investigated the
distribution and accumulation of Ti3C2Tx nanosheets in major organs [51]. ICR mice were
exposed to Ti3C2Tx nanosheets by intravenous injection at a dose of 20 mg kg−1. At 1, 3, 7,
14 and 28 days, the blood, lungs, heart, kidneys, liver, spleen and intestines were harvested,
and Ti contents were measured. The researchers found that Ti3C2Tx nanosheets were
primarily distributed in the lung and liver (Figure 4). Those in the lungs were internalized
by endothelial and alveolar epithelial cells, resulting in the decrease of surfactant protein B
content in alveolar epithelial cells and causing an increase in Penh, an indicator of lung
dysfunction. A decrease of respiratory rate was also observed. These results indicated
that when Ti3C2Tx nanosheets crossed the lung, they potentially exerted toxicity that led
to respiratory disorders. Ti3C2Tx nanosheets that accumulated in liver were endocytosed
by sinusoidal endothelial cells and were gradually excreted via bile canaliculi. During the
entire exposure period, inflammatory responses and pathological lesions, including within
the small and large airways of the lung, were observed as not obviously abnormal. Several
issues with the experimental design in this case mean that results should be interpreted
with caution. For example, the stability of the material was not investigated. In addition,
while the diameter of the Ti3C2Tx nanosheets was stated to 100 to 200 nm, no statistical
analysis of the tunneling electron microscope images of the nanosheets was presented.

Figure 4. (a) TEM image of Ti3C2Tx nanosheets. (b) AFM image of Ti3C2Tx nanosheets. (c) Biodistri-
bution of Ti3C2Tx nanosheets in blood, heart, lung, liver, spleen, kidney, and intestines at 1, 3, 7, 14,
21 and 28 days after intravenous injection into mice. * p < 0.05, ** p < 0.01. (d) Representative sections
from mice tissues after treatment of Ti3C2Tx nanosheets. Reproduced with permission from [51].
Copyright Elsevier, 2021.
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As environmental release of MXenes or byproducts of synthesis is inevitable, toxicity
studies in plants are also important. MXenes are fabricated by etching the A-layer of
MAX phase, and MAX phase materials are wildly used in the fields of ceramics, catalysis,
environment remediation, and biomedicine. Therefore, seed germination and growth of
rice were employed to assess the potential phytotoxicity of MAX phase materials [52]. After
foliar spraying at doses of 100 and 1000 μg·mL−1, Ti3AlC2 nanosheets inhibited the growth
of seedlings. In contrast to previous studies of toxicity of MXenes, the inhibition in this
case was found to be due to the generation of ROS. At a dose of 100 μg·mL−1, the stomatal
aperture was increased to 78.6%. Meanwhile, the number of trichomes was increased by
100%. These responses were mainly caused by the entrance of titanium ions released from
the Ti3AlC2 nanosheets. To reduce the entrance of external ions, rice changed the structure
and function of the leaves so as to activate the immune system and enhance the activity of
antioxidant enzymes. However, at high doses, the plant was not able resist abiotic stress,
the cell membranes were damaged, and biomass and chlorophyll content were decreased.
These eventually led the rice growth inhibition.

There are few studies on the in vivo toxicity of MXenes. The iv vivo toxicity evaluation
of MXenes mentioned above was summarized in Table 2. In particular, barely any studies
use environmental doses and environmentally relevant modes of exposure to evaluate the
consequences of long-term exposure. Although in vivo toxicity can be observed at high
doses in some studies, these assays do not provide enough evidence to suggest the safety
of MXenes in biomedical applications.

Table 2. Summary of the in vivo toxicity of MXenes.

Type of MXenes Type of Models Dose Toxicity Effects Reference

Ti3C2Tx Zebrafish embryos 25–200 μg mL−1
The calculated LC50 was 257.46 μg mL−1. At the
concentration of 50 μg mL−1, no acutoxicity or

neurotoxicity was observed.
[48]

Ti3C2Tx Chicken embryos 30 μg per embryo,
5 days incubation

Potential toxicity on the early stage of embryogenesis;
down regulation of several controller genes of cell
proliferation, survival, cell death and angiogenesis;

inhibition of blood vessel development.

[49]

Nb2CTx Kunming mice 20 mg kg−1
No significant inflammation was caused. No significant

histological abnormality was found. Nb2CTx are
highly biocompatible.

[13]

Ti3C2Tx ICR mice 20 mg kg−1

Ti3C2Tx nanosheets could accumulate in the liver lungs.
Those in the lung might influence respiratory function

via the downregulation of surfactant protein B in
alveolar epithelial cells.

[51]

Ti3AlC2 Rice 0.1–1000 μg mL−1

At the doses of 100 and 1000 μg·mL−1, Ti3AlC2
nanosheets inhibited the growth of seedlings due to the

generation of ROS. At the dose of 100 μg·mL−1, the
stomatal aperture was increased to 78.6%. Meanwhile,

the number of trichomes was increased to 100%.

[52]

5. Properties Associated with the Safety of MXenes

5.1. Surface Functionalization

To improve the biocompatibility of MXenes, collagen has been conjugated to the
surfaces of Ti3C2Tx and Ti2CTx nanosheets [53]. The interactions between the MXenes and
collagen mainly involved electrostatic forces, and zeta potential measurements were used
to characterize and control the adsorption and desorption of collagen. The viability of A375
(human skin malignant melanoma cells), HaCaT (human immortalized keratinocytes),
MCF-7 (human breast cancer cells) and MCF-10A (mammary epithelial cells) were eval-
uated upon treatment with surface-modified and unmodified nanosheets. It was found
that the surface collagen modification significantly decreased the cytotoxicity, as well as
reduced oxidative stress. The mechanism of increasing the biocompatibility of MXenes by
collagen modification should be further investigated.
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Rashid et al. conjugated polypropylene glycol (PPG) and polyethylene glycol (PEG)
to the surfaces of Ti3C2Tx nanosheets [54] and assessed their cytotoxicity towards normal
(HaCaT and MCF-10A) and cancerous (MCF-7 and A375) cells. PEG-modified Ti3C2Tx
nanosheets were the most toxic to normal and cancer cell lines, followed by PPG-modified
nanosheets, and the least toxic were bare MXenes. As photothermal therapy agents, PPG-
modified nanosheets were safer to normal cells as compared to PEG-modified nanosheets.
As polymer coating typically reduces the toxicity of nanomaterials, conclusions from this
study should be further evaluated with additional in vitro or in vivo assays.

To integrate the photothermal therapy capabilities of MXenes with targeting and
imaging functions, Hussein et al. fabricated two plasmonic Ti3C2Tx-based nanocomposites,
i.e., Au/MXene and Au/Fe3O4/MXene nanocomposites [55]. In a human breast cancer
cell lines MCF7, these nanocomposites showed similar photothermal therapy efficiencies.
However, hybrid nanocomposites showed less in vivo toxicity than did pure MXene.
The in vivo acute toxicity assays were conducted using zebrafish embryos. Au/MXene
and Au/Fe3O4/MXene led to less embryonic mortality with LC50 values greater than
1000 μg mL−1 than pure MXene, with an LC50 value of 257.46 μg mL−1. No explanations
for this phenomenon were proposed and the mechanisms should be further explored.

In addition, Ti2CTx nanosheets can be surface modified by post-delamination using
mild heating at 60 ◦C [56]. After thermal treatment, the cytotoxicity of Ti2CTx nanosheets
showed selectively toxic to cancer cells compared to normal cells. At a concentration of
62.5 μg mL−1, post-treatments, Ti2CTx nanosheets were lethal to A375 cells, but not to
normal HaCaT cells. This difference was because of a Ti2O3 layer that was formed on the
Ti2CTx nanosheets after mild oxidation at 60 ◦C. The presence of the Ti2O3 layer caused
higher generation of ROS as compared to non-oxide Ti2CTx nanosheets.

5.2. Stability and Degradation

The dispersion state and sizes of the aggregates are important factors that influence
cellular uptake and subsequent cytotoxicity [57]. It is thus important to evaluate aggrega-
tion states before performing toxicology evaluations. Nasrallah et al. tested the stability
of Ti3C2Tx nanosheets in seawater and E3 medium by monitoring the scattering signal of
nanosheet aggregates [48]. It was observed that, at 50 μg mL−1, a suspension of Ti3C2Tx
nanosheets with diameters of 200 nm was more stable than at higher concentrations. There
was no significant change in the scattering signal over the 18 h incubation both in seawater
and E3 medium. Xie et al. systematically investigated the colloidal properties and stability
of Ti3C2Tx nanosheets in aqueous solutions by adjusting the pH, ionic types, and ionic
strength [58]. It was found the stability of Ti3C2Tx nanosheets varies with ionic types and
ionic strength after a 24 h incubation in different electrolytes (Figure 5). The effects of the
electrolytes in destabilizing Ti3C2Tx nanosheets follows the order of CaCl2 > MgCl2 > NaCl
> Na2HPO4 > NaHCO3. When the electrolyte reached a critical concentration, Ti3C2Tx
nanosheet suspensions became unstable and formed visible agglomerates. The aggregation
states were accompanied by an increasing of zeta potentials and hydrodynamic diameters.
Since the MXenes were suspended in culture medium for longer than 24 h, it would have
been important to evaluate the stability of the MXene suspensions in the culture medium.

MXenes are susceptible to environmental oxidation and can be decomposed to tran-
sition metal oxides and carbide-derived carbon. The decomposed byproducts can also
induce toxic effects in vitro and in vivo. Jastrzebska et al. studied the oxidation of the most
unstable V2CTx nanosheets in cell culture media and the resulting toxicity [59]. V2CTx
nanosheets in cell culture medium were found to undergo a rapid oxidation, leading to
decomposition and entry into the mixture of vanadium oxides and carbide-derived-carbon
after 48 h. The formed vanadium oxides were highly cytotoxic and the decreasing of cell vi-
ability was oxidation dependent. The mechanisms of toxicity were related to the disruption
of cell cycle and cell membrane disintegration through contact with oxidized flakes.

In addition, biodegradation of MXenes was also investigated by incubation of Nb2CTx
nanosheets with human myeloperoxidase (hMPO) and H2O2 in PBS [13]. The suspension
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turned translucent in 24 h, indicating the degradation of Nb2CTx nanosheets. However,
the decomposed products and their toxicity were not studied in this report.

Figure 5. (a) Photo illustration of the effects of cations and anions with different concentrations (mM)
on the aggregation behaviors of Ti3C2Tx nanosheets. (b) Zeta potential of Ti3C2Tx nanosheets in the
presence of different electrolytes. (c) Hydrodynamic diameter of Ti3C2Tx nanosheets in the presence
of different electrolytes. Reproduced with permission from [58]. Copyright American Chemical
Society, 2020.

6. Conclusions and Future Perspectives

Understanding the fundamental interactions between MXenes and biological systems
and the toxic effects of MXenes in vitro and in vivo are of utmost importance for further
development of MXene-based nanomedicines. These insights are also required for the
development of safety guidelines for researchers working with this new class of 2D nano-
material. Like other 2D nanomaterials, MXenes can enter cells and induce cytotoxicity. The
available in vivo data suggests that MXenes exhibit potential pulmonary, reproductive, and
developmental toxicities in laboratory animal and plant models. However, the information
about the toxicity of MXenes remains very limited, especially when taking into account
the many different types of MXenes and their potential modifications. The composition,
size, surface chemistry, dose, stability, cell types, and means of exposure are all factors de-
termining the in vitro and in vivo toxicity of MXenes. Oxidative stress and cell membrane
disruption may be involved in the mechanisms of the toxicity of MXenes.

Toxicology evaluation methods have been well-established. However, we should pay
particular attention to material characterization before using these methods, as toxicity
varies with the physiochemical properties of MXenes. Key parameters, including size, mor-
phology, layer number, zeta potential, surface chemistry, and dispersion states, influence
the interactions between MXenes and biological systems and can lead to different toxicities.
Many studies cited in this review did not provide full information regarding the phys-
iochemical properties of the MXenes that were tested. In addition, while protein corona
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formation is known as a key factor affecting the interactions between MXenes and biological
systems [60–62], no studies have considered this factor in toxicology studies. The influence
of protein corona composition on MXenes and their behaviors in biological systems needs
to be clarified so as to further the understanding of toxicological mechanisms.

This review demonstrated that studies have tended to focus on acute toxicological
effects, but no long-term toxicology investigations at environmental doses have been
performed. In addition to intravenous injection, oral and respiratory routes of exposure
should also be considered. To completely understand the toxicity of MXenes, studies should
be conducted using various types of well-characterized MXenes. In addition, toxicities
to dermal, ocular, genomic and immunology systems should be performed. Considering
the large number of MXene types and derivatives and the time consuming and expensive
nature of toxicology evaluations, computer-aided toxicology methods, especially artificial
intelligence models, should be employed as powerful tools for toxicology prediction and
mechanism discovery [63,64]. Furthermore, the in vivo degradation, metabolization and
excretion behaviors of MXenens also need to be established in future research. In short,
more systematic investigations are still in high demand in order to address safety concerns
before the wide practical application of MXenes.
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56. Jastrzębska, A.; Szuplewska, A.; Rozmysłowska-Wojciechowska, A.; Chudy, M.; Olszyna, A.; Birowska, M.; Popielski, M.;
Majewski, J.; Scheibe, B.; Natu, V. On tuning the cytotoxicity of Ti3C2 (MXene) flakes to cancerous and benign cells by post-
delamination surface modifications. 2d Materials 2020, 7, 025018. [CrossRef]

57. Zook, J.M.; MacCuspie, R.I.; Locascio, L.E.; Halter, M.D.; Elliott, J.T. Stable nanoparticle aggregates/agglomerates of different
sizes and the effect of their size on hemolytic cytotoxicity. Nanotoxicology 2011, 5, 517–530. [CrossRef]

58. Xie, Y.; Gao, Y.; Ren, X.; Song, G.; Alsaedi, A.; Hayat, T.; Chen, C. Colloidal behaviors of two-dimensional titanium carbide in
natural surface waters: The role of solution chemistry. Environ. Sci. Technol. 2020, 54, 3353–3362. [CrossRef]
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Abstract: The growing development and applications of nanomaterials lead to an increasing release
of these materials in the environment. The adverse effects they may elicit on ecosystems or human
health are not always fully characterized. Such potential toxicity must be carefully assessed with
the underlying mechanisms elucidated. To that purpose, different approaches can be used. First,
experimental toxicology consisting of conducting in vitro or in vivo experiments (including clinical
studies) can be used to evaluate the nanomaterial hazard. It can rely on variable models (more or less
complex), allowing the investigation of different biological endpoints. The respective advantages
and limitations of in vitro and in vivo models are discussed as well as some issues associated with
experimental nanotoxicology. Perspectives of future developments in the field are also proposed.
Second, computational nanotoxicology, i.e., in silico approaches, can be used to predict nanomaterial
toxicity. In this context, we describe the general principles, advantages, and limitations especially of
quantitative structure–activity relationship (QSAR) models and grouping/read-across approaches.
The aim of this review is to provide an overview of these different approaches based on examples
and highlight their complementarity.
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1. Introduction

In addition to ultra-fine particles produced naturally (as by-products of wildfires,
volcanic eruptions, and other natural processes) or unintentionally released as a con-
sequence of human activities (present in polluting emissions, such as welding fumes,
cigarette smoke, aircraft waste gas, or diesel exhaust), engineered nanomaterials are pro-
duced purposefully to take advantage of their unique physical, chemical, and/or biological
characteristics associated with their nanostructure. The remarkable development and
applications of nanomaterials lead to an increasing release of these materials in the environ-
ment, and, consequently, ecosystems and humans are increasingly exposed to them, while
the adverse effects they may elicit are not always fully characterized. By January 2022,
the Nanodatabase [1] counted 5224 products containing nanoparticles available on the
European market.

Besides the huge amount and variety of nanomaterials, we should keep in mind that
nanomaterials are highly heterogeneous in terms of physicochemical features, which repre-
sents a challenge for their hazard assessment and the generalization of conclusions [2,3].
As a result, a thorough characterization of nanomaterials is a prerequisite to the evaluation
of their potential toxicity [4,5]. In particular, the ISO/TR 13014:2012 guideline [6] recom-
mends the systematic consideration of parameters such as particle size and particle size
distribution, aggregation/agglomeration state, shape, surface area, composition, surface
chemistry, surface charge, and solubility/dispersibility.
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The toxicity of nanomaterials should be carefully assessed as a prerequisite for their
safe and successful use in any application. To that purpose, many models and approaches
are available, each having their advantages and limitations. The nanotoxicology field was
first introduced in 2005 by Oberdörster et al. [7] and has evolved ever since. It is now also
referred to as “nanosafety” [8] and includes in vitro and in vivo studies, and it aims to
establish a dose/effect relationship and thresholds below which no biological effects are
observed. It also studies the influence of specific properties of nanomaterials on biological
responses; this interdisciplinary approach involves physicochemists as well as biologists.
Furthermore, nanotoxicology includes the investigation of the interactions of nanomaterials
with living organisms and the study of the mechanisms of action potentially responsible
for adverse effects. Although nanotoxicology is a specific field due to the specific nature
of nanomaterials, some methodologies and approaches can be derived from standard
toxicology. Indeed, the toxicity of metals and other elements either naturally occurring or
produced by anthropogenic activities has already been extensively studied in the context
of environmental pollution [9].

We can roughly distinguish two types of approaches to evaluate nanomaterial hazards:
(i) empirical toxicology consisting of conducting in vitro or in vivo experiments and (ii) in
silico approaches relying on computational studies. The aim of this review is twofold: (i) to
provide an overview of these different fields based on recent examples of applications and
(ii) highlight their complementarity. Indeed, while the literature is rich in reviews focused
either on experimental or computational approaches (sometimes involving slightly different
scientific communities), very few studies deal with both. Thus, the present paper aims to
bridge this gap by exploring a balanced combination of wet and dry lab approaches that
are available for the toxicity assessment of nanomaterials, arguing for cooperative projects.

2. Experimental Nanotoxicology/Empirical Approaches

Experimental toxicology includes in vitro and in vivo studies. Basically, the principle
is to expose individuals, tissues, or cells to the substance of study, observe the effects
induced, and compare them with the response observed in a control group (treated in the
same conditions but unexposed to the substance). Clinical studies can also be considered
as part of experimental nanotoxicology.

The main parameters used to evaluate nanotoxicity include the study of the targets of
the nanomaterials (biodistribution and cellular uptake), the assessment of the induction
of cytotoxicity (cell damage, cell death), the pro-inflammatory response, oxidative stress,
and genotoxic effects as these events have been reported to be the mechanisms of action of
nanomaterial toxicity [10–12].

As mentioned before, a prerequisite to the assessment of the toxicity of nanomaterials
is their thorough physicochemical characterization as some features can deeply influence
the biological outcomes [7,13,14].

2.1. In Vitro Studies
2.1.1. In Vitro Models

A wide variety of in vitro models exist: from cell lines to primary cultures (developed
from tissue biopsies) and tissues. Primary cultures are quite challenging to establish due
to the lack of tissue availability, the specific handling they require, and donor-specific
variations [13,15]. Usually, cells lines are preferred because of their homogeneity and
stability, resulting in reproducible results. However, they are either cancer cells or cells
artificially immortalized, and although their high proliferative rate makes them easily
cultivable, available in large quantities, and inexpensive, they exhibit altered pathways
compared to normal cells. Consequently, they do not answer exactly as healthy cells would
do, making them a poorly reliable representation of what really occurs in vivo. In addition,
if they are used for long periods of time, cell de-differentiation and thus a change in
phenotype can occur [13,15]. This is why some scientists question their relevance. However,
Verdon et al. observed a similar pattern of response between the human neutrophil-like
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HL-60 cell line and human primary neutrophils after exposure to various nanomaterials [16].
They concluded that although some neutrophil functions were compromised in the cell
line, it still represented a valuable model that can be used in a first attempt, especially for
screening purposes, and primary cells can be used for more focused assessments.

Additionally, different cell types can be chosen depending on the scientific question
to address: cells from the immune system, in particular macrophages, epithelial cells,
fibroblasts, cells from the lung, cells from the gastrointestinal tract, neurons, etc. For
instance, while fibroblasts are commonly used to assess pro-fibrotic signals, macrophages
are used because they are the first line of defense of the organism. Additionally, lung and
gastrointestinal cells are often used as they represent the primary target organs after the
inhalation and ingestion of nanomaterials, two major exposure pathways [13].

Cell lines also offer the possibility to work with different species. While human cell
lines are supposed to more closely mimic human responses in comparison to rodent cell
lines, the latter are particularly useful for comparison of the results with animal data [13].

It should be taken into account that cell type-dependent effects have been reported,
and this is why it is recommended to use several cell types to assess nanomaterial toxicity
before drawing firm conclusions [15].

Cell culture conditions should also be considered carefully as they can impact the
reproducibility and accuracy of the results. Drasler et al. reviewed and made recommenda-
tions on the main experimental parameters involved in in vitro assays to achieve a reliable
assessment of nanomaterial–cell response [13]. For instance, the concentration of nanoma-
terials used in such experiments should be realistic and range from 1 to 100 μg/mL, with
the lower and higher limits at 0.125 and 200 μg/mL, respectively. It is also recommended
to include negative and positive controls to allow comparison between studies, both intra-
and interlaboratory [13].

The use of cell lines in monoculture systems is very common and is indeed recom-
mended for the first stage of nanomaterial hazard evaluation for the sake of simplicity [13].
However, it is acknowledged that they do not reproduce a tissue or organ which possesses
a defined three-dimensional (3D) structure and do not include the complex cross-talks
between cells [13–15,17–19]. To overcome these shortcomings, models able to more closely
mimic a physiological reality have been developed. These models of increasing complexity
are referred to as advanced in vitro models and include co-cultures and 3D cultures [18,20].

Multiple-cell cultures, also known as multicellular systems, 3D models, or “oid”
cultures (e.g., organoids, spheroids), represent more physiologically relevant systems,
especially for mechanistic studies, and have been described to have the potential to be
more predictive in toxicology testing, thus filling a gap between 2D systems and animal
experiments [8,13]. On the other hand, advanced culture systems are more expensive,
time-consuming, technically more demanding, more difficult to standardize, and usually
less suitable for high-throughput analyses [18,21].

Co-culture systems can be more or less complex; they comprise two or more cell types
and are not necessarily 3D. For example, in the study of the effects induced by inhaled
nanomaterials, co-cultures of alveolar cells and macrophages are interesting as the latter
cell type can provide information on an indirect toxicity mechanism where nanomaterial
internalization by macrophages leads to an inflammatory response and subsequent tissue
damage [14,17]. In an attempt to simulate the alveolar epithelial barrier, Barosova et al. [22]
developed a human alveolar cell co-culture model using alveolar epithelial type II cells and
two types of immune cells (human monocyte-derived macrophages and dendritic cells).
Another type of 3D lung co-culture model was developed to assess the hazard potential of
multi-walled carbon nanotubes, consisting of a mix of alveolar epithelial cells, fibroblasts,
and macrophages [23].

Similarly, different models of the 3D gastrointestinal tract were developed to assess
the hazard of nanomaterials [24–26]. While Saez-Tenorio et al. used a Caco-2/HT29 co-
culture, Bredeck et al. used a triple culture consisting of Caco-2, HT29-MTX-E12, and
THP-1 cells [24,26].
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Usually, a higher sensitivity of co-culture models has been reported compared to that
of monocultures. As an example, after exposure to nanomaterials, biological adverse effects
were observed in A549+THP-1 co-cultures but not in A549 monocultures [27–29].

Multicellular spheroids and organoids even more closely resemble in vivo organs [14,15,30,31].
These tissues have enhanced morphologies and show increased functional activity [17].
The difference between spheroid and organoid lies in the fact that in spheroids, cells are
free to form aggregates into a tight 3D ball, while in organoids, cells are embedded in a
matrix and confer a more ordered configuration, serving as a scaffolding support [19].

Such advanced 3D models have been developed to mimic the liver, pancreas, or
lung [31–34]. For instance, Kabadi et al. developed 3D lung microtissues using human
lung epithelial cells, fibroblasts, and macrophages [32]. Upon exposure to multi-walled
carbon nanotubes and asbestos fibers, they observed responses similar to those previously
observed in vivo in a rodent model, validating this advanced in vitro model.

Further, the incorporation of tissues or organs on a microfluidic platform, so-called
organ-on-a-chip, enables the evaluation of nanomaterial toxicity in highly dynamic con-
ditions in vitro [35,36]. A lung-on-a-chip based on human vascular endothelial cells and
alveolar epithelial cells has recently been developed for the assessment of the pulmonary
toxicity of TiO2 and ZnO nanoparticles [37]. The same model was used to evaluate the
pulmonary effect of air pollutant fine particulate matter [38].

Ready-to-use commercial solutions are also available such as Epithelix, EpiAirway,
MatTek, and MucilAir. They are 3D human reconstructed epithelia of the respiratory tract.
These cultures are made of primary airway epithelial cells isolated from different parts
of the respiratory tract of healthy donors or patients with chronic lung diseases, asthma,
or chronic obstructive pulmonary disease. However, these models are expensive, and the
donor variation has to be taken into account [39–42].

Besides more physiologically relevant cell models, progress has been made to more
realistically reproduce cell or organ exposure to nanomaterials. For instance, when con-
sidering airborne nanomaterials, air–liquid interface (ALI) systems better recapitulate the
physiological exposure of the lungs and seem better suited than conventional submerged
exposure assays to predict lung toxicity [40,43]. Indeed, when exposed to ceria and titania
nanoparticles, human A549 lung epithelial cells and differentiated THP-1 macrophages
cells were more sensitive at the ALI compared to under classical submerged conditions [43].
Similarly, Loret et al. reported that the biological responses of A549/THP-1 cells exposed
to TiO2 and CeO2 nanoparticles were usually observed at lower doses at the ALI than in
submerged conditions [27]. Others have also found a higher sensitivity of cells exposed at
the ALI compared to submerged exposure experiments [41,44,45]. Therefore, exposure of
cells at the air–liquid interface has been shown to be a valid and sensitive method to assess
the toxicity of several poorly soluble nanomaterials in monocultures and co-cultures and
could bridge the gap between traditional 2D in vitro assays and animal models of airway
exposure [4,27,39,44,46–51].

2.1.2. Main Biological Endpoints Considered

Nanomaterials can induce toxicity both in vitro and in vivo through various mecha-
nisms such as oxidative stress, cell death mechanisms (apoptosis, autophagy, and necrosis),
genotoxicity, and immunological responses [10–12,19,52]. Different assays allow evaluat-
ing these biological endpoints to report on the nanotoxicity; they can be subdivided into
cytotoxicity assessment (including cell viability, proliferation, and cell death assays), pro-
inflammatory response, oxidative stress, and genotoxicity [11]. To draw firm conclusions, a
battery of tests should be employed, with each assay being considered depending on the
cell type and nanomaterials used [13].

Cytotoxicity can be measured based on the observation of cells’ morphological al-
teration, measurement of cells’ viability, or the ability of cells to proliferate and form
colonies. Cell viability assays are generally based on the use of colorimetric or fluorimetric
assays [13], e.g., MTT, XTT, WST-1, Alamar blue, neutral red uptake, or evaluation of
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membrane integrity (LDH, trypan blue assays), whereas cell division or proliferation can
be evaluated through clonogenic assays or cell counting, respectively. Moreover, apoptosis
assays (e.g., TUNEL assay, caspase activation) or apoptosis/necrosis (Annexin V/PI) assays
can be used to characterize the type of cell death induced by nanomaterials [10,11,52–56].

A widely used approach to assess the pro-inflammatory response consists of the
analysis of the soluble factors such as cytokines or chemokines secreted by cells and assessed
in the cell culture supernatant by an enzyme-linked immunosorbent assay (ELISA) [13].

Oxidative stress is acknowledged to be a major mechanism of nanomaterial toxic-
ity [11]. Indeed, exposure to nanomaterials leads to the production of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) [11]. Cells generate ROS to maintain
normal metabolism/homeostasis, but their overproduction can interfere with a variety of
signal transduction pathways and even induce cell apoptosis, pro-inflammation, and DNA
damage [5,11,13,56]. ROS can be detected using electron paramagnetic resonance (EPR) or
fluorescent probes [11].

Genotoxicity describes the potential damage induced by nanomaterials to the DNA [13].
Primary genotoxicity can be distinguished from secondary genotoxicity: primary geno-
toxicity is defined as genetic damage induced by nanomaterials themselves, whereas in
secondary genotoxicity, nanomaterials do not interact directly with the target cell but
produce an inflammatory response in neighboring cells, resulting in the oxidative damage
of DNA by ROS. Please note that primary genotoxicity can also be mediated by ROS for-
mation formed in cells by the interaction of nanomaterials, e.g., with mitochondria [13,57].
To assess genotoxicity, different markers can be used evaluating DNA damage, gene mu-
tations, and chromosomal damage [21]. They include the in vitro mammalian cell gene
mutation assay and the in vitro mammalian cell micronucleus assay. The latter determines
the chromosome breakage leading to the formation of an additional nucleus (micronucleus)
during cellular division [13,33]. The micronucleus assay also assesses chromosomal loss,
i.e., aneugenic effects. In addition, the comet assay is widely used to detect the genotoxic
potential of nanomaterials, allowing the detection of single- and double-stranded DNA
breaks in individual cells [11,58,59]. Other genotoxicity assays include γ-H2AX foci forma-
tion as a marker for DNA double-strand breaks but with limited mechanistic insight for
investigations of more precise mechanisms of genotoxicity [13].

2.1.3. Advantages of In Vitro Approaches

In vitro models offer many advantages. They permit different levels of study: organ,
tissue, cell (one or several populations); they allow large screening of effects with a very
small amount of test material; and they are very well adapted for the study of mechanisms,
mainly for short-term studies [53,60]. As they are performed under controlled testing
conditions, they allow a reduction in variability between experiments [53]. They were
initially developed to apply the “3R” rule introduced in 1959 and aiming to Reduce, Refine,
and Replace animal experiments [61], which is now widely encouraged by international
legislation [21]. In 2010, the European Commission requested the partial and even full
replacement of animal studies [18,62]. In addition to preventing ethical issues related to
animal testing, such methods are easier, faster, and cheaper [11].

In particular, in nanotoxicology, in vitro models allow a better understanding of nano-
material uptake by cells and translocation through biological barriers, cytotoxicity and
cellular effects, and genotoxicity induced by nanomaterials in regard to their physico-
chemical features. Thus, such in vitro studies have allowed evidencing the involvement
of a specific physicochemical parameter in the toxicity of some nanomaterials. For in-
stance, correlations were observed between nanomaterial toxicity and their shape (cerium
nanoparticles) [63], their surface charge (silica nanoparticles) [64,65], their particle size and
surface chemistry (silicon carbide nanoparticles) [66,67], their agglomeration size (boehmite
nanoparticles) [68], and their size, shape, and agglomeration (TiO2 nanoparticles) [28].

This type of data is very useful, especially in the context of safer-by-design approaches.
Indeed, when the physicochemical parameters responsible for the toxicity of a nanomaterial
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are identified, we can alter them at the early stages of the nanomaterial development to
produce safer materials [14].

2.1.4. Limitations of In Vitro Approaches

Although very convenient, in vitro models have the major disadvantage of being too
simplistic. They do not reflect the complexity of a whole organism and do not reproduce
the toxicokinetics. Therefore, they may not be predictive of what really occurs in vivo. In
addition, chronic effects cannot be tested with these models due to difficulties of performing
long-term simulation [14,20,55,56,60]. This is why, despite its limitation due to ethical
reasons, the use of animal models still remains necessary.

2.2. In Vivo Models

The main advantage of in vivo models is that they are able to better mimic phys-
iopathological processes and allow the systemic evaluation of the effects triggered by
nanomaterials. They also enable studying the defense mechanisms that could counterbal-
ance a biological response (e.g., antioxidant defense, tissue repair mechanism, clearance by
cells from the immune system). Indeed, whole organisms remain the most scientifically rel-
evant models as they are able to capture effects of nanomaterials after they have entered the
body and have been distributed and processed [69]. As a matter of fact, a major advantage
of in vivo models is that they allow the assessment of the kinetics of nanomaterials through
absorption, distribution, metabolism, and excretion (ADME) [14]. In addition, while the
long-term effects of inhaled nanomaterials, for instance, cannot be studied in vitro, they can
be observed in vivo as they are retained in the body for longer periods [60]. Finally, in vivo
models could allow establishing modes of action of nanomaterials as well as studies on the
second generation, for instance, in the case of reproductive toxicity assays [70,71] or embry-
otoxicity evaluation [72]. Another asset of in vivo models is that they allow considering the
biopersistence of nanomaterials in the organism. This is of paramount importance in the
sense that it is correlated with toxicity. Indeed, the most persistent particles can accumulate
in tissues where they can elicit adverse effects [73]. For instance, compared to silver ions,
silver nanoparticles were shown to be more persistent in the circulating system and organs
in terms of overall body distribution [72].

In the nanotoxicity field, the most frequently used in vivo models are mammal models,
in particular small rodents such as mice, rats, and rabbits because of their close resemblance
to humans. In addition, they are cheaper and easier to be maintained than larger animals
such as pigs, which are genetically very close to humans [11,14,15]. Dogs and primates
show the highest similarity to the human respiratory system; however, they are rarely used
for toxicity studies due to ethical issues and experimental costs. On the other hand, guinea
pigs have been used for sensitization to inhaled antigens since their airways show similar
sensitivity to mediators to human airways, while rodent lungs are less sensitive [60].

To assess nanomaterial toxicity in vivo, different parameters can be evaluated, in-
cluding the biodistribution of the nanomaterials in the organism (localization in tissues or
organs), clearance (examination of excretion and metabolism of nanomaterials at various
time points after exposure), hematology, serum chemistry (examination of changes), and
histopathology (evaluation of alterations and potential damage to tissues) [11,14,15,19].
The LC50 (concentration of nanomaterial that causes the death of 50% of the population),
LOEC (lowest concentration that causes a noticeable effect on the organism), and NOEC
(maximum concentration at which no effect is observed on the organism) can also be
determined [14,19]. The genotoxicity of nanomaterials has also been widely investigated in
rodent models with the added value of evaluating the response of a whole organism upon
nanomaterial exposure. In addition, with an appropriate study design, several endpoints
can be analyzed in a single animal, reducing the number of animals and the costs of the
in vivo experiments. For instance, the in vivo genotoxic potential of nanofibrillated cellu-
lose, TiO2, SiO2, or Al2O3 nanomaterials administered to mice was evaluated using several
genotoxicity endpoints [74–77].
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Regarding the exposure of animals to nanomaterials, different routes are possible such
as inhalation, intravenous or intraperitoneal injections, ingestion, intratracheal instillation,
dermal administration, or gavage, to be chosen depending on the question to address [14,60].
Many studies have focused on inhalation as it is a main exposure route. Whole-body
exposure can be performed by placing animals in inhalation chambers. While it best
corresponds to pulmonary exposure, it is difficult to perform because usually nanomaterials
are contained in dry powder and thus need to be dispersed in airflow, which can generate
high concentrations of nanomaterials and thus aggregation [60]. Moreover, it is challenging
to precisely quantify the inhaled dose as nanomaterials are not only inhaled but also
ingested (through licking of the coat where they are also deposited). In addition, the
animals can avoid exposure by huddling together or burying their noses in corners of cages
or in the fur of another animal [60]. The “nose/head-only” system has been developed to
prevent some of these drawbacks where animals are immobilized in a tube, and only the
nose or head is exposed to the source of nanomaterials. However, such an immobilization is
stressful for the animals and can therefore produce biological impact, thus inducing biased
results when monitoring biological parameters. Inhalation studies require specialized
equipment and are more difficult and expensive to carry out than oral administration [69].

Another widely used exposure pathway of animals to nanomaterials is through intra-
tracheal instillation [60,69]. Nanomaterials are suspended in a physiological solution which
is deposited directly in the respiratory tract through a cannula inserted in the trachea. It is
easy to perform and allows controlling the dose effectively inserted into the lungs, but this
technique can cause local tissue damage and an uneven distribution of the test substance
in the lungs [60]. Moreover, it is not a physiological exposure, and when nanomaterials
are suspended in a liquid, a more or less homogeneous solution is produced, resulting in a
lack of reproducibility of the experiments.

The exposure route should be chosen depending on the availability of materials
(whole-body exposure requires high amounts of material), the technical expertise of the per-
sonnel (intratracheal instillation is technically challenging), and the exposure duration [60].
Anyway, the exposure route should be considered carefully as it has been shown to have a
significant impact on the results. As an example, inhaled single-walled carbon nanotubes
in mice elicited a greater effect than instilled particles [78], while the opposite was found
for titanium dioxide nanoparticles [79]. However, Warheit et al. observed similar results
with both exposure routes [80].

The high doses tested and route of administration used in inhalation studies are not
always relevant to human exposure scenarios and can result in so-called “overload” of the
test system. This is why short-term in vivo inhalation studies (STIS) have been developed
to reduce the need for 90-day inhalation studies [69].

Intravenous injection of nanomaterials is also commonly used, especially for the study
of toxicity mechanisms, to mimic translocation through the blood barrier. Similarly, other
pathways such as oral administration or skin contact also have their pros and cons and
should be considered depending on the scientific question to address.

Besides the ethical reasons and legislations [62] that tend to limit animal testing to that
which is strictly necessary, in vivo models have intrinsic limitations. As mentioned before,
from a practical point of view, such models are expensive, and facilities and personnel are
necessary for animal housing, feeding, care, etc., with increasing needs with the increasing
size of the animal model. Experiments with animals can be long and complex to handle. Ad-
ditionally, due to the huge amount and variety of nanomaterials, the systematic assessment
of their toxicity profile in vivo is simply unfeasible and unsustainable [81]. In addition,
while they remain the gold standard for toxicology testing, questions remain on the rel-
evance of in vivo models when assessing hazard implications towards human health [8].
Indeed, because of anatomical, physiological, and biochemical differences between species,
one may wonder if in vivo approaches are really predictive for humans [18,60,82]. As a
matter of fact, some models may also not be sensitive enough. For instance, it has been
reported that little pleural reactivity was induced in rats even with particles known to
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be very carcinogenic (e.g., asbestos). This is due to the rat lifespan being too short to
assess diseases that can occur 30 to 40 years after exposure in humans [60]. Similarly, the
drug thalidomide was shown to be inert within rodents, while it induced significantly
detrimental effects on human fetuses [8].

2.3. Clinical Studies

Biological monitoring or biomonitoring is defined as “the repeated, controlled mea-
surement of chemical or biological markers in fluids, tissues, or other accessible samples
from subjects exposed or exposed in the past or to be exposed to chemical, physical or
biological risk factors in the workplace and/or the general environment” [83].

Biomonitoring has been widely used in pulmonology, especially in the case of pneu-
moconiosis, and has uncovered critical information on the relationship between exposure
to a harmful substance and biological and even pathological effects. For instance, the
assessment of asbestosis bodies in patient lung tissues or in broncho-alveolar lavage (BAL)
fluids has allowed defining values specific to diseases [84–86]. It has also been shown that
BAL from patients suffering from idiopathic pulmonary fibrosis had a different chemical
composition to that of patients with other interstitial lung diseases or healthy subjects [87].
In the context of health risk assessment, the biomonitoring of nanoparticles in human bio-
logical samples could be a particularly interesting approach to gain new insights into the
role of inhaled biopersistent nanoparticles in the etiology/development of some respiratory
diseases. Although technically challenging [88,89], this strategy appears promising. Indeed,
the biomonitoring of nanoparticles in human lung tissues or fluids could fill a gap between
exposure to nanomaterials (evaluated by the external dose assessed by ambient monitoring)
and the biological effects and even diseases induced by these nanomaterials [88,90–93]
(Figure 1).

Figure 1. Biological monitoring of nanomaterials in human samples could fill a gap and help better
understand the relationship between exposure to nanomaterials and adverse effects through the
analysis of both biomarkers of exposure and biomarkers of effects.

We adopted this approach to detect and quantify nanoparticles in various types of
clinical samples such as seminal and follicular fluids [94], the colon [95], amniotic fluids [96],
or BAL [97–99]. We especially focused our attention on BAL, where we separated micron-
sized particles (>1 μm) from submicron (100 nm–1 μm) and nano-sized particles (<100 nm)
contained in BAL from a cohort of 100 patients who suffered from interstitial lung diseases
(ILDs). We then determined the metal load in each of these size fractions and evidenced a
higher concentration of submicron silica particles in patients suffering from sarcoidosis than
in patients suffering from other ILDs, suggesting a potential role of these inhaled particles
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in the etiology and/or development of sarcoidosis [98]. Similarly, we observed a higher
concentration of titanium nanoparticles in patients suffering from idiopathic fibrosis than in
patients suffering from other ILDs, allowing us to suspect a relationship between titanium
nanoparticles and idiopathic pulmonary fibrosis even though, in this case, we had a limited
number of patients to reach a satisfactory statistical power to draw firm conclusions.

We recently went one step further to gain a comprehensive vision of the events from
exposure to airborne nanoparticles to the biological response induced (Figure 1) and in-
vestigated associations between respiratory diseases and occupational exposures [100]. To
that purpose, we estimated the exposure to inhaled unintentionally released nanoparticles
of patients for each job held in their working life. Most of the patients showed a high
probability of exposure to airborne unintentionally released nanoparticles (>50%), sug-
gesting a potential role of inhaled nanoparticles in lung physiopathology. Depending on
the respiratory disease, the number of patients likely exposed to unintentionally released
nanoparticles was variable (e.g., from 88% for idiopathic pulmonary fibrosis to 54% for
sarcoidosis). These findings were consistent with the mineralogical analyses. Further
investigations are necessary to draw firm conclusions, but these first results strengthen
the array of presumptions on the contribution of some inhaled particles (from nano to
submicron size) to some idiopathic lung diseases.

While BAL reflects a diluted sample of the respiratory tract lining fluid, it is invasive,
takes time, must be performed in a medical setting, and cannot easily be repeated in short
intervals. This is why exhaled breath, which is more easily accessible, has emerged as a
promising matrix for biological monitoring [101]. The exhaled air is cooled to condensate,
and the obtained exhaled breath condensate (EBC) is collected and analyzed for the presence
of nanoparticles.

Finally, of course, large epidemiological studies can be informative, but they are
personnel- and time-consuming and require important financial resources.

2.4. Issues Associated with Experimental Nanotoxicology
2.4.1. Lack of Standardized Assays

As described before, a wide variety of assays are available to assess nanomaterial
toxicity [10]. However, there are no standardized protocols, and because of the different
sensitivities of different cell lines, the influence of cell culture media, and dispersion
techniques of nanomaterials, the outcome of in vitro assays may vary, making it difficult
to compare results from different studies [14,56,102]. As an example, when reviewing
studies from the literature to gain insight into the toxicity of graphene-based materials with
regard to their physicochemical features, no firm conclusions could be drawn because of
the lack of standardization of toxicity assessment as well as the incomplete nanomaterial
physicochemical characterization [103]. There is also a lack of consensus on the dose
metric; often, the concentration is expressed as mass per volume, which is not always
the most relevant unit [15]. Indeed, the nanoparticle surface area or the nanoparticle
number can be used as alternative dose metrics to nanoparticle mass. The more adequate
metric should be chosen depending on the question to address; for instance, Oberdörster
et al. demonstrated that to evaluate dose–response relationships of nanoparticle-induced
pulmonary inflammation, the particle surface area was a more appropriate dose metric
than particle mass or particle number [104]. Similarly, the biological endpoints can be
expressed using different scales; for instance, cytotoxicity can be expressed using a binary
system (toxic/nontoxic), or a (semi)quantitative scale (low/medium/high toxicity), with
absolute values, LC50, NOAEL, LOAEL, etc. This heterogeneity makes it challenging to
compare studies.

Finally, failure to use standardized methods and appropriate control experiments
questions the reliability of nanotoxicological assay results. In particular, the lack of positive
controls at the nanoscale is an issue [105,106].
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2.4.2. Potential Artifacts

It has been well documented that nanomaterials can interact with different cyto-
toxicological assays, resulting in inaccurate results and misinterpretations [13,15,53,56].
In particular, due to their large surface area, nanomaterials can adsorb assay reagents,
enzymes, substrates, or reporter dyes, inducing a bias in the assay outcome [15,107].

Moreover, as many cytotoxicity assays are based on optical readouts (spectrophotomet-
ric or fluorometric), the intrinsic optical properties of the nanomaterials (high absorption
or scattering) can interfere with the detection method [15,53,107].

This is why it is highly recommended to evaluate possible interferences prior to
any cytotoxicity assay to ensure reliable results. In case of interferences, nanomaterial-
specific adaptations of the conventional cytotoxicity assays (e.g., MTT and DCF assays)
might eliminate nanomaterial interference with the method [13,107]. Alternatively, after
quantification and modeling of the interferences, corrective factors can be applied to obtain
accurate results [108].

Kroll et al. characterized the interferences of 24 nanomaterials with 4 standard cy-
totoxicity assays for oxidative stress, cell viability, cell death, and inflammatory cytokine
production (DCF, MTT, LDH, and IL-8 ELISA) and reported concentration-, particle-, and
assay-specific interferences [107]. Similarly, it was demonstrated that interferences oc-
curred between carbon nanotubes and the commonly used LDH assay, due to the carbon
nanotubes’ intrinsic absorbance and their ability to adsorb LDH at their surface [109].

Besides such interferences, biological artifacts can also occur and bias the results. An
example is the contamination by endotoxins or lipopolysaccharides (LPSs) that cause acute
inflammatory responses in humans [55].

Another important factor inducing variation in nanotoxicity data is the medium in
which the nanomaterials are dispersed. This can alter the agglomeration/aggregation state
of the nanomaterial, which will subsequently have an impact on the cell uptake and toxicity
of the nanomaterial [15]. This is why it is recommended to characterize the physicochemical
properties of nanomaterials after dispersion in a cell culture medium.

Consequently, possible nanomaterial–assay interactions should be carefully assessed.
Furthermore, each biological endpoint should be evaluated with multiple assays which ide-
ally supply complementary information and have different assay and detection principles,
to validate the obtained results [15].

2.4.3. Difficulty to Compare In Vitro and In Vivo Data

While the merit of in vitro models has been acknowledged, concerns remain about
their correlation with in vivo data [60,102]. All the more, there is a lack of studies specif-
ically dedicated to the comparison between results obtained from in vitro and in vivo
approaches [69]. The in vitro/in vivo gap is an issue that makes the formulation of unam-
biguous conclusions on nanomaterial toxicity challenging [15].

Some factors can explain the conflicting results that have been observed between
in vitro and in vivo data. First, as discussed before, in vitro models, especially standard
2D cell cultures, are too simplistic and do not recapitulate the complexity of whole organ-
isms [15]. The development of advanced in vitro models will hopefully enable reducing
this gap. Second, the nanomaterial doses used in vitro and in vivo may significantly dif-
fer due to the contribution of clearance [13] or due to the concentrations selected for the
different assays. Indeed, while in vitro studies may use unrealistically high nanomaterial
concentrations to highlight dose-dependent effects, such dosages would not be applicable
in in vivo studies [102]. Third, we have to keep in mind that physicochemical features of
the nanomaterials can deeply affect their toxicity, and even small changes in these features
can lead to major alterations in nanomaterials’ interactions with biological systems [14,15].

However, efforts have been made to fill this gap; for instance, a rat NR8383 alveolar
macrophage assay has been developed to assess the in vitro effects of SiO2 nanomaterials.
The results were consistent with the effects observed in vivo, after intratracheal instillation
of the nanoparticles in rat lungs [110]. Similarly, Kampfer et al. investigated the cytotoxicity
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profile of silver and titanium dioxide nanoparticles in four in vitro models of increasing
complexity. The results were consistent with the in vivo effects of the same nanoparticles
through tissue analysis from 28-day oral exposure studies in mice, especially for advanced
in vitro models, underlining the relevance of these models [111].

2.4.4. Formation of a Protein Corona in Biological Media

To fully explore the nanomaterial interactions with biological systems, we should
take into account not only the “synthetic identity” of the nanomaterials (corresponding to
their pristine, intrinsic nature), but also their “biological identity”, acquired in biological
media [14,112]. Indeed, upon contact with blood, biological fluids, or cell culture media,
biomolecules contained in these fluids adsorb on the nanomaterial surface, forming a
crown, a layer mainly composed of proteins, the so-called “protein corona”. This new
interface with biological systems will deeply impact the nanomaterial biological fate and
response [113–117]. The composition of this protein corona is unique for each nanomaterial
and influenced by the nanomaterial’s intrinsic physicochemical features as well as by
biological environmental factors. The protein corona is also characterized by its dynamic
nature [14,114,117]. Indeed, its composition can vary over time following what is called
the “Vroman effect” where the most abundant proteins adsorb first and are then replaced
by proteins of higher affinity [118]. The protein corona composition also varies, especially
in vivo, depending on its location in the organism as the nanomaterial passes from one
biological compartment to another, each having its own distinct set of proteins that interact
in a unique way with the nanomaterial [117].

The characterization of the protein corona may be technically challenging, and a
lack of reproducibility can also be mentioned. In addition, despite numerous works, no
general rule can be established. Indeed, there is no universal corona; it is unique to each
system as its formation depends both on the nanomaterial properties and the biological
environment [65,117,119,120].

However, it is of paramount importance to take this component into account as
it can deeply influence interactions with cells and the subsequent biological outcomes.
Lesniak et al. showed that for identical particles and cells, under identical conditions, the
interactions with cells and the biological outcomes could vary greatly in the presence or
absence of a preformed corona in serum [121]. The protein corona may also impact the
biopersistence of nanomaterials in vivo as it can be recognized by macrophages, resulting
in an accelerated clearance [122].

Better knowledge of the impact of the protein corona is critical for nanotoxicology.

2.4.5. Combined Effects of Nanoparticles

We are constantly exposed to numerous and various sources of nanoparticles (natural
as well as engineered). It is thus difficult to reproduce such complexity in experiments;
therefore, samples used in nanotoxicology assessment are not always fully representative
of real-life exposure and may not lead to accurate human health risk assessment and
management as they overlook the interactions between the contaminants and their resulting
combined toxicity [123]. Indeed, the biological effects triggered by nanoparticles are usually
assessed focusing on individual nanoparticles [124,125], while their interaction with co-
contaminants can deeply impact, either positively or negatively, their biodistribution, fate in
the organism, and toxicological profile (additive, synergistic, or antagonistic responses) [123,126].
Even if the toxicities of individual compounds are well characterized, unexpected adverse
effects can be induced by the mixing of such compounds [127,128]. Even worse, compounds
that do not elicit adverse effects individually can induce significant toxicity when in a
mixture, resulting in an underestimation of the risk [129]. While additive or synergistic
effects can occur (effects higher than the simple addition of the effects of the individual
components) [130], antagonistic effects can also be reported [124,127,131,132].

Different mechanisms can be responsible for combined toxicity [123]. A carrier effect
can be observed where the co-pollutant adsorbs at the surface of the nanomaterial that
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serves as a cargo and eases the entry and accumulation of the co-pollutant inside the cell.
Moreover, the co-pollutant may alter the physicochemical features of nanoparticles, espe-
cially in relation to surface properties (chemistry, charge, hydrophobicity, agglomeration
state, etc.), and consequently result in a modified toxicological profile. In addition, the first
pollutant can make cells more sensitive to the second one. As an example, it was shown
that ZnO nanoparticles altered cell membranes upon accumulation and therefore enhanced
the toxicity of co-exposed Cu nanoparticles [133].

Despite the complexity of the issue (there are countless potential mixtures in our
environment) and the technical difficulty to recapitulate real-life conditions, it seems crucial
to take into account mixture effects [123]. Furthermore, if nanomaterial exposure is usually
well considered during the production and manufacturing stages, it is less systematically
evaluated during the use and end-of-life stages [81,112].

2.4.6. Low Doses/Chronic Exposure

In the nanotoxicology field, most studies focus on acute exposure with high nanoma-
terial doses, while very few studies report on long-term exposures over weeks or months
to sub-chronic exposures [13]. While long-term and repeated low-concentration exposure
studies are scarce, they are extremely important as they better mimic real-life exposure [134].
Furthermore, the mechanisms involved in a biological response to a high single dose may
be significantly different from those related to a repeated low-dose exposure [13]. Whereas
in vitro studies can be carried out to evaluate acute effects, they are not adapted to long-
term studies and chronic effects [13,135]. Such effects can be rather observed using in vivo
models, even if they are time-consuming and expensive and few inhalation laboratories
are equipped to carry out sub-chronic (90 days) or chronic (1.5–2 years) inhalation tests.
This explains why the in vivo chronic effects of inhaled nanomaterials are poorly docu-
mented [69].

2.5. Perspectives and Future Developments for Experimental Nanotoxicology

Besides the development of advanced in vitro models that more closely mimic in vivo
conditions, progress is awaited from the development of some approaches, techniques,
and their combination. As examples, we can name the omics techniques, high-throughput
screening (HTS) analyses, and the adverse outcome pathways (AOPs).

The “omics” approaches include genomics, transcriptomics, proteomics, metabolomics,
lipidomics, and toxicogenomics and can be applied both in vitro and in vivo (although
more easily in vitro) [56]. They provide a more comprehensive understanding of the bi-
ological response to nanomaterials than conventional toxicological assays, providing an
insight into the underlying mechanisms such as molecular interactions, cellular responses,
tissue/organ changes, and organism responses [56,136–139]. In addition, they may predict
toxicity at low levels of nanomaterial exposure, which do not produce toxicity but can
stress the cells, thereby emphasizing subtle biological changes that would not be detected
by a conventional toxicological assessment [56,139]. On the other hand, they require ex-
pensive infrastructure and highly skilled personnel to prepare the samples and to analyze
the data [2].

High-throughput screening (HTS) methods are defined as the use of automated tools
to facilitate the rapid execution of a large number and variety of biological assays that may
include several test substances in each assay [2,21]. They thus allow the rapid screening of
large numbers of nanomaterials at different concentrations and under different exposure
conditions, saving time and money. In vitro HTS may be used in order to rank nanomateri-
als’ hazard potential and prioritize them for in vivo testing [2,112]. Several HTS methods
have been validated and applied for nanomaterial testing, including high-throughput
flow cytometry, multiplex analysis of secreted products, and genotoxicity methods (high-
throughput comet assay, high-throughput micronucleus assay, and γH2AX assay) [2]. HTS
can also be combined with high-content analysis (HCA) or high-content imaging (HCI) to
deliver rapid and reliable toxicity assessment of large numbers of nanomaterials in parallel
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and can combine several endpoint measurements in one experiment [140]. For instance, the
human hepatoma HepaRG cell line was treated with a large set of nanomaterials, coatings,
and supernatants at different concentrations, and 14 different biological endpoints (in-
cluding viable cell count, cell membrane permeability, apoptotic cell death, mitochondrial
membrane potential, and steatosis) were analyzed using HTS [140]. The HTS method was
also used to assess the genotoxicity induced by different graphene-based materials [57] or
to evaluate the impact of nanomaterials on different DNA repair pathways [141].

An adverse outcome pathway (AOP) is a systematic process that uses the available
mechanistic information concerning a toxicological response and describes causal or mecha-
nistic relationships between a molecular initiating event (MIE), a series of intermediate key
events (KEs), and the adverse outcome (AO) [56,142]. In other words, an AOP represents
a linear chain of events starting from an MIE and ending with an AO. MIEs and AOs are
connected by KEs corresponding to specific biochemical mechanisms which are causal
and describe toxicity responses at different levels of biological organization including
the cellular, organ, organism, and population levels [8,56,134,142]. The AOP framework
provides pragmatic insights to promote the development of alternative testing strategies
and can significantly support risk assessment by developing predictive methods that utilize
mechanistic and evidence-based data [134,142]. The AOP approach has been applied to
nanomaterials. While MIEs are not fully understood yet, inflammation, oxidative stress,
and cytotoxicity have been identified as KEs and have led to defining lung fibrosis, lung
emphysema, and lung cancer as AOs [56,134,142]. Different AOPs can be of relevance
to nanomaterials such as AOP 173, AOP 303, AOP 237, AOP 302, and AOP 1.25, whose
AOs are lung fibrosis, lung cancer, atherosclerotic plaque progression, acute inhalation
toxicity, and lung emphysema, respectively [142]. However, lung fibrosis is the most
widely assessed and reported AO following exposure to nanomaterials. AOPs can also
be combined as networks. Indeed, individual linear AOPs allow the simplification of the
complex biology, but the combination of AOPs could better describe the intricateness of
the disease processes and hence is applicable to real-world scenarios [142].

Because of the respective drawbacks of each approach and model as discussed before,
it is very difficult to draw firm conclusions on the hazard potential of nanomaterials. In
addition, due to the multitude and variety of nanomaterials, it is impossible to assess
in vitro or in vivo their toxicity profile on a case-by-case basis [143]. This is why compu-
tational approaches (in silico models) have been developed to complement experimental
testing and represent useful alternatives proposing models able to predict the potential
hazard of nanomaterials, without testing, thereby reducing the time and cost of nanosafety
assessments and allowing the prioritization of nanomaterials that deserve further investi-
gations [18,143].

3. Computational Nanotoxicology/In Silico Approaches

In silico toxicology refers to the use of computational methods to analyze, simulate,
visualize, or predict the toxicity of chemicals and nanomaterials [54,144]. To be accurately
predictive of nanomaterial toxicity, models should carefully consider the complexity of
nanomaterials (requiring a complete physicochemical characterization) and their diverse
environments (exposure route) [143,145]. Concretely, the aim of computational approaches
is to model the relationships between nanomaterials’ structure, properties, and biological
effects [143]. Therefore, reliable in silico models can be used for the supplementation of
data in the first step of nanomaterial hazard assessment, as recommended by the European
Chemicals Agency (ECHA), or assist in the second step of hazard assessment (categorization
and labeling of nanomaterials) by directly classifying nanomaterials into groups of different
hazards [146].

The main advantage of computational approaches is that they can reduce experimental
(including animal) testing, thus saving time and money. They are fast and allow the
screening of larger numbers of nanomaterials [147]. On the other hand, the development
of in silico models has to face some challenges; in particular, to be robust, predictive, and
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broadly applicable, models should be developed based on large amounts of high-quality
and complete experimental data. They have to take into account the wide heterogeneity of
published literature data in terms of nanomaterial characterization, exposure, and hazard
data reported [103,143]. Missing values or data gaps and differing data quality (numbers of
replicates, signal-to-noise ratio, relevance of endpoints, different experimental conditions,
etc.) can be a hurdle for modeling.

Despite these limitations, different types of models of variable complexity have been
successfully developed to predict nanomaterial toxicity. They mainly use statistical and
machine learning (ML) algorithms to model relationships between a nanomaterial’s structure,
molecular properties, or other parameters and its biological effects [143]. The main machine
learning algorithms most commonly used include regression, decision trees, support
vector machines, artificial neural networks, partial least squares, and principal component
analysis [144,148,149]. Molecular dynamics (MD) has also been used to simulate and
predict nanomaterial interactions with biological environments [150].

3.1. Molecular Docking

Molecular docking studies consist of computational simulations that allow predicting
how nanomaterials interact with biomolecules based on 3D structural knowledge [20].
Molecular docking has also been used to determine the potential toxicity of CuO, TiO2,
Fe3O4, Au, Ag, ZnO, Mn2O3, and Fe3O4 nanoparticles with biological macromolecules [151].

3.2. Quantitative Structure–Activity Relationship (QSAR)

The most successful computational models able to predict the biological properties
of nanomaterials in diverse and complex environments are based on the quantitative
structure–activity relationship (QSAR) method [143]. The basic aim of the QSAR model is
to define an appropriate function that has a reasonable relationship between the chemical
structure and biological activity. This has the potential to further summarize the physio-
chemical and biological information in order to predict toxicity effects or develop ideal
nanomaterials [20]. In other words, and as schematically summarized in Figure 2, QSAR
models are based on defining mathematical dependencies between the biological activity
of nanomaterials (or toxicity, i.e., the endpoint) and their molecular descriptors (such as
physicochemical features) [20,148,152]. They are usually used for a series of often related
compounds: datasets.

Figure 2. Basic principle of QSAR models for nanomaterials.

This approach assumes that nanomaterials with similar molecular structures will
have similar biological effects [153]. Consequently, such models are able to predict a nano-
material’s behavior and effects in biological environments based on its physicochemical
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properties and molecular descriptors without experimental testing, which allows saving
time and money [56,148,154]. Such predictions could also permit researchers to streamline
and prioritize toxicological assays and focus on the most promising (i.e., safer) nanomateri-
als [114,154–157].

The concept of QSAR was proposed a century ago for chemical compounds [158,159]
and has been extensively used in the areas of drug discovery and chemical toxicity model-
ing, but its application to nanomaterials is not without challenges due to their specificities.
Indeed, it requires the development of nano-specific descriptors and curated experimental
datasets [147,150,153,154,160]. As an example, a molecular descriptor can be experimen-
tally determined or calculated [148]. In the latter case, we should ensure that the calculated
descriptors are correlated with experimental values; otherwise, they could have a strong im-
pact on the validity of the model. Therefore, descriptors should be developed and tailored
using the material’s specific information provided by the physicochemical characterization
(experimentally determined), rather than using idealized structures [154,160]. Regarding
the datasets necessary to develop QSAR models, they should contain a sufficient number
of diverse nanomaterials. These two conditions (diversity and a sufficiently high number
of samples) are currently difficult to meet, except when HTS methods are used [154]. In-
deed, there are only small databases on experimentally measured basic endpoints [161].
This is partly due to the fact that, although many nanotoxicological studies are available,
they are not standardized, resulting in heterogeneous data, and the few nanomaterial
databases available are often not suitable for building models [161]. In addition, nano-
materials represent very structurally diverse groups of chemicals, making it difficult to
build a significant dataset of structurally related nanomaterials [152]. To sum up, a large
quantity of experimental data of a high quality should be available to develop a reliable
nanoQSAR model [150,152,156,162–166]. Stronger collaborations between experimentalists
and modelers should result in more useful datasets and allow QSAR predictive models to
improve their potential [154,161,167], as shown in Figure 3.

Figure 3. The development of QSAR models for the prediction of nanomaterial toxicity can use
various statistical algorithms and is based on nanodescriptors (physicochemical features of nanoma-
terials) and biological endpoints (toxicity), both experimentally determined. This approach argues
for strong collaboration between experimenters and modelers.
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As recommended by the OECD [168], five principles should be met to validate a
QSAR model: (i) it should be associated with a defined endpoint, (ii) show an unambiguous
algorithm, (iii) a defined domain of applicability, and (iv) appropriate measures of goodness
of fit, robustness, and predictivity, and (v) possibly provide a mechanistic interpretation.
The first criterion indicates that, as a given endpoint could be determined by different
experimental protocols and under different experimental conditions, it is therefore crucial
to precisely identify the experimental system that is being modeled by the QSAR [154].
The intent of having an unambiguous algorithm is to ensure transparency in the model
algorithm that generates predictions of an endpoint. An applicability domain must be
defined in the sense that QSARs are reductionist and thus are inevitably associated with
limitations in terms of the types of chemical structures, physicochemical properties, and
mechanisms of action for which the models can generate reliable predictions. The need
for appropriate measures of goodness of fit, robustness, and predictivity indicates that the
internal performance (as represented by the goodness of fit and robustness) and predictivity
of a model (as determined by external validation) should be carefully assessed [154].

QSAR models have been developed in particular for metal and metal oxide nanomate-
rials [69,157,169]. Using a dataset of 17 metallic oxide particles differing by their chemical
composition, it was found that their toxicity to Escherichia coli bacteria could be predicted on
the basis of their chemical nature only thanks to calculated or experimental descriptors such
as metal electronegativity and cation charge [155,170]. Surprisingly, dimensional or shape
descriptors did not play any role. These results were confirmed in a model of mammalian
cells, the HaCaT cell line, regarding the toxicity of 18 metal oxide nanoparticles [152,171].
More recently, QSAR models for the prediction of the inflammatory potential of metal oxide
nanoparticles were developed based on a dataset of 30 samples [20]. Similarly, a QSAR
model able to predict the cellular uptake of 109 functionalized metal oxide nanoparticles
to pancreatic cancer cells (PaCa2) has been recently developed [172]. A predictive QSAR
model for the cellular association of gold nanoparticles based on their physicochemical
properties and protein corona fingerprints was developed and validated using a dataset of
105 nanoparticles [173].

Regarding the statistical methods used for QSAR models, different types of machine
learning algorithms can be used (Figure 3), including principal component analysis (PCA),
multiple linear regression (MLR), partial least squares (PLS) methods, random forests (RFs),
support vector machines (SVMs), k-nearest neighbors, Bayesian networks, and artificial
neural networks (ANNs) [20,149,166,172,174–184].

Despite the successful examples of application of nanoQSAR models, they still have
some limitations. For instance, they did not prove very useful with regard to in vitro–
in vivo extrapolation. Indeed, in QSAR models, the molecular descriptors usually refer
to the pristine nanomaterials, while upon contact with biological media, these features
are altered [69]. Similarly, because a nanomaterial can exert variable biological effects
under different biochemical conditions (cell line, cell species, etc.), QSAR modeling is
difficult [143]. Finally, it should be mentioned that one shortcoming of QSAR models lies
in the fact that nanomaterial physicochemical features are studied independently while we
know that they are directly correlated with each other (e.g., size and surface area). Such an
assumption is, however, necessary to manage the complexity and large amount of data.

An alternative to QSAR, especially when data are significantly limited, is the read-
across approach [152,165,185].

3.3. Grouping/Read-Across

To fill data gaps without performing additional experimental studies, the concepts of
grouping and read-across have been developed. The aim is to predict the effects of an un-
known substance (target material) based on the data available from substances classified in
the same group because they are considered similar in some way (source material). Similarity
is usually based on structural and/or physicochemical properties [13,145,150,152,165,186]. In
other words, this approach is based on the assumption that materials that are considered
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similar may have a comparable toxicological behavior. Consequently, experimental avail-
able toxicological properties from a source material can be used to derive the toxicological
properties of a target analogue with no (or limited) toxicological experimental data [187].

One may wonder if such an approach initially proposed for chemical compounds is
suitable for nanomaterials due to their heterogeneity as previously discussed [13]. However,
grouping/read-across methods are considered valid analytical tools to enable a more effi-
cient hazard identification and assessment of nanomaterials by bringing together substances
with similar hazardous profiles [145,146,186,188]. A major advantage of grouping/read-
across methods is that they do not require a large amount of data to identify groups of
similar compounds [152]. On the other hand, the criteria by which similar chemicals are
selected for read-across should be carefully justified for the acceptability of the model
predictions [183]. For this purpose, the European Chemicals Agency (ECHA) issued a
guidance document on information requirements and chemical safety assessment specific
to the application of QSAR and grouping approaches to nanomaterials [189].

As an example, following these guidelines, Lamon et al. used grouping/read-across
to predict the in vitro comet assay results of TiO2 nanoforms. They identified the physico-
chemical properties that define the groups and the similarities between analogues of the
same category, using chemoinformatic techniques such as hierarchical clustering (HC),
principal component analysis (PCA), and random forest variable selection [190]. The
level of similarity can also be determined with distance measures (Euclidean distance,
Pearson correlation distance, Manhattan distance, etc.), and then the activity of the tar-
get nanomaterial(s) can be predicted based on the activity of the nearest neighbors (i.e.,
the most similar chemicals) [185]. Another way to justify (or reject) the grouping of a
target nanomaterial and a source material is through integrated approaches to testing
and assessment (IATAs) [145]. IATAs set out a tiered testing strategy, which reflects the
different information needed and levels of uncertainty acceptable for different grouping
purposes. The substantiation of a grouping decision is underpinned by the demonstration
of similarity between group members, which helps the user to assess whether a target
nanomaterial is sufficiently similar to a source material to allow grouping and to assume
the target nanomaterial will induce similar toxicity to the source material [145].

Some examples from the literature illustrate the success of the grouping/read-across
techniques. For instance, they allow estimating the cytotoxicity of metal oxide nanoparticles
with a similar level of accuracy to that provided by QSAR models [152].

4. Conclusions

As schematically summarized in Figure 4, in vitro/in vivo approaches as well as in
silico models for nanotoxicology have their respective advantages and limitations.

No gold standard exists to assess the toxicity of a nanomaterial; instead, combinations
of several techniques are necessary to adequately describe the material’s toxicological pro-
file [55,56]. Similarly, it seems unlikely that one cell-based assay or computational model
will ever replace an existing animal test. Thus, the most appropriate methodologies will
need to be applied in an integrated assessment and testing strategy [69,191]. Experimental
and computational approaches thus appear complementary, and their combination should
lead to progress in the nanotoxicology field. Bridging the gap between these approaches
implies stronger interactions between experimentalists and developers of models, adopting
a multidisciplinary approach. In this context, new approach methodologies (NAMs) have
been proposed; according to the ECHA definition, they consist of “a broad context to
include in silico approaches, in chemico, and in vitro assays, as well as the inclusion of
information from the exposure of chemicals in the context of risk assessment” [192]. As an
example, system toxicology, by combining advanced analytical and computational tools,
can provide quantitative information on system-wide molecular changes in the context of
toxicant exposure, leading to information on how biological networks are perturbed by
toxicants. System toxicology aims to change the way in which adverse effects of chemicals
or other toxicants are characterized, from isolated empirical endpoints to integrated path-
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ways of toxicity [112]. Similarly, the combination of omics analyses and machine learning
has been proposed as a promising approach for analyzing nanotoxicity [139,154,184].

Figure 4. Summary of the advantages and limitations of approaches used in nanotoxicology and
perspectives of bridging the gap between these methods.
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Abstract: Among the different air pollutants, particulate matter (PM) is of great concern due to
its abundant presence in the atmosphere, which results in adverse effects on the environment and
human health. The different components of PM can be classified based on their physicochemical
properties. Carbonaceous particles (CPs) constitute a major fraction of ultrafine PM and have the
most harmful effects. Herein, we present a detailed overview of the main components of CPs, e.g.,
carbon black (CB), black carbon (BC), and brown carbon (BrC), from natural and anthropogenic
sources. The emission sources and the adverse effects of CPs on the environment and human health
are discussed. Particularly, we provide a detailed overview of the reported toxic effects of CPs
in the human body, such as respiratory effects, cardiovascular effects, neurodegenerative effects,
carcinogenic effects, etc. In addition, we also discuss the challenges faced by and limitations of the
available analytical techniques for the qualitative and quantitative detection of CPs in atmospheric
and biological samples. Considering the heterogeneous nature of CPs and biological samples,
a detailed overview of different analytical techniques for the detection of CPs in (real-exposure)
biological samples is also provided. This review provides useful insights into the classification,
toxicity, and detection of CPs in biological samples.

Keywords: carbonaceous nanoparticles; carbon black; black carbon; brown carbon; toxicity;
optical detection

1. Introduction

Air pollution has been a major concern for many years due to its harmful effects on
the environment and public health [1]. Worldwide, outdoor air pollution is estimated to
be the cause of approximately four million premature deaths annually, of which about
half a million occur in the European Union (EU). An additional four million premature
deaths have been attributed to household air pollution in the World Health Organization’s
(WHO) report [2–4]. Air pollution is a complex mixture of gaseous components and
particulates originating mainly from human activities and natural processes [5]. The
composition of the pollutants depends on various factors such as their sources, emission
rate, and wind conditions [5]. The major gaseous pollutants are nitrogen oxide (NO2),
ozone (O3), and carbon monoxide (CO), whereas common particulates in the atmosphere
include various particles of natural and anthropogenic origins [6,7]. Particulate matter
(PM), or simply particulates, are extremely small particles and liquid droplets suspended
in the atmosphere containing a mixture of different salts, organic chemicals, metals, dust
particles, and CPs [8,9]. PM pollutants can be classified based on their sizes into coarse
PM (PM10; size < 10 μm and >2.5 μm), fine PM (PM2.5; size < 2.5 μm), and ultrafine PM
(PM0.1; size < 100 nm) (Figure 1a). The particulates in PM can either be directly emitted
into the atmosphere, i.e., primary PM, or can be formed in the atmosphere from gaseous
precursors—the secondary PM [9,10]. Different emission sources from anthropogenic
activities and natural processes contribute to the release of the primary components of PM
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in the environment (Figure 1b) [9]. The major anthropogenic emission sources of PM in the
atmosphere are industrial activities, transportation, and the burning of fossil fuel [11,12].
Industrial activities are a major contributor to the presence of metals and engineered
nanomaterials (ENMs) in the environment, resulting in elevated levels of metal pollution
near sites with industrial activity [13–15]. Transportation is also a major source of CPs, dust,
and metals in the atmosphere through exhaust and non-exhaust activities. For example,
exhaust gases from the incomplete combustion of fossil fuels emit CPs into the atmosphere.
Whereas non-exhaust activities such as the erosion of roads, brakes, and tires are major
sources of dust and metals in the atmosphere [16,17]. People living near major highways
with heavy traffic are more prone to the adverse effects of CPs [18]. The burning of fossil
fuel for heating is another major contributor to CP emissions in the environment [19]. Some
examples of the major natural CP sources include volcanic eruptions and forest fires [20].
Secondary particles mostly form in the atmosphere through chemical reactions of gaseous
pollutants such as the transformation of nitrogen oxides and sulfur oxides [10].

Figure 1. (a) Different components of PM based on size: PM10, PM2.5 and PM0.1. With a decrease
in the size of PM components, their concentration increases exponentially. (b) Major sources of PM
pollution and different components from major sources.

Despite the considerable improvements in the atmospheric concentrations of PM
recently, the environmental and health effects of PM are still manifold [9,21]. The environ-
mental effects of PM depend on the chemical composition and include global warming,
damage to crops and forests, and contribution to acidic rain [22]. The impact of PM on pub-
lic health is very complex due to their variability in size, morphology, and composition [23].
A few well-known effects include, for example, the worsening of many respiratory diseases
such as asthma and chronic obstructive pulmonary disease (COPD) caused by short-term
exposure to PM10 [24], while exposure to PM2.5 has been associated with premature death
through existing pulmonary diseases and reduced lung function in children [25]. In ad-
dition, exposure to PM2.5 results in cardiovascular morbidity and mortality through the
deterioration of cardiac function [26]. Epidemiological studies indicate that the carcino-
genic effects of PM2.5 result in increased mortality, for example, due to lung cancer [27,28].
PM0.1 is present in the atmosphere in large concentrations and generally enters the body
through inhalation and can translocate to different organs through the bloodstream [29].
PM0.1 causes pulmonary inflammation and can be retained in the lungs for a long time. In
addition, it is also transported through the olfactory nerve into the brain and hence results
in autonomic dysfunction [30,31]. PM0.1 exposure is also associated with diabetes, cancer,
and low birth weight [32,33].

Since PM is a complex mixture of components with different chemistry, variable sizes,
and originating from different sources, it is a complicated task to link the adverse health
effects of PM to a specific constituent. Specifically, the fine and ultrafine constituents
of PM are more toxic compared to others [23,34,35]. CPs constitute a major fraction of
PM2.5 and PM0.1, and their abundant presence in the atmosphere makes them among the
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most harmful fractions of ambient PM [23,36–38]. Although a few review articles provide
insights into the classification of CPs and their detection in environmental samples, this
comprehensive review provides useful insights not only into the classification of different
CPs but also their toxicity and detection in biological samples.

2. Carbonaceous Particle (CP) Air Pollution

CPs represent a diverse group of materials divided mainly into two major categories:
elemental carbon (EC) and organic carbon (OC) [39,40]. EC consists of black carbon (BC),
which is directly emitted into the atmosphere through the incomplete combustion of fossil
fuels, and carbon black (CB), which is manufactured for use in different applications as a
pigment [41]. EC also includes engineered carbon nanomaterials, e.g., carbon nanotubes,
fullerenes, and graphene [42]. OC is a complex mixture of different (organic) compounds
and can be classified into primary and secondary organic compounds [41]. Among the
different components of OC, ambient brown carbon (BrC) is a major fraction resulting
from the burning of biomass, the degradation of organic matter, and secondary formation
processes in the atmosphere [39,43].

2.1. Classification of Different Components of CPs

The initial chemical composition of CPs depends mainly on their source. For example,
some sources produce almost pure EC, while others produce almost 50% (by mass) OC
particles [44]. The internal structure of CPs strictly relates to their optical properties, particu-
larly to those relating to UV–Vis absorption; hence, it is used as a diagnostic tool in different
fields such as atmospheric chemistry, solid-state physics, materials science, etc. [45–47].
The classification of the different components of CPs based on the most common methods
of bulk PM analysis is shown in Figure 2 [39,40]. At the top of this chart, the CB and BC
compounds have the strongest optical absorption and lowest volatility. Although CB and
BC are inherently complex, their chemical structure and optical properties can be explained
by using graphite as an example. Graphite is the most stable (thermodynamically) form
of pure EC and is an inert material under atmospheric conditions. Carbon atoms have an
sp2 orbital hybridization in graphitic structures, which results in a hexagonally symmetric
planar arrangement of carbon atoms connected by σ-bonds [48–50]. The remaining p-
electron is in an orbital perpendicular to the plane of carbon atoms. The p-orbitals overlap
sideways to form π-bonds. Due to the infinite planar structure of the graphite sheets, the
electrons in the overlapping p-orbitals are delocalized along the hexagonal atomic sheets of
carbon [49]. This results in the metal-like properties of graphite, e.g., electrical conductivity
and broad-band light absorption. The broad-band light absorption of CPs, particularly CB
and BC, also serves as a basis for their optical determination.

Figure 2. Classification of different components of CPs. Reproduced with permission from Ref. [40].
Copyright © 2002 Springer Nature.
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Due to the sp2 hybridization, the UV–Vis spectra of CB exhibit broad absorption in
the UV band between 200 and 250 nm. It also merges with the long wavelength tail of
the (σ-σ*) band, located in the far UV end toward 100 nm, which is typical of sp3 carbon
sites [51]. With the shift of the (π-π*) band’s position toward the visible wavelength, the
sp2 character increases due to the extension of the sp2 hybrid area [48,51]. Hence, this
allows us to understand the graphitization process occurring in pyrolysis and combustion
systems resulting in the production and CB and BC. Different structural parameters, i.e.,
the number of stacked graphitic layers and the curvature of aromatic layers, affect the (π-π*)
band position [52,53]. The increase in these structural parameters due to the graphitization
process causes the shift toward the UV region of the band position, which is opposite to the
shift toward the visible region caused by the growth of graphene.

CB and BC exhibit a very complex morphology spanning from the macrostructure
to micro- and nano-structures. Even at the nanometer scale, the arrangement of aromatic
units of different sizes (>2 rings) in non-stacked and stacked units from two to five stacks
can give rise to a different degree of crystallinity and different classes of absorbers [48,54].
This structural complexity leads to changes in the electronic interactions and hence affects
the correct interpretation of UV–Vis spectral features of CPs [48].

The bottom of the chart in Figures 1 and 2 shows the volatile organic compounds with
their characteristic absorption in the UV range [39]. Between two extremes, the middle
of the chart corresponds to the moderately volatile (refractory) compounds with poorly
characterized molecular structures. Among these, a few compounds (e.g., HULIS and
PAHs) correspond to the colored compounds with optical properties relevant to the BrC
particles [47]. Compared to CB and BC, the optical absorption of BrC has strong wavelength
dependence in the visible wavelength with the degree of absorption decreasing sharply
from the UV to the visible region [39,55]. This is due to the presence of BrC chromophores,
and the exact molecular identities of these chromophores are highly variable; however,
they are expected to have a high degree of conjugation across the molecular skeleton and
high absorption cross-sections. As fluorescent compounds often have the same character-
istics, the compounds found in BrC particles can also act as efficient fluorophores [47,56].
In addition, studies have reported that nitroaromatic compounds are major BrC species
resulting from the burning of biomass and are also responsible for 50% to 80% of the total
light absorption by BrC (at 400 nm) [43,57,58]. Furthermore, aromatic volatile organic com-
pounds, i.e., benzene homologs and derivatives, are also considered important precursors
of BrC [57,59]. Specifically, nitrophenols and nitrocatechols are dominant chromophore
species (>50% of the concentration) in BrC. In addition, Nitrophenols and nitrocatechols
contribute more than 50% of the optical absorption of BrC between 300 and 400 nm [57].
Additionally, anthropogenic volatile organic compounds (e.g., benzene and toluene) and
the oxidation of the biomass burning-related products (e.g., pyrocatechol and methylcate-
chols) can also generate similar BrC chromophores, indicating that these functionalized
aromatic compounds play an important role in the optical absorption properties of BrC
particles [57]. Furthermore, biogenic materials, their low-temperature oxidation, and poly-
merization products, e.g., fulvic substances and tannin/lignin compounds, also contribute
to the light-absorbing properties of BrC particles [39].

The classification of CPs only based on their optical properties is not sufficient; hence,
any potentially available chemical information can also be useful. For example, the H/C
molar ratio can be a good indicator of the presence of organic substances in CPs [39]. The
H/C molar ratio in BC (soot) is approximately 0.15, and it is well below the values for OC.
In highly condensed materials (i.e., PAHs and lignin) it tends to be in the range of 0.5 to
1.5 [39,60]. Atmospheric HULIS have H/C ratios of about 1.4–1.6 [39,61]. Individual CP
components are discussed below in detail.

2.1.1. Carbon Black (CB)

CB is an industrially manufactured product consisting of fine black powder obtained
through the partial combustion or thermal decomposition of hydrocarbons [42,62]. Based
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on its manufacturing process, CB can be divided into acetylene black, channel black, furnace
black, and thermal black [63]. Approximately ten million tons of CB are produced every
year globally, making it one of the top 50 industrially manufactured chemicals [42,64].
Almost 90% of commercially produced CB is used in rubber applications, namely, tire-
related automotive uses and other automotive and non-automotive uses of rubber [64,65].
The remaining 10% is used for various applications, e.g., as a black pigment or a conducting
agent in plastics, inks, paints, and even in food (E153) [64–67]. The size of primary CB
particles ranges from 15 to 300 nm [42]. There is a huge risk of occupational exposure
to CB during different stages of its manufacturing process, production, collection, and
handling [42,65]. The risk of occupational exposure to CB is also possible in downstream
CB user industries such as the manufacture of rubber, paint, and ink; printing; in the
plastics, paper, and ceramics industries; and in carbon electrode production [42,68].

2.1.2. Black Carbon (BC)

BC is a collective term used for different carbonaceous substances ranging from partly
charred plant residues to highly graphitized soot particles resulting from incomplete
combustion [69]. BC particles are a heterogeneous mixture of different species from various
sources consisting of large aromatics and few functional groups [70]. Compared to CB,
there is no universally defined chemical definition of BC. However, in a Report to Congress
on Black Carbon, the United States (US) Environmental Protection Agency (EPA) defined
BC as a “solid form of carbonaceous component of PM that absorbs solar radiation at all
wavelengths” [71]. BC mostly originates from the incomplete combustion of biomass and
fossil fuels linked to human activities [39,42]. Among these, diesel exhaust engines are a
major contributor to the emissions of BC in the environment in the proximity of heavy-
traffic areas [72]. In addition, the natural sources of BC emissions are volcanic eruptions
and wildfires [73]. The level of global BC emissions from both natural and anthropogenic
sources is estimated to be approximately nine million tons per year [42]. The size of BC
particles ranges from a few nm to a few hundred nm for atmospheric BC usually sourced
from diesel exhaust processes [74]. Atmospheric exposure to BC depends on the daily
activities of individuals, whereas persons associated with the transportation sector are
prone to higher exposure to BC [72].

2.1.3. Brown Carbon (BrC)

In contrast to CB and BC, BrC is a fraction of OC that does not absorb all visible
light and is characterized by its (light) brown appearance [75]. Recently, BrC attracted
the attention of the scientific community due to its strong light-absorbing abilities in the
ultraviolet (UV) and visible (Vis) regions and for playing a role in climate change [76]. BrC
is chemically very complex as it originates from the incomplete combustion of various
materials but can also stem from non-combustion processes either through primary or
secondary sources [75]. The major primary BrC sources include low-temperature biomass
and coal burning through human activities, biogenic emissions from plant residue, and
humic matter [77,78]. Secondary BrC is produced through atmospheric transformation
reactions [79]. Compounds of high molecular weight and a light-absorbing nature can
result from atmospheric multiphase transformations in the presence of gas-phase or cloud
micro-droplets [80–82]. BrC is a dynamic mixture of organic compounds and very little
information is available about the relationship between its chemical composition and emis-
sion sources. Atmospheric humic-like substances have been considered major components
of BrC in addition to polycyclic aromatics and biopolymers such as lignin [39,43,61]. Atmo-
spheric BrC can also be classified based on its soluble and insoluble fractions both in water
and methanol [83,84]. The global level of BrC emissions is estimated to be approximately
seven million tons [75,85]. Although the role of BrC in climate change is already known,
the adverse health effects of BrC are also receiving more attention from scientists [86,87].
The characteristics of CB, BC, and BrC are provided in Table 1.
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Table 1. Characteristics of CB, BC, and BrC.

Characteristics Carbon Black (CB) Black Carbon (BC) Brown Carbon (BrC)

Sources/Origin

Large-scale commercial
production processes,
abrasion of materials

containing CB.

Biomass burning, diesel
exhaust, forest fires,
volcanic eruptions.

Biomass burning, coal
burning, forest fires,

biogenic sources (dust,
humic matter, etc.).

Production/Emission estimates ~9.8 million tons per year. ~8.5 million tons per year. ~6.9 million tons per year
(carbon), variable.

Composition/Molecular structure Elemental carbon > 97% Source-dependent, often
elemental carbon > 50%

Humic-like substances,
PAHs, Biopolymers.

Primary particle sizes ~15–300 nm
Smaller than primary CB
particles: diesel exhaust

around ~15–40 nm.

Various sizes, depending on
the molecular structure.

General morphology (shape, form)
Aciniform aggregates and

agglomerates.

Complex chains, aciniform
aggregates, agglomerated

spherical particles.

Individual particles,
aggregates with PAHs,

tarballs.

Exposure sources Environmental and
Occupational.

Environmental:
anthropogenic and natural

sources.

Environmental:
anthropogenic and natural

sources.

Environmental/Health effects

Cytotoxicity, inflammation
and oxidative stress,
cardiovascular and

respiratory diseases.

Global warming,
cytotoxicity, inflammation

and oxidative stress,
cardiovascular and
respiratory diseases,
carrier for harmful

substances.

Global warming, cell
apoptosis, carrier for

carcinogenic NPs, persistent
organic pollutants (POPs).

Optical properties
Absorbs light at all
wavelengths from

UV–Vis-nIR.

Absorbs light at all
wavelengths from

UV–Vis-nIR.

Absorbs light strongly in the
UV region.

References [42,62–65,67] [39,42,69–74] [39,43,61,80–86]

3. Environmental Impact of CPs

Carbonaceous aerosols have a significant impact on the weather and climate through
the absorption and scattering of sunlight [88]. When suspended in the atmosphere, BC con-
tributes to the warming of the atmosphere by absorbing solar radiation at all wavelengths
from UV–Vis to nIR and converting it into heat [89]. BC is the second most important
chemical contributing to climate change after carbon dioxide [90]. The BC emitted through
human activities and natural sources can also be deposited on the ice and snow, and the
consequent decreased albedo effect results in an increased temperature and hence the
melting the snow [91]. This also results in the enhanced melting of the ice caps in the arctic
and other glaciated regions [92]. In addition, BC also has consequences on the health of
the global ecosystem by changing rainfall patterns through its increased absorption of
sunlight and by changing the number of liquid cloud droplets [93,94]. This can in turn
affect both ecosystems and human living conditions, for example, by affecting agricultural
productivity [93,95]. BC can also deposit on the leaves of trees, which consequently in-
creases their temperature [96]. In the past few years, BrC has also received the attention of
scientists, particularly in atmospheric research, due to its ability to strongly absorb light in
the UV–blue region and hence contribute to climate change [97]. In contrast to BC, the light
absorption efficiency of BrC is highly variable as it depends on the chemical composition
and source [98]. BrC from the burning of biomass can cause strong circum-arctic warming
and indirectly affect the ecosystem and the economy [99,100].

4. Health Effects of CPs

The toxicity of CPs is known to strongly depend on various factors such as their
physical characteristics (size, shape, etc.) and chemical composition [101]. Environmental
and occupational exposure to ambient CPs is associated with a multitude of diseases as well
as a higher mortality rate [102–105]. CPs from the burning of biomass cause toxicity through
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the stimulation of oxidative stress, inflammation, and genotoxicity through localized or
systemic toxicity [106]. Being a major fraction of ultrafine PM, very fine CPs are highly
toxic due to their translocation to different organs via the bloodstream, and a large surface
area can result in an enhanced inflammatory response [29]. The toxic effects of CPs on
human health are discussed in detail in this section.

4.1. Pulmonary/Respiratory Effects

The lungs are the prime organs exposed to atmospheric CPs after inhalation [107].
The deposition of CPs in the lungs depends on the particle size, whereas the composition
of the particles determines their toxicity [108]. CB particles consist mainly of EC whereas
BC and BrC also contain organic (polyaromatic) components with chemical toxicity to-
wards the lungs [39,42]. Exposure to CPs can cause two pulmonary diseases: COPD
and asthma [109–111]. The pathophysiology of COPD and asthma includes inflammation
of the airways, tissue remodeling and fibrosis, mucociliary dysfunctions, and structural
changes [107,112]. Exposure to CPs can also cause alterations in the lungs through the
interruption of different lung functions [107]. For example, the inflammation of the airways
after the inhalation of CPs causes serious damage to lung function, as diesel exhaust parti-
cles (DEPs) alter the production of cytokines [113]. Furthermore, tissue remodeling and
fibrosis are observed after inflammatory conditions leading to the accumulation of collagen
fibers [107]. Susceptible individuals that already have COPD or asthma are more prone to
CP-mediated oxidative damage. In addition, through the generation of reactive oxygen
species (ROS), ultrafine CPs cause adverse effects in susceptible individuals with COPD
or asthma [114]. The effects of CPs on various biochemical and molecular mediators can
cause respiratory dysfunction. In vivo studies have shown the dose-dependent toxicity of
synergized CB and Cd resulting in the inflammation of lungs [115]. In an inhalation study,
rats were exposed to CB at 7 mg/m3 and 50 mg/m3 for 6 h per day and 5 days per week.
After 13 weeks, inflammation and oxidative stress were observed in the bronchioalveolar
lavage fluid from rats [116,117].

4.2. Cardiovascular Effects

Exposure to CPs from the atmosphere also affects cardiovascular functions, and several
direct or indirect pathways explain the link between CPs and cardiovascular effects [118–120].
Through direct pathways, fine, and specifically ultrafine CPs, can translocate from the lungs
into the bloodstream and hence target remote organs leading to potential cumulative tox-
icity [119]. Exposure to ultrafine particles causes cardiac depression effects leading to the
deterioration of cardiac function [121]. Indirect pathways are mediated by pulmonary ox-
idative stress and the inflammatory response, as well as interaction with the autonomic
nervous system through specific lung receptors [122]. After the deposition of particles in the
lungs, they trigger an inflammation-related cascade resulting in an increased circulating level
of pro-inflammatory cytokines, thereby contributing to the risks of atherosclerosis progres-
sion [26,123]. The dose-dependent exposure of rats to CB enhanced their cardiovascular risk
by inducing hyperhomocysteinemia and platelet hyperactivity [124]. Furthermore, the ROS-
dependent mechanism also involves the pro-inflammatory pathway triggered by CPs, which
is linked to vascular dysfunction, cardiac arrhythmias, and myocardial infarction [125,126].
In addition, CPs can also stimulate the autonomic nervous system, resulting in impaired
autonomic balance and a hyper-activated sympathetic tone that is related to increased cardio-
vascular risk [127]. Exposure to CPs is also linked with myocardial infarction and accelerated
cardiovascular changes [128–130].

4.3. Reproductive and Developmental Toxicity

Maternal exposure to CPs can result in developmental toxicity and affect three major
organ systems in offspring, namely, the central nervous system, the male reproductive
system, and the immune system [131]. The dose-dependent maternal exposure to CPs
(Printex 90) was linked with changes in the histology of different cell populations in the
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central nervous system (CNS) and the altered open-field behavior of the offspring in a
murine model [132]. Maternal exposure to CPs resulted in the enlargement of lysosomal
granules in brain perivascular macrophages (PVMs), as well as increased glial fibrillary
acidic protein (GFAP) expression levels in astrocytes, indicating reactive astrogliosis in
six-week-old offspring [132–134]. The observed changes in the CNS can cause early brain
aging, and the offspring have an increased susceptibility to age-related brain disorders [132].
Additionally, the exposure to CPs, particularly CB particles, during gestation has effects
on sperm counts and causes structural testicular changes in male offspring [135,136]. The
exposure of mice to CB for 10 weeks decreased their daily sperm count and testosterone
levels [131]. Maternal exposure to diesel exhaust and tobacco smoke particles can cause
allergic immune responses in offspring [137]. Prenatal exposure to CPs can cause immune
system impairment, resulting in the frequent onset of allergies during childhood [138].
Maternal exposure to CPs also affects the fetus, resulting in low birth weight [139].

4.4. Neurotoxic Effects

Epidemiological research along with in vivo and in vitro studies are further clarifying
that exposure to fine particulates damages the nervous system and the brain [31]. Ambient
CPs have toxic effects on the brain after potentially translocating through the olfactory
tract/olfactory nerve, gastro-intestinal tract/vagus nerve, or blood–brain barrier [140].
The different potential pathways damaging the brain and CNS include direct toxic effects,
neuroinflammation, and oxidative stress [141,142]. Ultrafine CPs can have a direct toxic
effect through their deposition on the olfactory mucosa of the respiratory tract and sub-
sequent translocation to the brain through the olfactory nerve [31]. Chronic exposure to
particles from diesel exhaust can induce oxidative stress, neuroinflammation, and impaired
neurogenesis in different brain regions, subsequently leading to brain cell death [143,144].
The dose-dependent exposure of mice to ultrafine soot-iron particles through inhalation
was associated with indicators of neural inflammation [145]. Long-term exposure to fine
particulates during adulthood accelerates the effects of aging in the brain, thereby increas-
ing the risks of developing dementia or neurodegenerative diseases such as Alzheimer’s
disease or Parkinson’s disease [146,147]. Long-term exposure to traffic exhaust CPs is
associated with ischemic stroke, resulting in elevated stroke incidences [148].

4.5. Genotoxic and Carcinogenic Effects

The carcinogenic effects of CPs in humans are either caused at the exposure site
such as the respiratory tract or at a distal location after the translocation of particles
through the bloodstream [107,149]. Occupational exposure to PAHs, accounting for a
significant fraction of BrC and BC, is linked to respiratory, urinary tract, and prostate
cancers [150,151]. The regular inhalation of DEPs and CB particles results in pulmonary
carcinogenic effects [152,153]. Exposure to CPs, particularly soot, can cause DNA mutations,
while higher concentrations of PAHs are responsible for genotoxic effects by damaging
DNA [154,155]. Exposure to CPs causes DNA modifications due to DNA adduct formation
after the reaction of PAHs with DNA molecules [156,157]. CPs—particularly wood smoke
particles—cause oxidative stress, which is associated with a failure of the DNA repair
mechanism [158]. Exposure to fine and ultrafine particulates causes DNA methylation
changes at the molecular level resulting in changing the expression profiles of genes such
that they cause cancer [159]. Soot particles from the 1991 oil fires in Kuwait have shown
that a dose-dependent increase results in the induction of genetic effects under in vitro
conditions [107]. PAHs also cause epigenetic effects through histone modification, whereas
CB can potentiate single- and double-stranded DNA breaks and hence cause genotoxic
effects [160,161]. The presence of metal ions in CPs brings about chemical toxicity through
the enhanced ROS formation capacity of CPs, resulting in genotoxic effects [162,163]. In
addition, BrC particles attract persistent organic pollutants (POPs) and act as carriers for
carcinogenic materials such as benzo[a]pyrene (Bap) [75,76,164].
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4.6. Dermal Toxicity

The skin is the second most important route—after the respiratory tract—for the
interaction and penetration of nanoparticle pollutants in the body [165]. Therefore, epi-
dermal cells, like cells in other organs, are exposed to carbonaceous pollutants from the
atmosphere, resulting in the production of pro-inflammatory cytokines by human dermal
keratinocytes [166,167]. Diesel exhaust CPs and those from cigarette smoke are responsible
for damaging effects on skin tissues and premature skin aging [167,168]. For example, DEPs
are responsible for the development of allergic and non-allergic skin inflammation after
the generation of ROS through redox reactions [169]. Organic extracts from CPs caused
dose-dependent cytotoxicity in murine epidermal cells in model studies [170]. Although
CPs have cytotoxic effects on the skin, no study was found regarding the toxic effects of
CPs in other organs after full penetration through the skin. The toxic effects of CPs on
human health are shown in the schematic in Figure 3.

Figure 3. Schematic showing the toxic effects of exposure to CPs in humans.

5. Characterization Techniques for Carbonaceous Particles (CPs)

Adequate sampling and qualitative and quantitative characterization are essential
to evaluate the adverse effects of CPs on the environment and humans. However, CPs’
identification is not a simple task, as they are a heterogeneous group of particulates with
a diverse chemical and structural nature and large variability in size [42,47]. In addition,
various sampling conditions, such as those presented by polluted air or biological samples,
pose many challenges for the qualitative and quantitative identification of CPs [39,171].
For example, elevated background signals from biological settings such as fluids or tissue
samples are very intense compared to signals from CPs [171]. Due to the variability in
different sampling conditions, it is difficult to develop generally applicable techniques for
CPs’ identification [171,172]. The generally used techniques for the characterization of CPs
in atmospheric and biological samples are discussed in this section together with their
advantages and limitations.

5.1. Characterization Techniques for Atmospheric CPs

The identification and quantification of CPs in atmospheric samples is not straight-
forward and the currently available techniques cannot accurately perform the sensitive
detection of the different constituents of PM [37,38,173]. The detection of CPs in atmo-
spheric samples is generally performed using light absorption and thermal radiation
techniques; however, these two classes of techniques do not necessarily give similar re-
sults [40,94,174,175]. Light absorption techniques correlate the light absorption or attenu-
ation from the samples to the mass (per volume) of the absorbing material using a light
absorption coefficient and assuming that the absorbed or attenuated light is proportional
to the mass of the CPs [55,176]. Using light absorption techniques, the bulk analysis of CPs
is performed using a filter-based approach in which a gas stream (polluted air) is passed
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through a filter to concentrate the samples. Aethalometers use a filter-based technique to
measure the light absorption of CPs and can estimate the contribution from different CPs
based on wavelength-dependent light absorption measurements [176,177]. For example,
emissions from the burning of fossil fuel absorb light dominantly from the Vis–nIR region,
indicating the presence of BC, whereas emissions from the burning of biomass have more
BrC, and hence an enhanced absorption in the UV and blue wavelengths [178,179]. In
addition, based on the attenuation coefficient, the concentration of the CPs can be esti-
mated [180]. Although this technique can identify and quantify CPs in environmental
samples, there are several limitations to this technique such as: (i) the shadowing effect,
(ii) the scattering of the light beam at the filter fibers, (iii) and a false response from non-CPs,
which can lead to the false estimation of these measurements [176,181].

Thermal radiation techniques work on the principle of measuring the mass concen-
trations of CPs based on heating the light-absorbing carbonaceous aerosols followed by
the analysis of emitted radiation [182]. Laser-induced incandescence (LII) is a powerful
thermal radiation technique in which the emission signal from the particles is generated by
the absorption of high-intensity laser radiation, and the thermal emission from the heated
particles is detected in the selected detection window [175,183]. Depending on the laser’s
wavelength, LII can identify different fractions of CP in gaseous samples [182]. It can also
quantify the mass concentrations (based on the mass per volume) of CPs, as well as measure
the particle size based on the temporal decay of the LII signal [184]. It is used extensively
for environmental applications such as ambient air quality or source monitoring [182].
There are several limitations of this technique; for example: (i) the instrument response
depends on the type of CP, (ii) proper calibration is required to convert the intensity of the
thermal radiation to the CP mass, and (iii) no established reference materials are available
for calibration [174,181].

Furthermore, the combination of LII and light scattering from particles has also been
employed to identify CP, as well as to measure their mass concentrations and particle
size. This method is used in Single Particle Soot Photometers (SP2) for single-particle
analysis [185,186]. In SP2, LII measures CPs such as BC, whereas single-particle light
scattering is employed to measure the particle size and mass concentrations [186]. This
instrument can also measure the content of CPs without interference from semi-volatile
materials or mineral dust particles [175,186]. As SP2 works based on LII and light scattering,
the limitations of this method in addition to LII’s drawbacks include (i) the requirement for
prior information about the refractive index and shape of the particles, and (ii) the necessity
of calibrating the instrument for the accurate determination of the mass concentrations and
particle size [175].

Other common optical techniques used for atmospheric CP measurements include cavity
ring-down spectroscopy (CRDS) and multi-angle absorption photometer (MAAP) [187–189].
In addition, high-performance liquid chromatography (HPLC), as well as mass spectrometry
(MS), are used for the characterization of chromophores in BrC samples from different emission
sources [58,190]. The above-mentioned techniques are briefly discussed for atmospheric
samples; however, the detailed discussion of atmospheric CP characterization exceeds the
scope of this work. There is an evident need for the characterization of CPs in biological
samples in order to gain insights into the toxicity of CPs towards humans.

5.2. Characterization Techniques for CPs in Biological Samples

Currently, the epidemiological research studying the toxic effects of CPs in biological
samples is hampered by the scarcity of analytical tools that function in biological sam-
ples [171]. Most of the available techniques for the detection of CPs cannot be used because
of their limited biocompatibility and the interference of background signals from biological
samples [171]. Indirect measurements can make use of radiolabeled CPs to study the toxic
effects of CPs in model organisms after deliberate exposure. Further mass spectrometry,
electron microscopy, and optical techniques can—to some extent—also be employed for
studying CPs from natural exposure.
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5.2.1. Isotope Tracing/Radiolabeling Detection of CPs

Isotope tracing is a useful technique for tracking carbonaceous nanomaterials in
different biological systems [191]. This approach has been used to trace CPs in lab animals
as well as in clinical studies [191–193]. In animal studies on mice, the translocation of
ultrafine carbon particles (elemental 13C) from the respiratory tract, via the bloodstream, to
the liver was observed [191,192]. Human respiratory detection and clearance studies use
scintigraphy methods such as CPs labeled with gamma-ray-emitting radioisotopes, and
gamma-ray emission can be used for the localization and quantification of CPs in the lungs
as well as the clearance and translocation of these particles [194,195].

Among the different clinically employed radiolabeling techniques, the most predom-
inant is the “Technegas approach”, which uses ultrafine CP suspensions labeled with
Technetium-99m (99mTc) [196]. The preparation of Technegas is carried out in a special
machine at 2550 ◦C in an atmosphere of 100% argon gas and carbon, resulting in a thin
layer of technetium encapsulating the carbon nanoparticles with a typical size of 30 to
60 nm [196,197]. The limitations of the employed isotopes in the Technegas technique are
as follows: (i) 99mTc has a short physical half-life (~6 h); (ii) 99mTc leaches from the CPs,
which limits this technique’s use for clearance studies; and (iii) the hygroscopic properties
of the particles as well as the presence of free pertechnetate can cause chemical instability
of the generated particles [193,196,198]. Therefore, many modifications to this technique
are used such as labeling with an indium isotope (111In) or 68GaCl3, which can extend
the investigation time from a few hours to a few days [198–200]. Although these labeling
methods offer sensitive localization and quantification of carbon nanoparticles in human
studies, they have limitations, such as exposing the subject to radiation; the use of labeled
carbon nanoparticles, which can modify the properties of the nanoparticles; and the limited
post-administration follow-up, as radionuclides decay after few days [171,196].

5.2.2. Mass Spectrometry Detection of CPs

Laser desorption/ionization mass spectrometry (LDI-MS) is widely used for the charac-
terization of CPs in environmental samples, and has been recently employed for the identifi-
cation of CPs in biological samples such as cells and those in animal studies [86,201]. LDI-MS
works on the principle of the ionization of the analyte using a laser beam, thereby removing
the molecules from the surface of the material and ionizing them [202]. Afterwards, the
ionized molecules are characterized based on their mass-to-charge ratio (m/z) in the analyzer
through the time-of-flight (TOF) measurements [203,204]. Lin et al. used LDI-MS to study the
biodistribution of soot particles in mice after their inhalation of PM2.5 [201]. The samples with
CPs were ionized under laser excitation in a vacuum atmosphere resulting in the formation of
carbon cluster structures and characteristics peaks (Cn

−) with repeated mass units [201]. The
identification and quantification in biological samples were performed using murine lung
samples and consistent anionic carbon cluster peaks were observed, making this technique
feasible for measurements in biological samples [201]. The use of mass spectroscopy to identify
and quantify CPs (soot) in biological samples is very promising; however, there are limitations
of this approach, for instance: (i) the removal of the impurities can make sample preparation
very complicated, and (ii) mostly biological samples contain carbon; hence, mass spectrometry
can result in the detection of carbon cluster peaks from biological samples instead of soot
particles [205,206].

5.2.3. Electron Microscopy Detection of CPs

Electron microscopy (EM) is a conventional technique that can provide good spatial resolu-
tion to analyze the cellular uptake of nanoparticles [207–209]. By using EM, CPs are characterized
based on their typically black aggregates in the cells or tissue samples [210,211]. Scanning elec-
tron microscopy (SEM) scans the surface of a sample using a focused electron beam and can
provide images of the sample in 3D with a very high resolution (3–20 nm) [212,213]. The detailed
visualization and internalization of the nanoparticles by a cellular organism can be performed by
transmission electron microscopy (TEM), in which a beam of electrons is transmitted through

55



Nanomaterials 2022, 12, 3948

a thin specimen [213]. TEM analysis also provides information about different parameters of
the nano-particulates such as their size distribution, shape, and aggregation [213]. Owing to
its sub-nanometer resolution, it can reveal the fine relationships between the nano-particulates
and the cellular/tissue components [210,213]. For example, Jiang et al. visualized the cellular
uptake of CB in the cytoplasm of the BEAS-2 cells. Komatsu et al. also observed CB and DEPs in
the form of randomly dispersed aggregates in the cytoplasm of TM3 cells, whereas Zhang et al.
found the particles trapped inside the alveolar macrophages from measurements of the lung
sections of mice exposed to CB [209,210,214]. In addition, Belade et al. observed the distribution
of CB NPs in MRC-5 and 16HBE cells using TEM and found aggregates in the cytosol and
cytoplasmic vesicles (Figure 4) [211].

Figure 4. TEM images of 16HBE cells incubated with CB micro- and nanoparticles (MNPs). (A) 16HBE
cell with CB13 MNPs in a vesicle (scale bars: left (10 μm); right (0.5 μm)) (B) 16HBE cell containing
CB21 MNPs in a vesicle (scale bars: left (5 μm); right (0.5 μm)). Reproduced with permission from
Ref. [211]. Copyright © 2011 Elsevier.

TEM can provide a very high resolution; however, some of the limitations of this
technique are as follows. (i) CPs can only be identified based on their dark appearance in a
bio-context, hence, it is difficult to discriminate different CPs. (ii) Biological samples need
to be prepared carefully by skilled persons and sliced into very thin sections for analysis
using TEM. (iii) The small field of view of TEM can hamper the imaging of large biological
specimens such as entire organisms. (iv) Finally, TEM can only provide a static snapshot
of the sample; thus, the investigation of dynamic cellular processes is limited [215,216].
Although conventional EM is widely used in NP research in biological systems, it cannot
be used as the only tool for the qualitative or quantitative evaluation of the cellular uptake
of NPs [217]. Hence, to obtain more abundant and accurate information, it is mostly
combined with other methods such as optical microscopy techniques, electron energy
loss spectroscopy (EELS), or energy dispersive X-ray (EDX) [218]. Another drawback of
EM is that it involves the use of a very expensive instrument compared to most optical
microscopes [213].
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5.2.4. Optical Techniques for the Detection of CPs

Optical techniques can offer the capabilities of the non-destructive and label-free
detection of CPs in their biological context. These techniques work based on different
phenomena, including the optical absorption or scattering of light, molecular vibrational
fingerprinting, or exploiting the non-linear optical behavior of nanoparticles.

• Absorption- and scattering-based microscopy

Absorption-based microscopy is one of the most straightforward forms of optical mi-
croscopy techniques and can be implemented in a bright-field microscopy system [219,220].
It works on the principle of the transmission of light through the sample and the genera-
tion of contrast based on the changes in the absorption of light in the denser regions of the
sample [219]. Therefore, CB/BC NPs will appear darker compared to BrC NPs against the
transparent biological media in the bright-field images [39,219]. In comparison, scattering-
based microscopy works on the principle of the detection of Rayleigh scattering from the
specimen, in which contrast between different materials is generated based on the scatter-
ing intensity [219,221]. The scattering intensity from the particles in a biological context
depends not only on their size but also on their refractive index, the refractive index of
the surroundings, and the optical configuration of the setup in which the scattered light is
detected [222]. Scattering-based microscopy images can be obtained using a conventional
dark-field microscope [219]. Hence, both of these optical techniques can be applied for the
label-free observation of CPs based on their light absorption or scattering in biological fluids,
as well as their uptake by cells or tissues [171].

You et al. observed the nanoparticulate CB in the lung CD11c+ cells from mice
deliberately exposed to CB using bright-field and dark-field microscopy [223]. In addition,
Modrzynska et al. observed the black aggregates in the liver sections of mice exposed to
CB NPs using bright-field microscopy [224]. Absorption- and scattering-based microscopy
are simple yet effective approaches to the visualization of CPs in biological samples, but
they are limited by: (i) low resolution; hence, the detection of very small CPs below
~200 nm is challenging and only large aggregates can be detected; (ii) visualization at a
low concentration is difficult; and (iii) the identification of different types of CPs is not
possible [171,225].

• Raman spectroscopy

Raman spectroscopy is a valuable technique for the label-free quantitative and qual-
itative characterization of CPs in biological samples [226,227]. It works on the principle
of detecting inelastically scattered light to study the vibrational fingerprinting of different
materials for their characterization [228]. Raman spectroscopy is used to obtain detailed
information on different types of carbonaceous materials and their degrees of structural
disorder [229]. Different types of CPs are distinguished based on their degree of graphi-
tization using Raman spectroscopy [226,230,231]. The features of the first-order Raman
spectra of carbonaceous materials are in the region from 1200 cm−1 to 1700 cm−1, whereas
second-order features are around 2700 cm−1 and can range up to 3500 cm−1 [226,232].
The first-order Raman transitions provide information about carbon material with a long-
range order (graphitic carbon) or without a long-range order (amorphous carbon) [226].
Amorphous carbon is mostly an unknown mixture of sp2- and sp3- bonded carbon [226].
The most important Raman features observed for carbonaceous materials are around
1580 cm−1, representing an ideal graphitic lattice (G-band), and at ~1350 cm−1, represent-
ing a disordered graphitic lattice from graphene layer edges (D1-band) (Figure 5) [232,233].
Some smaller features are also observed at ~1620 cm−1 (D2-band), ~1500 cm−1 (D3-band),
and ~1200 cm−1 (D4-band) [232,233]. The D2-, D3-, and D4-bands represent the disor-
dered graphitic lattice at the surface graphene layers, amorphous carbon, and a disordered
graphitic lattice due to polyenes or ionic impurities, respectively [233–235].
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Figure 5. Peak fitting of first-order Raman spectra obtained using 514 nm laser. (a) Diesel soot;
(b) Printex XE2. Reproduced with permission from Ref. [232]. Copyright © 2005 Elsevier.

Although Raman spectroscopy is mostly used for the characterization of CPs in environ-
mental samples, few studies have reported the use of Raman spectroscopy for characterizing
carbon materials in biological samples [223,236–238]. For example, Knief et al. studied the
suitability of Raman spectroscopy to determining the toxicity of carbon nanotubes in human
epithelial cells (A549) [236]. In addition, the Raman fingerprints of CPs in the lungs of mice
exposed to cigarette smoke for four months were observed [223]. Furthermore, Čabanová et al.
detected the Raman fingerprints of amorphous carbon in the mucosa and hypertrophic tissue
samples of patients with chronic rhinitis, which indicates the potential of Raman spectroscopy
to identify CPs in real exposure measurements [237,238].

Raman spectroscopy has the potential to characterize CPs based on their vibrational
fingerprint; however, the application of Raman spectroscopy in most biological samples is
limited by the strong autofluorescence background signal (from PAHs in BrC) [227,228]. In ad-
dition, to achieve a good signal-to-noise ratio (SNR), long acquisition times are needed, which
greatly slows the associated measurements [227]. Hence, acquiring Raman measurements of
CPs in (bio)liquid samples is not a simple task due to the long measurement times. A very
weak Raman-scattering signal can be compensated with higher laser power densities, which
can be detrimental to biological samples [171,228].

• Photothermal pump–probe microscopy

Pump–probe microscopy is a label-free optical technique used for the characterization
of different types of nanoparticles in biological samples [239,240]. The basic idea behind
the pump–probe approach is that the pump field excites the sample to a higher energy
state or perturbs the electronic states of the materials, whereas the probe field determines
the changes in the electronic states [240]. The probe field’s absorption is either transiently
enhanced or reduced [240,241]. In transient absorption microscopy, the absorption of the
probe beam is transiently altered by the pump field, resulting in short-term changes in
the probe field’s intensity [240,242]. Ground-state depletion microscopy is another type
of pump–probe microscopy approach, in which the population of the ground state of a
molecule is altered and hence results in the reduced absorption of the probe field [243].
The photothermal approach to pump–probe microscopy also uses a pump field to heat the
specimen in focus and induce changes in the refractive index of the surrounding medium,
and modifications in the probe beam are observed due to the induced heat [244].

Steuwe et al. used photothermal pump–probe microscopy to identify CPs in different
biological samples based on the contrast generation due to changes in the probe field
intensity [245]. In addition to visualizing CB NPs in an automated fashion in a flow cell,
CB NPs were also detected inside the human lung fibroblasts and spiked urine samples.
The nonlinear nature of the signal provides 3D sectioning as well as large imaging depths
due to the use of longer laser wavelengths.

This technique successfully detected CPs in different biological samples; however,
some of the limitations of this approach are as follows: (i) the non-specific nature of the
signal makes it difficult to distinguish different types of CPs; (ii) typically, the pump field
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can excite several molecular states simultaneously and result in the generation of spurious
signals from non-CPs; and (iii) pump–probe microscopy requires the use of two ultrafast
light sources mainly comprising a laser and an Optical Parametric Oscillator (OPO), hence
making it an expensive approach [239,246]. Pump–probe approaches have also been
proposed using cheaper diode laser; however, this can compromise the resolution [247,248].

• Femtosecond-pulsed laser microscopy (non-incandescence-related white light genera-
tion) for CP detection

Femtosecond- (fs) pulsed laser microscopy (FPLM) is an innovative approach for the
label-free and non-invasive characterization of CPs in fluids, cells, and tissue samples [249].
This approach can be implemented using a multiphoton microscopy setup available in most
biomedical research labs [250]. Some of the non-linear optical processes observed using
a multiphoton microscope include two-photon-excited autofluorescence (TPAF), second-
harmonic generation (SHG), third-harmonic generation (THG), etc. [250–253]. These non-
linear processes work based on the simultaneous absorption of two or more photons by the
specimen [250,254]. The multiphoton approach has the advantages of imaging living tissue
samples with greater penetration depth and lower radiation damage due to the use of nIR
laser wavelengths [250,255].

Recently, Bové et al. developed a novel biocompatible approach based on fs-pulsed
laser microscopy for the label-free identification of CPs in biological media (Figure 6a) [249].
This approach works on the principle of non-incandescence-related white light (WL) gener-
ation from CB NPs when illuminated using a fs-pulsed laser at nIR wavelengths. The light
emitted by the CB NPs covers the whole visible spectrum, and based on this spectral infor-
mation, the emitted light can be detected in different spectral windows compatible with
most multiphoton microscopes [256]. By using this approach, BC particles were detected in
urine samples, human placenta samples (Figure 6b), and on plant leaves [257–259]. Further,
the relationship between the WL emission intensity and particle size was also reported in
aqueous suspensions [260]. Using FPLM, Bongaerts et al. recently revealed the presence of
ambient BC particles in fetal blood and organs [261]. Table 2 provides a detailed overview
of the techniques for the detection of CPs.

Figure 6. (a) The detection method of CB NPs based on WL emission: (A) Schematic showing the
emission and excitation process. (B) TEM image of CB NP aggregates. Scale bar: 300 nm (CB).
(C) CB detection using the FPLM detection method in different sampling conditions. Reproduced
with permission from Ref. [249]. Copyright © 2016, American Chemical Society (ACS). Available
from: https://pubs.acs.org/doi/10.1021/acs.nanolett.6b00502 (accessed on 14 April 2022). Further
permissions related to the material excerpted should be directed to the ACS. (b) Detection of BC
particles at the fetal side of human placenta based on WL emission originating from the BC particles
under illumination with fs-pulsed laser. Reused from Ref. [258], originally published under Creative
Commons Attribution 4.0 International License, Copyright © Authors 2019.
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6. Conclusions and Outlook

6.1. Conclusions

CPs, being a major fraction of ultrafine PM, are abundant in the atmosphere and
originate from different anthropogenic and natural sources. Their abundant presence in
the atmosphere not only contributes to environmental impacts such as global warming (by
their absorption of solar radiation) but also presents a likely pathway for their inhalation
by humans. The inhalation of CPs by humans results in a wide range of adverse effects,
ranging from respiratory to carcinogenic effects, as ultrafine CPs can translocate through
the bloodstream to different organs. The qualitative and quantitative detection of CPs in
atmospheric and biological samples is very important to understand their adverse effects.
Different analytical techniques such as laser-induced incandescence and optical absorption
are used for CPs’ detection in gaseous samples. However, CPs’ detection in biological
samples is very challenging due to their heterogeneous nature and complexity associated
with biological samples. The different analytical techniques used for CPs’ detection in
model studies in biological samples include radiolabeling detection, electron microscopy,
mass spectrometry, etc. Whereas Raman spectroscopy and FPLM are employed for CP
detection in models and real-exposure samples.

6.2. Challenges and Outlook

Different techniques such as FPLM or Raman spectroscopy are very sensitive for the
qualitative and quantitative detection of CPs in real-exposure biological samples; however,
these microspectroscopy techniques are very labor-intensive and time-consuming due to
the related sample preparation, microscopy measurements, and data analysis. Therefore,
to detect CPs in biological samples for clinical applications, there is still a need for the
development of robust, sensitive, and time-effective analytical techniques. There is also
growing evidence that the harmful effects of PM pollutants are size-dependent, in wherein
ultrafine particles are the most harmful [262]. Hence, the size determination of CPs in
biological samples can provide additional information about the toxicity of CPs related to
their size. The techniques discussed in this review, e.g., FPLM and Raman spectroscopy,
cannot detect very small particles (<100 nm) in biological samples; hence, high-resolution
techniques are needed to detect particles below 100 nm.

Although BC and CB constitute a major fraction of CPs, recently, BrC has also received
significant attention from scientists. The complexity and heterogeneity of CPs, the vari-
ability of their molecular properties, and the nature of their emission sources pose great
challenges to their detection and discrimination in biological samples. Hence, there is a
need for the development of advanced and sensitive analytical tools for the qualitative and
quantitative detection and discrimination of different components of CPs to understand
their adverse effects on human health. The currently available approaches will require
optimization to not only detect very small particles (<100 nm) but to also discriminate
between different CPs for diagnostic purposes.

In addition to understanding the adverse effects of CPs on human health, their at-
mospheric concentrations from different anthropogenic sources need to be controlled by
better policy making (and implementation) at the regional and national levels. Recently,
the WHO released new Global Air Quality Guidelines intending to save millions of lives
from the harmful effects of air pollution. Among the different constituents of air pollution,
particulate matter (PM) is on the top of the agenda of the WHO guidelines. In addition,
the EU key directive (2008/50/EC) on ambient air quality and cleaner air for Europe also
stressed reducing air pollution levels to minimize the adverse effects on human health.
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Abstract: Nanomaterial toxicity tests using normal and cancer cells may yield markedly different
results. Here, nanomaterial toxicity between cancer and primary human cells was compared to
determine the basic cell line selection criteria for nanomaterial toxicity analyses. Specifically, we
exposed two cancer (A549 and HepG2) and two normal cell lines (NHBE and HH) cell lines to SiO2

nanoparticles (NPs) and evaluated the cytotoxicity (MTS assay), cell death mode, and intracellular
NP retention. MTS assay results revealed higher sensitivity of HH cells to SiO2 NPs than HepG2 cells,
while no difference was observed between NHBE and A549 cells. In addition, SiO2 NPs primarily
induced necrosis in all the cell lines. Moreover, we evaluated NP accumulation by treating the cell
lines with fluorescein-isothiocyanate-labeled SiO2 NPs. After 48 h of treatment, less than 10% of A549
and HepG2 cells and more than 30% of NHBE and HH cells contained the labeled NPs. Collectively,
our results suggest that cell viability, death mode, and intracellular compound accumulation could
be assessed using cancer cells. However, the outcomes of certain investigations, such as intracellular
NP retention, may differ between cancer and normal cells.

Keywords: nanotoxicity; nanomaterial; cancer cells; silica nanoparticles

1. Introduction

Nanotechnology has become a valuable and effective essential technology across
several fields in recent years. Various nanomaterials, with sizes smaller than those of
human cells, are widely used in cosmetics [1,2], sunscreens [3], food packaging [4], and
pharmaceuticals [5]. However, their small size can make them toxic, posing risks to human
health and safety [6–8].

As one of the most-produced nanoparticles (NPs) globally, silica NPs (SiNPs) are used
in all aspects of life, including agriculture, food, and consumer goods [9]. In addition,
the biocompatibility and stability of SiNPs make them promising candidates in various
biomedical fields, such as gene carriers, drug delivery, and molecular imaging [10,11].
However, previous studies have reported on the toxic effects of SiNPs on essential organs
such as the liver, lungs, brain, and kidneys [12,13]. Thus, extensive use has increased the
risk of SiNPs exposure in humans.

Therefore, it is essential to investigate the safety of nanomaterials. Traditionally,
toxicity studies using animals have been conducted to estimate the adverse effects of
chemicals and nanomaterials on humans. However, many countries, particularly those
in Europe, have recently begun regulating and limiting animal studies for ethical reasons;
therefore, other test methods that estimate chemical or nanomaterial toxicity reliably are
required [14]. Accordingly, human cell models that reduce unnecessary animal sacrifice and
lower costs have been established. Presently, nanomaterial toxicity is being investigated
using human cancer cells or immortalized cells [15,16]. Owing to their low cost, ease of
handling, and excellent reproducibility, human cancer cells have considerable advantages in
the rapid toxicity screening of nanomaterials or chemicals over other cells. However, unlike
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normal cells, cancer cells have unique characteristics, such as proliferating indefinitely due
to excessive cell division from lack of cell cycle control and the apoptosis function [17]. In
addition, cancer cells acquire energy by metabolizing glucose. The glycoprotein structure
expressed on their membrane surface significantly differs from those on normal cells [18,19],
resulting in studies raising concerns regarding the misjudgment of toxicity outcomes.
Studies have associated nanomaterial toxicity with the cell lines used [20,21]. Therefore,
results can be entirely different from those of normal cells when analyzing cell viability
and the mechanism underlying the toxicity of nanomaterials using cancer cells [22].

Here, we compared the differences in nanomaterial toxicity between cancer and
primary human cells. The liver and lungs, most affected by toxic substances, were the
target organs in the current study. We used A549 (human lung cancer cell line) and NHBE
cells (normal human bronchial epithelial cell line) as the lung model cells, and HepG2
(human liver cancer cell line) and HH cells (normal human hepatocyte line) as the liver
model cells. Our goal was to aid the selection of cell lines for nanomaterial toxicity studies
by comparing the toxicity test results and confirming differences in modes of cell death
caused by SiO2 NPs using different target organ cell lines.

2. Materials and Methods

2.1. Materials and Reagents

For the experiments, we used 20 nm SiO2 NPs, which are certified reference materials
(CRM, 301-01-002) produced by the Korea Research Institute of Standards and Science
(Daejeon, Korea). Cadmium sulfate (CdSO4, #383082) and stauroporine (STS, #S5921) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation and Characterization of SiO2 NPs

The SiO2 NPs were dispersed in deionized water or the Dulbecco’s modified Ea-
gle medium (DMEM; #LM001-05, Welgene, Gyeongsan, South Korea) via vortexing for
1 min. The morphology and size of the primary SiO2 NPs were analyzed using transmis-
sion electron microscopy (TEM; JEM-ARM200F, JEOL Ltd., Tokyo, Japan) and scanning
electron microscopy (SEM; Gemini SEM 500, Carl Zeiss, Oberkochen, Germany). The
size distribution of the SiO2 NPs was measured using dynamic light scattering (DLS;
Nano ZS90, Malvern Panalytical, Worcestershire, UK) and scanning mobility particle sizer
(SMPS; TSI Incorporated, Shoreview, MN, USA). The zeta-potential was measured using
the Zetasizer instrument (Nano ZS90, Malvern, UK).

2.3. Cell Culture

A549 and HepG2 cells, purchased from the American Type Culture Collection (Man-
assas, VA, USA), were cultured in DMEM supplemented with 10% fetal bovine serum
(FBS; #SH30084.03, HyClone™, Marlborough, MA, USA) and 1% penicillin-streptomycin
(#LS202-02, Welgene™). NHBE cells were purchased from Lonza™ (Alps, Switzerland).
These cells were cultured in bronchial epithelial cell growth basal medium (#CC-3171,
Lonza™) containing a supplement pack (#CC-4175, Lonza™). HH cells purchased from
ScienCell™ (Carlsbad, CA, USA) were cultured in hepatocyte medium (#5201, ScienCell™)
containing 5% FBS (#0025, ScienCell™), 1% penicillin-streptomycin (#0503, ScienCell™),
and hepatocyte growth supplement (#5252, ScienCell™). All cells were incubated at 37 ◦C
in a humidified atmosphere containing 5% CO2. All cells were expanded after passage
number three and then frozen in liquid nitrogen. After thawing, cells having passage
numbers between 4 and 7 were used for the toxicity test.

2.4. Cytotoxicity Assay and Statistical Analysis

All cells were seeded at a density of 1.0 × 104 cells/well onto a 96-well plate (#3596,
Corning®, Glendale, AZ, USA) and incubated for 24 h. After washing the cells with
phosphate-buffered saline (PBS; LB001-02, Welgene™), they were treated with the prepared
SiO2 NPs, dispersed in serum-free DMEM, for 4 h. Cytotoxicity was quantified using
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MTS assay (CellTiter96® AQueous One Solution Cell Proliferation Assay kit, Promega,
Madison, WI, USA) according to the manufacturer’s instructions. The 96-well plates were
then incubated at 37 ◦C in a humidified atmosphere containing 5% CO2 for 1 h. Cell
viability was calculated using Equation (1). IC50 values of the NPs were calculated using
the SoftMax Pro software (Molecular Devices, San Jose, CA, USA).

Cell viability (%) =
Absorbance value of test cells

Absorvance value of control cells
× 100 (1)

The results of all experiments were statistically analyzed using GraphPad Prism
software (version 7.0; GraphPad Software Inc., San Diego, CA, USA) and represented as
the mean and standard error of independent experiments (n = 12). The normality of the
data was assessed using the Kolmogorov–Smirnov test, and equal variance using Bartlett’s
test. For normally distributed data, statistical differences were determined using variance
analysis followed by Bonferroni’s multiple comparison test; else, the Kruskal–Wallis test
was performed, followed by Dunn’s test.

2.5. Investigation of Cell Death Mode

An Annexin V–Fluorescein Isothiocyanate (FITC) Apoptosis Detection kit (#130-092-052,
Miltenyi Biotec, Bergisch Gladbach, Germany) was used to determine apoptosis accord-
ing to the manufacturer’s instructions. Using this kit, we washed the cells twice with
1 × binding buffer and then resuspended in 100 μL of 1 × binding buffer per 1.0 × 106 cells.
Next, the cells were incubated with 10 μL of Annexin V-FITC in the dark at room tem-
perature for 15 min and washed with 1 mL of 1 × binding buffer. Thereafter, the cells
were stained with propidium iodide (PI), before resuspending in 500 μL of 1 × binding
buffer per 1.0 × 106 cells. We added 5 μL of PI solution prior to analysis by fluorescence
microscopy or flow cytometry. Fluorescence microscopy was performed using a confocal
laser scanning microscope (Olympus, Tokyo, Japan), and flow cytometry was performed
using Eclipse™ (Sony Biotechnology, San Jose, CA, USA).

2.6. Visualization of FITC-Labeled 20 nm SiO2 NPs Using Fluorescence Microscopy

Cells (5.0 × 104 cells/well), seeded on a coverslip and incubated for 48 h, were treated
with FITC-labeled 20 nm SiO2 NPs for 4 h and fixed with 4% paraformaldehyde for 20 min.
Next, the cells were washed twice with PBS and observed using fluorescence microscopy
(Leica Microsystems, Wetzlar, Germany).

2.7. FITC-Labeled 20 nm SiO2 NPs Uptake Analysis Using Flow Cytometry

For uptake analysis, cells (2.5 × 105 cells/well) were first seeded on 6 well plates
and incubated. The next day, FITC-labeled 20 nm SiO2 NPs were co-cultured with the
cells for 4 h. The cells were washed twice with PBS and analyzed using flow cytometry.
The live single-cell population was gated in a plot of FSC versus SSC after excluding cell
FITC-negative cell population was gated in a plot of FSC versus FITC in the untreated
sample. In all samples, the percentage of FITC-positive cells in a single-cell population
decided the intracellular localization of FITC-SiO2 NPs.

3. Results

3.1. Characterization of SiO2 NPs

For characterization of SiO2 NPs in deionized water, their morphology and size were
investigated using electron microscopy. SiO2 NPs exhibit uniform spherical morphology
and size distribution in SEM (Figure 1a) and TEM (Figure 1b) images. DLS (Figure 1c)
and SMPS (Figure 1d) determined the hydrodynamic sizes of SiO2 NPs, which were 19.2
and 21.7 nm, respectively. Since NPs can have significant variations in size distribution
in biological environments, we compared SiO2 NPs in deionized water and serum-free
DMEM. Unexpectedly, z-average and polydispersity index are similar in the two disper-
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sions (Figure 1e). In addition, the zeta-potential show negative charges in both conditions
(Figure 1e). These results indicate that SiO2 NPs are monodispersed without aggregation.

Figure 1. Characterization of 20 nm SiO2 NPs: (a) Scanning electron microscopy image; (b) Trans-
mission electron microscopy image; (c) Dynamic light scattering size analysis; (d) Scanning mobility
particle sizer analysis; (e) Performance comparison in deionized water and serum-free DMEM.

3.2. Cytotoxicity of SiO2 NPs

Our study compared SiO2 NPs toxicity between cancer (A549 and HepG2) and normal
cell lines (NHBE and HH), MTS assay results revealed that the viability of all four cell lines
significantly decreased depending on the concentration of SiO2 NPs in the cells (Figure 2).
Notably, IC50 values of SiO2 NPs were almost similar between the lung-derived A549 and
NHBE cells (Figure 2a), suggesting that there was no difference in toxicity caused by SiO2
NPs between the two cell lines. However, in the liver-derived cell lines, the IC50 values
of SiO2 NPs in normal HH cells were approximately 1.5-fold higher than that in HepG2
cells, suggesting that the higher sensitivity of HH cells to SiO2 NPs was higher than that of
HepG2 cells (Figure 2b).
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Figure 2. MTS cytotoxicity assay results showing the different inhibitory concentrations of 20 nm SiO2

NPs against cells subjected to NP treatment for 4 h (total number of replicates = 12); (a) Lung-derived
cells. * p < 0.005, compared with untreated cells. (b) Liver-derived cells. * p < 0.005, compared with
untreated cells; † p < 0.05, compared with HepG2 cells.

3.3. Cell Death Mode

Annexin V/PI staining was performed to determine differences in the mode of death
caused by SiO2 NPs between cancer and normal cells. STS was used as a positive control
for apoptosis, and CdSO4 for necrosis. In distinguishing the mode of cell death, Annexin
V(+)/PI(−) cell populations were considered apoptotic, while Annexin V(−)/PI(+) or
Annexin V(+)/PI(+) cell populations were considered necrotic. Fluorescence microscopy
shows that the STS treatment increased green fluorescence intensity, while CdSO4 treatment
increased green and red fluorescence intensities in the lung-derived cell lines, A549 and
NHBE (Figure 3a,d). Green and red fluorescence intensities were also significantly increased
by SiO2 NP treatment. Next, the mode of cell death was analyzed by sorting cells according
to fluorescence using flow cytometry. STS primarily induced apoptosis, while CdSO4
and SiO2 NPs induced necrosis in A549 cells (Figure 3b,c). In NHBE cells, STS induced
a mixture of apoptosis and necrosis, while CdSO4 primarily induced necrosis. SiO2 NPs
induced necrosis in NHBE cells (Figure 3e,f). These results suggest that the mode of death
induced by SiO2 NPs was similar in A549 and NHBE cells. Similar to the lung-derived
cell lines, STS treatment increased green fluorescence intensity, while CdSO4 and SiO2 NPs
increased green/red fluorescence intensity in HepG2 and HH cell lines (Figure 4a,d). Flow
cytometry analysis revealed that STS induced both apoptosis and necrosis, while CdSO4
mostly induced necrosis (Figure 4b,c,e,f). In contrast, SiO2 NP treatment mostly induced
necrosis in HepG2 cells and apoptosis and necrosis in HH cells (Figure 4b,c,e,f). These
results suggest that the mode of death induced by SiO2 NPs in HepG2 and HH cells differ
partially.
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Figure 3. Cont.
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Figure 3. Annexin-V/PI double-staining assay of A549 and NHBE cells; After treating A549 and
NHBE cells with SiO2 NPs (at IC50) and two positive controls, the cells were stained with annexin
V-fluorescein isothiocyanate and propidium iodide and analyzed by fluorescence microscopy and
flow cytometry. CdSO4 (1.0 mM) was used to induce necrosis, and staurosporine (STS; 1.0 μM) was
used to induce apoptosis; replicate number = 3. (a,d) Confocal fluorescence microscopy images; scale
bars represent 200 μm. (b,e) Flow cytometry analysis. * p < 0.05, compared with control; ** p < 0.005,
compared with control. (c,f) Percentage distribution of necrotic, apoptotic, and viable cells.
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Figure 4. Cont.
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Figure 4. Annexin-V/PI double-staining assay of HepG2 and HH cells; After treating HepG2 and
HH cells with SiO2 NPs (at IC50) and two positive controls, the cells were stained with annexin
V-fluorescein isothiocyanate and propidium iodide and analyzed by fluorescence microscopy and
flow cytometry. CdSO4 (1.0 mM) was used to induce necrosis, and staurosporine (STS; 1.0 μM) was
used to induce apoptosis; replicate number = 3. (a,d) Confocal fluorescence microscopy images; scale
bars represent 200 μm. (b,e) Flow cytometry analysis. * p < 0.05, compared with control; ** p < 0.005,
compared with control. (c,f) Percentage distribution of necrotic, apoptotic, and viable cells.

3.4. Examination of SiO2 NPs Retention in Cells

Because intracellular nanomaterials can majorly cause cytotoxicity, the intracellular
accumulation of SiO2 NPs was confirmed. First, confocal microscopy revealed FITC-labeled
SiO2 NPs in the four cell lines when treated with these NPs (Figure 5a). In addition, the pro-
portion of cells containing FITC-labeled SiO2 NPs, determined by flow cytometry, revealed
that more than 95% of all A549, NHBE, HepG2, and HH cells contained FITC-labeled SiO2
NPs (Figure 5b). We conclude that SiO2 NPs were internalized in the four cell lines without
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difficulty. For analysis of residual NPs, the culture medium was changed after 4 h of
FITC-labeled SiO2 NP treatment (Figure 5c). The number of cells containing FITC-labeled
SiO2 NPs was counted using flow cytometry at 0 and 48 h after treatment. After 48 h of
treatment, FITC-labeled SiO2 NPs were less than 10% in A549 and HepG2 cancer cells and
more than 30% in NHBE and HH normal cells. Thus, the removal rate of NPs from cancer
cells was markedly faster than that from normal cells. Therefore, regardless of their origin,
cancer and normal cells differ.

Figure 5. Examination of SiO2 NPs retention in cells; Localization of fluorescein isothiocyanate
(FITC)-labeled 20 nm SiO2 NPs in each cell line, as determined by (a) confocal fluorescence microscopy
(scale bars represent 10 μm) and (b) flow cytometry after 4 h of treatment. * p < 0.005, compared
with control. (c) Retention of FITC-labeled 20 nm SiO2 NPs in each cell line, as determined by flow
cytometry at 0 and 48 h after 4 h of treatment. † p < 0.005, compared with washout for 0 h.

4. Discussion

When screening NPs, selecting the appropriate cell type is critical. Primary cells have
several disadvantages, such as limited lifespan, specific culture conditions, and batch-to-
batch differences [23,24]. It has been shown that NP-induced effects can vary according
to species, tissue, and cell line in many groups. Therefore, cancer cell lines are used as
a universal model in nanosafety evaluation. However, uncertainty can be introduced
depending on the cell line type and characteristics when generalizing data [25–28]. A few
studies have compared normal and cancer cells in the same species and tissue. Ekstrand-
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Hammarstrom and colleagues compared the cellular uptake and response of TiO2 NPs
to NHBE (primary), BEAS-2B (human bronchial epithelial cell line, immortalized), and
A549 (cancerous). NHBE, BEAS-2B, and A549 cells had similar cell viability and oxidative
stress induction, but different proinflammatory responses [29]. Kermanizadeh and co-
workers showed similar cellular responses to ZnO, MWCNT, Ag, and TiO2 NPs in primary
human hepatocytes (normal) and C3A cell lines (clonal derivative of HepG2, hepatocellular
carcinoma) [30].

This study is the first to compare the cytotoxic effects and cellular localization of
SiO2 NPs in cancer cells (lung-A549, liver-HepG2) and corresponding primary human
cells (lung-NHBE, liver-HH). While lung-origin cells had similar sensitivity to SiO2 NPs
(Figures 2 and 3), hepatic-origin had higher HH sensitivity to SiO2 NPs than HepG2
(Figures 2 and 4). In addition, we confirmed that the degree of intracellular accumulation
of SiO2 NPs was similar in the four cell types (Figure 5). Therefore, we infer no difficulty
using cancer cells for short-term cytotoxicity screening of NPs, while probably abandoning
the notion of representing all cells.

We showed that the clearance of intracellular SiO2 NPs was much faster in cancer
cells (Figure 5c). The pathway of eliminating intracellular NPs compared to the cellular
uptake mechanism is less well known. Intracellular NP concentration can be reduced
through (1) apoptosis, (2) cell proliferation, (3) NP diffusion, (4) lysosomal degradation,
and (5) exocytosis [31]. Since intracellular NPs fail to reach sufficient concentrations to
cause cell death, cell death or proliferation need not be the main mechanism for cellular
excretion of NPs [31]. Because cancer cells have a significantly higher proliferation rate
than normal cells, the intracellular particle concentration is reduced more efficiently in
our study. In addition, the difference in the ability of lysosomes between normal and
cancer cells may affect the SiO2 NP removal rate. Lysosomes remove intracellular NPs
through direct degradation [32,33] and exocytosis [34–39]. Many researchers argue that
lysosomal stability is necessary to clear intracellular NP [34–36,40]. During transformation
into malignancy, cancer cells have enhanced lysosomal functions, such as biosynthesis,
hydrolase activity, and exocytosis, to obtain substances necessary for assimilation and
catabolism [41]. Therefore, we suggest that cancer cells with improved lysosomal function
can reduce the intracellular particle concentration more efficiently than normal cells. In
addition, cell viability and response between normal and cancer cells may differ upon long-
term exposure to low SiO2 NP concentration because the accumulated NPs can destroy
organelles such as lysosomes and reach the cytoplasm.

Many studies on the toxic effects of SiNPs have been performed using in vivo models.
However, awareness of interspecies differences [42–44] and restrictions on animal ethics
[EU-Directive 2010/63] drive interest in developing human-based in vitro models. Despite
their drawbacks in representing effects on humans or tissues due to their simplicity, they
can be a valuable source in evaluating toxicity and mechanical data for drugs, chemicals,
and NPs. Therefore, finding a cell line that is more similar to the tissue of origin is important
in developing a standardized protocol for nanosafety evaluation. Although the current
study cannot represent all cells, it provides a rationale for using cancer cells for short-term
nanosafety screening. More research is needed for more accurate results on clinical trials,
which requires data accumulation.

5. Conclusions

This study determines the possibility of using cancer cells instead of normal cells to
evaluate the safety of nanomaterials in vitro. Viability, mode of death, and intracellular
compound accumulation were compared between cancer and normal cells after treating
them with SiO2 NPs. The results suggested that cancer cells can be used to investigate
the above parameters, having short evaluation periods. However, long-term evaluations,
such as recovery after exposure to NPs, may differ between cancer and normal cells. In
conclusion, the standardization of nanomaterial safety evaluation is required in future
studies because the effect of NPs may vary depending on the origin of the test cells.
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Abstract: Iron-tannic acid nanoparticles (Fe-TA NPs) presented MRI contrast enhancement in both
liver cancer cells and preneoplastic rat livers, while also exhibiting an anti-proliferative effect via
enhanced autophagic death of liver cancer cells. Hence, a toxicity assessment of Fe-TA NPs was
carried out in the present study. Acute and systemic toxicity of intraperitoneal Fe-TA NPs adminis-
tration was investigated via a single dose of 55 mg/kg body weight (bw). Doses were then repeated
10 times within a range of 0.22 to 5.5 mg/kg bw every 3 days in rats. Furthermore, clastogenicity
was assessed by rat liver micronucleus assay. Carcinogenicity was evaluated by medium-term car-
cinogenicity assay using glutathione S-transferase placental form positive foci as a preneoplastic
marker, while three doses ranging from 0.55 to 17.5 mg/kg bw were administered 10 times weekly
via intraperitoneum. Our study found that the LD50 value of Fe-TA NPs was greater than 55 mg/kg
bw. Repeated dose administration of Fe-TA NPs over a period of 28 days and 10 weeks revealed no
obvious signs of systemic toxicity, clastogenicity, and hepatocarcinogenicity. Furthermore, Fe-TA NPs
did not alter liver function or serum iron status, however, increased liver iron content at certain dose
in rats. Notably, antioxidant response was observed when a dose of 17.5 mg/kg bw was given to rats.
Accordingly, our study found no signs of toxicity, genotoxicity, and early phase hepatocarcinogenicity
of Fe-TA NPs in rats.

Keywords: acute toxicity; repeated dose toxicity; carcinogenicity; genotoxicity; nanoparticle

1. Introduction

The global cancer burden has rose to 19.3 million new cases and 9.9 million deaths in
2020. Primary liver cancer is the sixth most common cause of cancer and the third leading
cause of cancer mortality worldwide [1]. About 80% of primary liver cancer cases involve
hepatocellular carcinoma (HCC). The high rate of mortality observed in HCC patients can
be attributed to late diagnosis, drug resistance, disease recurrence, and metastasis leading
to poor clinical outcomes [2].

Imaging is one of the most important aspects of diagnosis, therapy, and follow-up for
HCC patients [3]. Magnetic resonance imaging (MRI), or multiphase contrast-enhanced
computed tomography (CT), is recommended for initial diagnostic evaluation of clinically
suspicious HCC. The therapeutic options depend upon the stage of the disease and what
curative and noncurative interventions are available. Curative forms of therapy include
surgical resection, orthotopic liver transplant, and ablative techniques such as thermal
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ablation. Noncurative forms of therapy include transarterial chemoembolization (TACE),
transarterial radioembolization (TARE), stereotactic body radiation therapy (SBRT), and sys-
temic chemotherapy [4]. However, early diagnosis and effective treatment have remained
challenging with regard to HCC management.

The use of nanomaterials in cancer management is one of the most promising and
advanced approaches. Many studies have reported that nanoparticles (NPs) can play a
role in the diagnosis and treatment of cancer [5]. Alshehri S et al. have recently reviewed
current studies on theranostic applications of nanoparticles and reported that these studies
reported favourable outcomes in both in vitro and in vivo cancer models [6]. In addition,
many research studies are now focused on the application of nanodrug delivery systems
for diagnostic and therapeutic agents in liver cancer patients in order to improve clinical
efficacy [7]. Among the various types of NPs, metal-polyphenol nanoparticles exhibit a
potential role in cancer theranostics. Polyphenols, such as tannic acid (TA), gallic acid,
and epigallocatechin gallate, can assemble with certain metal ions, such as Fe3+, Mn2+,
and Cu2+, and then be loaded with chemotherapeutic agents or exist in their pure form.
These nanoparticles have been studied in tumor imaging studies that involved magnetic
resonance imaging (MRI), CT imaging, photothermal imaging, photoacoustic imaging,
as well as tumor therapy photothermal therapy, photodynamic therapy, and chemother-
apy [8]. In this context, metals and polyphenols can display their biological effects via
individual or synergistic actions for both diagnostic and therapeutic purposes in cancer
treatments [9]. Self-assembled ferric and TA nanoparticles (Fe-TA NPs) can provide MRI
signals in hepatocellular carcinoma cells [10] and rat liver preneoplasia models [11]. Fur-
thermore, Fe-TA NPs also showed an antiproliferative effect via enhanced autophagic cell
death in hepatocellular carcinoma cells [10]. This finding highlights the potential of Fe-TA
NPs as a nanotheranostic agent for early diagnosis and treatment of HCC.

However, the potential toxicity of nanoparticles is of concern as there is limited avail-
able knowledge on the toxicity of self-assembled metal-polyphenol theranostic nanopar-
ticles in vivo [6]. Furthermore, a dose–response relationship is an integral factor that is
involved in evaluating the toxicity of a chemical substance. Some physical and chemi-
cal agents such as low-dose ionizing radiation and non-genotoxic carcinogens, including
phenobarbital and α-benzene hexachloride, as well as certain phytochemicals such as
resveratrol, quercetin, and sulforaphane, have exhibited a hormetic dose response [12–14].
To explore the further diagnostic and therapeutic potential of Fe-TA NPs, the present study
assessed the toxicity of Fe-TA NPs through single and repeated dose systemic toxicity tests
in rats, in vivo genotoxicity tests, and medium-term carcinogenicity test in rats.

2. Materials and Methods

2.1. Chemicals

Diethylnitrosamine (DEN), 3,3′-diaminobenzidine tetrahydrochloride hydrate (DAB),
5,6-diphenyl-1,2,4-triazine-p, p′-disulfonic acid disodium salt hydrate (ferrozine), and buty-
lated hydroxytoluene (BHT) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Collagenase type IV and 4′,6-diamidino-2-phenylindole (DAPI) were obtained from Invit-
rogen (Waltham, MA, USA). Assay kits for serum iron (RX SERIES SI 382) and serum TIBC
(RX SERIES TI 3858) were purchased from Randox Laboratories Ltd. (Antrim, Northern
Ireland, UK). Ferritin Rat ELISA Kit (ab157732) was purchased from Abcam (Cambridge,
UK). Anti-rat GST-placental form was obtained from MBL (Nagoya, Japan) and mouse
monoclonal purified anti-rat PCNA antibody was obtained from BioLegend (San Diego,
CA, USA). ApopTag Peroxidase In Situ Apoptosis Detection Kit (S7100) for TUNEL assay
was purchased from Merck KGaA (Darmstadt, Germany). EnvisionTM G/2 Doublestain
System, Rabbit/Mouse (DAB+/Permanent Red) was obtained from Dako (Glostrup, Den-
mark). Vectastain ABC kit was obtained from Vector Laboratories, Inc. (Burlingame,
CA, USA). β-NADPH was purchased from Oriental Yeast (Tokyo, Japan) and glucose-
6-phosphate dehydrogenase was purchased from Worthington Biochemical Corporation
(Lakewood, NJ, USA). Reduced and oxidized glutathione, glutathione reductase, 5,5′-
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dithiobis (2-nitrobenzoic acid (DTNB), glucose-6-phosphate, and hemin were obtained
from Sigma-Aldrich, (St. Louis, MO, USA). All other chemicals were analytical grade.

2.2. Iron (III)—Tannic Acid Nanoparticles

Fe-TA NPs were obtained from Dr. Chalermchai Pilapong, Center of Excellence for
Molecular Imaging, Department of Radiologic Technology, Faculty of Associated Medical
Sciences, Chiang Mai University, Chiang Mai, Thailand. Fe-TA NPs are known to exist
in stable tris-coordinated complexes in PBS buffer (pH 7.4). Fe-TA NPs are spherical in
shape with a hydrodynamic diameter of 3.14 ± 1.0 nm. Fe-TA NPs present a zeta potential
of −23 ± 2.1 mV and exhibit good colloidal stability, water solubility, and high stability
against both transchelation and transmetallation. The quantity of Fe-TA NPs was expressed
as an equivalent concentration of iron spectrophotometrically [10].

2.3. Animal Studies

Wistar rats (5 to 7-week-olds) were obtained from Nomura Siam International Co.,
Ltd., Bangkok, Thailand. Rats were housed in stainless steel cages and acclimated for a
week before beginning investigations. Housing conditions included a 12:12-h light/dark
cycle at temperatures of 23 ± 2 ◦C and the level of humidity maintained within a range of
50 to 60%. Both a pellet diet and water were provided ad libitum. The animal protocols
used in this study followed the relevant international and national guidelines for animal
use and were approved of by The Animal Ethics Committee of the Faculty of Medicine,
Chiang Mai University, Thailand (numbers: 39/2560 and 06/2563).

2.4. Single Dose Toxicity Test

Eight-week-old male Wistar rats were randomly divided into 2 groups, control and
Fe-TA NPs treated groups, with 5 animals in each group. Fe-TA NPs were injected intraperi-
toneally at a dose of 55 mg/kg body weight a maximum dose for its solubility. Animals
were observed for a total of 14 days for any sign of toxicity or mortality. Body weights of
the rats were recorded twice a week. Animals were sacrificed under isoflurane inhalation
on day 14 of the experiment. The livers, kidneys, and spleens of the animals were collected
and weighed. Hematological parameters, including red blood cell count, leucocyte count,
and platelet count, were determined with the use of an automatic analyzer at the Veterinary
Diagnostic Centre Co., Ltd. (Chiang Mai, Thailand).

2.5. Repeated Dose Toxicity Test

Six-week-old male and female Wistar rats were randomly allocated into 6 groups with
10 animals in each group (5 rats of each gender). Group 1 served as a vehicle control group.
Groups 2–4 were administered with Fe-TA NPs at doses of 0.22, 1.1, and 5.5 mg/kg bw,
respectively. The remaining two groups were satellite groups, and were comprised of a
control and a group that received 5.5 mg/kg bw of Fe-TA NPs. Fe-TA NPs were injected
intraperitoneally every three days for a total of 10 times. Test doses of Fe-TA NPs were
selected based on the single dose toxicity test and aimed to achieve a cumulative dose of 55
mg/kg bw. The dosage interval was based on an established liver clearance time of Fe-TA
NPs [15]. Rats were monitored by measuring body weight every three days and food and
water intake twice per week. After 24 h of the last injection and overnight fasting, rats were
sacrificed under isoflurane inhalation. For the satellite groups, this duration was extended
for a period of 14 days after the last injection, while body weight, food, and water intake
were monitored according to the method that had been previously explained. Rats were
observed for any delayed or persistent effect of, or recovery from, toxic effects during that
period. Whole blood was collected for hematological and biochemical investigations in the
Veterinary Diagnostic Laboratory, Faculty of Veterinary Medicine, Chiang Mai University
and the Veterinary Diagnostic Centre Co. Ltd., Chiang Mai, Thailand. Urine samples
were taken for urinalysis using a dipstick test (Multistix 10 SG, Siemens, Melbourne,
Australia). Vital internal organs were removed for gross necropsy and organ weight
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measurement before being fixed in buffered 10% formalin for histopathological assessment.
The remaining portion of the liver was kept in −20 ◦C until further analysis.

2.6. Clastogenicity Test

To determine the clastogenic activity of intraperitoneal Fe-TA NP administration, rat
liver micronucleus assay was used in this study. Male Wistar rats (6-week-old, 180–190 g)
were divided into five groups as is shown in Figure 1. Group 1 was established as a negative
control receiving phosphate buffered saline, while groups 2 and 3 received a single dose of
Fe-TA NPs at 55 and 5.5 mg/kg bw, respectively. Group 4 rats were injected with repeated
doses of 5.5 mg/kg bw of Fe-TA NPs on days 1, 4 and 7 of the experiment. Group 5 served
as a positive control receiving 10 mg/kg bw of diethylnitrosamine (DEN) on days 4 and 7 of
the experiment. Twenty-four hours after the last injection, all rats were lightly anesthetized
with isoflurane inhalation and underwent 2/3 partial hepatectomy. After the experiment
was conducted for 4 days, rats were euthanized by overdose thiopental and their hepa-
tocytes were isolated using the 2-step collagenase perfusion technique. Liver cells were
stained with 4′,6-diamidino-2-phenylindole (DAPI) and analyzed under a fluorescent mi-
croscope. Micronucleated and mitotic hepatocytes were observed as 2000 hepatocytes/rat.
The criteria for micronucleated hepatocyte scoring had been previously established by
Chariyakornkul et al., 2019 [16].

 

Figure 1. Experimental protocol for clastogenicity test of Fe-TA NPs in rats.

2.7. Medium-Term Liver Carcinogenicity Test

Six-week-old male Wistar rats were divided into 5 groups. Group 1 was a negative
control receiving phosphate buffered saline and groups 2–4 (n = 4–6) served as treated
groups that were intraperitoneally injected with Fe-TA NPs at doses of 0.55, 5.5 and
17.5 mg/kg bw once a week on 10 occasions, while group 5 (n = 3) was considered a
positive control that received weekly injections of diethylnitrosamine at 100 mg/kg body
weight on three occasions. One week before injections were given, all animals underwent
two-third partial hepatectomies to induce regenerative cell proliferation. Twenty-four
hours after the last injection was administered, all rats were sacrificed under isoflurane
inhalation and blood sampling was collected. Serum alanine aminotransferase (ALT)
was collected after the clotted blood was centrifuged and analyzed using an automatic
analyzer at the Veterinary Diagnostic Centre Co., Ltd., Chiang Mai, Thailand. Subsequently,
livers were perfused with 0.15 M KCl to remove blood samples. Livers, spleens, and
kidneys of the rats were then collected and weighed. Liver portions were fixed in 10%
buffered formalin and then embedded in paraffin for histopathological assessment of the
formation of GST-P positive foci as a preneoplastic lesion in the livers, proliferating cell
nuclear antigen (PCNA)-positive cells as cell proliferation markers and apoptotic cells
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by terminal deoxynucleotidyl transferase (TdT) dUTP nick end labelling (TUNEL) assay.
These procedures were performed according to the method previously described [17].

2.8. Measurement of Serum and Liver Iron Status Parameters

The levels of serum iron and total iron-binding capacity were measured colorimetri-
cally using commercial assay kits and a fully automatic biochemical analyzer (RX Daytona,
Antrim, Ireland) according to the manufacturer’s instructions. The percentage of transferrin
saturation was calculated as a ratio of serum iron to TIBC.

Liver iron concentration was determined using a modified ferrozine assay as has
been described elsewhere [18]. After dried liver tissues were cold homogenized in 50 mM
phosphate buffer at a pH of 2.0 containing 0.005% methanolic BHT, they were further
centrifuged and the supernatant was collected. The iron standards were prepared from a
serial dilution of ferrous ammonium sulfate (0–800μM). Standards and the supernatant
were incubated with a chromogenic solution containing 0.508 mM ferrozine, 1.5 M sodium
acetate, and 1.5% (v/v) thioglycolic acid at room temperature for 30 min. Absorbance was
measured spectrophotometrically at 562 nm. The concentration of liver iron was calculated
from the standard curve and expressed as ng of iron per mg of dry liver weight.

Liver ferritin values were determined using a Ferritin Rat ELISA Kit. Liver tissue
samples were homogenized with ice cold NaCl and then centrifuged at 15,000 rpm at 4 ◦C
for 20 min. The supernatant was collected and diluted with diluent buffer. A standard
curve was prepared with a serial dilution of rat ferritin calibrator (0–100 ng/mL), and then
ferritin levels were measured according to the manufacturer’s instructions. Liver ferritin
concentration values were calculated using a calibration curve that was normalized by
protein concentrations determined by Lowry’s method [19] and then expressed as a value
of ng/mg liver protein.

2.9. Determination of Antioxidant Parameters in Rat Livers

Total glutathione (GSH) and glutathione disulfide (GSSG) levels were determined
using the enzymatic recycling method based on DTNB with some modifications [20].
Liver homogenate in 0.01 M phosphate buffer was treated with 5% 5-sulfosalicylic acid.
After cold centrifugation, supernatants were reacted with 4-vinylpyridine to protect GSH
auto-oxidation for GSSG assay and then used directly for total GSH determination. The
standards or samples were mixed with a reaction mixture containing glutathione reductase,
DTNB, and β-NADPH. The degree of absorbance was measured kinetically at 405 nm
for 5 min with a minute interval. The concentration was calculated with the use of a
regression curve generated from the standards of GSH and GSSG and expressed as a value
of nmol/mg protein. Reduced glutathione levels were calculated by subtracting values of
GSSG from total GSH.

For the determination of antioxidant enzyme activity, the liver tissue was homogenized
on ice with homogenizing buffer containing 1.15% (w/v) KCl and 0.25 mM PMSF. After
medium-speed centrifugation, the supernatant was subsequently centrifuged at 30,000
rpm for 60 min at 4 ◦C in order to obtain cytosolic and microsomal fractions. The protein
content of both fractions was then determined by applying the Lowry method using bovine
serum albumin (BSA) as a standard [19].

Catalase (CAT) activity was determined using the method described by Aebi, 1984 [21].
In this assay, 30 mM H2O2 was used as a substrate and catalase activity was detected by
a decrease in absorbance of H2O2 at 240 nm. CAT activity was calculated using molar
extinction coefficient for H2O2 at 240 nm and expressed as μmol of H2O2 per minute per
mg protein.

Glutathione reductase (GR) activity was determined according to the method previ-
ously described by Carlberg and Mannervik, 1985 [22]. Assay samples were reacted with a
reaction mixture that contained phosphate buffer (pH 7.0) prepared from 0.1 M KH2PO4,
1 mM MgCl2.6H2O, 25 mM GSSG, and 0.1 mM NADPH. The oxidation of NADPH during
the reaction was estimated spectrophotometrically at 340 nm for a single minute. GR
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activity was expressed in terms of μmol of NADPH consumed per minute per mg protein
using the molar extinction coefficient for NADPH at 340 nm.

Glutathione peroxidase (GPx) activity was determined with slight modifications
according to the method described by Nagalakshmi and Prasad (2001) [23]. Assay samples
were added to the reaction mixture containing 0.1 M Tris-EDTA buffer (pH 8), 0.1 M GSH,
2 mM β-NADPH, 7 mM t-BHP, and 10 U GR. β-NADPH was oxidized during the reaction
and was measured by estimating a decrease in the absorbance at 340 nm. GPx activity was
calculated using the molar extinction coefficient for NADPH at 340 nm and was expressed
in terms of μmol of NADPH consumed per minute per mg protein.

Heme oxygenase (HO) activity assay was performed using a slightly modified
method [24]. The liver microsome was incubated with 0.1 M potassium phosphate buffer
containing 2 mM MgCl2 at a pH of 7.4 with 8 mM glucose-6-phosphate, 4 U/mL glucose-
6-phosphate dehydrogenase, 6.4 mM NADPH, 400 μM hemin substrate, and 10 mg/mL
of liver cytosol as a source of biliverdin reductase at 37 ◦C in the dark. The reaction was
stopped using chloroform. The activity of HO was measured at wavelengths of 460 and
530 nm and expressed as nmol/min/mg protein using a molar extinction coefficient of 40.

2.10. Statistical Analysis

Data are presented as mean ± standard deviation values (S.D) for each variable. Statis-
tical differences among three or more groups were assessed by one-way analysis of variance
(ANOVA) followed by Bonferroni as a post-hoc test for toxicity tests and least significant
differences for the relevant biochemical parameters. Statistical differences between the two
groups were analyzed by Student’s t-test. Data were considered statistically significant
when a p-value of less than 0.05 was observed.

3. Results

3.1. Single and Repeated Dose Toxicity Levels of Iron (III)–Tannic Acid Nanoparticles in Rats

Single dose toxicity test aims to estimate the median lethal dose (LD50) of Fe-TA NPs
in rats. During the 14-day observation period, a single intraperitoneal injection of 55 mg/kg
bw of Fe-TA NPs was not found to have caused any toxic symptoms or mortality. The
gross necropsy indicated a non-disorder in organ morphology. Body weight, absolute and
relative organ weights, and hematological parameters, including red blood cell, leucocyte,
and platelet counts, were not found to be significantly different when compared to the
control group (data not shown). It was indicated that the LD50 value of intraperitoneal
Fe-TA NPs administration was more than 55 mg/kg body weight in male Wistar rats.

The repeated dose test aims to assess the most affected target organs and dosages
of the test substance after a certain period of continuous exposure. The intraperitoneal
treatment of Fe-TA NPs ranged from 0.22 to 5.5 mg/kg bw every 3 days for 10 times. This
indicated no incidences of morbidity and mortality in both genders of rats. No significant
changes in food and water intake and body weight were observed in both sexes of the
experimental rats when compared to the control animals (Table 1). The absolute and relative
organ weights of ovaries in 5.5 mg/kg bw dose groups and those of the seminal vesicles in
1.1 mg/kg bw dose groups were significantly increased when compared to those of the
control group. However, no histopathological changes were observed. Apart from these
findings, there were no significant changes in organ weight of Fe-TA NPs treated animals
when compared to the control animals of both sexes (Table 1). In the satellite group of
female rats, the brain weights of the rats in the Fe-TA NPs treated group were significantly
reduced when compared to the control group (Table 1). No other significant changes were
observed in terms of gross necropsy and organ weights of the members of both sexes of the
satellite group (Table 1).
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Table 1. Effect of 28-day administration of Fe-TA NPs on general observation and organ weights.

Parameters

Fe-TA NPs Treatment (mg/kg bw)

0 0.22 1.1 5.5
Satellite

0 5.5

Female

Food intake
(g/day)

14.3 ± 2.0 15.9 ± 2.3 14.5 ± 1.3 15.1 ± 1.8 15.4 ± 1.8 16.4 ± 2.1

Water intake
(mL/day)

18.9 ± 3.2 19.7 ± 5.5 20.8 ± 5.1 21.0 ± 3.7 22.5 ± 1.9 19.0 ± 2.4

IBW (g) 120 ± 6.12 120 ± 8.66 121 ± 5.48 121 ± 4.18 120 ± 7.07 121 ± 2.24

FBW (g) 187 ± 4.47 193 ± 11.0 188 ± 17.2 193 ± 9.08 214 ± 15.5 204 ± 9.46

Liver (g) 6.36 ± 0.54 6.88 ± 0.30 6.53 ± 0.43 6.81 ± 0.47 6.94 ± 0.81 6.99 ± 0.48

Spleen (g) 0.37 ± 0.04 0.40 ± 0.03 0.36 ± 0.06 0.45 ± 0.04 0.39 ± 0.07 0.38 ± 0.03

Kidneys (g) 1.50 ± 0.06 1.57 ± 0.12 1.52 ± 0.14 1.49 ± 0.09 1.57 ± 0.17 1.51 ± 0.10

Lungs (g) 0.97 ± 0.12 0.89 ± 0.10 0.88 ± 0.08 0.90 ± 0.02 0.92 ± 0.14 0.83 ± 0.05

Heart (g) 0.60 ± 0.02 0.59 ± 0.05 0.56 ± 0.07 0.58 ± 0.07 0.62 ± 0.05 0.61 ± 0.03

Thymus (g) 0.38 ± 0.08 0.46 ± 0.03 0.43 ± 0.08 0.43 ± 0.10 0.46 ± 0.04 0.31 ± 0.04

Pancreas (g) 0.62 ± 0.16 0.68 ± 0.25 0.72 ± 0.29 0.92 ± 0.21 0.57 ± 0.07 0.69 ± 0.08

Brain (g) 1.60 ± 0.08 1.66 ± 0.06 1.64 ± 0.04 1.65 ± 0.06 1.36 ± 0.13 1.18 ± 0.03 #

Adrenal (mg) 64.0 ± 18.3 55.5 ± 9.06 60.8 ± 11.7 58.3 ± 3.61 64.9 ± 4.78 71.1 ± 13.8

Ovary (mg) 69.5 ± 15.4 91.1 ± 11.2 89.0 ± 12.5 110 ± 7.81 * 103 ± 31.2 80.7 ± 15.3

Male

Food intake
(g/day)

23.9 ± 2.6 26.9 ± 6.5 25.4 ± 5.2 23.4 ± 1.6 23.5 ± 1.7 23.8 ± 2.9

Water intake
(ml/day)

27.9 ± 8.9 32.6 ± 6.8 32.4 ± 8.2 33.3 ± 5.1 30.0 ± 4.25 29.7 ± 4.22

IBW (g) 180 ± 12.3 180 ± 9.35 180 ± 6.12 180 ± 0.00 180 ± 14.1 180 ± 9.35

FBW (g) 321 ± 30.9 338 ± 23.9 314 ± 25.1 316 ± 9.62 365 ± 32.4 363 ± 18.6

Liver (g) 11.0 ± 1.33 12.0 ± 1.17 11.7 ± 1.56 11.0 ± 0.83 11.1 ± 1.91 11.0 ± 0.57

Spleen (g) 0.63 ± 0.14 0.64 ± 0.06 0.63 ± 0.07 0.67 ± 0.05 0.65 ± 0.14 0.66 ± 0.04

Kidneys (g) 2.46 ± 0.21 2.54 ± 0.15 2.62 ± 0.28 2.34 ± 0.08 2.38 ± 0.21 2.47 ± 0.31

Lungs (g) 1.18 ± 0.12 1.29 ± 0.18 1.38 ± 0.32 1.21 ± 0.15 1.13 ± 0.09 1.29 ± 0.20

Heart (g) 0.91 ± 0.15 0.93 ± 0.13 0.89 ± 0.07 0.88 ± 0.05 0.91 ± 0.05 0.96 ± 0.09

Thymus (g) 0.67 ± 0.14 0.67 ± 0.23 0.62 ± 0.09 0.62 ± 0.14 0.55 ± 0.14 0.48 ± 0.10

Pancreas (g) 0.79 ± 0.14 0.94 ± 0.22 0.87 ± 0.19 0.76 ± 0.22 0.73 ± 0.24 0.97 ± 0.17

Brain (g) 1.92 ± 0.09 1.85 ± 0.08 1.90 ± 0.09 1.82 ± 0.06 1.86 ± 0.10 1.84 ± 0.08

Adrenal (mg) 58.90 ± 6.32 55.00 ± 7.36 63.94 ± 17.90 64.36 ± 12.54 60.60 ± 10.06 66.58 ± 12.35

Testes (g) 3.34 ± 0.26 3.20 ± 0.23 3.30 ± 0.17 3.10 ± 0.19 3.65 ± 0.11 3.64 ± 0.17

Prostate (g) 0.39 ± 0.12 0.38 ± 0.09 0.41 ± 0.04 0.31 ± 0.06 0.44 ± 0.09 0.39 ± 0.05

Epididymis (g) 0.79 ± 0.12 0.78 ± 0.18 0.66 ± 0.12 0.63 ± 0.11 1.05 ± 0.07 1.03 ± 0.09

Seminal (g) 0.72 ± 0.11 0.76 ± 0.09 0.95 ± 0.09 * 0.84 ± 0.08 0.89 ± 0.19 0.81 ± 0.25

Values are expressed as Mean ± SD. (IBW: Initial body weight, FBW: Final body weight). * p < 0.05, signifi-
cantly different when compared with the control. # p < 0.05, significantly different when compared with the
control satellite.
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The systemic toxic effects of Fe-TA NPs in rats were further studied. The hematological
profile of female rats did not reveal any significant changes when compared to the control
rats (Table 2). In male rats, the neutrophil count was significantly increased in groups
receiving 1.1 and 5.5 mg/kg bw doses, while monocyte counts were significantly reduced
in groups receiving 0.22 and 1.1 mg/kg bw doses when compared to the control group
(Table 2). However, these values were found to be within the reference range. Although the
biochemical profiles of female rats revealed significant reductions in BUN levels in both the
medium- and high-dose treated groups, these levels were also determined to be within the
reference range (Table 3). In male rats, serum potassium levels were significantly increased
in the group receiving 5.5 mg/kg bw doses (Table 3). Moreover, significant changes in
levels of creatinine, sodium, and TCO2 in the satellite group of Fe-TA NPs treated male rats
were also found to be within the reference range (Table 3). No significant differences were
observed in liver function tests in terms of lipid profiles and blood glucose levels in rats of
both sexes (Table 3). Urinalysis revealed no abnormalities apart from hematuria in some
samples obtained from female rats. However, various levels of proteinuria in male rats
were detected in most of the urine samples, while hematuria and ketonuria were detected
in some of the other samples. Furthermore, the effects of Fe-TA NPs on serum and liver
iron status were assessed in male rats. Serum iron, serum TIBC, and transferrin saturation
values in the treated groups were not changed significantly when compared to the vehicle
control groups. Fe-TA NPs treatment significantly increased liver iron content at 5.5 mg/kg
bw dose; however, ferritin content between the treated groups and the vehicle control
group were not determined to be different (Figure 2).

Figure 2. Effect of 28-day experiment of Fe-TA NPs on serum and liver iron parameters in male rats.
(A): Serum iron, (B): TIBC (Total iron binding capacity), (C): Transferrin saturation, (D): Liver iron
content, and (E) Liver ferritin. Data are expressed as Mean ± SD. * p < 0.05, significantly different
when compared with a control group.
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Table 2. Effect of Fe-TA NPs on hematological profile in rats exposed to repeated dose toxicity tests.

Parameters Normal Range

Fe-TA NPs Treatment (mg/kg bw)

0 0.22 1.1 5.5
Satellite

0 5.5

Female

RBC (×106 cell/μL) 4.6–9.2 7.3 ± 0.3 6.9 ± 0.6 7.6 ± 0.5 7.3 ± 0.4 8.5 ± 0.1 8.7 ± 0.6

Hemoglobin (g/dL) 11–19.2 15.7 ± 0.4 14.4 ± 1.2 16.1 ± 0.8 15.2 ± 0.8 18.1 ± 0.6 18.8 ± 1.1

Hematocrit (%) 36–53 48 ± 0.6 44 ± 3.2 49 ± 2.3 45.9 ± 2.0 52.9 ± 1.3 52.9 ± 2.7

MCV (fL) 48–70 66 ± 2.4 64 ± 1.3 65 ± 2.7 63 ± 1.1 62 ± 2.0 61 ± 2.0

MCH (pg) 16.0–23.1 21.7 ± 0.5 21.0 ± 0.8 21.3 ± 0.9 20.9 ± 0.8 21.3 ± 0.8 21.6 ± 0.6

MCHC (g/dL) 28.2–34.1 33.1 ± 0.7 32.7 ± 0.6 33.0 ± 0.3 33.2 ± 0.7 34.2 ± 0.7 35.5 ± 0.2

RDW (%) 10.0–16.0 12.2 ± 0.3 12.3 ± 0.8 12.2 ± 0.4 12.7 ± 0.5 12.6 ± 1.0 13.0 ± 0.9

Reticulocytes (%) 1.7–4.9 4.9 ± 1.6 3.8 ± 1.4 3.9 ± 0.8 3.7 ± 1.4 3.0 ± 1.0 2.9 ± 0.9

WBC (×103

cell/mm3)
2–17 4 ± 1 3 ± 1 5 ± 1 5 ± 0 5 ± 1 4 ± 1

Neutrophil (%) 10–30 12 ± 3.9 12 ± 3.4 15 ± 10.4 12 ± 10.3 10 ± 1.0 16 ± 2.8

Lymphocyte (%) 65–85 83 ± 4.3 83 ± 4.30 79 ± 7.9 84 ± 8.5 85 ± 2.1 77.5 ± 2.4

Monocyte (%) 0–5 4 ± 2.5 4.8 ± 2.5 6 ± 2.95 4 ± 2.1 5 ± 0.1 7 ± 1.5

Eosinophil (%) 0–6 1 ± 1.2 0.4 ± 0.89 0.2 ± 0.45 0.0 ± 0.0 0.3 ± 0.5 0.0 ± 0.0

Basophil (%) 0–1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

PLT (×103 cell/mm3) 500–1300 787 ± 67 480 ± 337 762 ± 77 67.7 ± 206 793 ± 38 625 ± 315

Male

RBC (×106 cell/μL) 4.6–9.2 5.8 ± 0.2 5.8 ± 0.3 6.0 ± 0.2 5.8 ± 0.2 6.7 ± 0.8 6.4 ± 0.9

Hemoglobin (g/dL) 11–19.2 16.7 ± 0.3 16.7 ± 0.3 16.7 ± 0.4 16.1 ± 0.5 15.1 ± 0.6 14.7 ± 0.5

Hematocrit (%) 36–53 49.1 ± 1.4 48.3 ± 1.6 49.3 ± 1.4 46.8 ± 1.1 45.4 ± 1.8 44.0 ± 1.6

MCV (fL) 48–70 84.0 ± 1.6 83.2 ± 2.6 82.4 ± 1.9 81.1 ± 1.8 68.1 ± 6.3 70.2 ± 8.4

MCH (pg) 16.0–23.1 28.6 ± 0.8 28.7 ± 1.0 28.0 ± 0.5 28.0 ± 0.5 22.6 ± 2.1 23.5 ± 2.8

MCHC (g/dL) 28.2–34.1 34.0 ± 0.5 34.5 ± 0.4 33.9 ± 0.5 34.5 ± 0.3 33.4 ± 0.3 33.4 ± 0.1

RDW (% 10.0–16.0 10.9 ± 0.3 11.1 ± 0.7 11.2 ± 0.5 11.3 ± 0.6 14.6 ± 3.6 12.8 ± 3.4

Reticulocytes (%) 1.7–4.9 3.2 ± 2.1 3.0 ± 1.2 5.0 ± 1.2 5.4 ± 2.0 2.1 ± 1.7 2.3 ± 1.0

WBC (×103

cell/mm3)
2–17 6 ± 1 6 ± 2 7 ± 1 7 ± 2 5 ± 3 5 ± 2

Neutrophil (%) 10–30 7 ± 2.1 10 ± 0.5 14 ± 3.5 * 15 ± 5.2 * 17 ± 0.9 15 ± 6.0

Lymphocyte (%) 65–85 89 ± 2.2 87 ± 0.9 86 ± 3.5 85 ± 5.2 82 ± 1.1 83 ± 6.3

Monocyte (%) 0–5 5 ± 0.8 3 ± 1.1 * 0 ± 0.0 * 0 ± 0.0 * 1 ± 0.5 2 ± 0.5

Eosinophil (%) 0–6 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

Basophil (%) 0–1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

PLT (×103 cell/mm3) 500–1300 770 ± 177 802 ± 151 770 ± 103 915 ± 216 731 ± 65.2 590 ± 129

Values are expressed as Mean ± SD. * p < 0.05, significantly different when compared with the vehicle control.
(RBC, red blood cell; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration;
MCV, mean corpuscular volume; RDW, red cell distribution width; PLT, platelet; WBC, white blood cell).
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Table 3. Effect of Fe-TA NPs on biochemical profiles in rats exposed to repeated dose toxicity tests.

Parameters Normal Range

Fe-TA NPs Treatment (mg/kg bw)

0 0.22 1.1 5.5
Satellite

0 5.5

Female

Glucose (mg/dL) 85–132 129 ± 14 144 ± 25 142 ± 13 167 ± 20 61 ± 21 173 ± 61

Cholesterol (mg/dL) 40–130 63 ± 10 70 ± 9 65 ± 8 67 ± 12 69 ± 4 68 ± 10

Triglyceride (mg/dL) 80–190 55 ± 12 49 ± 30 39± 8 41 ± 13 80 ± 11 55 ± 20

BUN (mg/dL) 10–21 24 ± 2 22 ± 3 18 ± 3 * 19 ± 2 * 25 ± 5 22 ± 2

Creatinine (mg/dL) 0.5–1.0 0.3 ± 0.1 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.3± 0.0 0.3 ± 0.1

Total protein (g/dL) 6.3–8.6 7.1 ± 0.2 6.8 ± 0.6 7.0 ± 0.2 7.1 ± 0.3 8.5 ± 0.3 9.0 ± 0.5

Albumin (g/dL) 3.3–4.9 4.6 ± 0.1 4.3 ± 0.3 4.4 ± 0.2 4.4 ± 0.1 4.7 ± 0.2 4.7 ± 0.2

AST (U/L) 39–92 37 ± 17 42 ± 19 34 ± 7 28 ± 5.9 37 ± 12 42 ± 14

ALT (U/L) 17–50 117 ± 42 102 ± 16 122 ± 31 95 ± 26 96 ± 16 103 ± 20

ALP (U/L) 39–216 49 ± 7 55 ± 10 51 ± 10 54 ± 17 46 ± 6 33 ± 2

Total bil (mg/dL) 0.05–0.17 0.14 ± 0.02 0.09 ± 0.02 0.12 ± 0.06 0.12 ± 0.05 0.23 ± 0.03 0.22 ± 0.01

Direct bil (mg/dL) 0.03–0.07 0.08 ± 0.02 0.08 ± 0.01 0.09 ± 0.03 0.01 ± 0.03 0.09 ± 0.02 0.08 ± 0.01

Uric acid (mg/dL) 1.4–3.7 4.2 ± 0.6 3.5 ± 1.1 3.9 ± 0.7 4.8 ± 1.0 5.0 ± 2.0 4.5 ± 1.8

Sodium (mmol/L) 140–150 143 ± 2 141 ± 1 143 ± 1 142 ± 1 143 ± 1 144 ± 1

Potassium (mmol/L) 4–5.9 5.3 ± 0.7 5.9 ± 0.5 5.5 ± 0.4 5.6 ± 0.5 4.9 ± 0.2 5.2 ± 0.3

Chloride (mmol/L) 96–107 104 ± 2 105 ± 1 105 ± 1 105 ± 1 102 ± 2 104 ± 1

TCO2 (mmol/L) 13–27.1 20.6 ± 1.5 22.6 ± 1.3 22.4 ± 1.6 22.9 ± 2.7 22.6 ± 2.5 19.5 ± 1.5

Male

Glucose (mg/dL) 85–132 214 ± 30 227 ± 44 290 ± 39 211 ± 45 176 ± 38 164 ± 23

Cholesterol (mg/dL) 40–130 66 ± 9 73 ± 20 64 ± 15 61 ± 9 73 ± 6 72 ± 10

Triglyceride (mg/dL) 80–190 40 ± 18 75 ± 24 47 ± 26 38 ± 12 75 ± 45 48 ± 23

BUN (mg/dL) 10–21 19 ± 2 18 ± 2 19 ± 2 17 ± 3 19 ± 3 17 ± 1

Creatinine (mg/dL) 0.5–1.0 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.7 ± 0.0 0.8 ± 0.1 0.7 ± 0.0 #

Total protein (g/dL) 6.3–8.6 6.7 ± 0.2 6.7 ± 0.2 6.9 ± 0.2 6.6 ± 0.1 6.8 ± 0.3 6.5 ± 0.1

Albumin (g/dL) 3.3–4.9 3.7 ± 0.1 3.6 ± 0.1 3.7 ± 0.1 3.6 ± 0.1 3.6 ± 0.1 3.5 ± 0.1

AST (U/L) 39–92 114 ± 14 108 ± 13 114 ± 22 100 ± 19 116 ± 32 95 ± 14

ALT (U/L) 17–50 30 ± 5 33 ± 4 40 ± 10 31 ± 6 31 ± 5 26 ± 3

ALP (U/L) 39–216 103 ± 19 93 ± 4 96 ± 10 87 ± 23 75 ± 18 66 ± 16

Total bil (mg/dL) 0.05–0.17 0.07 ± 0.01 0.07 ± 0.01 0.05 ± 0.02 0.06 ± 0.01 0.08 ± 0.01 0.06 ± 0.02

Direct bil (mg/dL) 0.03–0.07 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.00 0.03 ± 0.01 0.04 ± 0.01 0.04 ± 0.01

Uric acid (mg/dL) 1.4–3.7 5.3 ± 1.9 5.1 ± 1.4 7.3 ± 1.7 5.7 ± 0.8 2.8 ± 0.7 1.9 ± 0.6

Sodium (mmol/L) 140–150 145 ± 2 143 ± 4 144 ± 3 144 ± 1 146 ± 1 144 ± 1 #

Potassium (mmol/L) 4–5.9 5.7 ± 0.5 6.1 ± 0.8 6.7 ± 0.7 7.1 ± 0.7 * 5.2 ± 0.7 4.9 ± 0.6

Chloride (mmol/L) 96–107 100 ± 1 100 ± 3 101± 3 101 ± 2 101 ± 1 101 ± 1

TCO2 (mmol/L) 13–27.1 25.8 ± 2.0 27.1 ± 1.6 25.6 ± 2.1 25.6 ± 1.6 25.0 ± 1.1 27.4 ± 1.6 #

Values are expressed as Mean ± SD. * p < 0.05, significantly different when compared with the control. # p < 0.05,
significantly different when compared with the satellite control. (BUN: blood urea nitrogen, AST: aspartate
aminotransferase, ALT: alanine aminotransferase, ALP: alkaline phosphatase, bil: bilirubin, TCO2: total carbon
dioxide test).
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3.2. Clastogenic Effect of Iron-Tannic Molecular Nanoparticles in Rats

The clastogenic effect of Fe-TA NPs was assessed through rat liver micronucleus assay,
which served as the primary test in a battery of genotoxicity tests. Micronuclei can be
formed during cell division from chromosome fragmentation or as a consequence of a
failure to be incorporated into the daughter nuclei [25]. A single or repeated treatment
of Fe-TA NPs did not affect water and food intake (data not shown) or result in body
weight gains (Table 4). No evidence of a significant increase was observed in the number of
micronucleated hepatocytes, binucleated hepatocytes, and mitotic index values after either
a single dose or repeated doses of 5.5 mg/kg bw of Fe-TA NPs. In addition, no statistical
differences were observed in these parameters from a single treatment of Fe-TA NPs in
terms of its LD50 value at a dose of 55 mg/kg bw in rats of both genders. On the other
hand, an injection of DEN, a positive control, produced a significant increase in the number
of micronucleated hepatocytes and the mitotic index value (7.30 + 2.19 and 2.56 + 0.28 per
1000 hepatocytes) when compared to the negative control. These findings indicate that
Fe-TA NPs did not result in incidences of clastogenicity in rats.

Table 4. Effect of Fe-TA NPs on micronucleus formation in rat livers.

Fe-TA NPs Treatment
(mg/kg bw)

Body Weight
Gain (%)

Total Number of (Per 1000 Hepatocytes)
Mitotic Index

MN MNH BH

5% Tween 80 30.8 ± 4.6 0.29 ± 0.39 0.29 ± 0.39 16.43 ± 2.82 0.72 ± 0.12
Fe-TA NPs 55 mg/kg bw (Single dose) 29.1 ± 4.8 0.68 ± 0.72 0.68 ± 0.72 18.60 ± 1.95 0.93 ± 0.12
Fe-TA NPs 5.5 mg/kg bw (Single dose) 32.4 ± 6.9 1.00 ± 0.93 1.00 ± 0.93 13.80 ± 0.84 0.79 ± 0.10

Fe-TA NPs 5.5 mg/kg bw (Repeated doses) 29.4 ± 4.2 0.30 ± 0.45 0.30 ± 0.45 16.00 ± 1.58 0.78 ± 0.13

Values are expressed as Mean ± SD. MN: Micronucleus, MNH: Micronucleated hepatocyte, BH: Binucleated
hepatocytes.

3.3. Carcinogenicity of Iron (III)–Tannic Acid Nanoparticles in Rats

The medium-term carcinogenicity test is a reliable and practical tool to predict the
carcinogenic potential of chemicals compared to the others. Immunohistochemically de-
tected glutathione S-transferase placental form (GST-P) positive focus as the end-point
marker can be used as early indicator of preneoplastic lesions in rat liver [26]. Although no
abnormal clinical features were observed in the rats, one rat died after receiving 7 doses
of 17.5 mg/kg bw of Fe-TA NPs. No significant changes in body weight, the weight of
some vital organs, and serum ALT levels were observed (Table 5). With regard to the liver
preneoplastic marker, diethylnitrosamine, a hepatocarcinogen, could induce the number
and area of GST-P positive foci (14.22 ± 3.77 foci and 1.55 ± 0.56 mm2 per liver area (cm2),
respectively), whereas Fe-TA NPs at various doses did not induce GST-P positive foci
formation in rat livers (Table 5). Furthermore, the administration of Fe-TA NPs ranged
from 0.55–17.5 mg/kg bw did not alter the number of PCNA-positive and apoptotic cells
in the livers. Accordingly, it might be suggested that the administration of intraperitoneal
Fe-TA NPs up to 17.5 mg/kg bw, once a week for 10 times, was not carcinogenic to the
livers of rats.

3.4. Effect of Iron (III)–Tannic Acid Nanoparticles on Some Biochemical Parameters in Serum and
Livers of Rats

Iron is an essential trace element, and its systemic and cellular levels are tightly
regulated. Following Fe-TA NPs administration in vehicle control rat groups, serum
iron, TIBC, and transferrin saturation values were not determined to be different among
experimental groups in comparisons with the control group. The administration of Fe-TA
NPs at dosages of 0.55 and 5.5 mg/kg bw significantly increased iron content in the liver.
However, no alteration in the ferritin levels of rat livers was found (Figure 3). In addition,
there was no significant alteration of total, oxidized, and reduced glutathione contents in rat
livers at 0.55 and 5.5 mg/kg bw dose of Fe-TA NPs. Notably, a high dose, 17.5 mg/kg bw,
increased both the oxidized and reduced glutathione contents; however, this dosage did not
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alter their ratios when compared with the control group (Figure 4). This would indicate that
an antioxidant response occurred at the above-mentioned dose in rat livers. The antioxidant
enzyme activities in rat livers were further studied and results are presented in Figure 5. It
was observed that 0.55 mg/kg bw doses of Fe-TA NPs decreased catalase activity, whereas
doses of 17.5 mg/kg bw increased these levels in rat livers. Heme oxygenase activity
was also increased by a dose of 17.5 mg/kg bw of Fe-TA NPs. Remarkably, GR and GPx
activities were not found to be altered in rat livers (Figure 5).

Table 5. Effect of iron (III)–tannic acid nanoparticles on general observation, serum ALT level,
preneoplastic lesions formation, cellular apoptosis, and proliferation in rat livers.

Parameters
Fe-TA NPs Treatment (mg/kg bw)

0 0.55 5.5 17.5

Final Body Weight (g) 495 ± 33 463 ± 19 466 ± 30 478 ± 49
Absolute Organ weight (g)

Liver 15.77 ± 1.96 14.00 ± 1.86 14.76 ± 2.67 17.27 ± 2.28
Spleen 0.88 ± 0.06 0.82 ± 0.13 0.77 ± 0.06 0.80 ± 0.17

Kidneys 3.40 ± 0.35 3.25 ± 0.23 3.39 ± 0.14 3.40 ± 0.74
Serum ALT levels (U/L) 41.7 ± 14.8 37.5 ± 8.6 32.4 ± 6.0 39.0 ± 14.5

Number of GST-P positive
foci/Liver area (cm2) 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Area of GST-P positive foci
(mm2)/Liver area (cm2) 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Number of apoptotic
cells/Liver area (mm2) 5.27 ± 4.50 6.19 ± 1.48 6.17 ± 3.43 5.14 ± 1.01

Number of PCNA-positive
cells/Liver area (mm2) 8.31 ± 2.09 7.66 ± 1.87 8.95 ± 2.53 7.15 ± 2.16

Values are expressed as mean ± SD. ALT, alanine aminotransferase.

Figure 3. Effect of 10-week experiment of Fe-TA NPs on serum and liver iron parameters in rats.
(A): Serum iron, (B): TIBC (Total iron binding capacity), (C): Transferrin saturation, (D): Liver iron
content, and (E) Liver ferritin. Data are expressed as Mean ± SD. * p < 0.05, significantly different
when compared with a control group.
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Figure 4. Effect of 10-week experiment of Fe-TA NPs on hepatic glutathione content in rats. (A): Total
glutathione, (B): GSH (Reduced glutathione), (C): GSSG (Glutathione disulfide), and (D): GSSG/GSH
(Glutathione disulfide to reduced glutathione ratio). Data are expressed as Mean ± SD. * p < 0.05,
significantly different when compared with a control group.

Figure 5. Effect of 10-week experiment of Fe-TA NPs on the activities of hepatic antioxidant enzymes in
rats. (A): Catalase, (B): Glutathione peroxidase, (C): Glutathione reductase, and (D): Heme oxygenase.
Data are expressed as Mean ± SD. * p < 0.05, significantly different when compared with a control group.
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4. Discussion

Theranostic nanoparticles allow for the simultaneous application of diagnostic and
therapeutic functionalities in a single platform and aim to improve better clinical efficiency
for patients. These particles can offer great promise in the diagnostic imaging, monitoring,
and treatment of cancer. The integration of iron and TA as a self-assembled nanoparticle can
facilitate iron in providing an MRI signal, as well as to inhibit tumor cell growth and enable
TA to exert anticancer effects. Fe–TA NPs enhance an MRI contrast signal in hepatocellular
carcinoma cell lines and liver preneoplasia in rats, as well as to exhibit an anti-proliferative
effect on hepatocellular carcinoma cells via enhanced autophagic cell death [10,11]. The
outcomes of the present study have indicated that the LD50 value for intraperitoneal
administration of Fe–TA NPs in rats was more than 55 mg/kg bw. Furthermore, repeated
various doses of Fe–TA NPs did not result in incidences of subacute toxicity, genotoxicity,
and hepatocarcinogenicity in rats.

Toxicological effects of NPs are dependent upon certain physicochemical properties
such as size, shape, and surface charge; as well as composition, stability, and potential
interactions with other biological systems [27].The in vivo toxicity assessments considered
the uptake, biodistribution, metabolism, and clearance of NPs. While in circulation, NPs can
be coated by serum proteins and then engulfed by both circulating and tissue macrophages,
mainly in the liver, spleen, lymph nodes, and bone marrow of rats. We found no systemic
toxicity following Fe–TA NPs administration at a dose of 0.55–5.5 mg/kg bw in rats.
Importantly, body and organ weight changes are an indicator of substance toxicity [28].
Fe–TA NPs in the present study were found to increase the relative weights of the ovaries
and seminal vesicles by 5.5 and 1.1 mg/kg bw dose, respectively; however, they did not
induce any histopathological changes in these organs. Previous studies have reported that
NPs can exert a toxic effect on reproductive organs [29]. The growth and activity of these
organs are regulated by sex hormones that can alter organ weight and histology [30,31].
Therefore, it could be assumed that Fe–TA NPs treatments may be associated with weak
endocrine activity.

The hematopoietic system is one of the sensitive parameters for toxicity assessment.
Bone marrow and lymphoid organs are major hemopoietic sites in adults, while the liver
and spleen can take part in this process under certain conditions. NPs can accumulate
and exert toxic effects in these organs leading to impaired hematopoiesis [32]. A previous
study involving intraperitoneal injections of Fe3O4 NPs particles at a dose of 500 mg/kg
3 times a week for 5 weeks in rats resulted in erythropoiesis stimulation, neutrophil
leukocytosis, and increased numbers of Kupffer cells [33]. However, Fe–TA NPs treated
rats of both sexes revealed no abnormal alterations in extramedullary hematopoietic sites
and hematology parameters.

Iron is transported in the plasma as transferrin and approximately 30% of transferrin
are saturated with iron under normal conditions. Cells take up iron by transferrin receptor
(TfR)-1 on the plasma membrane. Depending upon cellular iron requirements, excess iron
can be stored as ferritin and can hold about 4500 iron atoms per molecule. The expression
of ferritin becomes increased when cellular iron concentrations rise [34]. NPs mainly
accumulate in the liver particularly in Kupffer cells [35]. NPs generally stay within these
cells and then are slowly released. It was found that an intraperitoneal repeated-dose
administration ranging from 0.22–17.5 mg/kg bw of Fe–TA NPs did not alter the serum
iron status parameters that were evaluated in the present study. Although elevated liver
iron content was observed in 0.55 and 5.5 mg/kg bw of Fe–TA NPs treated rats, neither
iron overload nor hepatotoxicity occurred as was indicated by normal serum ALT levels.
However, at a dose of 17.5 mg/kg bw, liver iron content was not altered. This outcome
might be related to the iron chelating activity of TA in Fe–TA NPs [36]. The hormesis of
various biological endpoints has been reported to be associated with TA and iron levels,
as well as the presence of nanoparticles [12,37,38]. It appears that Fe–TA NPs exhibited a
hormetic dose response that provided iron at low doses and chelated iron at high doses in
the liver.
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Moreover, NPs are known to be able to damage the glomerular membranes causing
nephrotoxicity [35]. Glomerular filtration and renal excretory function appeared not to
be affected by Fe–TA NPs in this study. Different degrees of proteinuria in male rats in
both the control and Fe–TA NPs treated groups could be due to excretion of sex-dependent
proteins since it has been described that proteinuria was observed in male rats during
sexual maturation at about 8 weeks of age [39,40]. In addition, a probable reason for
increased serum potassium levels in male rats that were given a dose of 5.5 mg/kg bw of
Fe–TA NPs may be associated with the interaction of NPs with ion channels such as K+

and Na+ channels, as well as Na+/K+-ATPase, thereby altering channel activities and ion
homeostasis [41].

Carcinogenesis is a multistep process that includes initiation, promotion, and progres-
sion steps [42]. A chemical substance can introduce carcinogenesis by causing unrepairable
DNA damage in normal cells resulting in mutated or initiated cells. Under certain circum-
stances, this could progress to malignant neoplasm. NPs can interact with macromolecules
including DNA, proteins, and lipids. DNA alkylation and oxidative damage can result
in either gene mutation or chromosomal abnormalities such as numerical alteration, ane-
uploidy, and chromosome fragmentation. An assessment of the genotoxic potential of
Fe–TA NPs through rat liver micronucleus test has demonstrated that Fe–TA NPs are not
clastogenic, indicating non-genotoxicity. Fe–TA NPs was further evaluated in terms of
hepatocarcinogenicity through a medium-term carcinogenicity test, which is known to
be a reliable method used to predict the carcinogenic potential of chemicals. Since the
proliferation rate of an adult liver is low, a two-third partial hepatectomy was carried
out to enhance proliferation. Moreover, the exposure of certain chemicals to the liver
after a partial hepatectomy could increase the sensitivity of the assay in detecting car-
cinogenicity [26]. The present study found that Fe–TA NPs did not produce glutathione
S-transferase placental form positive foci, a hepatic preneoplastic lesion in rats [26], while
also indicating a lack of evidence for sustained cell proliferation and the ability to resist cell
apoptosis in the liver. Hence, these outcomes indicate that Fe–TA NPs are not associated
with hepatocarcinogenicity in rats.

Oxidative damage or modifications of macromolecules can lead to toxicity and car-
cinogenicity. NPs toxicity is mainly mediated through ROS generation [27]. TA has been
reported to be associated with both antioxidant and pro-oxidant effects [43,44]. Moreover,
TA can reduce ferric iron to ferrous iron which can then generate deleterious hydroxyl
radicals through a Fenton reaction. Cellular antioxidants can respond to oxidative stress
through enzymatic and non-enzymatic mechanisms [45]. Catalase and glutathione per-
oxidase catalyze the removal of hydrogen peroxide. They show different affinities to
H2O2. Catalase has low affinity to H2O2, while glutathione peroxidase has high affinity
to H2O2. Catalase could undergo irreversible or reversible inactivation depending upon
the H2O2 concentration. However, glutathione peroxidase exhibited lesser sensitivity to
H2O2 induced inactivation. Baud et al. reported that after being exposed to H2O2 (100 μM
for 1 h) in oligodendrocytes, catalase activity was reduced but glutathione peroxidase
activity was not changed [46]. In the present study, the decreased catalase activity at
low dose of Fe-TA NPs would likely be due to its inactivation by H2O2 [21]. At higher
doses, increased total glutathione content and heme oxygenase activity were observed,
which would indicate alleviation of the oxidative environment while also indicating that
catalase could have taken part in the antioxidant response. These results are in line with
the findings of Canli et al. who reported alterations in antioxidant enzymes activities,
including those of superoxide dismutase, CAT, GPx, GR, and glutathione S-transferase, in
rat livers after oral administration of some metal-oxide NPs at doses of 0.5–50 mg/kg/day
for 14 days. Importantly, this would not necessarily indicate a dose-response relationship
and correlation among the enzymes at each dose [47].
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5. Conclusions

According to a toxicological evaluation of Fe-TA NPs, the LD50 value was greater than
55 mg/kg bw. Repeated intraperitoneal administration of Fe-TA NPs at up to 17.5 mg/kg
bw demonstrated no obvious signs of systemic toxicity, genotoxicity, or hepatocarcinogenic-
ity. Consequently, Fe-TA NPs might be safe for use in diagnostic and therapeutic purposes.
Since this study emphasized only the early phase of hepatocarcinogenicity, further studies
are needed to explore the effects on other phases of hepatocarcinogenesis.
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Abstract: Nickel oxide nanoparticles (NiO NPs) have been the focus of many toxicity studies. How-
ever, acute toxicity studies that identify toxicological dose descriptors, such as an LC50 or LD50, are
lacking. In this paper, the acute toxicity of NiO NPs was evaluated in albino-derived Sprague-Dawley
rats through OECD guideline studies conducted by both the oral and inhalation routes of exposure.
The animals were assessed for mortality, body weight, behavioral observations, and gross necropsy.
Results from previously conducted (unpublished) acute inhalation studies with larger NiO micropar-
ticles (MPs) are also included for comparison. Mortality, the primary endpoint in acute toxicity
studies, was not observed for rats exposed to NiO NPs via either the oral or inhalation exposure
routes, with a determined LD50 of >5000 mg/kg and an LC50 > 5.42 mg/L, respectively. Our results
suggest that these NiO NPs do not exhibit serious acute toxicity in rats or warrant an acute toxicity
classification under the current GHS classification criteria. This aligns with similar results for NiO
MPs from this and previously published studies.

Keywords: nickel; nickel oxide; nanoparticle; acute toxicity; nanotoxicity

1. Introduction

Nickel (Ni) is an abundant natural element that is essential for plants and thus is
naturally found in many of the foods that we safely consume [1–4]. Additionally, nickel’s
physical and chemical properties contribute to the widespread utilization of Ni, Ni com-
pounds, and Ni alloys in many industrial and commercial applications. With this level
of exposure, it is no surprise that general Ni toxicity has been widely studied, with the
release of Ni2+ ions and their ability to interact with specific biological targets (cells, DNA,
etc.) identified as the primary source of toxicity. Many studies have shown nickel’s pri-
mary association with allergic contact dermatitis after skin contact as well as respiratory
effects such as toxicity and/or carcinogenicity after inhalation exposure [5,6]. While es-
tablished toxicological profiles are available for the traditional Ni-containing particles of
various water insoluble Ni substances, this is not the case for much smaller Ni-containing
nanomaterials (NMs).

Nanomaterials are defined as having at least one dimension between 1 and 100 nm [7,8].
Their unique size-dependent properties have contributed to a considerable increase in the
production and use of engineered nanoparticles (NPs), including Ni NPs, for various
applications (e.g., electronics, textiles, aviation, catalysis, etc.) in recent decades [8–11]. At
the nanoscale, many of the physicochemical properties differ from larger bulk-sized or
microscale for the same materials [7,8]. Greater surface area, higher surface energy, and
magnetism are just some of the properties that make NMs advantageous in a wide variety
of products such as electronic circuits, surface coatings, and other technologies [8,12–14].
Within these specialized consumer products, NMs are usually tightly embedded, with
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minimal exposure risk expected for the general public [12,15,16]. However, the increased
utilization of these NMs has raised some concern about their potential effects on health
and safety with regard to occupational exposures arising from the handling, processing,
and analyzing of NMs [13,15,17].

The health effects data are overwhelmingly lacking for many NMs, specifically OECD
guideline studies used to establish toxicological dose descriptors. This is true for nickel-
based NPs, including nickel oxide (NiO) NPs. Many in vitro and in vivo studies evaluating
a multitude of health effects have been conducted with NiO NPs. Acute and chronic
studies have shown that NiO NPs are associated with increased lung injury, inflammation,
oxidative stress, apoptosis, and altered biochemical indices [18–25]. A detailed analysis
of these particular endpoints with considerations of various exposure routes, exposure
durations, animal species, etc., is beyond the scope of this paper. However, several recently
published literature reviews have evaluated many of these studies and the potential health
effects of oxidic Ni NPs [26–28]. The acute in vivo studies evaluated in these reviews pri-
marily focused on inflammation, histopathology, cytotoxicity, genotoxicity, oxidative stress,
apoptosis, hematopoietic effects, and functional/biochemical indices. Yet, most of these
reports do not provide enough information to determine toxicological dose descriptors for
key acute toxicity endpoints that can be used for the eventual hazard classification of NPs.

This paper presents data assessing the acute toxicity of engineered NiO NPs and
identifies dose descriptors for acute toxicity via both the oral and inhalation routes of expo-
sure. The exposure concentrations selected for these in vivo animal studies are admittedly
much higher than any expected acute human exposure [29–31]. However, the selected
exposure concentrations are aligned with the current criteria for the Globally Harmonized
System of Classification and Labelling of Chemicals (GHS), which would likely be used to
assign a hazard classification to these NPs. Additionally, the results from the acute oral and
inhalation animal studies with NiO NPs are compared to previously conducted studies that
evaluated larger non-nanoscale (micron) NiO microparticles (MPs), which are more widely
used and have a more established toxicological profile. Specifically, NiO MP data from a
previous acute oral study [32] as well as data from acute inhalation studies (performed in
2010 and 2013 but not previously published) are presented in this paper for comparison
with the NiO NP results. The study designs and protocols implemented for the NPs are
very similar to the previous studies conducted with the MPs.

2. Materials and Methods

2.1. Test Substances

A commercially available 20 nm engineered NiO NP was chosen and purchased
from Nanoshel, LLC (County Cavan, Ireland; Product # NS6130-03-337). A non-nanoscale
(micron) NiO black powder (provided by a member of the Nickel REACH Consortia) was
also evaluated. The NiO NPs and MPs were stored at room temperature in amber glass
bottles topped with nitrogen. Table 1 lists the physicochemical properties of these NiO
test substances.

Table 1. Physico-chemical characteristics of the NiO test samples.

Test
Substance

Purity
(%)

BET
Surface Area

(m2/g)

Hydrodynamic
Particle Size a

(μm)
Shape

Reactive
Oxygen Species b

(nM)

Zeta Potential b

(mV)
Dispersity Index b

NiO NPs 99.9 74 0.210 Rectangular
prism 23.8 −14.6 0.735

NiO MPs 96.4 96 15.6 NA NA NA NA

a Particle diameter (d0.5) was measured with Malvern Zetasizer (Malvern, Westborough, MA, USA; dynamic
light scattering); NPs were measured in water; MPs had been previously measured in Isopar G, an organic solvent.
b Analyses were evaluated in water. NA: not available.
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2.2. Animal Care and Observations

All animal studies were conducted at Product Safety Labs (Dayton, New Jersey, USA)
under animal use protocols approved by Product Safety Labs’ Institutional Animal Care
and Use Committee. Albino-derived Sprague-Dawley rats between 8 and 12 weeks of
age were obtained from several different sources (see Table 2), as these studies were
conducted in different time periods. The rats were housed according to the Guide for the
Care and Use of Laboratory Animals [33,34], with a 12 h light/dark photoperiod cycle and
acclimated to their new environment for 7–9 days or 26–39 days for the MP and NP studies,
respectively. Laboratory conditions were within the OECD guideline recommendations
during exposures, with reported temperatures between 20 and 25 ◦C, and 50–70% relative
humidity. During the 14-day observation period following exposures, in most cases the
temperature and humidity remained within OECD guideline recommendations. However,
the humidity was elevated up to 86% for 6 days of the 14-day observation period following
NP inhalation exposure. A portable dehumidifier was utilized to lower the high humidity
levels resulting from facility deviations during the summer months. The elevated humidity
conditions were considered minor, with no impact on the NP study. The rats were provided
ad libitum access to food and filtered tap water, except no access to food was available
when the rats were fasted overnight prior to oral exposure or during inhalation exposure.

Table 2. Details about the animals used in the acute studies.

Test Substance
Animal Species

Strain
Source

Age
(Weeks)

Initial Body Weight
(Grams)

Acclimation Period
(Days)

NiO NPs
(oral and inhalation studies)

Rat
Sprague-Dawley,
derived albino

Charles River Laboratories 10–12 320–463, males
202–271, females 26–39

NiO MPs
(low-dose inhalation study)

Rat
Sprague-Dawley,
derived albino

Ace Animals, Inc. 8–9 257–277, males
180–211, females 9

NiO MPs
(high-dose inhalation study)

Rat
Sprague-Dawley,
derived albino

Harlan Laboratories, Inc. 8–9 222–246, males
158–172, females 7

During the 14-day observation period, animals were examined daily for mortality,
signs of gross toxicity, and behavioral changes. Individual animal body weight was
recorded prior to administration of NiO NPs or MPs on observation days 7 and 14 for the
oral study and on observation days 1, 3, 7, and 14 for the inhalation studies. At the end
of the 14-day observation period, the rats were euthanized via CO2 inhalation and their
internal organs were visually examined for gross abnormalities.

2.3. Acute Oral Study

The acute oral toxicity study was conducted with six female rats (nulliparous and
non-pregnant) according to the OECD 425 Up-And-Down Procedure. Single treatment
dose progressions via oral gavage were conducted one at a time with careful evaluation
of the animal(s) before moving on to a lower or higher dose. An initial administration of
175 mg/kg (administered as 50% w/w in distilled water) was given to a female rat, with the
upper limit for higher doses capped at 5000 mg/kg. LD50s above this dose do not result in
acute oral toxicity classification according to GHS hazard classification criteria. All animals
were observed for 14 days following oral administration of NiO NPs. A median lethal oral
dose (LD50), indicating 50% mortality, was determined.

2.4. Acute Inhalation Studies

The nose-only exposure studies were conducted using male and female (nulliparous
and non-pregnant) rats according to the OECD 403 Acute Inhalation Toxicity guidelines. A
total of 40 rats were exposed to the NiO NPs and 20 rats were exposed to the NiO MPs. The
NiO NPs and high dose MP powders (8 mg/L) were aerosolized with a Fluid Energy Jet
Mill (Schenck Process, Whitewater, WI, USA; Serial J2724E), while a modified Wright Dust
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Generator (Product Safety Labs, Dayton, NJ, USA; Model # 4Z538A) was used to generate
the lower dose (5 mg/L) of MPs. Chamber concentration measurements and particle size
distributions were obtained from weighing glass fiber filters (and filter paper in the case of
particle size distribution for the MPs) before and after collection of breathing zone samples
from the animals at various intervals per exposure. The inhalation study with NiO NPs
included exposure to aerosolized NiO NPs for 4 h at a 5 mg/L target concentration. LC50s
above this concentration do not result in acute inhalation toxicity classification according
to GHS hazard classification criteria. The study was carried out in two separate rounds
that included a total of 40 animals. The inhalation studies with NiO MPs evaluated single
exposures for 4 h at target concentrations of 5 and 8 mg/L. The studies were carried out in
two rounds conducted 3 years apart (initial round with 5 mg/L and second round with
8 mg/L). All animals were observed for 14 days following inhalation. A median lethal
inhalation concentration (LC50), indicating 50% mortality, was determined.

3. Results

3.1. Acute Oral Toxicity

Following a single oral exposure to NiO NPs at increasing doses from 175 to 5000 mg/kg,
no mortality was observed following the 14-day observation period, resulting in an LD50
of >5000 mg/kg (Table 3). Additionally, no significant differences in body weights were
reported. Individual body weight observations following acute oral exposure to NiO NPs
are presented in Supplemental Information, Table S1. All animals appeared to be active
and healthy during in-life behavioral observations, with no gross abnormalities observed
during necropsy (Supplemental Information, Table S3).

Table 3. Acute oral exposure results.

Test Substance
Dose Level

(mg/kg)
Mortality

(# Dead/# Treated)
LD50

(mg/kg)

NiO NPs

175 0/1

>5000
550 0/1
1750 0/1
5000 0/3

Data below previously published in Henderson et al., 2012 [32]

NiO MPs

5000 0/1

9990
6300 0/1
7930 0/3
9990 2/4

11,000 2/2

Previously published data with NiO MPs [32] can be compared to the NP data. Fol-
lowing oral exposure to NiO MPs at increasing doses from 5000 to 11,000 mg/kg, mortality
was observed during the 14-day observation period at doses of 9990 mg/kg and higher, re-
sulting in an LD50 of 9990 mg/kg (Table 3). Individual body weight observations following
acute oral exposure to NiO MPs are presented in Supplemental Information, Table S2. At
doses below 9990 mg/kg, all animals appeared to be active and healthy during in-life be-
havioral observations with no gross abnormalities observed during necropsy. However, at
doses of 9990 mg/kg and above, several behavioral and gross abnormalities were observed
including: reduced fecal volume, hypoactivity, facial staining, and discolored intestines
(Supplemental Information, Table S4).

3.2. Acute Inhalation Toxicity

Following a single inhalation exposure (4 hrs) to NiO NPs at 5 mg/L in two subse-
quent rounds, no mortality was observed during the 14-day observation period, with the
aggregated data resulting in an LC50 of >5.42 mg/L (Table 4). Similarly, single inhalation
exposures (4 hrs) to NiO MPs at target levels of 5 and 8 mg/L did not result in mortality,
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leading to an LC50 of >8.30 mg/L. Despite the small nanoscale size of the primary NPs,
the mass median aerodynamic diameter (MMAD) of the aerosolized NPs ranged from 3 to
4 μm, similar in size to the MMAD of the MPs. Reduced individual body weights were ob-
served during the first 7 days following inhalation for most animals, with resumed weight
gain by the end of the observation period (Supplemental Information, Tables S5 and S6 for
NPs and MPs, respectively). For exposures to NiO NPs and MPs, the most common in-life
behavioral observations were irregular respiration and hypoactivity during the 14-day
observation period and slight to moderate lung discoloration was often observed during
necropsy (Supplemental Information, Tables S7 and S8 for NPs and MPs, respectively).

Table 4. Acute inhalation exposure results.

Test
Substance

Nominal Conc.
(mg/L)

Measured Conc.
(mg/L)

MMAD
(μm)

Mortality
(# Dead/# Treated)

LC50

(mg/L)
Male Female

NiO NPs 5.0 5.41–5.42 3.01–4.32 0/20 0/20 >5.42

NiO MPs
5.0 5.15 2.4–2.5 0/5 0/5

>8.308.0 8.30 2.95–3.01 0/5 0/5

4. Discussion

Acute oral and inhalation studies with NiO NPs were conducted to determine their
classification for acute toxicity within the current regulatory framework. These studies
evaluated doses that align with those needed for GHS hazard classifications for oral and
inhalation toxicity. Both the oral and inhalation studies with NPs resulted in no mortality
at any of the exposure levels tested. These results are similar to the previously reported
oral [32] and currently reported inhalation results for non-nanoscale NiO MPs. Exposure
to NiO MPs also did not result in mortality at similar concentrations, though NiO MPs did
induce mortality at much higher oral concentrations. Our results indicate that NiO NPs
(as with their micron size counterparts) would not warrant an acute toxicity classification
under the current GHS classification criteria, an indication of no acute toxicity or hazard
concern for single oral or 4 h inhalation exposures.

The results of our oral and inhalation studies, tested at much higher exposure con-
centrations than expected for human exposure [29–31], did not indicate acute toxicity in
the form of mortality or other serious effects for NPs, although irregular respiration and
discolored lungs were noted in the inhalation study. These results align with our observa-
tions for MPs at similar doses. However, at even higher doses than evaluated for the NPs,
additional adverse effects were observed for the MPs, including mortality. An important
point to note is that the behavioral observations and gross abnormalities noted for the NPs
did not differ from those observed for the MPs, indicating no new nano-specific effects of
concern. This aligns with other research that suggested similar toxicity profiles for NPs
and their non-nanoscale counterparts [26,35]. Additionally, many other studies reporting
adverse effects (e.g., inflammation, cytotoxicity, reactive oxygen species or ROS, altered
biochemical indices, etc.) for nickel NPs did not always put the results into perspective
to indicate if or how they differed from their non-nanoscale counterparts. Further, many
in vivo studies that reported adverse effects for nickel NPs used exposure routes that are
not relevant for potential human exposure (e.g., intratracheal instillation, oropharyngeal
aspiration, and intraperitoneal injection). Our results show that relevant exposure routes
with very high exposure concentrations (based on GHS hazard criteria) of NiO NPs do not
result in severe acute toxicity or new nano-specific effects. Similar results are to be expected
for the much lower exposure concentrations relevant for potential human exposure.

One possible explanation for the similarity of the in vivo results observed for the
MPs and NPs may be the tendency of NPs to agglomerate or aggregate to sizes similar
to those of MPs [17,36]. Nanoparticle agglomeration is also supported by the measured
zeta potential (−14.6 mV) of our NiO NPs, which is within the range to suggest colloidal
instability and the increased likelihood of agglomeration or aggregation [37]. Additionally,
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typical nickel toxicity for non-nanoscale MPs is related to the release of nickel ions and the
general low solubility of NiO renders it less likely to release nickel ions compared to more
soluble nickel compounds [38,39]. This could be the same for NiO NPs and explain the
comparable in vivo results with NiO MPs, even though there is often speculation that NPs
have the potential to be more toxic than their non-nanoscale counterparts due to unique
size-specific characteristics. There is a general assumption of higher surface reactivity (as
measured by ROS) and larger surface area for NPs [40–43], yet the latter did not hold true
for the NiO NPs evaluated in this study. The characterization of the NiO particles (as
received) based on a nitrogen adsorption technique indicated that the MPs and NPs had
similar surface areas; however, this information did not match the quite different median
hydrodynamic diameters measured in water (NPs) and isopar G (MPs). It is uncertain if
the surface areas remain similar in vivo once ingested or inhaled, but the similar MMADs
indicate that this may be the case at least for inhalation. Interestingly, the high surface
reactivity of our NiO NPs (23.8 nM), as measured by ROS, would seem to suggest that
the nanoparticles are quite reactive with possibly increased dissolution that would in
turn result in a greater likelihood for toxicity. However, similar to the Kunc et al. study,
which reported that ROS did not appear to impact cytotoxicity [44], ROS did not appear to
impact the acute toxicity results in our studies. Thus, as mentioned above, it appears that a
factor that could be influential in determining acute toxicity is agglomeration/aggregation,
which may have been responsible for the similar MMAD values of the MPs and NPs in the
inhalation studies.

Although our results suggest that NiO NPs, similarly to NiO MPs, do not exhibit acute
or severe toxicity in rats via oral or inhalation exposure routes, there are still questions to be
answered. For instance, what is the fate of these NPs (e.g., the uptake in local and secondary
organs, macrophage phagocytosis, rate of excretion, etc.) once inhaled or ingested at the
doses employed in our studies? What size are the NPs once inhaled or ingested? If they
become agglomerated once inhaled or ingested, do they remain the same size or does
further agglomeration or dissolution occur over time by physiological processes in the
body? Future studies evaluating these questions could provide additional information on
NiO NPs.

As a preliminary assessment, our studies were conducted according to the standard
OECD guidelines for acute toxicity tests that were developed with non-nanoscale particles
in mind. The OECD previously deemed “the approaches for the testing and assessment of
traditional chemicals are in general appropriate for assessing the safety of nanomaterials
but may have to be adapted to the specificities of nanomaterials” [45]. However, it is im-
portant to consider that nano-specific modifications (such as criteria/cutoff values for GHS
classification, target MMAD for inhalation studies, adjustments to study protocols, etc.) for
the acute toxicity testing of NMs could prompt the need for future follow-up studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13020261/s1: Table S1 contains the individual animal body
weight observations following acute oral exposure to NiO NPs. Table S2 contains the individual
animal body weight observations following acute oral exposure to NiO MPs (Henderson et al., 2012).
Table S3 contains the individual in-life behavioral and necropsy observations following acute oral
exposure to NiO NPs. Table S4 contains the individual in-life behavioral and necropsy observations
following acute oral exposure to NiO MPs (Henderson et al., 2012). Table S5 contains the individual
body weight observations following acute inhalation exposure to NiO NPs. Table S6 contains the
individual body weight observations following acute inhalation exposure to NiO MPs. Table S7
contains the individual in-life behavioral and necropsy observations following acute inhalation
exposure to NiO NPs. Table S8 contains the individual in-life behavioral and necropsy observations
following acute inhalation exposure to NiO MPs.
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Abstract: The toxicity of the form of nanoparticles is presently not well understood. The purpose of
this study consists in comparing the toxicity of various forms of silver nanoparticles (nAg) in juvenile
rainbow trout Oncorhynchus mykiss. Juveniles were exposed to various forms of polyvinyl-coated nAg
of similar size for 96 h at 15 ◦C. After the exposure period, the gills were isolated and analyzed for
Ag uptake/distribution, oxidative stress, glucose metabolism, and genotoxicity. Higher levels of Ag
were detected in gills in fish exposed to dissolved Ag followed by spherical, cubic, and prismatic nAg.
Size-exclusion chromatography of gill fractions revealed that the dissolution of nAg was observed
for all forms of nAg where prismatic nAg released more important levels of Ag in the protein pool
as in fish exposed to dissolved Ag as well. The aggregation of nAg was more important for cubic
nAg in respect of the other forms of nAg. The data revealed that lipid peroxidation was closely
associated with protein aggregation and viscosity. Biomarkers revealed changes in lipid/oxidative
stress and genotoxicity, which were related to the loss of protein aggregation and inflammation (NO2

levels), respectively. In general, the observed effects were found for all forms of nAg where the effects
from prismatic nAg were generally higher than for spherical and cubic nAg. The strong relationship
between genotoxicity and inflammation response suggests the participation of the immune system in
the observed responses of juvenile fish gills.

Keywords: silver nanoparticle; form; availability; dissolution; oxidative stress; lipids; genotoxicity

1. Introduction

Silver nanoparticles (nAg) represent an important part of the nanotechnology indus-
try because of their antimicrobial properties [1]. They are found in many consumer and
medical products such as clothes (shirts, pants, socks etc.), tubing, and various devices as
aseptic agents and odor prevention [2]. These applications resulted in increased contam-
ination of various aquatic ecosystems from the inadvertent release through solid waste
leaching and municipal/industrial wastewaters [3]. Municipal wastewater is an important
source of nAg in the aquatic environment where they are found mostly in suspended
matter and sludges [4]. While most of the nAg are removed from the effluents (95%), some
nAg remain in the effluent at the low ng/L range [5]. Silver nanoparticles come in many
sizes (1–100 nm), coatings (citrate, polyvinylpyrrolidone, silicate), and forms (sphere, cube,
plate/prism, and tube), which can influence the water–solid partition, half-lives, and reac-
tivity [6]. Transmission electron microscopic observation of aged uncoated spherical and
cubic nAg in marine and freshwater revealed that cubic nAg were eroded around the edges
and that spherical nAg formed large aggregates. In another study, the catalytic activity of
nAg wires, prisms, cubes, and spheres toward the plasmon-resonance-induced oxidation of
p-aminothiophenol differed in the following: triangular prisms ~ spheres > wires cubes [7].
The geometry of nanoparticles could influence the thickness and composition of the protein
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corona at the surface, a process usually occurring in both the extra- and intracellular envi-
ronments, and could change the resulting toxicity of these nanoparticles. In Staphylococcus
aureus, prismatic nAg was more toxic than spherical, tubular, and cubic nAg were [8]. The
thickness of fetal bovine serum proteins on the nanoparticles was lower for prismatic and
tubular nAg compared to spherical and cubic nAg, with the spherical nAg containing six
times more albumin at the surface. Although tubular nAg had low albumin content, the
lower toxicity was explained by very long dimensions (5 μm) of the wires and a reduced
availability for bacteria. Protein corona thickness was lower in the most toxic forms of
nAg, indicating that a tenuous protein shell thickness at the surface of nAg could favor
dissolution more quickly. In addition, the amount of low-molecular-weight proteins tended
to be higher in steep-edged nanostructures such as prismatic and cubic nAg. This suggests
that cubes and prisms have more surface tensions/constraints as shown by reduced protein
thickness (for large proteins) and an increased amount of low-molecular-weight proteins.

The toxicity of various shapes of polyvinylpyrrolidone-coated nAg at the same size
range was recently examined in freshwater organisms [9]. The study revealed that the
form of nAg produced different effects, not always attributable to ionic Ag. The formation
of liquid crystals in cells was increased as follows: prismatic > cubic > spherical nAg,
suggesting again that steep-edged nAg produce more steric tensions and could disrupt
the physical properties in cells (i.e., liquid crystal formation and viscosity). It is well
known that the oxidative properties of ionic Ag released from nAg could lead to oxidative
stress and damage such as lipid peroxidation (LPO) and DNA damage at relatively low
exposure concentrations between 10 and 100 μg/L in Nile tilapia [10]. In respect of
genotoxicity, the exposure of Nile tilapia to nAg increased DNA strand breaks in liver
cells within the first 24 h and decreased afterward, suggesting effectiveness in DNA
repair mechanisms [11]. Nevertheless, cytogenetic damage (irreversible) was observed in
peripheral blood leucocytes as shown by nuclear abnormalities and micronuclei formation.
Moreover, these studies were conducted with ovoid-shaped nAg, but other forms were not
investigated in these studies. In this respect, the toxicity of various forms of nAg could
result not only from the release of toxic Ag ions but from uptake differences, stability
in the cell’s environment, and crowding effects from the various geometries of nAg. In
this study, a novel size-exclusion chromatography methodology [12] was used to better
understand the stability (aggregation vs. dissolution of Ag) of various forms of nAg in the
intracellular environment.

The purpose of this study was therefore to compare the toxic effects of various forms
of PVP-coated nAg of similar dimensions in juvenile rainbow trout in an attempt to address
the null hypothesis of this study: the geometry of nAg has no influence toward toxicity. The
nAg were all coated with polyvinylpyrrolidone and were of a similar size range (50–70 nm)
to optimize form-related effects. As gills are the first target tissues exposed to suspended
matter and dissolved components in surface water, the accumulation of Ag in gill tissues
and the intracellular distribution of Ag were examined by low-pressure size-exclusion
chromatography. The toxic effects were investigated by following the changes in viscosity,
protein aggregation, oxidative stress, DNA damage, and lipid and glucose metabolisms in
juvenile fish gills. An attempt was made to identify critical events leading to toxicity in fish
gill tissues.

2. Materials and Methods

2.1. Exposure of Rainbow Trout Juveniles

Rainbow trout juveniles (length 4 ± 0.2 cm; weight: 3 ± 0.3 g) were maintained for one
month at 15 ◦C using a 16–8 h light and dark cycle with constant aeration according to a
standardized method [13]. The aquarium consisted of UV-treated and charcoal-filtered tap
water of the city of Montréal (conductivity: 280 μScm−1, total organic carbon: 1–3 mg/L,
total suspended solids < 1 mg/L). Juveniles were exposed to 5 and 50 μg/L of total
Ag as polyvinylpyrrolidone (PVP)-coated silver nanoparticles (nAg) of a similar size
range (70–80 nm) but of different form: sphere, cube, and prism/platelet (NanoXact,
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NanoComposix Inc., San Diego, CA, USA). Prismatic nAg was a triangular prism with
rounded edges with a thickness between 5 and 10 nm. The characterization of the 3 forms
of nAg was provided in a previous study [9]. Dynamic light scattering and zeta potential
analyses revealed that the mean sizes of the nanoparticles were 73, 70, and 86 nm for the
spherical, cubic, and prismatic nAg, respectively. The zeta potential of spherical and cubic
PVP-coated nAg was −38 and −40 mV, respectively. The surface area was 31,416, 60,000,
and 6000 nm2 for nAg spheres, cubes, and prisms, respectively. Fish were also exposed
to 5 μg/L of dissolved Ag (AgNO3) for comparison purposes. These concentrations were
selected based on the upper range for total Ag found in municipal effluents [14,15]. For
each nAg and dissolved Ag, stock solutions (1 mg/L) were prepared on the day of exposure
in MilliQ water to prevent aggregation based on previous studies [16]. Silver concentrations
were prepared at 5 and 50 μg/L as the total Ag for each nanoform of Ag in 60 L containers
lined with polyethylene bags at 15 ◦C with aeration. The negative control consisted of
tap water only. Water pH, conductivity, and dissolved oxygen were measured daily and
monitored for any signs of distress, anormal behavior, and mortality. At the end of the
exposure time (96 h), the fish were anesthetized in 0.1% MS222 buffered to pH 7.4 with
1 mM NaHCO3 (Sigma-Aldrich, Oakville, ON, Canada) following the ethical committee
guidelines for aquatic vertebrates. The length and weight of fish were taken, and gills
were quickly removed and homogenized in ice-cold 250 mM sucrose containing 20 mM
Tris-acetate, pH 7.5, 1 μg/mL of apoprotinin B (protease inhibitor), and 0.1 mM EDTA.
Homogenization was achieved using a Polytron tissue grinder at a 30 s burst (low speed
setting) on ice to prevent heating of the sample. The homogenates were centrifuged at
3000× g for 10 min and the supernatant was stored at −85 ◦C until biomarker analysis.

2.2. Stability of Ag in the Exposure Media and Detection Gill Tissues

Preliminary experiments were performed to examine the stability of the nAg form
and dissolved Ag in the exposure media. Water samples were taken at 1 h and 96 h in
the exposure media (without fish) and the dissolved levels of Ag (following filtration
at 0.45 μm on a nanocellulose membrane) were determined using ion-coupled plasma
quadrupole mass spectrometry as previously described [17]. The water samples (10 mL)
were acidified in 1% HNO3 prior to analysis. The relative levels of Ag in gills and in the
chromatographic fractions (see below) were determined using a chemiluminescent (CL)
methodology [18]. Briefly, the supernatant (50 μL) was mixed with 200 μL of alkaline 0.1 M
Na2CO3 containing 0.5 mM luminol (freshly prepared) and luminescence readings were
integrated for 1 min. Positive controls were prepared with dissolved Ag (0.5 μM) and nAg
(2 μM as Ag) for calibration. Dissolved Ag emitted 8–10 times more light than an equimolar
concentration of Ag such as nAg. The chemiluminescence (CL) data were expressed as
μmole Ag/mg proteins.

2.3. Size-Exclusion Chromatography

The distributions of Ag in the gill homogenate fractions were analyzed using a recent
methodology for nanoparticles’ separation by low-pressure size-exclusion chromatogra-
phy [12]. Briefly, a 40 × 1 cm column was prepared with Sephacryl S500 (capable of
resolving nanoparticles from the protein pools based on size) using 1 mM KH2PO4, pH 7.4,
containing 0.2% Tween-20 (non-ionic detergent) as the elution buffer. The elution buffer
was found to prevent nanoparticle aggregation, the adsorption of proteins, and solubiliza-
tion of any lipid structures (vesicles) present in the sample. The gill homogenates were
centrifuged at 3000× g for 10 min, and a 100 μL sample of the supernatant was added to
100 μL of 0.2% Tween-20 and was injected directly to the column. The column was eluted at
a flow rate of 0.75 mL/min and 1 mL fractions were collected after passing through 280 nm
UV and conductivity detectors. The collected fractions were analyzed for Ag using the
alkaline luminol CL-assay as described above [18] and at 410 nm for nAg detection using
plasmon resonance spectroscopy [19]. The total volume of the column (Vt) was determined
with 1 μg/mL of NaCl (conductivity), 25 nm citrate-coated nAg spherical and polystyrene
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fluorescently labeled nanoparticles (50 and 100 nm diameter), serum albumin (67 kdA)
and rat metallothionein (6–7 kDa) for the protein pool range, and NaCl for low-molecular-
weight salts. The void volume was estimated at 7 mL (Ve/Vt = 0.21) representing the upper
range limit of the column estimated at 140 nm diameter particles. The spherical nAg eluted
at a volume of 20 mL (Ve/Vt = 0.6) with some presence of aggregates at Ve/Vt = 0.21–0.25.
The elution data were normalized to 1 to facilitate visual changes between chromatograms.

2.4. Biochemical Assessments

Rainbow trout (n = 8) were analyzed for fork length, body, and gill mass. The fol-
lowing endpoints were performed using compact, hand-held instruments for fluorescence
(TBS-380, Turner Biosystem, Sunnyvale, CA, USA) and colorimetric analyzers on dried
pads embedded with the appropriate reagents (EMP, URS-11 Solid phase pads, Wenzhou,
China). The pads were purchased commercially as test strips for chemical analysis in bio-
logical samples (EMP, test strips, Wenzhou, China). The gill homogenate fraction (S3) was
diluted with 2 volumes of MilliQ water and were analyzed for soluble proteins, bilirubin
(Bil; heme degradation), glucose, acetoacetate (ketone body), nitrite (NO2), peroxidase,
esterase activities, and antioxidant capacity. Esterase activity was determined by blotting
100 μL of the S3 fraction to a solid phase pad containing 4 mg of N-toluene sulfonyl alanine
ester/g pad as described by the manufacturer (EMP, URS-11 reader). Peroxidase (Perox)
activity was determined using cumene hydroperoxide (6 mg/g) and tetramethylbenzidine
reagent (40 mg/g pad) as described above. Total soluble proteins were determined using
a pad embedded with 3 mg of tetrabromophenol blue/g pad and read by the hand-held
colorimetric analyzer. The levels of acetoacetate (a ketone body) were determined using
77 mg of nitroprusside/g pad and analyzed by the reader. The levels of glucose were
determined using a pad embedded with 0.16 mg of glucose oxidase/g pad containing
70 mg of KI/g pad and 6 mg of peroxidase and analyzed by the reader as above. The levels
of bilirubin (Bil) were determined using 0.5% 2,4-dichloroanilide diazonium/g pad in 1 mg
of KH2PO4 buffer at pH 7.4/g pad. The antioxidant potential was determined as ascor-
bic acid equivalents using a pad embedded with 3 mg of 2,5-dichlorophenolindophenol
buffered at pH 7.4 with 1 mg of KH2PO4 at pH 7.4/g pad and analyzed by the colorimeter
as above. The levels of nitrites (NO2) were determined using a pad embedded with 45 mg
of p-arsanilic acid and 0.1 mg of 3-hydroxy-1,2,3,4 tetrahydrobenzo-(h)-quinolin/g pad.
All solid phase readings were validated with standard additions of each chemical or with
varying amounts of S3 fraction for enzyme assessments (esterase and peroxidase), and
solid phase readings were normalized to protein contents in the homogenate fraction as
determined above. Lipid peroxidation (LPO) and DNA damage were determined by the
malonaldehyde (thiobarbituric acid reactants) and DNA strand assays using fluorome-
try as previously described [20,21]. The levels of LPO were expressed as thiobarbituric
acid reactants (TBARS) fluorescence units determined at 485 nm excitation and 540 nm
emission (TBS-380, Turner Biosystems, Sunnyvale, CA, USA) with constant instrument
calibration with the internal standard (fluorescein). The levels of DNA strand breaks were
determined on the supernatant containing small, protein-free DNA strands from the pre-
cipitated genomic protein-rich DNA fraction using fluorometry at 350 nm excitation and
460 nm emission (TBS-380, Turner Biosystems, Sunnyvale, CA, USA) using the Hoescht
dye. The dye was prepared in Tris-base (0.1 M) in high salt (0.4 M NaCl) and 4 mM de-
oxycholate detergent to prevent interferences from SDS and high pH during fluorescence
readings [22,23]. The instrument was calibrated with quinine sulfate internal standard
and 1 μg/mL of salmon sperm DNA. The data were expressed as DNA equivalents/mg
proteins. Total lipids were determined using the Nile Red methodology [24]. Briefly, a
50 μL volume of the S3 fraction was mixed with 200 μL of 10 μM Nile Red in MilliQ water
and fluorescence readings were taken at 485 nm excitation and >540 nm emission (TBS-380,
Turner Biosystems, Sunnyvale, CA, USA). Standard solutions of triton X-100 (10 mg/mL)
were used as positive controls and the instrument was calibrated with the fluorescein
internal standard. The data were expressed as fluorescence units/mg proteins.
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3. Data Analysis

Trout (n = 8) were exposed in 60 L containers for each of the 8 treatment groups (con-
trols, 5, and 50 μg/L for spherical, cubic, and prismatic PVP-nAg, and 5 μg/L for dissolved
Ag) and the exposure experiments were repeated twice. The data were analyzed using the
non-parametric analysis of variance with the Conover–Inman test as the multiple compari-
son post hoc test to highlight differences between treatment groups. Correlation analysis
was performed using the Pearson-moment procedure followed by principal components to
identify the most important biomarkers explaining the data variance and interrelationships
between them. Significance was set at p ≤ 0.05 and all tests were performed using the
SYSTAT software package (version 13).

4. Results

Rainbow trout juveniles were exposed to two concentrations (5 and 50 μg/L) of dif-
ferent forms of nAg (sphere, cube, and prism/plate) and to 5 μg/L for dissolved Ag for
96 h at 15 ◦C. The stability of these suspensions was determined in the aquarium water
after 1 and 96 h of dissolution time (Table 1). Dissolved Ag remained stable over the
exposure time. The forms of nAg were fairly stable (60–70% of Ag remaining after 96 h)
in exposure water with relatively low changes in a decreasing manner: prismatic > cubic
and spherical nAg. The relative levels of Ag were determined using a chemiluminescence
assay that can detect both nAg and dissolved Ag in gill tissues (Figure 1). As expected,
the levels of Ag were highest in fish exposed to the dissolved Ag form and were 3 times
higher than the reported Ag concentrations from the nAg forms at the same concentra-
tion (5 μg/L). Spherical nAg was significantly increased from controls for the 50 μg/L
exposure group. The relative levels of Ag were significantly increased from controls for
each exposure concentration (5 and 50 μg/L) group for cubic and prismatic forms of nAg.
Morphometric changes in fish were determined by following the condition factor (fish
weight/fork length), hepatosomatic index (HSI), and the gill index (Table 2). Only the
HSI was significantly affected by some forms of nAg: at 5 and 50 μg/L for spherical nAg
and at 5 μg/L for prismatic nAg and dissolved Ag. The gill homogenate supernatant was
further resolved by size-exclusion chromatography to gain some insights into the stability
of nAg in tissues and the distribution of Ag in the cellular protein pool (Figure 2). In
the following chromatograms, the proteins were analyzed by the absorbance at 280 nm,
the nanoparticles were analyzed at 410 (plasmon resonance) nm, and Ag was analyzed
by the chemiluminescent methodology. The total volume (Vt) was estimated with NaCl
(conductivity), giving Ve/Vt = 1, and the void volume was evaluated with Ve/Vt = 0.25.
For spherical nAg, the presence of nAg eluted at Ve/Vt = 0.4 corresponded to a molecular
size of 40–60 nm based on the column calibration with 100, 50, and 20 nm polystyrene
nanobeads (Figure 2A). Two other Ag peaks were found, corresponding to Ve/Vt = 0.62
(corresponding to 10–20 nm size) and Ve/Vt = 0.8–0.9, corresponding to low-molecular-
weight proteins and ligands such as glutathione and amino acids. Indeed, the protein pools
eluted at Ve/Vt = 0.6–0.95 were dissolved components (KCl) eluted at the total column
volume of Ve/Vt = 1. Metallothionein, a silver binding protein with 7000 d mass, eluted at
Ve/Vt = 0.75, suggesting that Ag was not only sequestered by metallothioneins but also
with other low-molecular-weight proteins based on the UV absorption at 280 nm. For cubic
nAg, a similar pattern was found to spherical nAg, but a peak (410 nm and Ag) was found
at the void volume at Ve/Vt = 0.25–0.35, suggesting large aggregates > 200 nm (Figure 2B).
For prismatic nAg, a higher proportion of Ag was found in the low-molecular-weight range
(Ve/Vt = 0.7–1) and was observed with no evidence of large aggregates. Based on the
absorbance at 280 nm, a significant number of proteins was associated with prismatic nAg,
while little to no proteins were associated with spherical and cubic nAg. For dissolved Ag,
most of the Ag was in the low-molecular-size range overlapping the proteins (A280 nm),
suggesting that ionic Ag was mostly bound to protein pools.
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Table 1. Stability of Ag in the exposure media.

Ag Form
(5 μg/L)

Dissolved Ag
1 h

(μg/L)

Dissolved Ag
96 h

(μg/L)

Decreasing Rate
(h−1)

/Half Life (h)

Sphere 4.9 ± 0.4 3.1 ± 0.3 0.018/126
Cube 5.2 ± 0.2 2.9 ± 0.2 0.024/114

Prismatic 6.5 ± 0.5 3.4 ± 0.3 0.033/150
Dissolved 4.7 ± 0.4 4.9 ± 0.4 ~0
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Figure 1. Relative Ag levels in fish gills. The relative levels of Ag were determined by an enhanced
luminol/Na2CO3 chemiluminescence in gill homogenates. The data represent the mean with stan-
dard error. Abbreviations for x-axis (and for the following figures): DissAg5 (5 μg/L of dissolved
Ag), S5 (spherical nAg; 5 μg/L), C5 (cubic nAg; 5 μg/L), P5 (prismatic nAg; 5 μg/L), S50 (spherical;
nAg, 50 μg/L). The star * symbol indicates significance at p ≤ 0.05 from controls.

Table 2. Change in fish morphology following exposure to the various forms of Ag.

Ag CF HIS GI

Controls 1.02 ± 0.01 0.98 ± 0.07 0.05 ± 0.02
Dissolved 1 ± 0.01 1.19 ± 0.07 * 0045 ± 0.017

Sphere
5 0.98 ± 0.02 0.9 ± 0.07 * 0.048 ± 0.017

50 0.97 ± 0.01 1.3 ± 0.08 * 0.052 ± 0.018
Cube

5 0.93 ± 0.009 0.93 ± 0.05 0.05 ± 0.018
50 1.09 ± 0.03 1.2 ± 0.1 0.048 ± 0.017

Prism
5 1 ± 0.02 0.76 ± 0.02 * 0.051 ± 0.02
50 1 ± 0.02 1.1 ± 0.09 0.054 ± 0.019

The star symbol * indicates significance from controls. CF: condition factor (wet/fork length); HIS: hepatic-somatic
index (liver weight/fish weight), GI: gill index (gill weight/fish weight.
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(A) (B)

(C) (D)

Figure 2. Size-exclusion chromatography analysis of gills in fish exposed to various forms of Ag.
The gill homogenate fractions were analyzed by size-exclusion chromatography on a 40 × 1 cm
Sephacryl S500 column using 1 mM NaCl and 0.2% Tween-20 as the elution media for spherical
(A), cubic (B), and prismatic (C) nAg and dissolved Ag (D). The samples were analyzed by a size-
exclusion chromatography column pre-calibrated with polystyrene NP (100, 50, and 20 nm diameter),
albumin, and NaCl (total volume). The abscissa axis is defined by Ve/Vt, where Ve is the elution
volume and Vt is the total column volume (as determined by NaCl). The data were normalized to 1
(fraction signal − min signal)/(max signal − min signal) for ease of measurement for comparisons of
each chromatogram.

The energy status of juvenile rainbow trout was determined by following the glucose,
acetoacetate, and esterase (Est) activity and total lipids in gill tissues (Figure 3). Glucose
and acetoacetate levels were not affected by the forms of Ag but Est activity was increased
by spherical nAg at 50 μg/L. Lipids were increased by all the forms of nAg but not with
dissolved Ag. Correlation analysis revealed that Est activity was significantly correlated
with the relative Ag levels in gills (r = 0.32). Total lipids were negatively correlated with
glucose levels (r = −0.30). Oxidative stress (inflammation) and damage were determined
by following the changes in peroxidase, lipid peroxidation, NO2 levels, and the antioxidant
potential in gills from juvenile rainbow trout exposed to the various forms of Ag (Figure 4).
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Peroxidase activity was significantly increased by dissolved Ag, and only a marginal
increase was observed with prismatic nAg. Correlation analysis revealed that peroxidase
activity was significantly correlated with acetoacetate levels (r = 0.49). The levels of
LPO tended to be higher in the exposure group but was only significantly higher for
spherical nAg at 50 μg/L. The correlation analysis of LPO was significantly related to
total lipids (r = 0.39). Globally, the NO2 levels were also higher with all forms of nAg
including dissolved Ag but were significant with dissolved and spherical nAg. Correlation
analysis revealed that NO2 levels were significantly correlated with peroxidase activity
(r = 0.61), acetoacetate (r = 0.54), and glucose (r = 0.43). The antioxidant potential was
also significantly decreased by all forms of nAg and Ag. The correlation revealed that the
antioxidant potential was significantly correlated with NO2 levels (r = −0.33), peroxidase
activity (r = −0.31), and glucose levels (r = 0.31).
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Figure 3. Energy status in trout exposed to nAg forms. Energy status was determined by following
the changes in glucose, acetoacetate (a ketone body), esterases, and lipids in trout gills exposed to
various forms of Ag. The data represent the mean with standard error. The star * symbol indicates
significance at p ≤ 0.05 from controls.
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Figure 4. Oxidative stress and damage in trout exposed to nAg forms. Oxidative stress was deter-
mined by following the changes in peroxidase, lipid peroxidation, nitrites (NO2), and antioxidant
(Antiox) potential in gills of rainbow trout exposed to Ag forms. The data represent the mean with
standard error. The star * symbol indicates significance at p ≤ 0.05 relative to controls.
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Tissue damage in trout exposed to various forms of Ag was determined by following
the levels of DNA breaks, protein aggregation, and heme degradation product bilirubin
(Figure 5). Viscosity was also included although not strictly a marker of damage. DNA
damage was present in all Ag forms where the genotoxic potential of dissolved Ag is similar
to all forms of nAg. Correlation analysis of DNA damage revealed a significant trend with
NO2 levels (r = 0.68), peroxidase activity (r = 0.45), glucose (r = 0.87), and acetoacetate
(r = 0.39). Protein aggregation was significantly reduced by cubic and spherical nAg for the
low and high concentrations. A reduction in protein aggregation also occurred for spherical
nAg but only at high concentrations. Correlation analysis revealed significant relationships
with glucose (r = 0.36) and LPO (r = 0.46). The levels of Bil were determined as an indicator
of heme damage. Bil levels were decreased in fish exposed to the lowest concentration of
cubic nAg and at the highest concentration of prismatic nAg. Correlation analysis revealed
that Bil levels were correlated with glucose (r = 0.62), antioxidant potential (r = 0.67), and
protein aggregation (r = 0.3). Viscosity changes tended to be lower by the forms of nAg
but not significantly. However, a significant increase in viscosity was observed for the low
concentration of spherical nAg. The correlation analysis of viscosity revealed a significant
correlation with esterase activity (r = −0.36), LPO (r = 0.72), protein aggregation (r = 0.63),
and total lipids (r = 0.37). In an attempt to gain a global view of the various responses, a
principal component analysis was performed (Figure 6). The total variance was 50% and
the following biomarkers had the highest component weight (>0.7): viscosity, glucose, DNA
proteins, NO2 levels, and gill protein levels. Changes in viscosity were closely associated
with protein aggregation and LPO. DNA damage and NO2 levels were closely related with
each other, peroxidase activity, and bilirubin, suggesting the involvement of oxidative stress
and increased hemoprotein turnover. Gill Ag levels were closely related with acetoacetate
and esterase activity, suggesting impacts on gluconeogenesis and lipid mobilization.

Figure 5. Tissue damage in trout exposed to nAg forms. Tissue damage was evaluated by DNA
strand breaks, protein aggregation, and heme degradation (bilirubin) in trout gills exposed to forms
of Ag. The data represent the mean with standard error. The star * symbol indicates significance at
p ≤ 0.05 compared to controls.
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Figure 6. Principal component analysis of biomarker data. The principal component analysis
of biomarker data is shown. The total variance explained was at 50% and the most important
biomarkers (weight > 0.7) are highlighted with the filled circles. The relative level of Ag is shown as
the filled square.

5. Discussion

The fish accumulated 3–5 times more Ag in fish exposed to ionic/dissolved Ag
compared to the nAg forms. At low concentrations, cubic and prismatic nAg accumulated
more in gills compared to spherical nAg. A possible explanation for this could be that a
more reactive form of Ag is released from cubic and prismatic nAg than for spherical nAg
in tissues. Indeed, the CL assay used in the present study could detect both nanoparticulate
and dissolved Ag but was reported eight times more sensitive with the latter [18]. The
same accumulation rate (threefold accumulation in gills) of Oreochromis mossambicus fish
was exposed to ionic compared to spherical nAg [10]. The half-lives of the selected forms
of nAg were within the order of ≥114 h with an estimated time for 126, 114, and 150 h
for spherical, cubic, and prismatic nAg, respectively. This suggests that fish were readily
exposed to suspensions of nAg during the exposure period of 96 h and could pose a risk
to predators feeding on fish (including humans) in the vicinity of urban pollution. This
is in keeping with a previous study that examined the stability of citrate-coated nAg in
various waters and wastewaters [25]. The half-life of spherical nAg was of the order of
100 days in untreated wastewaters and the proportion of ionic Ag+ did not increase over
time. This study also showed that the size distribution of nAg was fairly stable during
that time and the free Ag+ that occurred represented 40–50% of the total Ag levels at
time 0 where this proportion remained fairly constant in time in untreated water samples.
This is consistent with the previous observation where the levels of suspended Ag were
significantly correlated with nAg in treated municipal effluents [5]. In some conditions,
the nanoparticles were more quickly degraded in treated municipal effluents, synthetic
effluent, and reclaimed waters with nAg half-lives < 10 h. This suggests that nAg could
be relatively stable in complex media (untreated wastewaters) but could quickly dissolve
in treated effluents and reclaimed waters. The coating of the nAg forms was PVP, which
confers more stability than citrate, which is electrostatic in nature (i.e., exchangeable with
other anions). Indeed, it was found that PVP-coated nAg did not aggregate in water,
even at an ionic strength equivalent to 10 mM CaCl2, compared to citrate-coated nAg [26].
In this study, we examined the stability of nAg in gill tissue extracts by size-exclusion
chromatography where Ag was found in the low-molecular-weight range (Figure 2). For
spherical and cubic nAg, about 50% of Ag was found in the low-molecular-weight range,
and this proportion rose to about 70% for prismatic nAg, suggesting increased degradation
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in cells. Detectable amounts of proteins (A280 nm) were present in the size range of
prismatic nAg, suggesting the adsorption of proteins to the nanoparticles. The in vitro
exposure of human mesenchymal stem cells and human keratinocytes to PVP-coated nAg
spheres and prisms lost more than 90% of their volume after 24 h at 37 ◦C [27]. It was
found that the cell accumulation of prismatic nAg was facilitated by membrane fluidity in
mesenchymal stem cells compared to keratinocytes. In this study, the edges of prismatic
(platelet) nAg became quickly eroded, showing more surface tension favoring the liberation
of silver to the low-molecular-weight pool in keeping with the increased dissolution of
prismatic nAg compared to spherical and cubic PVP-coated nAg in the present study.
Protein corona formation at the surface of metallic nanoparticles in cells is a common
occurrence [3,28]. The liberation of Ag from interactions with metallothioneins, a thiol-rich
metal binding proteins with high affinity for Ag, led to nAg dissolution [28]. The formation
of the protein corona with a non-metal binding protein ceruloplasmin led to a more stable
corona–nanoparticle complex. Based on the chromatographic elution profiles of the various
forms, Ag was detected in fractions consistent with metallothioneins (Ve/Vt = 0.75–0.8)
with the prismatic nAg and dissolved Ag in fish gills. It is noteworthy that metallothioneins
are devoid of aromatic amino acids and therefore do not absorb at 280 nm. The toxicity
of prismatic (plate) nAg was higher than those of spherical and tubular nAg in the fish
cell line and zebrafish embryos [29]. It was suggested that the toxicity of nAg plates was
attributed to surface roughness/heterogenicity (point defects), and treatment of nAg plates
with cysteine reduced the toxicity and oxidative stress induced by the nanoparticle and
dissolved Ag.

The toxicity of the forms of PVP-coated nAg was coated in freshwater unionids
and revealed the following order of toxicity: prism < cube < sphere based on protein-
ubiquitin (damage) levels [9]. In another study, nAg prisms reduced the air survival time
in dreissenids compared to PVP-coated spherical and cubic nAg [16]. Reduced acetyl-
cholinesterase activity was somewhat reduced more strongly with nAg plates (prisms).
Prismatic and spherical nAg reduced growth and reproduction in Caenorhaditis elegans than
tubular/wire nAg [30]. In keratinocytes, truncated prismatic nAg was more toxic that
the spheric nanoparticles [31]. This suggests that asymmetric and elongated structures
(cylinders, rectangles, etc.) contribute to more surface tension, favoring toxicity in part
at least from the liberation of dissolved components. At some point, the toxicity could
be reduced when dimensions tend to wire-like geometries, limiting absorbance and cell
internalization. The toxicity of prismatic nAg was also more toxic than spherical nAg in
zebra fish embryos [32]. Toxicity was not necessarily related to the release of ionic Ag and
the particle form contributed to toxicity as well.

It is noteworthy that genotoxicity was one of the principal components associated
with each form of Ag. The extent of DNA damage was associated, in part at least, to Ag
levels in gills (r = 0.46), suggesting that internalization in cells is a contributing factor to
effects. The levels of NO2, an indicator of inflammation from the formation of peroxynitrite
in phagosomes and the activation of the NO2 pathway [33], were highly correlated with
DNA strand breaks (r = 0.96), suggesting the contribution of the immune function in
fish exposed to the forms of Ag. Increased NO2 levels could form 3-nitrotyrosine in
proteins and contribute to protein aggregation and viscosity. This was supported by the
significant correlations between NO2 levels and viscosity (r = 0.88) and protein aggregation
(r = 0.65). The addition of NO2 groups on tyrosine increases the polarity of the tyrosine,
leading to protein aggregation and viscosity. The genotoxicity of nAg was reported in
fish in the liver and muscle at the level of DNA breaks and the formation of micronuclei
occurring after 48 h [11]. The genotoxicity was higher in citrate-coated spherical nAg
compared to PVP-coated nAg in rainbow trout [34], suggesting the involvement of surface
interactions (citrate coating involves electrostatic interactions while PVP coating involves
encapsulation by neutral PVP) and perhaps dissolution of nAg from citrate coated nAg.
Encapsulated PVP-coated nAg could interact at the surface of the cell membrane and
enter by pinocytosis and fuse with lysosomes/phagosomes, leading to peroxynitrite and
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NO2 production, hence the strong correlation with NO2 levels. This was supported by
transmission electron microscopy of gilthead seabream head-kidney leucocytes showing
phagocytosis and pinocytosis of silver nanospheres [35]. Significant reductions in leucocyte
viability were observed at concentrations between 1 and 10 μg/mL in addition to reduced
phagocytosis activity and respiratory burst. The presence of nAg in cells was confirmed by
transmission electron microscopy following pinocytosis and phagocytosis.

In conclusion, exposure to selected forms of nAg led to an accumulation of Ag in gills
but to a lower degree than ionic Ag. Size-exclusion chromatography data revealed some
degree of dissolution of Ag to the low-molecular-weight range and was highest with pris-
matic nAg compared to spherical and cubic nAg. Cubic nAg showed a higher aggregation
as revealed by increased nAg at the void volume of the column. Effect biomarkers revealed
that forms of nAg induced important changes in glucose levels, LPO, and genotoxicity.
Oxidative stress (LPO) was closely associated with decreased protein aggregation and
viscosity, while DNA damage was strongly related to NO2 levels, suggesting that oxidative
stress was mediated by inflammation. Although toxicity involved the dissolution of Ag
from the various forms of nAg into the low-molecular-weight-range protein/peptide pool,
the toxicity was higher for prismatic nAg, leading to stronger effects toward lipid levels,
oxidative stress, and DNA damage. This suggests that the release of more complex forms
of nAg in respect of the usual spheres could produce more impacts in fish in respect of the
release of dissolved Ag in tissues.
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Abstract: Titanium dioxide nanoparticles (TiO2-NPs) are used intensively. Thanks to their extremely
small size (1–100 nm), TiO2-NPs are more absorbable by living organisms; consequently, they can
cross the circulatory system and then be distributed in various organs including the reproductive
organs. We have evaluated the possible toxic effect of TiO2-NPs on embryonic development and
the male reproductive system using Danio rerio as an organism model. TiO2-NPs (P25, Degussa)
were tested at concentrations of 1 mg/L, 2 mg/L, and 4 mg/L. TiO2-NPs did not interfere with
the embryonic development of Danio rerio, however, in the male gonads the TiO2-NPs caused an
alteration of the morphological/structural organization. The immunofluorescence investigation
showed positivity for biomarkers of oxidative stress and sex hormone binding globulin (SHBG), both
confirmed by the results of qRT-PCR. In addition, an increased expression of the gene responsible
for the conversion of testosterone to dihydrotestosterone was found. Since Leydig cells are mainly
involved in this activity, an increase in gene activity can be explained by the ability of TiO2-NPs to
act as endocrine disruptors, and, therefore, with androgenic activity.

Keywords: TiO2-NPs; Danio rerio; male infertility; embryonic development; endocrine system; testis

1. Introduction

The technology-based industry realized that nanoparticles presented potential oppor-
tunities such as increased energy efficiency and cleaning up industrial contaminants [1].
The use of nanotechnology helps decrease production costs by reducing energy con-
sumption, attenuating environmental pollution, and increasing production efficiencies in
developed countries.

The manufacturing of nanotechnology are the engineered nanoparticles (ENPs) in
which the rearrangement of the atoms gives them new properties [2,3]. Titanium diox-
ide nanoparticles (TiO2-NPs), especially, are among the most engineered metal oxide
nanoparticles in the world [4,5] and are used to remove pollutants from wastewater [6].
Presently, their photocatalysis property is considered an efficient methodology in the
area of wastewater treatment [7,8] because TiO2-NPs are minimally selective; therefore,
many types of contaminants such as polycyclic aromatic hydrocarbons [9], chlorinated
organic compounds [10], dyes [11], pesticides, cyanide [12], phenols [13], arsenic [14],
and heavy metals [15] can be degraded by TiO2 nanoparticles. Moreover, TiO2-NPs are
used in a wide variety of products, such as food colorants (under E code number E171),
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nutritional supplements, personal care products (cosmetics, sunscreens), toothpaste [16,17],
and paint [18].

The increasing production and use of manufactured nanoparticles, such as titanium
dioxide nanoparticles (TiO2-NPs), has inevitably led to their release into the aquatic en-
vironment; thereby posing a threat to aquatic organisms and humans alike [19,20]. Their
nano size facilitates the penetration of different live tissues, into the body, through the
blood circulatory system [21]; the NPs can be distributed in various organs thus accu-
mulating as foreign bodies [22,23]. It has been shown that the TiO2-NPs can pass the
testicular blood barrier inducing an effect on the testis and then on male reproductive
health, given their nano-size [24–26]. Several studies in rodents and mice have shown the
toxicity effect of TiO2-NPs on the male reproductive system; in addition, there is an increase
in data about in vitro and in vivo studies on NPs that support the notion that different
types of nanoparticles are capable of altering the normal and physiological activity of the
endocrine system [27]. According to European Food Safety Authority EFSA (2010), any
substance that has the ability to interact with one or more elements of the endocrine system
(i.e., exhibit endocrine activity) falls into the category of “endocrine active substances” also
called “endocrine disrupting chemicals” (EDCs). Endocrine disruptors have the potential
to dysregulate hormone activity in exposed aquatic organisms [28] and their disruption is
linked to reproduction and development dysregulation [29]. Although several chemical
products are recognized as potential endocrine disruptors, the research has been limited to
a few groups of chemical substances (disinfection byproducts, perfluoroalkyl and polyfluo-
roalkyl substances, bisphenol A, phthalates, pesticides, pharmaceutical agents, and heavy
metals); consequently, the data on a number of other xenobiotics that may act as EDCs are
still scant and incomplete [30].

In this regard, ENPs must be included among these chemical compounds since the
intensity of ENP exposure is significantly increased due to their applications; moreover,
they are persistent in the environment. The release of ENPs into the aquatic environment
along with other environmental contaminants is common [31].

Thus, in this study, we investigated the possible toxic effect of commercial titanium
dioxide nanoparticles (TiO2-NPs) on embryonic development and the male reproductive
system, evaluating markers that act in their possible role as endocrine disruptors.

2. Materials and Methods

2.1. Preparation of Work Solutions

The titanium dioxide nanoparticle powders supplied by CNR-IMM (Microelectronics
and Microsystems of Catania-National Research Council, Italy), were purchased from
Sigma Aldrich. (St. Louis, MO, USA)

According to the data in the literature and the suggestions by researchers of the
National Research Council, we chose the following concentrations to test: 1 mg/L, 2 mg/L,
and 4 mg/L of TiO2-NPs [32]. Briefly, each mass (1 mg, 2 mg, 4 mg) was dispersed in 1 L of
osmosis water which was reconstituted with the addition of inorganic salts (sea salt and
red sea salt); this is optimal for the housing of zebrafish, according to Nüsselin-Volhard
and Dahm [33] and prevents fungi growth. Four cycles of sonication were performed for
each solution; each cycle duration was 20 min with a 10 min break using an ultrasonic bath
(FALC Labsonic LBS2, Treviglio, BG, Italy) (with a frequency of 40 kHz under an extractor
fan to disrupt any possible aggregates [34].

2.2. Breeding of Zebrafish and Experiment Design

Danio rerio fishes were raised in a fish room at the Fish Pathology and Experimental
Centre of Sicily (CISS) of the Department of Veterinary Science (University of Messina).
The embryos were used to perform the zebrafish embryo toxicity test (ZFET); whereas the
male adults had been used for a 30-day chronic toxicity test (authorization n◦1244/2015-PR
approved by the Italian Health Ministry).
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Male and female adults were useful for the supply of embryos and were kept in a
breeding room in an optimal condition regarding photoperiod (light/dark cycle:14 h/10 h),
water quality (27 ± 1 ◦C, pH 7.2 ± 0.3, 6.00 ppm dissolved oxygen content (DO)), and
feeding. Subsequently, male and female fishes (ratio 2:1) were placed in a hatching tank to
breed. The tank was equipped with steel grids for the eggs to fall through to the bottom of
the tank and avoid predation by the adults. The eggs were collected by Pasteur pipettes,
rinsed in aquarium water at 28 ◦C, and analyzed under a stereomicroscope (≥30-fold
magnification). The infertile eggs were discarded, and the fertilized eggs at the blastula
stage (about 3–3.5 h post-fertilization) were selected to perform the zebrafish embryo
toxicity test (ZFET).

One- to two-year-old zebrafish wildtypes, not consanguineous, with a body weight of
about 0.5 g and an average length of 3 cm, were used for a 30-day chronic toxicity test. Prior
to TiO2-NP treatment, fishes were acclimated to experimental conditions (26–28 ◦C; light:
dark/14 h:10 h; daily water change), including daily manipulation and nutrition. After, the
zebrafish were randomly divided into four groups of 10 fishes: three experimental groups
(1 mg/L, 2 mg/L, and 4 mg/L TiO2-NPs) and a control group (with osmosis water).

2.3. Acute Toxicity Experiment of Zebrafish Embryo

The assay was conducted in accordance with the guidelines of the fish embryo acute
toxicity (FET) test with the zebrafish (Danio rerio) developed by the Organization for
Economic Cooperation and Development (OECD TG 236) [35–37]. As suggested by protocol
procedure, 24 eggs at the blastula stage were transferred into a 24-well multi-plate with
one embryo per well, containing 2 mL of work solutions at 28 ◦C. Multi-well plates were
set up for the 1 mg/L, 2 mg/L, and 4 mg/L TiO2-NPs solutions, in addition, multi-well
plates of positive controls (3,4-dichloroaniline at the concentration of 4 mg/L in water)
and negative controls (water dilution) were made. Three replicates were performed for
each experimental group. The maintenance of 26 ± 1 ◦C in wells was ensured by a control
of room temperature; moreover, every 24 h each work solution was renewed in all wells
(semi-static renewal) [35]. The exposure time was selected to be 96 h pos-fertilization (hpf)
because even if most organs in the embryos are well developed at 96 hpf, the larvae are
formed after 120 hpf [38,39]. We selected the end of the test to be at 144 h after fertilization
to investigate the expression of protein markers associated with the endocrine disruption
by immunohistochemical analysis.

2.4. Evaluation of Toxicological Endpoints and DanioScope™ Analysis

According to the OECD, every 24 h the acute toxicological endpoints (coagulated
embryos, lack of somite formation, non-detachment of the tail, and lack of heartbeat) were
assessed and quantified as observed or not observed; any positive outcome in one of these
observations would indicate that the zebrafish embryo was dead. All endpoints can occur
after 24hrs of exposure, except for heartbeat which in normal zebrafish development is visi-
ble after 48 h. In addition, using DanioScope™ software (Noldus Information Technology
bv, Wageningen, the Netherlands), the following were evaluated: heartbeat, body length of
larvae, and malformations (Supplementary Information Text S1).

2.5. Immunohistochemical Analysis on Zebrafish Larvae

An immunohistochemical analysis was performed to localize (in whole larvae) a
marker of oxidative stress heat shock protein-70 (Hsp70), poly (ADP-ribose) polymerase-1
(PARP-1), and a marker that suggested the action of TiO2-NPs such as endocrine disruptor
sex hormone-binding globulin (SHBG) and prothymosin-α (PTMA). Moreover, metal-
lothionein, a specific marker of exposure to TiO2-NPs, was detected. The procedure was
based on the immunofluorescence protocols of Pecoraro et Colleagues [37] (Supplementary
Information Text S2).
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2.6. Adult Zebrafish Exposure Experiment

As previously mentioned, adult zebrafish were randomly divided into four groups
of 10 fishes: three experimental groups (1 mg/L, 2 mg/L, and 4 mg/L TiO2-NPs) and a
control group (with TiO2-NPs osmosis water). The tanks were equipped with aerators and
fishes were subjected to a semi-static exposure regime for 30 days (water was changed
every 24 h with a new solution of TiO2-NPs). The water parameters were monitored daily
before and after the replacement of the solutions by the multiparameter probe (HI9829
Aquaprobe, Hanna instruments, Padua, Italy). During experimentation, the fishes were
maintained as follows: photoperiod 10 h dark/14 h light with an intensity equal to 250 lux,
6.9–7.5 pH, 26–28 ◦C temperature, and dissolved oxygen ≥6.00 ppm; in addition, they
were fed with commercial feed “GEMMA micro 300 Skretting Zebrafish” twice per day
prior to the change of water TiO2-NPs solution to avoid adsorption of nanoparticles by
food particles. After adding the food, fishes were monitored for 10 min to verify that the
food had been consumed. After the change of TiO2-NPs solution, the fishes’ behavior
was evaluated for one-hour to highlight changes in swimming speed, respiration, loss of
equilibrium, bottom stationing, and any other possible abnormal behavior. Until the end of
the experimentation (30 days), the zebrafish were kept under the conditions mentioned
and without sources of noise and/or vibrations. Upon completion of the experimentation,
the fishes were euthanized by anesthesia with a dose of 0.7 g/L tricaine methane sulfonate
(MS-222), buffered, then testis and gill tissues were dissected.

2.7. TiO2-NPs Accumulation

Through the single particle inductively coupled plasma-mass spectrometer (spICP-
MS), the concentration of TiO2-NPs in organs of zebrafish was evaluated. TiO2-NPs were
analyzed using ICP-MS NexION® 350D (Perkin Elmer, Waltham, MA, USA) with the
Syngistix Nano Application software (Perkin Elmer, Waltham, MA, USA). Supplementary
Information Text S3.

2.8. Histological Examination

Histological examination was performed following our standard protocol (Supple-
mentary Information Text S4). The sections were observed using an optical microscope
(Set E200 Nikon, Amsterdam, Netherlands)) and the images were captured by a digital
camera (CMOS Nikon, Amsterdam, Netherlands) connected to the microscope. Potential
morphological alterations on the structure of the testis, and gill tissues were identified.

2.9. Immunohistochemical Analysis

An immunohistochemical analysis was performed on testis sections to detect SHBG
and P540 expression. This followed our standard protocol of immunohistochemical used
for several experiments on zebrafish [32]; furthermore, the same primary antibodies used
for the immunohistochemical investigation on zebrafish larvae were used.

2.10. Preparation of Semithin Sections and Electron Microscopy

Tests were fixed with 2.5% glutaraldehyde (brand) for 90 min at +4 ◦C. Subsequently,
the protocol for electron microscopy was followed (Supplementary Information Text S5) to
obtain semi-thin (thickness 0.85 μm) and ultra-thin (thickness 0.085 μm) sections useful for
transmission electron microscopy (TEM,). (Palackého třída, Brno, Czech Republic),

2.11. RNA Extraction and qRT-PCR

The qRT-PCR was used to evaluate the mRNA levels of marker genes in the testis.
SHBG, SRD5A2, SOD2, and GPX4B were selected for analysis, and β-actin was used as a
housekeeping gene (Supplementary Information Text S6).
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2.12. Crystal Structure of Sex Hormone-Binding Globulin (SHBG)

The SHBG protein in zebrafish, is ortholog to human. Thanks to Fingerprint for
Ligand and Protein FLAP, it was analyzed that SHBG bound to dihydrotestosterone (DHT)
(Supplementary Information Text S7).

2.13. Statistical Analysis

Data on zebrafish embryo experimentation, namely the coagulate, survival, and hatch-
ing rate of the TiO2-NP exposed groups and the unexposed group, were represented
as the average percentage of the coagulate, survival, and hatching rate from three repli-
cates. Statistical analysis was performed by one-way analysis of variance (ANOVA) test
to compare differences between groups. A p < 0.05 was considered to be a statistically
significant difference.

3. Results

3.1. Nanoparticles Characterization

According to the manufacturer’s information, the purity of the TiO2-NPs was 99.5%
with metal traces. The nanopowder crystalline phase was mixed: 86% anatase, and 14%
rutile. SEM analyses were performed in plan-view to characterize the morphology of the
nanoparticles (Figure 1). As is apparent from the SEM analyses, powders are constituted
by ‘cobblestones’ with a size in the order of 1–2 microns (Figure 1, at left); nevertheless,
at higher magnification, SEM images show that these structures are composed by smaller
particles aggregated to each other. Isolated nanoparticles had an average diameter of
about 50 nm.

Figure 1. SEM images of TiO2-NP. Marker is 1 μm (a), and 200 nm (b). (c) Autocorrelation function
of the colloidal solution as prepared solution and after 24 h of sedimentation.

To characterize the nanoparticle solution, hydrodynamic diameter was measured by
dynamic light scattering. Apparatus and methods are described elsewhere [40,41].

Figure 1c shows the dynamic light scattering DLS autocorrelation function for the “as
prepared” solution and for the solution after 24 h of sedimentation. The hydrodynamic
diameter was estimated to be 1100 nm for the “as prepared” solution (red curve). This is in
perfect agreement with the SEM image of Figure 1a. Furthermore, solutions were allowed
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to sediment for 24 h and correlation functions were measured again. The hydrodynamic
diameter decreased to about 283 nm (green curve). This indicates that the larger particles
were deposited and only smaller aggregates remained in suspension during the experiment.

3.2. Embryonic Development of Zebrafish

The toxicity of TiO2-NPs on zebrafish embryos was defined by observing specific
toxicological endpoints, as mentioned. At 24 hpf, the rate of coagulated eggs was 11.3% for
the 1 mg/L group, 28.3% for the 2 mg/L group, and 23.3% for the 4 mg/L group, whereas,
in the unexposed embryo group was 5%. At 48 hpf, the coagulated egg rate increased for
the 4 mg/L groups (25%); otherwise, it remained unchanged in the other experimental
groups (see Supplementary Informations Figure S1).

At 24 hpf, and all the exposure period, TiO2-NPs were evidently deposited on the
bottom of the wells. However, TiO2-NPs also adhered on the surface of embryonic chorion
with increasing concentrations of TiO2-NPs, as shown in Figure 2

 
Figure 2. (a) Zebrafish embryo unexposed to TiO2-NPs (negative controls); (b) zebrafish embryo
exposed to 3,4-dichloroaniline (positive controls). Zebrafish embryo exposed to 1 mg/L (c); 2mg/L
(d); and 4 mg/L (e) TiO2- NPs. Scale bar 410 μm.

The TiO2-NPs formed an external white layer on the chorion, that did not affect the
hatching of embryos. At 48 hpf, the hatching rate was 36.7% (1 mg/L), 15% (2 mg/L), and
18.3% (4 mg/L); whereas the unexposed group showed a rate of 12%. The hatching rate
was statistically significant between all exposed groups and the unexposed group (p < 0.05);
no statistical significance had been observed at 72 hpf except for the 1 mg/L group (see
Supplementary Information Figure S2). After 96 h of exposure to TiO2-NPs, the survival of
the hatched embryos for control was above 90%, as described by Kimmel et al. [38], while
the survival of the exposed groups was below 90% but remained unchanged until the end of
experimentation. No statistically significant increase in mortality rates for groups exposed
to 2 mg/L and 4 mg/L TiO2-NPs relative to the control treatments were observed (p > 0.05).
At the end of the test (144 hpf), we observed a rate of mortality of 8.30% (unexposed group),
13.30% (1 mg/L), 31.7% (2 mg/L), and 25% (4 mg/L). All embryos showed a complete
development of head, notochord, fin, pigmentation, and the organ’s heart and eyes. There
was no morphological malformation compared to the unexposed group (Figure 3).
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Figure 3. Phenotypes of larvae exposed to TiO2-NPs and the unexposed group from 24 to 96 hpf.
Scale bar 420 μm.

3.3. DanioScope Analysis

Through the DanioScope software (1.2 Wageningen, the Netherlands)), it was shown
that TiO2-NPs affected the body length of larvae because they exhibited reduced body
length compared to the unexposed group (p < 0.05) at 96 hpf. The mean body length in
the 4 mg/L group was 172 μm, while in the unexposed group was 215 μm. The heart
rate was measured through the registration of beats per minute (BPM) by the DanioScope
software which highlighted an increase in embryos exposed. An increase in BPM was
observed in the 1 mg/L group (217.20 BPM) and a higher BPM (236.3) appeared in the
4 mg/L group. BPM in zebrafish is physiologically around 120–180 bpm. The exposure to
TiO2-NPs resulted in a statistically significant increase in heart rates in exposed embryos
(p < 0.05) (see Supplementary Figure S3).

3.4. Immunohistochemical Markers on Zebrafish Larvae

For markers of oxidative stress, the immunohistochemical investigation showed a
positivity for the poly (ADP-ribose) polymerase-1 (PARP1). Positivity was observed at
the lower concentration (1 mg/L) and increased at the higher concentration (4 mg/L)
compared to the control. Moreover, a positivity for heat shock proteins-70 (HSP70) in the
exposed group, especially at the higher concentration, suggests the ability of TiO2-NPs
to induce oxidative stress. Additionally, positivity for biomarker metallothioneins (MTs),
which is linked to detoxification pathways in the presence of toxic substances, was found
in the whole body of the embryo except for the end of the tail. Using Image J software, the
intensity of fluorescence was quantified for each biomarker evaluated. Figure 4 shows the
images of larvae and their average fluorescence intensity (AU).

Regarding the SHBG and PTMA, positivity was observed for both. Particularly for
SHBG, positivity was observed on the head of the embryo, with a higher expression for
the 4 mg/L TiO2-NPs concentration compared to the control. Whereas, the positivity for
prothymosin α (PTMA) occurred in the body of larvae, especially at the concentration of
4 mg/L. Figure 5 shows the images of larvae and their average fluorescence intensity (AU).
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Figure 4. In order (1) PARP-1 antibody-staining, (2) Hsp70 antibody-staining, and (3) MT antibody-
staining. (a,e,i) larva unexposed to TiO2-NPs; (b,f,l) larva exposed to 1 mg/L TiO2-NPs; (c,g,m) larva
exposed to 2 mg/L TiO2-NPs; and (d,h,n) larva exposed to 4 mg/L TiO2-NPs. The histogram next to
each photo represents the average fluorescence intensity (AU) of the corresponding biomarker. Scale
bar 420 μm.

 

Figure 5. In order (1) SHBG antibody-staining and (2) PTMA antibody-staining. (a,e) larva unexposed
to TiO2-NPs; (b,f) larva exposed to 1 mg/L TiO2-NPs; (c,g) larva exposed to 2 mg/L TiO2-NPs; and
(d,h) larva exposed to 4 mg/L TiO2-NPs. The histogram next to each photo represents the average
fluorescence intensity (AU) of the corresponding biomarker. Scale bar 420 μm.
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3.5. Adult Exposure

Daily monitoring until the end of experimentation, revealed no fish died, no abnormal
behaviors such as loss of equilibrium, refusal to feed, and no apparent abnormalities in
the body of fish. An accumulation of TiO2-NPs was found in zebrafish testicles of our
experiment groups at concentrations of 1.18 × 10−3 mg/Kg and 8.14 × 10−3 mg/Kg under
2 mg/L and 4 mg/L doses, respectively. Using the Syngistix Nano Application software, it
appeared that TiO2-NPs had a size < 100 nm. In our study, 30-day exposure of zebrafish to
TiO2-NPs suggests that fish uptake TiO2-NPs by breathing and feeding. The nanoparticles
were constantly resuspended in the aqueous medium, so fish are highly likely to internalize
them via their gills and mouth. We found an accumulation of TiO2NPs in the gill tissue
for the concentrations of 2 mg/L (1.50 × 10−3 mg/Kg) and 4 mg/L (2.39 × 10−3 mg/Kg);
whereas, no accumulate TiO2-NPs were found in the control as expected, but also at
1 mg/L concentration.

3.6. Histological Observations

Gill tissue from the control, 2 mg/L, and 4 mg/L groups showed alterations in their
morphology. We observed increasing cellularity in the interlamellar space and hyperplasia
brings a higher width of the secondary lamella with respect to control (indicated by blue
arrows in Figure 6.

Figure 6. Histological section of gills. (a) CTRL gills. Exposed groups to (b) 2mg/L; and (c) 4mg/L
TiO2-NPs. Arrows indicate the secondary lamellae, that showed a hyperplasia in the exposed groups,
while it is not appeared in the control groups. Scale bar 1500 μm.

Examination of the gonads tissue showed an alteration in the spermatogenic epithe-
lium in the groups exposed to TiO2-NPs. The exposure of TiO2-NPs caused a detachment
of the spermatogenic epithelium from the connective tissue, whereas, it had not been ob-
served in the control group, respectively, blue arrow and green arrow in Figure 7. Moreover,
the tubules (the area occupied by spermatogonia) were increased, compared to the area
occupied by spermatozoa that were decreased (in Figure 8, red * indicates the area of
spermatozoa, which have blue nuclei; whereas, the remaining are spermatogonia, which
have light blue nuclei).

A disordered arrangement of spermatogonia was observed at the concentration of
4 mg/L (red arrow), and the connective tissue presented irregularities making it difficult to
distinguish between Leydig cells and connective cells. Otherwise, the unexposed group
was intact (green arrow) (Figure 9). Whereas, the testis tissues in the 1mg/L dosage group
showed no changes compared with that of the control.

In the ultrathin sections of testis, we observed by transmission electron microscopy
(TEM) the presence of vesiculation in Sertoli cells. It was evident at the concentration of
4 mg/L with the detachment of the cell membrane compared to the control, as shown by
red * in Figure 10.
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Figure 7. Histological sections of the testis. Unexposed group: 10× (a), and 40× (b). Group of 2mg/L
TiO2-NPs: (c) 10×, and (d) 40×. E-E staining, sections 4 μm. Blue arrow indicate the detachment of
the spermatogenic epithelium from the connective tissue in the exposed group (2mg/L), while in
the control group the spermatogenic epithelium maintains its contact with connective tissue (green
arrow). Scale bar 260 μm.

Figure 8. Histological sections of testis staining with toluidine blue (sections 0.85 μm). Unexposed
group: 10× (a), and 40× (b). Group of 2mg/L TiO2-NPs: (c) 10×, and (d) 40×. Red * indicates the
area occupied by spermatozoa into the tubules. Scale bar 260 μm.
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Figure 9. (a) (10×) and (b) (40×) unexposed group with good morphology and organization of
tubules testis; (c) (10×) and (d) (40×) group exposed to 4mg/L TiO2-NPs with disorganization of
tubules testis. Green arrows indicate the intact and well organization of tubules testis, while the red
arrows indicate their disordered organization. Scale bar 260 μm.

Figure 10. Ultrathin sections of zebrafish testis. (a) Section of testis unexposed; (b) section of testis
exposed to 4 mg/L with evident vesiculation. Red * indicate the Sertoli cells that showed a evident
vesiculation in the exposed group compared to control. Scale bar 2 μm.

3.7. Immunohistochemical Analysis and Gene Expression

We explored markers to investigate the action of TiO2-NPs such as endocrine dis-
ruptors. In particular, the results of immunohistochemical analysis on SHBG reveal that
it was expressed in control groups in a regular way because the cysts maintained their
morphological organization; however, positive expression remained in the group exposed
to 2 mg/L, than in 4 mg/L. As shown in Figure 11, positivity was related to the cells that
were around the seminiferous tubule cysts.
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Figure 11. SHBG expression in testis tissue. Nuclei blue (DAPI) and red fluorescent of SHBG protein.
Scale bar 265 μm.

The result of gene expression of SHB in the testis indicates an increased expression
of the SHBG gene for the 2 mg/L and 4 mg/L concentrations compared to the control
group. Increased transcription of antioxidant enzymes such as glutathione peroxidase
(GPX), and especially superoxide dismutase (SOD), was observed. Figure 12 shows the
results of qRT-PCR of all genes investigated.
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Figure 12. Results of qRT-PCR of all genes investigated.

In this way, oxidative stress is a common pathway of toxicity and disease that may be
caused by many pollutants, such as TiO2-NPs.

The immunohistochemical investigation of cytochrome P540 (Cyp19b) confirmed the
ability of nanoparticles to induce oxidative stress. As shown in Figure 13, positivity was
found in the expression of P540 in the groups exposed to TiO2-NPs (2 mg/L and 4 mg/L
concentrations) compared to the control which did not show positivity for the biomarker.
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4mg/L2mg/ Lunexposed

Figure 13. P540 expression in testis tissue. Nuclei blue (DAPI) and red fluorescent of P540 protein.
Scale bar 265 μm.

3.8. Crystal Structure of Sex Hormone-Binding Globulin (SHBG)

The result of the crystal structure of the SHBG shows that the pocket is very large and
many amino acid residues are involved. Figure 14 shows the SHBG interactions involved
in binding, which can characterize the pocket. The interaction most involved is that of the
hydrophobic character (green area), and there are also two areas of hydrogen bond acceptor
characters (red). Thus, the hydrophobic interaction could explain the binding to NPs.

 

Figure 14. 2D-depiction shows the interactions that characterize the pocket.

4. Discussion

In this study, the toxicity of TiO2 NPs on zebrafish embryos and adult fish has been
investigated. With the zebrafish embryonic test (Z-FET), it was made evident that TiO2-NPs
did not interfere with embryonic development because zebrafish chorion acted as a special
biological structure that covered the embryo until hatching. Then, it acted as a barrier
that blocked the entry of various pollutants [42]; simultaneously due to its pores, the
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chorion ensured the transport of necessary oxygen, salt ions, and nutrients from the aquatic
environment to the embryo and excretion of waste in the opposite direction [43]. The small
diameter of pores (between 300 nm and 1 micron) can allow the entry of NPs adhering to
the chorion [43,44]. NPs diffusion may be toxic to embryo development during the period
of organogenesis [45]; however, the literature is scant regarding the interaction of NPs with
the chorion, and how this structure interacts and affects the absorption, accumulation, and
distribution of nanoparticles in the embryos [46].

Although it was evident that there was sedimentation of TiO2-NPs during the exper-
imentation, the embryos and larvae were constantly exposed to the TiO2-NP aggregates
because they were mostly located on the bottom of the wells, also after the hatching when
they could freely swim. TiO2-NPs have low acute toxicity to fish survival [47] and TiO2-
NPs concentrations higher than our experimental groups did not affect the survival rate
in zebrafish [48]. In addition, the group control showed normal development [38] as well
as the exposed groups with a low dose (1 mg/L) of TiO2-NPs [49]. However, using the
DanioScope software, it was shown that TiO2-NPs caused alterations in the body length
of larvae and the heart rate. These data are in accord with other studies on nanoparticle
toxicity [50–54]. Regarding immunohistochemical markers on zebrafish larvae, the positiv-
ity of the biomarkers whose expression is regulated by environmental stressors highlights
that the TiO2-NPs are stressful stimuli for zebrafish embryos. Despite this, the zebrafish
larvae are able to resist the presence of toxic substances and they can tolerate the presence
of metal concentrations. In particular, the PARP-1 is involved in single-strand break (SSB)
repair [55] induced by chemicals [56–58], the heat shock protein-70 (Hsp70) expression
increases in response to environmental and physiological stressors [59] and protects the
cells against induction of cell death by a variety of stresses; data in the literature have shown
an increased expression of the Hsp70 due to exposure of chitosan nanoparticles, ZnO [60],
and transition metals oxide (CuO, ZnO, NiO, and Co3O4) [61]. Finally, metallothioneins
(MTs) are involved in homeostasis, protection against heavy metals and oxidant damages,
and metabolic regulation, sequestration, and/or redox control [62]. Previous studies have
shown the positivity of MTs in zebrafish embryos exposed to AuNPs [63].

Positivity for the SHBG and PTMA biomarkers can suggest that TiO2-NPs act similar to
endocrine disruption. The SHBG is a protein capable of binding steroids in the blood of fish
and other vertebrate species. It is well characterized in humans [64,65] but only one ortholog
(SHBG) has thus far been identified in zebrafish; being expressed in the digestive tract, liver,
gills, pancreas, and testis [66,67]. Furthermore, on sex steroid transportation, regulation,
and action [68], the SHBG has shown affinity to synthetic steroids such as ethinylestradiolor
gestagens [66,68] and, in addition, it has been reported that it binds with phthalates and
other environmental contaminants [69–71]. In this regard, SHBG is a potential target
for environmental compounds found in the body. Consequently, increasing the risk of
potential disruption in steroid homeostasis, experimental exposure to phthalate in rodents
has shown adverse effects due to the deregulation of metabolic pathways by phthalate
compounds [72]. Regarding fish, there is scant knowledge about SHBG structure and the
site(s) of expression, although studies have highlighted that during the development of
zebrafish, SHBG mRNA first appears within the liver and gut [68]. In addition, studies have
shown SHBG affinity to xenobiotics able to act as endogenous sex steroids (testosterone
and estradiol). Chen et al. [73] have found an increase in SHBG in zebrafish larvae exposed
to bisphenol AF (BPAF), which is recognized as an endocrine disruptor. Prothymosin α

(PTMA) is a small nuclear protein (109–113 amino acids depending on the species) with a
potent nuclear localization signal (NLS), although data show cytoplasmic and extracellular
presence as well, under specific physiological or pathological conditions [74,75]. It was
observed that PTMA expression levels vary following stimulation by estrogen; thus, as
well as SHBG expression, the positivity increment of PTMA in embryo zebrafish in our
experimentation suggests that TiO2-NPs act similarly to endocrine disruption.
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In adult exposure, the accumulation of TiO2-NPs in the testis can lead to impairment
of the male reproductive system, as suggested by data in the literature. The accumulation
of TiO2-NPs in the testis induces cytotoxicity and gene expression changes [76–82]. The
exposure to the TiO2-NPs can occur via various routes; generally, the NPs enter and
distribute in the exposed site, but due to the blood they are translocated to secondary
organs such as the liver, spleen, kidneys, brain, ovaries, and testes [83–86]. As previously
mentioned, it is highly likely that the fishes internalize the TiO2-NPs via their gills and
mouth. Gills are usually targeted organs for toxicity because they are in continuous contact
with the water column; therefore, they are the main entrance route for all contaminants and
for nanomaterials [83]. Into the intestine, bioaccumulation of TiO2-NPs was lower than in
gills. Since TiO2-NPs after ingestion through the mouth were distributed in the digestive
tract and then excreted through feces [85], there was no oral supply of nanoparticles because
no oral administration was performed.

The gills’ histological alterations that were observed are in accordance with the lit-
erature; the exposure to copper nanoparticles had reported a 3.5-fold increase in the gill
filament of zebrafish, at already 24 h of exposure [86]; whereas, silver nanoparticles caused
a slight change. In addition, the NPs are foreign substances taken by mononuclear phago-
cytic cells which become the entry route of NPs into the tissues and cells. The tissue
macrophages phagocytose and sequester nanoparticles; for example, in the mouse model,
it was demonstrated that there was a durability of Au, Ag, and SiO2 NPs thanks to their
action. This probably occurred in our experiment because, as previously mentioned, bioac-
cumulation of TiO2-NPs was found in the testes of our experimental groups. Our results
have shown an alteration in the spermatogenic epithelium in exposed groups to TiO2-NPs.
Previous studies on mice treated intragastrically with dosages of 10, 50, and 100 mg kg−1

of body weight (PC) anatase TiO2-NPs for 28 days showed morphological changes in
testes with a reduction in germ cell number, spherospermia, interstitial glands vacuole,
malalignment, and vacuolization of spermatogenic cells [87]. In zebrafish, negative effects
on the epithelium of testicular tubules have been observed with parenchyma degeneration,
a decline in germinal epithelium cells and spermatozoa, or reduction in spermatogonial dif-
ferentiation, particularly in exposure to chemical substances [88–90]. Few previous studies
have evaluated the negative effect of TiO2-NPs on zebrafish testis; however, Kotil et al. [32]
evaluated the ultrastructure of zebrafish testis exposed to 1 mg/L, 2 mg/L, and 4 mg/L
concentrations of TiO2-NPs. Their results showed that TiO2-NPs induced autophagy and
necrosis at higher doses in Sertoli cells and consequently negatively affected spermatogenic
cells and testicular morphology. Our results are in accordance with the literature.

Regarding the positivity of the SHBG biomarker in the seminiferous tubule cysts, it is
known that SHBG is in the blood of all vertebrate species, apart from birds, and acts as a
carrier of androgens and estrogens regulating their bioavailability [91]. In mammalians,
the testis produces an SHBG homolog known as the testicular androgen-binding protein
(ABP) which is produced and secreted by Sertoli cells primarily under the influence of
follicle-stimulating hormone and then secreted into the seminiferous tubular lumen to
regulate androgen availability in the male reproductive tract [92]. Studies of the SHBG
steroid-binding characteristics in several fish species [93,94] have shown that its affinity
for endogenous sex steroids (testosterone and estradiol), and xenobiotics [95–97] varies
between species; moreover, some evidence showed that plasma SHBG levels fluctuate in
fish during the reproductive cycle [98,99]. In zebrafish, the tissue distribution of SHBG
transcript was detected in the digestive tract and hepatopancreas; in addition, a low ex-
pression was detected in the testis using RT-PCR [68]. However, several data indicate, in
agreement with the literature about mammalians, that the liver is the main expression
site of SHBG in teleost fish [100,101]. In some species, it was also found that there was a
significant expression of SHBG in several other tissues, which suggests that the circulating
SHBG could have an extra-hepatic origin. In mammals, a local expression of SHBG in
several target organs has also been evidenced and associated with a modulation of the
steroidogenic signal [102]. Similarly, non-hepatic expression sites of SHBG in teleost could
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also be associated with local action in target organs. For this reason, the transcription of
SHBG in fish could depend on different variants which have to still be identified. It is not
known how the expression of the SHBG gene is regulated [68]. Our results evidence that
an expression of SHBG could be increased in the presence of NPs. This was supported by
the result of gene expression. Unfortunately, the biological importance of SHBG in fish
is not studied as well as it is in mammals. It may be reasonably hypothesized that the
function of SHBG proteins expressed locally in target organs and tissues could be different
from the circulation of SHBG. As in mammals, fish SHBG protein is involved in sex steroid
transport, regulation, and action [103]. Considering our evidence, SHBG could improve the
spermatogenesis process because their localization in the testis could bring a higher intake
of androgen hormone or TiO2-NPs could act similarly to androgen hormones. It could be
supported by the result of the crystal structure of the SHBG, as shown in Figure 14, addi-
tional in support of the action of TiO2-NPs like androgen hormones are the result of gene
expression on the SRD5A2 gene. This gene, in all vertebrates, encodes for the steroid en-
zyme 5-αreductase α-polypeptide 2 (SRD5α2), an enzyme of spermatogenesis [104], and it
works by converting testosterone (T) to dihydrotestosterone (DHT). 5α-dihydrotestosterone
(DHT) plays a physiologically important role in some fish species and it is associated with
spermatogenesis. Several pieces of evidence have documented the consequences of a lack
of SRD5α2 activity that brought a decrease of 5α-DHT levels in those tissues, but also
negative effects on spermatogenesis and the structure of seminiferous tubules [105,106].
The lack of 5α-DHT mainly affects the Sertoli cells because they are involved in spermato-
genesis by supporting germ cell development, as well as playing an important role in
the structure of the seminiferous tubules and the maintenance of the blood-testis barrier.
Nevertheless, our results differ from the negative effects due to the lack of enzyme activity.
The expression of the SRD5α2 was increased in the gonads exposed to nanoparticles, and
this consequently leads to its greater activity and production of DH. Then, exposure to
TiO2-NPs does not alter spermatogenesis because they encourage the activity of enzyme
SRD5α2. Similar data were observed in fish treated with 5α-reductase inhibitors (5ARIs)
in which spermatogenesis is unaltered or even increased because levels of T and 11KT
are increased [107,108]. Since the synthesis of SRD5αs is regulated by the androgens they
produce, and considering our results, it can be hypothesized that nanoparticles may behave
similarly to androgens. Unfortunately, no unified theory about how hormone levels change
after exposure to NPs exists. Some studies showed that low-dose (1 mg/kg/dose) AgNPs
intravenously injected into male CD1 mouse serum caused a significative increase of the
intratesticular testosterone (T) [109]; whereas, it was discovered in another study that
CeO2-NPs treatment caused decreases in T, FSH, LH, and prolactin (PRL) [110]. Indeed,
these changes might be influenced by different factors such as particle type, size, and time
of exposure. Therefore, research on how NPs affect hormones should be conducted and
the lack of in vitro studies is still a problem. The cytochrome P540 (Cyp19b) confirmed
the ability of nanoparticles to induce oxidative stress. CYPs are a large superfamily of
enzymes capable of metabolizing several substances including steroids, pharmaceuticals,
and xenobiotic compounds. They catalyze mixed-function oxidation reactions and the
induction of their catalytic activity, measured as ethoxyresorufin-O-deethylase (EROD)
activity, and expression (protein and transcript) is a useful biomarker of exposure to xeno-
biotics. Their catalyzing activity leads to the activation or inactivation of many endogenous
and exogenous chemicals, with consequences for normal physiology and disease processes
such as oxidative stress [111]. Nanomaterials of varying chemical compositions such as
fullerenes, CNT, and metal oxides are able to induce oxidative stress [112]. Particularly
in fish, TiO2-NPs cause oxidative stress with the production of reactive oxygen species
(ROS) [85,112], and titanium dioxide nanoparticle aggregates (TiO2-NMs) cause oxidative
stress in zebrafish embryos [48]. However, the investigations about oxidative stress by
TiO2-NPs on testis are insufficient. Oxidative stress may be induced through oxidizing
(e.g., hydrogen peroxide, H2O2) or photo-oxidizing (e.g., fluoranthene) agents that react
with oxygen-producing reactive oxygen species (ROS) [113,114] Since the reactive oxygen
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species (ROS) are able to affect the physiology, growth, and survival in aquatic organ-
isms [115,116], they, similar to mammals, developed an antioxidant defense system for
neutralizing the toxic effects of ROS [117]. Antioxidant enzymes such as SOD, CAT, GPX,
POD, and low-molecular-weight, nonenzymatic antioxidants (e.g., GSH) are important
components of the antioxidant defense system in animals [118,119]. In our study, it is
clear that TiO2-NPs are able to induce oxidative stress in the testis involving antioxidant
defense [120–123]. The exposure to the lower concentration (1 mg/L) motivated the SOD
to eliminate generated ROS as a protection mechanism against oxidative stress and a
major increase was observed at the higher concentration (4 mg/L). Additionally, induc-
tion in the mRNA level of the GPX gene was higher at 1 mg/L concentration than at
4 mg/L. Fortunately, our results showed that the antioxidant defense of fish is induced
by mild oxidative stress due to TiO2-NPs, and it does not overwhelm the detoxifying or
antioxidant mechanisms.

5. Conclusions

In conclusion, through acute and long-term TiO2-NP exposure experiments on ze-
brafish, respectively, on embryos and adults, this research has improved knowledge of the
action of TiO2-NPs on embryonic development and the male reproductive system.

We provide evidence that TiO2-NPs do not interfere with the development of zebrafish
embryos, nor cause premature death in embryos; however, the embryos did show alter-
ations in heartbeat, body length, and, above all, an increase in oxidative stress with the
production of ROS and the expression of biomarkers associated to endocrine disruptors.
The expression of the SHBG protein corresponding to the androgen binding protein (ABP)
is increased in the presence of TiO2-NPs, both in zebrafish larvae and in male gonads. This
result is important because ABP is known to increase with xenobiotics. An increase in
gene expression has been recorded in the testes. Consequently, it can be assumed that the
TiO2-NPs have an androgenic-like effect, as suggested by the increase in gene expression of
SRD5A2, an enzyme that converts testosterone (T) to dihydrotestosterone (DHT). There is
a greater need for knowledge of NP-induced reproductive toxicity since the production of
engineered nanoparticles is continuously increasing with the nano revolution; therefore,
the risk of exposure to nanoparticles is very common.
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Abstract: As one of the most widely used nanomaterials, CeO2 nanoparticles (NPs) might be released
into the aquatic environment. In this paper, the interaction of CeO2 NPs and Ce3+ ions (0~10 mg/L)
with duckweed (Lemna minor L.) was investigated. CeO2 NPs significantly inhibited the root elonga-
tion of duckweed at concentrations higher than 0.1 mg/L, while the inhibition threshold of Ce3+ ions
was 0.02 mg/L. At high doses, both reduced photosynthetic pigment contents led to cell death and
induced stomatal deformation, but the toxicity of Ce3+ ions was greater than that of CeO2 NPs at the
same concentration. According to the in situ distribution of Ce in plant tissues by μ-XRF, the intensity
of Ce signal was in the order of root > old frond > new frond, suggesting that roots play a major role
in the uptake of Ce. The result of XANES showed that 27.6% of Ce(IV) was reduced to Ce(III) in
duckweed treated with CeO2 NPs. We speculated that the toxicity of CeO2 NPs to duckweed was
mainly due to its high sensitivity to the released Ce3+ ions. To our knowledge, this is the first study
on the toxicity of CeO2 NPs to an aquatic higher plant.

Keywords: CeO2 nanoparticles; duckweed; uptake; distribution; toxicity; transformation

1. Introduction

Due to their unique physicochemical properties, the applications of nanoparticles
(NPs) are growing rapidly. Among various NPs, cerium oxide (CeO2) NPs have been
widely used in a variety of industry applications, such as in catalysts, polishing agents,
fuel additives, etc. [1–3]. The global production of CeO2 NPs was estimated to be about
10,000 tons per year [4]. Along with manufacture, transportation, use, and disposal,
NPs (including CeO2 NPs) are inevitably released and accumulated in the environment.
Therefore, there is growing interest in studying the fate of NPs in the environment and
assessing their impact on the environment and biota [5–8].

The aquatic environment is an important sink of NPs, including CeO2 NPs. The
predicted environmental concentrations (PEC) of CeO2 NPs in fresh water and sediments
were 0.51–25.59 ng/L and 0.34–253.49 μg/kg in 2017, respectively [9]. Moreover, the
maximum concentration of CeO2 NPs in sewage treatment effluent was predicted to be
1.87 mg/L [9]. Aquatic plants are an important part of the aquatic ecosystem. They are
not only the habitat and food for aquatic animals but also a source of nutrients. Currently,
there are few studies on the effects of CeO2 NPs on aquatic plants, mainly focusing on
unicellular algae. The EC50 (50% effective concentration) values of CeO2 NPs to the
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freshwater microalgae ranged from 4.1 to 29.6 mg/L according to several studies, and
the inhibitory effects were mainly caused by membrane damage due to direct contact or
indirectly induced reactive oxygen species (ROS) generation [10,11].

Duckweed (e.g., Lemna minor L.) is a small floating aquatic plant which has the physio-
logical characteristics such as small size, high reproduction rate, asexual reproduction and
sensitivity to certain chemicals, etc. It has been widely used as a model for environmental
monitoring and toxicity testing [12–15]. There are currently several studies on the interac-
tion between some NPs and duckweed [16–19]. For instance, Ag NPs (6.84 mg/L) could
change cellular ultrastructure, reduce photosynthetic pigments and starch grains along with
the Ag accumulation in duckweed (Landoltia punctata) [16]. After exposure to Ag/Ag2S
NPs and AgNO3, Ag2S NPs remained as Ag2S in duckweed (Landoltia punctata), while Ag
NPs was transformed to Ag2S and silver thiol species and AgNO3 was transformed to
Ag and sulfur-associated Ag species in tissues [17]. The growth of the duckweed species
Landoltia punctata was not strongly affected by 1000 mg/L CuO NPs, but the reduction in
photosynthetic pigments and the destruction of cellular structure were observed [18]. In
another study, 150 μg/L CuO NPs altered the frond histomorphology and root cell integrity
of duckweed (Lemna minor). Moreover, the authors confirmed that root uptake was the
main pathway for the internalization of CuO NPs and chloroplasts were the sites of ROS
production [19]. Unfortunately, there is no report on the biological effects of CeO2 NPs on
duckweed. Given the possible negative impacts of CeO2 NPs on environmental species, it
is very important to address this information gap in aquatic ecotoxicology.

In the current study, we aimed to study the uptake, distribution, and toxicity of CeO2
NPs and Ce3+ ions to duckweed (Lemna minor L.) and to discuss the possible mechanisms.
A range of endpoints such as plant growth, photosynthetic pigment contents, and cell
death were assessed. The distribution of Ce in duckweed tissues was analyzed using
micro-X-ray fluorescence (μ-XRF). The transformation of CeO2 NPs was investigated using
X-ray absorption near-edge spectroscopy (XANES), and the contribution of NP-dissolution
to the toxicity of CeO2 NPs to duckweed was estimated. Our results will provide further
insight on the mechanisms underlying the impacts of metal-based NPs on aquatic species.

2. Materials and Methods

2.1. Material Preparation and Characterization

CeO2 NPs were synthesized via a precipitation method as previously described [20].
All chemicals were analytical grade and obtained from Aladdin Reagent Co., Ltd. (Shanghai,
China). The synthesized CeO2 NPs were observed using scanning electron microscopy
(SEM, Hitachi S-4800, Tokyo, Japan) and transmission electron microscopy (TEM, Tecnai
G2 20 S-Twin, FEI, Tokyo, Japan). The hydrodynamic diameter and zeta potential of CeO2
NPs were determined using dynamic light scattering (DLS, ZetaSizer, Malvern Instruments,
Malvern, UK) analysis.

2.2. Plant Cultivation and Exposure

Duckweed (Lemna minor L.) was collected from a wetland (40 N latitude, 116 E lon-
gitude) in the southwest of Beijing, China and then washed with deionized water and
submerged in 0.025% sodium hypochlorite solution for 1 to 3 min to remove algae and
other impurities. The plants were pre-cultured in 1/10 modified Steinberg’s medium
for one month under laboratory conditions according to the Organization for Economic
Co-operation and Development (OECD) 2006 protocol [21] with a 16 h photoperiod in
fluorescent light (8000 lux) and 8 h in the dark at 24 ± 2 ◦C. For exposure, the two-fronded
duckweed with similar size were selected and incubated in CeO2 NP suspensions contain-
ing 1/10 modified Steinberg nutrition medium. In each treatment, 15 duckweed plants
with their roots cut off were placed on a Petri dish. The duckweed was exposed to 0, 0.02,
0.1, 0.5, 2, and 10 mg/L of CeO2 NPs and their ionic counterpart Ce3+ ions (obtained by
dissolving Ce(NO3)3 in water), respectively. Each treatment was replicated at least three
times. All analyses were performed after 3 days of exposure.
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2.3. Growth Related Parameters

At the end of experiment, the plants were thoroughly washed with deionized water
and blotted with paper towels. The root lengths and fresh weight (Fw) of the plants were
measured for each Petri dish. After weighing the Fw, the duckweed was oven-dried at
60 ◦C to a constant weight, and the dry weight (Dw) was determined. Photosynthetic
pigment (chlorophyll a/b, total chlorophyll, and total carotenoid) contents were measured,
and the detailed methods were described in Supporting Information (SI). The average
specific growth rate (r) was calculated according to the method shown in the SI.

2.4. Cell Death and SEM/TEM Observation

After treatment with 10 mg/L CeO2 NPs and Ce3+ ions for 3 days, the cell death in
the frond and root of duckweed under different treatments was visualized using Evans
blue (Eb) staining according to the previous methods with some modification [22–24]. The
detailed methods were described in SI.

After treatment with 10 mg/L CeO2 NPs and Ce3+ ions for 3 days, the morphology
changes of duckweed were observed using SEM (S4800, Hitachi, Tokyo, Japan), and the
distribution of Ce-containing materials in tissues was observed using TEM (JEM-1230,
JEOL, Tokyo, Japan). The samples were prepared as described in our previous report [11].

2.5. Ce and Mineral Elements Analysis

The bioaccumulation of Ce and mineral elements by duckweed under different treat-
ments was determined. The lyophilized dried samples were ground into powders and
digested with a 4:1 (v/v) mixture of concentrated HNO3 and H2O2. The elemental content
of Ce was analyzed by inductively coupled plasma mass spectrometry (ICP-MS, Thermo
Elemental X7, Waltham, MA, USA). Mineral elements (Ca, Mg, Fe, Mn, Zn) were ana-
lyzed using ICP-optical emission spectrometry (OES, Perkin Elmer Optima 8000, Waltham,
MA, USA).

2.6. Elemental Mapping by μ-XRF

Duckweed treated with 10 mg/L CeO2 NPs and Ce3+ ions were washed thoroughly
with deionized water and were lyophilized. The dried samples were fixed on 3M tape and
the μ-XRF experiments were performed at 4W1B beamline of Beijing Synchrotron Radiation
Facility (BSRF, Beijing, China). The energy of the storage ring was 2.5 GeV, and the current
intensity was 150 to 250 mA. The spot was focused to 20 × 50 μm by the polycapillary lens.
The sample was held on a precision motor-driven stage, and the elemental 2D mapping
was acquired in a stepwise manner with 50/100 μm steps. The data were analyzed using
the PyMca package, and the elemental mappings were created using Origin.

2.7. Speciation of Ce in Duckweed

To explore the speciation of Ce in duckweed treated with 10 mg/L CeO2 NPs and
Ce3+ ions, XANES analysis was performed, and samples were prepared as previously
described [25]. Ce LIII-edge spectra were collected at the 1W1B beamline of BSRF (Beijing,
China). CeO2 and CePO4 were used as standard compounds, and their spectra were col-
lected using transmission mode. The spectra of samples were collected using fluorescence
mode. XANES spectra were normalized using Athena software and the speciation of Ce in
samples was analyzed by linear combination fitting (LCF).

2.8. Statistical Analysis

Data were given as the mean ± standard deviation (SD). All statistical analyses were
performed on the Statistical Package for Social Sciences (SPSS) version 22.0. One-way
analysis of variance (ANOVA) and Tukey’s HSD post hoc test were used to check for
statistically significant differences at p < 0.05.
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3. Results

3.1. Characterization of CeO2 NPs

The TEM and SEM images of CeO2 NPs are shown in Figure S1. The average size of
the NPs was calculated to be 7.3 ± 1.1 nm. XRD spectrum showed that CeO2 NPs have a
cubic fluorite structure. The hydrodynamic particle sizes of CeO2 NPs (10 mg/L) in deion-
ized water and Steinberg’s medium were 71.7 ± 0.5 nm and 306.1 ± 15.6 nm (Figure S2),
respectively, indicating that CeO2 NPs was easier to agglomerate in the culture medium.
After exposure, the hydrodynamic particle size of CeO2 NPs increased to 723.8 ± 106.1 nm
(Figure S3). The zeta potential of CeO2 NPs suspensions changed from 32.4 ± 1.5 mV in
deionized water to −14.7 ± 1.8 mV in Steinberg’s medium.

3.2. Effect of CeO2 NPs and Ce3+ Ions on the Growth of Duckweed

After exposure to CeO2 NPs or Ce3+ ions, the root length, frond area, and biomass of
duckweed are shown in Figure 1A. Compared with the control, the root elongation was
significantly inhibited under the two treatments (except 0.02 mg/L CeO2 NPs). Moreover,
the root length of Ce3+ ions treatment was significantly shorter than that of CeO2 NPs
treatment at each exposure concentration. At 10 mg/L, the inhibition rate of Ce3+ ions
to duckweed was 96%, and the root hardly developed. The average specific growth rate
was calculated using the frond area of duckweed (Figure 1B). Similar to the result of root
elongation, the average specific growth rate of duckweed fronds decreased with increasing
concentrations of exposure materials. At the highest concentration, the average specific
growth rates of duckweed in the NP group and the ionic group were 21.0% and 6.3%,
respectively. The EC20 values of CeO2 NPs and Ce3+ ions for duckweed were calculated to
be 1.78 mg/L and 0.39 mg/L, respectively, indicating that the latter was more toxic than
the former.

Figure 1. Root length (A), mean specific growth rate (B), fresh weight (C), and dry weight (D) of the
duckweed treated with CeO2 NPs and Ce3+ ions. Different letters indicate significant differences
(p < 0.05).

Biomass is an important parameter related to photosynthetic efficiency. Fw and Dw as
functions of concentration are shown in Figure 1C,D. Similarly to the results of root length
and frond area, Fw and Dw of duckweed treated with CeO2 NPs and Ce3+ ions were not
affected at lower concentrations but significantly decreased at concentrations higher than
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0.1 mg/L. By comparing the apparent toxicity indexes, it was found that the effect of the
highest concentration of 10 mg/L CeO2 NPs on duckweed was approximately comparable
to that of Ce3+ ions at 0.5–2 mg/L.

3.3. Pigments and Mineral Elements Analyses

The photosynthetic damage caused by CeO2 NPs and Ce3+ ions was analyzed based
on the contents of photosynthetic pigments (Figure S3). At concentrations higher than
0.5 mg/L, the contents of chlorophyll a, chlorophyll b, and carotenoids in the fronds of
duckweed under the two treatments were significantly reduced compared to the control,
which was consistent with the result of biomass. At the end of the experiment, the fronds
of duckweed treated with CeO2 NPs (10 mg/L) showed chlorosis, while the fronds of the
ion-treated group grew more slowly and showed severe chlorosis, and the edges of the
fronds became transparent (Figure S5).

The contents of mineral elements, including macro elements (Ca and Mg) and trace
elements (Fe, Mn, and Zn), in duckweed under different treatments are shown in Table 1.
With the increase in exposure concentration, Ca contents in duckweed decreased signifi-
cantly in both treatments, while Mg contents were almost unchanged (except 10 mg/L Ce3+

ions). In the NP group. Fe contents in duckweed gradually decreased with the increase
in concentration. Different from this, Fe contents in the ionic group were significantly
reduced compared to the control, but there was no concentration-dependent effect. Mn
contents in duckweed exposed to different concentrations of CeO2 NPs showed a similar
decreasing trend to the Fe contents, while Mn contents in the ionic group did not change
significantly (except 10 mg/L Ce3+ ions). The change in Zn contents in duckweed as similar
to that of Fe.

Table 1. Mineral element concentrations in duckweed after exposure to CeO2 NPs and Ce3+ ion 1.

Treatments
(mg/L)

Macroelements (μg/g·Dw) Microelements (μg/g·Dw)

Ca Mg Fe Mn Zn

0 (CT) 6209.1 ± 72.7 a 2249.91 ± 70.6 a 168.3 ± 14.3 a 98.8 ± 3.9 a 30.4 ± 5.3 a
CeO2 NPs

0.02 5464.7 ± 70.2 b 2312.4 ± 143.3 a 135.48 ± 5.5 b 92.4± 0.7 b 24.1 ± 9.6 ab
0.1 5191.4 ± 114.7 bc 2227.3 ± 78.2 a 143.0 ± 35.4 ab 85.5 ± 1.5 c 19.8 ± 5.9 abc
0.5 5234.3 ± 295.2 bc 2343.4 ± 93.1 a 96.1 ± 1.444 c 83.4 ± 1.7 c 11.4 ± 0.7 bc
2 4948.5 ± 89.6 c 2401.45 ± 17.1 a 83.3 ± 6.8 c 84.6 ± 1.7 c 15.4 ± 4.3 bc

10 4970.2 ± 172.0 c 2265.7 ± 47.8 a 83.8 ± 1.4 c 86.2 ± 2.0 c 7.3 ± 0.7 c
Ce3+ ions

0.02 5606.9 ± 146.3 b 2188.8 ± 93.7 a 125.3 ± 16.6 b 87.8 ± 1.6 a 12.3 ± 5.0 b
0.1 5128.4 ± 211.8 c 2254.2 ± 196.3 a 99.7 ± 0.5 b 88.4 ± 3.8 a 22.9 ± 3.0 ab
0.5 5262.0 ± 221.0 bc 2273.8 ± 69.5 a 108.6 ± 2.3 b 82.6 ± 2.0 a 13.2 ± 4.3 b
2 5037.6 ± 132.1 c 2652.4 ± 542.3 a 124.6 ± 29.4 b 100.6 ± 25.4 a 21.3 ± 4.8 ab

10 3502.1 ± 153.6 d 929.2 ± 24.4 b 133.9 ± 11.7 b 51.5 ± 1.3 b 17.2 ± 4.2 b
1 Data are average of three replicates ± SD. Different letters among columns indicate significant difference
at p < 0.05.

3.4. Visualization and Quantification of Plant Cell Activity

The cell membranes of plants are selective, and the dye can be excreted by living cells
when plant tissues are immersed in the Eb dye. Therefore, Eb staining can show cell death
and assess the degree of cell membrane damage. As shown in Figure 2A, with the increase
of concentrations of CeO2 NPs and Ce3+ ions, the fronds of duckweed were gradually
stained with Eb, indicating that the cell activity decreased and oxidative stress increased.
The quantitative results showed that the amount of Eb in the ionic group was about twice
that in the NPs group at the highest concentration (Figure 2B), suggesting that the former
caused more severe oxidative damage to duckweed. The staining of duckweed roots also
showed concentration dependence, but there was no significant difference between the
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two treatments when the concentrations was lower than 0.5 mg/L (Figure 2C). At 10 mg/L
Ce3+ ions, the root elongation was too short to be collected and measured.

Figure 2. Visualization of cell death in fronds stained with Eb (A). The absorbance values of Eb in
fronds (B) and roots (C) of duckweed under different treatments. Different letters indicate significant
differences (p < 0.05).

3.5. SEM and TEM Observations

After exposure to 10 mg/L CeO2 NPs and Ce3+ ions, the morphological changes of
duckweed fronds were observed via SEM. Compared to the control (Figure 3A), the frond
area of the NP group was almost unchanged (Figure 3D), whereas that of the ionic group
significantly decreased (Figure 3G). In addition, the stomata of the treated fronds were
significantly deformed. The stomata of the frond in the control were intact and elliptical,
with larger stomatal opening apertures. In contrast, the stomata in the NP group became
narrower and the aperture became smaller (Figure 3F). The stomata in the ionic group were
changed to be diamond-like, and the morphology of the guard cells was altered (Figure 3I).
The aperture width and area of the duckweed stomata under the different treatments were
calculated (at least 20 stomata), and the results are shown in Figure S6. The stomatal width
and area in the NPs group were significantly lower than those of the control group, while
the stomatal width and area in the ionic group were significantly higher than those of the
control, which might be caused by the stomatal deformation under stress.

TEM images of duckweed root sections under different treatments are shown in
Figure S7. The epidermis of the roots in the control group was smooth, the internal or-
ganelles were intact (Figure S8A,B), and no deposits were found inside or outside the roots.
In contrast, some particles were adsorbed on the root surface of duckweed in the CeO2
NP group, and some flocculent deposits were found in the internal intercellular spaces
(Figure S8C,D). Surprisingly, there were many needle-like deposits on the root surface of
duckweed in the ionic group (Figure S8E), and the morphology of the deposits was very
similar to that of CePO4, which may be caused by the reaction of Ce3+ ions with phosphate
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in the culture medium. At the same time, high-electron-density substances were also found
inside the cell (Figure S8F), indicating that Ce3+ ions could be uptaken by duckweed roots
and transformed into precipitates.

Figure 3. SEM observations of fronds and stomatal morphology of duckweed unexposed (A–C),
exposed to 10 mg/L CeO2 NPs (D–F) and exposed to10 mg/L to Ce3+ ions (G–I). Panels (C,F,I) are
enlarged from panels (B,E,H), respectively.

3.6. Elemental Mapping by μ-XRF

The distribution and localization of Ce, Ca, and Fe in the tissues are shown in Figure 4.
After normalization, the minimum (blue) to maximum (red) values of fluorescence intensity
were represented by color-coding diagrams. The high concentration of Ce in the NPs
group was mainly accumulated at the edge of the fronds (Figure 4A), while that in the
ionic group was mainly concentrated along the leaf veins (Figure 4B). Notably, strong
Ce signals were observed at the root–frond junctions under both treatments, whereas no
Ce signal was detected in the new frond of the ionic group (the upper-right corner of
Figure 4B). In the roots, Ce signals in the NP-treated duckweed was mainly concentrated at
the root tip (Figure 4C), while those in the ion-treated duckweed were detected mainly in
the elongation region (Figure 4D). In addition, the intensity of Ce in the roots was much
higher that in the fronds upon exposure to CeO2 NPs.
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Figure 4. μ-XRF images of Ce, Ca, and Fe in the fronds (A,B) and roots (C,D) of duckweed exposed
to 10 mg/L CeO2 NPs (A,C) and Ce3+ ions (B,D). The red color in each image corresponds to the
maximum concentration of the element.

3.7. Contents and Speciation of Ce in Duckweed Tissues

Ce contents in duckweed exhibited dose-dependent manner under both treatments
and increased with the increase of exposure concentration (Figure S7). Moreover, the
Ce content in the ionic group was significantly higher than that of the NPs group at
concentrations higher than 0.5 mg/L. The BAF values of Ce (defined as the ratio of Ce
concentration in organisms to those in water) in duckweed decreased with increasing
exposure concentrations in both groups (except 10 mg/L CeO2 NPs and 0.1 mg/L Ce3+

ions) (Table S1). At each concentration, the BAF value of the ionic group was higher than
that of the NP group.

The speciation of Ce in the duckweed treated with 10 mg/L CeO2 NPs and Ce3+ ions
was analyzed using XANES. In Figure 5, line a represents the characteristic peak of Ce(III),
and lines b and c represent the characteristic peaks of Ce(IV). The spectrum of Ce in the
sample of the NP group seemed to be a mixture of Ce(III) and Ce(IV) standard reference
spectra. In contrast, the peak of Ce in the ionic group sample completely coincided with
line a, suggesting that only Ce(III) existed. LCF results revealed that about 27.6% of Ce(IV)
was reduced to Ce(III) in the NPs group, whereas 100% of Ce was present as Ce(III) in the
ions group.
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Figure 5. XANES spectra of Ce LIII-edge in duckweed treated with 10 mg/L CeO2 NPs and Ce3+ ions.

4. Discussion

It has been reported that CeO2 NPs are non-toxic to several terrestrial plant species
but specifically toxic to Lactuca plants [26], with the degree of inhibition being related to
the species and the type of culture medium [27]. However, there are few reports about the
effects of CeO2 NPs on the growth of aquatic plants. In the present study, we compared
the toxicity of CeO2 NPs and Ce3+ ions to the aquatic plant duckweed at concentrations
ranging from 0 to 10 mg/L. The significant inhibitory effect of CeO2 NPs on the growth of
duckweed at such a low concentration (0.1 mg/L) was surprising, indicating that duckweed
is very sensitive to non-environmental stresses (such as exogenous NPs) and can be used
as an indicator of environmental pollution. The toxicity of Ce3+ ions to duckweed was
greater than that of CeO2 NPs at the same concentration. This was similar to the results of
a previous study, in which the authors found that ionic cerium (Ce3+ ions) at 10 mg/L had
a negative effect on the growth of radish, while bulk and nanoparticulate CeO2 at the same
concentration had no effect on radish growth and increased plant biomass, respectively [28].

Many physiological and biochemical activities during plant growth, such as chloro-
plast synthesis and photosynthesis are associated with the uptake and utilization of essen-
tial elements [29,30]. Deficiencies of certain mineral elements may affect plant respiration
and photosynthesis, resulting in growth inhibition [31]. The mineral element contents of
duckweed were disturbed under both CeO2 NPs and Ce3+ ions treatments (Table 1). The
effective ion radius of REE ions are close to that of Ca2+, they may compete with Ca for
organic ligands or replace it in the cell walls [32]. The decrease in Ca content may be due to
the replacement of Ca2+ by Ce3+ ions in the cell wall. Moreover, the decrease in Ca content
may affect membrane stability, leading to a decrease in chlorophyll content [33]. Therefore,
the reduction of photosynthetic pigments induced by CeO2 NPs and Ce3+ ions in this study
might be related to the decrease of Ca content. Fe is an activator of coenzymes related
to the synthesis of chlorophyll, and the decrease in Fe will reduce the content of chloro-
phyll [34,35], which might also be one of the reasons for the reduction in photosynthetic
pigments in the treated duckweed. It has been reported that rare earth elements (REEs) can
regulate plant growth by influencing the mineral elements in the plant tissues [36], and
the uptake of Ca, Na, Zn and Mn by corn and mung bean decreased with increases in La3+

and Ce3+ ion concentrations (0–5 μM) in the exposed medium [37]. Similarly, reductions
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in the content of related elements and corresponding growth inhibition were observed in
duckweed treated with CeO2 NPs and Ce3+ ions.

The state of stomata can reflect the growth of plant leaves, and photosynthesis is
sensitive to the disturbance of gas exchange through stomata. The decrease of stomatal
aperture may result in the reduction in net photosynthesis and transpiration rate [38]. In this
study, duckweed stomata were deformed when exposed to both CeO2 NPs and Ce3+ ions,
indicating that the morphology and function of stomata were severely damaged. Similar
stomatal closure was also observed in the fronds of purple-backed duckweed exposed
to Ag NPs [16] and Eichhornia crassipes exposed to CuO NPs [39]. The authors attributed
this alteration to the overproduction of ROS. In this study, the results of Eb staining
indicated that both CeO2 NPs and Ce3+ ions produced excessive ROS in duckweed at high
concentrations, which led to cell death and affected plant physiological characteristics, such
as root elongation, frond area, and morphology.

The different in situ distributions of Ce in duckweed tissues under the two treat-
ments implied that the uptake and transport of the two materials might be different. The
distribution of Ce in duckweed fronds was similar to that previously reported in cucumber—
namely, Ce mainly concentrated at the edge of CeO2 NPs-treated leaves, whereas Ce in
the Ce3+-ion-treated leaf mainly concentrated along the veins [20]. Although both roots
and fronds of duckweed were in contact with CeO2 NPs (or Ce3+ ions) upon exposure, the
distribution of Ce in duckweed fronds was similar to that in cucumber leaves under the
same treatment, indicating that roots play an important role in the accumulation of Ce in
duckweed. In the roots, the Ce signal in the NPs group was concentrated at the root tip
and elongation region, while that in the ionic group was mainly detected in the elongation
region. Plant roots can secrete mucilage containing organic acids, which can promote the
adsorption and internalization of NPs. One of the possible ways by which NPs enter plants
is from the root meristem entering into the vascular bundle through the apoplast; they
are then transported to shoots through transpiration [20]. The accumulation of Ce in the
root tips of duckweed exposed to CeO2 NPs in this study also suggested this possibility.
In addition, high-Ce signals were observed at the root and frond junctions under both
treatments, while no Ce signals were detected in the new fronds. This suggested that Ce
might be taken up by the roots and then transported upward to the fronds by transpiration
with the water flow rather than being absorbed directly through the fronds. This result was
consistent with the accumulation of Cu in duckweed exposed to CuO NPs being mainly
attributed to the roots [19].

Due to the highly reactive and dynamic properties of NPs, they may undergo transfor-
mation upon interaction with plants [40]. Since the “acquired” and “original” characteristics
of NPs coexist in the real environment, relevant factors must be considered when assessing
their environmental fate and biological effects [41]. CeO2 NPs were originally thought to
be stable and insoluble compounds in the environment. However, later studies proved
that dissolution of CeO2 NPs did occur under certain circumstances [42]. For example,
when CeO2 NPs interact with terrestrial plants, they can be transformed and release Ce(III)
ions with the assistant of root exudates [43,44]. Root exudates contain a variety of low
molecular compounds, such as organic acids, amino acids, carbohydrates, polysaccharides,
and phenolic compounds, which were critical for the dissolution and uptake of CeO2 NPs
by plants. Similar to terrestrial plants, aquatic plants have a special root-affected area,
where root exudates interact with NPs [45]. Root exudates of aquatic plants mainly con-
sist of carbon-containing compounds, such as organic acids, amino acids, carbohydrates,
polysaccharides, proteins, tannins, phenolic compounds, etc. [46]. As we demonstrated,
CeO2 NPs could be reduced to Ce(III) in aquatic plant duckweed with the assistant of
organic acids and reducing substances (such as phenols). The degree of transformation of
CeO2 NPs (the amount of ions released) upon interacting with plants varied from species
to species, and the phytotoxicity of CeO2 NPs was mainly plant-species-dependent. For
instance, the phytotoxicity of CeO2 NPs to Lactuca plants was due to the high sensitivity
of this species to Ce3+ ions produced through dissolution after the interaction between
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them [26,27]. According to the proportion of Ce(III) and the total Ce content in duckweed
treated with CeO2 NPs (10 mg/L), the absolute content of Ce(III) was calculated to be
948.0 mg/kg, which was comparable to that in duckweed treated with Ce3+ ions of 2 mg/L.
By retrieving the apparent toxicity parameters (Figure 1), it was found that the inhibition
degree of 10 mg/L CeO2 NPs on duckweed was exactly between that of 0.5 and 2 mg/L
Ce3+ ions. Therefore, we speculated that the phytotoxicity of CeO2 NPs to duckweed was
due to the transformation and the high sensitivity of duckweed to the released Ce3+ ions.

5. Conclusions

In summary, the effects of CeO2 NPs and Ce3+ ions on the aquatic higher plant
duckweed were studied. At concentration higher than 0.1 mg/L, they could reduce the
biomass and photosynthetic pigment contents of duckweed, causing significant cell death.
Moreover, the toxicity of Ce3+ ions to duckweed was greater than that of CeO2 NPs of
the same concentration. SEM observation showed that the frond stomata were deformed,
and the parameters of stomatal morphology were significantly changed under the two
treatments. The in situ distribution of Ce in duckweed roots suggested that roots played a
dominant role in the uptake of Ce. XANES and LCF results confirmed the transformation
of Ce from Ce(IV) to Ce(III) in CeO2-NP-treated duckweed and that the toxicity of CeO2
NPs to duckweed originated mainly from the sensitively of this species to the released ions.
The findings of this work were helpful for assessing the ecotoxicity of CeO2 NPs and for
better understanding the interaction between metal-based NPs and aquatic plants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13182523/s1, Figure S1: TEM (A) and SEM (B) images of
CeO2 NPs; Figure S2: Size distribution of CeO2 NPs (10 mg/L) in deionized water and Steinberg’s
medium at 0 days by DLS; Figure S3: Size distribution of CeO2 NPs in Steinberg’s medium after
exposure; Figure S4: Photosynthetic pigment contents of duckweed under different treatments;
Figure S5: The photographs of duckweed in the control (A), CeO2 NP (B), and Ce3+ ion (C) groups;
Figure S6: The aperture width (A) and area (B) of stomata on fronds of different treatment groups;
Figure S7: Ce contents in duckweed under different treatments; Figure S8: TEM images of root sections
of duckweed unexposed (A,B), exposed to 10 mg/L CeO2 NPs (C,D), and exposed to 10 mg/L to Ce3+

ions (E,F); Table S1: BAF of Ce in duckweed after exposure to CeO2 NPs and Ce3+ ions.

Author Contributions: Conceptualization, Y.M. and Z.Z.; methodology, Y.L. and X.Z.; software,
W.D.; validation, Y.W. and Z.S.; formal analysis, J.S.; investigation, Y.L.; data curation, X.Z.; writing—
original draft preparation, Y.L. and X.Z.; writing—review and editing, Y.M.; visualization, X.H.;
supervision, Y.M. and Z.Z.; project administration, F.Y. and Z.Z.; funding acquisition, Y.M. and Z.Z.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant
Nos. 12175263, 11875267, and 12075262) and the Introduced Overseas Students Funding Program of
Hebei Province in 2022 (C20220502).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, Y.; Hou, F.; Tan, Y. CeO2 nanoplates with a hexagonal structure and their catalytic applications in highly selective
hydrogenation of substituted nitroaromatics. Chem. Commun. 2012, 48, 2391–2393. [CrossRef]

2. Johnson, A.C.; Park, B. Predicting contamination by the fuel additive cerium oxide engineered nanoparticles within the United
Kingdom and the associated risks. Environ. Toxicol. Chem. 2012, 31, 2582–2587. [CrossRef] [PubMed]

3. Celardo, I.; Pedersen, J.Z.; Traversa, E.; Ghibelli, L. Pharmacological potential of cerium oxide nanoparticles. Nanoscale 2011, 3,
1411–1420. [CrossRef] [PubMed]

4. Keller, A.A.; McFerran, S.; Lazareva, A.; Suh, S. Global life cycle releases of engineered nanomaterials. J. Nanopart. Res. 2013, 15,
1–17.

5. Xu, C.; Qu, X.G. Cerium oxide nanoparticle: A remarkably versatile rare earth nanomaterial for biological applications. NPG Asia
Mater. 2014, 6, e90. [CrossRef]

157



Nanomaterials 2023, 13, 2523

6. Zhao, X.C.; Yu, M.; Xu, D.; Liu, A.F.; Hou, X.W.; Hao, F.; Long, Y.M.; Zhou, Q.F.; Jiang, G.B. Distribution, Bioaccumulation, Trophic
Transfer, and Influences of CeO2 Nanoparticles in a Constructed Aquatic Food Web. Environ. Sci. Technol. 2017, 51, 5205–5214.
[CrossRef]

7. Servin, A.D.; White, J.C. Nanotechnology in agriculture: Next steps for understanding engineered nanoparticle exposure and risk.
Nanoimpact 2016, 1, 9–12. [CrossRef]

8. Wojcieszek, J.; Jimenez-Lamana, J.; Bierla, K.; Ruzik, L.; Asztemborska, M.; Jarosz, M.; Szpunar, J. Uptake, translocation, size
characterization and localization of cerium oxide nanoparticles in radish (Raphanus sativus L.). Sci. Total Environ. 2019, 683,
284–292. [CrossRef]

9. Giese, B.; Klaessig, F.; Park, B.; Kaegi, R.; Steinfeldt, M.; Wigger, H.; von Gleich, A.; Gottschalk, F. Risks, Release and Concentrations
of Engineered Nanomaterial in the Environment. Sci. Rep. 2018, 8, 1565. [CrossRef]

10. Manier, N.; Bado-Nilles, A.; Delalain, P.; Aguerre-Chariol, O.; Pandard, P. Ecotoxicity of non-aged and aged CeO2 nanomaterials
towards freshwater microalgae. Environ. Pollut. 2013, 180, 63–70. [CrossRef]

11. Xie, C.; Ma, Y.; Zhang, P.; Zhang, J.; Li, X.; Zheng, K.; Li, A.; Wu, W.; Pang, Q.; He, X. Elucidating the origin of the toxicity of
nano-CeO2 to Chlorella pyrenoidosa: The role of specific surface area and chemical composition. Environ. Sci. Nano 2021, 8, 1701.
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Abstract: Many studies have been conducted on the microbial reduction of Pd (II) to palladium
nanoparticles (Pd-NPs) due to the environmental friendliness, low cost, and the decreased toxicity of
Pd (II) ions. In this study, we investigate the reduction mechanism of Pd (II) by Bacillus megaterium
Y-4 through proteomics. The data are available via ProteomeXchange with identifier PXD049711. Our
results revealed that B. megaterium Y-4 may use the endogenous electron donor (NAD(P)H) generated
by nirB, tdh, and fabG and reductase to reduce Pd (II) to Pd-NPs. The expression levels of fabG,
tdh, gudB, and rocG that generate NAD(P)H were further increased, and the number of reduced
Pd-NPs was further increased with the exogenous electron donor sodium formate. Endogenous
electron mediators such as quinones and flavins in B. megaterium Y-4 can further enhance Pd (II)
reduction. The findings provided invaluable information regarding the reduction mechanism of
Pd (II) by B. megaterium Y-4 at the proteome level.

Keywords: palladium; biological reduction; protein expression; proteomics; Bacillus megaterium Y-4

1. Introduction

Palladium (Pd) is a valuable metal and has been widely applied in pharmaceutics,
electroplating, and precision manufacturing due to its excellent catalytic performance,
excellent effectiveness, and good stability [1]. However, palladium is extremely rare and
expensive [2]. At the same time, the discharge of palladium-containing waste impacts the
environmental ecosystem and threatens human health [3]. Therefore, researchers have
been motivated to develop diverse methods to effectively recover and recycle Pd from
different sources [4]. Some microorganisms (e.g., Geobacter sulfurreducens [4,5], Shewanella
oneidensis [6,7], Enterococcus faecalis [8], and Enterobacter cloacae [9]) can convert Pd (II)
through a reduction reaction under room temperature and pressure [10]. Compared to
conventional physical and chemical methods, the microbial reduction of Pd (II) is renewable
and low-cost without introducing contamination [11]. Pd (0) nanoparticles (Pd-NPs) can
be bio-synthesized in periplasmic, intracellular, or extracellular space [12]. Biosynthesized
palladium nanoparticles can play a role in the reduction and removal of Cr (VI) [13], the
dehalogenation of polychlorinated dioxins [14], the Mizoroki–Heck reaction, etc. [15].

Pd (II) reduction can be achieved through several pathways. In the reduction reaction,
Pd (II) serves as a respiratory terminal electron acceptor when dissimilatory metal-reducing
bacteria (DMRB) oxidize organic matter and then transfer the released electrons to Pd (II)
for respiration, resulting in the bio-reduction to Pd-NPs [9,16]. The role of the NADH
dehydrogenases and hydrogenases (especially HyaB) of Shewanella oneidensis MR-1 was
demonstrated to be responsible for the formation of bio-Pd on the outer membrane and
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in the periplasmic space, respectively [17]. Transcriptomic analyses revealed that the
genes encoding NADH–quinone oxidoreductase, dehydrogenases, cytochrome c reductase,
cytochrome c oxidase, the quinone cycle, and ribE in Bacillus thuringiensis Y9 have a strong
positive relationship with palladium reduction [18]. The genes encoding oxidoreductase,
metabolic enzymes, and cell-surface proteins were mainly identified to be responsible for
the reduction of Pd (II) [19]. Further investigation of the microbial reduction mechanism
of Pd (II) and the identification of related proteins will provide insights into the microbial
reduction of palladium.

Our previous research demonstrated that the aerobic bacteria B. megaterium Y-4 can
reduce Pd (II) [12], but it is unclear which enzymes and proteins are involved in this
process. Proteomics is a powerful tool to monitor protein levels and has been applied to
elucidate the cellular molecular mechanism of organisms responding to environmental
stress induced by different conditions. Analyzing differentially expressed proteins (DEPs)
is a strategy used to identify proteins involved in the response [20]. Here, to elucidate
the Pd (II) reduction mechanisms in B. megaterium Y-4, we analyzed the proteomes of
B. megaterium Y-4 after Pd (II) exposure under anaerobic conditions in the absence (N2) and
presence of 5 mM sodium formate (N2-SF). The DEPs were identified by high-resolution
liquid chromatography–tandem mass spectrometry (LC-MS/MS). Our results showed that
the nirB, tdh, and fabG that are responsible for NAD(P)H production were upregulated
under both conditions. B. megaterium Y-4 can use NAD(P)H to provide electrons for Pd (II)
reduction. The higher expression level of gudB and zwf proteins that produce NAD(P)H in
N2-SF than in N2 may partially explain the higher Pd (II) reduction in N2-SF than N2. Pd (II)
may also be reduced by the ssuE, trx-1, and flavin reductase family proteins. The reduction
of Pd (II) can be enhanced through the presence of endogenous electron mediators such
as the menaquinone produced by the qoxB protein and flavin mononucleotide (FMN)
produced by ssuE and ssuD. In addition, the ribosome-relevant proteins can maintain the
translation, protein metabolism, and RNA process. There are upregulated flagellar motility,
ATP-related proteins, and pentose-phosphate-pathway-related proteins, which can generate
more energy to maintain normal metabolism, benefit-tending, and harm avoidance. These
processes are conducive to enhancing the reduction of Pd (II). In this study, the mechanisms
by which B. megaterium Y-4 produces biogenic Pd-NPs were elucidated through analyzing
proteomics under two conditions.

2. Materials and Methods

2.1. Materials

TMT® mass tagging kits and reagents were purchased from Thermo (Shanghai, China).
A Bradford protein quantification kit was purchased from Beyotime (Shanghai, China).
Dithiothreitol (DTT), iodoacetamide (IAM), ammonium bicarbonate, ammonium hydrogen
triethylcarbate buffer (TEAB), ammonia solution, and trifluoroacetic acid (TFA) were
purchased from Sigma. Sodium dodecyl sulfate (SDS) and carbamide were purchased
from National Pharmaceutical Holdings Limited. Mass spectrometry grade pancreatic
enzyme was purchased from Promega. LC-MS-grade ultrapure water and LC-MS-grade
acetonitrile were purchased from Thermo Fisher Chemical (Shanghai, China). LC-MS-grade
formic acid was purchased from Thermo Fisher Scientific (Shanghai, China), and acetone
was purchased from Beijing Chemical Factory. A ProteoMiner low-abundance protein
enrichment kit was purchased from Bio-Rad (Shanghai, China). To prepare the Pd (II)
solution, Na2PdCl4 (Aladdin Industrial Corporation, Shanghai, China) was dissolved in
distilled water.

2.2. Synthesis and Analysis of Microbial Pd (0) Nanoparticle

The B. megaterium Y-4 (MH472619) used in this study was isolated from the electronics
waste factory. B. megaterium Y-4 was activated by inclined cultivation for 1–2 days before
it was aerobically cultured in 100 mL Luria Broth medium in a 250 mL conical flask at 30
◦C and 150 rpm. The log-growth B. megaterium Y-4 cells were obtained through centrifu-
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gation (4000 g, 5 min) and washed with 10 mL phosphate buffer (pH = 7.0) to remove the
supernatant medium. Cells with 303 mg·L−1 (dry weight) were mixed with 10 mg·L−1

Pd (II) under N2 and N2-SF conditions, respectively. Then, B. megaterium Y-4 cells loaded
with Pd-NPs were washed with ultrapure water and subjected to proteomics analysis. The
detailed proteomics analysis procedures are described in the Supplementary Information
(SI). The mass spectrometry proteomics data were deposited into the ProteomeXchange
Consortium via the PRIDE [21] partner repository with the dataset identifier PXD049711.
TMT was used for protein labeling and quantification (Table 1).

Table 1. Labeling information of the sample.

Run Name 126 127N 128N 129N 130N 131N 132N 133N 134N

run1 Ctrl-1 Ctrl-2 Ctrl-3 N2-1 N2-2 N2-3 N2-SF-1 N2-SF-2 N2-SF-3

The residual Pd concentration was determined with an inductively coupled plasma
mass spectrometer (ICP-MS, Agilent 7900, Santa Clara, CA, USA). All samples were filtered
through 0.22 μm glass fiber filters (Tianjin Branch billion Lung Experimental Equipment Co.,
Ltd., Tianjin, China) before analysis. Ionic palladium (Pd) standard solutions (1000 mg· L−1)
were diluted as the calibration solution and internal standard.

The removal efficiency (%) of Pd (II) was calculated by the following formula:

The removal efficiency (%) = (1 − Ce/C0) × 100 (1)

where Ce (mg/L) is the Pd (II) residual concentration after reaction and C0 (mg/L) is the
initial Pd (II) concentration.

The microbial Pd-NPs were freeze-dried and characterized by X-ray photoelectron
spectroscopy (XPS, PHI X-Tool, DE). The XPS spectra were recorded with the Al Ka line at
15 kV and 51 W. The binding energies were determined at 284.8 eV by referencing the C1s
component due to carbon being bound only to carbon or hydrogen. The biological slices
used for transmission electron microscopy (TEM) (TECNAI 10, PHILIPS, NED) analysis
were prepared following standard protocols [12].

3. Results

3.1. Production of Pd-NPs by B. megaterium Y-4

The bioreduction of palladium by B. megaterium Y-4 was investigated under anaerobic
conditions with N2 and in presence of both N2 and 5 mM sodium formate (N2-SF). Sodium
formate was used as an electron donor for the reduction. The removal efficiencies of Pd (II)
reached 92.86% and 93.68% under N2 and N2-SF conditions, respectively (Figure S1). The
chemical states of palladium after being treated with B. megaterium Y-4 under N2 and
N2-SF conditions were further characterized by TEM and XPS spectroscopy. Firstly, the
production of Pd-NPs by bacterial cells was observed: the TEM analysis demonstrated
that many Pd-NPs were distributed in the periplasmic space and some Pd-NPs were
also released from the live cells into the aqueous solution (Figure 1A,C). Secondly, the
changes in the different states of the palladium were elucidated by XPS. As depicted in
Figure 1B,D and Table S3, binding energies centered at 340.0–340.7 eV and 334.7–335.4 eV
were observed, which was attributed to Pd 3d/2 and Pd 5d/2 of Pd (0). In addition,
binding energies centered at 342.3–343.4 eV and 337.1–338.1 eV were observed, which was
ascribed to Pd 3d/2 and Pd 5d/2 of Pd (II) [18]. The presence of Pd (0) after B. megaterium
Y treatment demonstrates the conversion of palladium under the experimental conditions.
Lastly, the quantification of the states of the palladium was achieved in the study and the
conversion rates of the palladium under different conditions were compared. The XPS
analysis (Table S3) indicated that the total peak area of Pd (0) synthesized by live cells
was larger under N2-SF conditions (Figure 1D) than that under N2 conditions (Figure 1B).
These results indicated that B. megaterium Y-4 can use the energy storage compounds to
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reduce Pd (II), and the exogenous electron donor sodium formate can further enhance the
reduction of Pd (II) under N2 conditions.

 

Figure 1. TEM and XPS of Pd-NPs synthesized by live Bacillus megaterium Y-4 under N2 (A,B) and
N2-SF (C,D) conditions. Signals corresponding to Pd (II) and Pd (0) are indicated with arrows.

3.2. Protein Identification and Comparison during Palladium Reduction

The protein levels of B. megaterium Y-4 were evaluated during palladium reduction to
identify proteins that are critical for the reaction. Up to 2560 proteins from B. megaterium
Y-4 were identified by proteomics analysis, and the parent ion mass tolerance distribution
and principal component analysis are shown in Figures S2 and S3. The protein levels before
and after treatment were comparted to obtain quantitative ratios and to understand the
mechanisms for palladium reduction by this bacterium. A quantitative ratio greater than 1.2
was defined as upregulation, whereas a value below 0.833 was considered downregulation.
All quantifiable proteins exhibiting increased (≥1.2-fold) and decreased (≤0.833-fold)
expression levels are listed in Table S4 (p < 0.05).

Compared with the control sample without treatment, 49 upregulated proteins and
43 downregulated proteins in B. megaterium Y-4 were induced after treatment with N2
(Figure 2A and Figure S4A), 64 upregulated proteins and 64 downregulated proteins were
identified after N2-SF treatment (Figure 2B and Figure S4A), and 45 upregulated proteins
and 42 downregulated proteins were observed in samples treated under both conditions
(Figure 2C,D and Figure S4B). Among these upregulated proteins, nirB (WP_098786927.1)
exhibited the highest level of upregulation. Other upregulated proteins included hxlA
(WP_013055599.1), spxA (WP_013055422.1), rpsO (WP_013058831.1), hfq (WP_013058791.1),
galU (WP_161515009.1), and dinG (WP_013056100.1). The downregulated proteins in-
cluded aceA (WP_013055343.1), katA (WP_098534856.1), trpB (WP_013059002.1), trpE
(WP_013059006.1), trpA (WP_013059001.1), and trpC (WP_013059004.1) (Table S4). For

163



Nanomaterials 2024, 14, 512

the N2-treated sample, four upregulated proteins (WP_013056022.1, WP_013059402.1,
WP_025752035.1, and cyoC (WP_053487176.1)) and one downregulated protein
(WP_053487046.1) were unique and not observed in the N2-SF-treated sample (Figure 2C,D
and Figure S4B). For the N2-SF-treated sample, 19 upregulated proteins (such as aroQ
(WP_013059157.1), flgL (WP_057275290.1), panD (WP_013056099.1), and zwf
(WP_013057959.1)) and 22 downregulated proteins (such as rpmI (WP_013059426.1, rpmB
(WP_013058914.1), rpmG (WP_013054911.1), and qoxB (WP_013056572.1)) were unique
(Figure 2C,D and Figure S4B). Nearly all of the DEPs exhibited either direct or in direct
interactions with other proteins (Figures S5 and S6).

Figure 2. Volcano plots of DEPs in N2- (A) and N2-SF (B)-treated samples; Venn diagram showing
the common and unique upregulated (C) or downregulated (D) expressed proteins. Upregulated
and downregulated samples are indicated in yellow and purple, respectively.

3.3. Functional Characterization of Differentially Expressed Proteins

These DEPs under different conditions were classified according to their subcellular
locations (Figure S7). For the N2-treated sample, 47.37%, 26.32%, 15.79%, and 10.53% of the
DEPs were located in the cytoplasm, cell membrane, extracell, and cell wall, respectively.
For the N2-SF-treated sample, 41.67%, 33.33%, 16.67%, and 8.33% of the DEPs were located
in the cytoplasm, cell membrane, extracell, and cell wall, respectively.

Based on the Gene Ontology (GO) analysis tool, the biological functions affected
by DEPs were classified to three functional groups, namely, molecular function (MF),
cellular component (CC), and biological process (BP). For the N2-treated sample, the
order of the number of these DEPs enriched in GO functions was as follows: catalytic
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activity (GO:000382) (11 upregulated and 16 downregulated proteins) > metabolic pro-
cess (GO:0008152) (11 upregulated and 15 downregulated proteins) > single-organism
process (GO:0044699) (3 upregulated and 13 downregulated proteins) > single-organism
metabolic process (GO:0044710) (2 upregulated and 12 downregulated proteins) > oxidation-
reduction process (GO:0055114) (1 upregulated and 8 downregulated proteins) > oxidore-
ductase activity (GO:0016491) (2 upregulated and 7 downregulated proteins) (Figure 3).
For the N2-SF-treated sample, the order of the number of these DEPs enriched in GO
functions was as follows: metabolic process (GO:0008152) (14 upregulated and 19 down-
regulated proteins) > single-organism process (GO:0044699) (8 upregulated and 15 down-
regulated proteins) > single-organism metabolic process (GO:0044710) (5 upregulated and
14 downregulated proteins) > oxidation-reduction process (GO:0055114) (3 upregulated
proteins and 9 downregulated proteins) > oxidoreductase activity (GO:0016491) (3 up-
regulated and 9 downregulated proteins) > organonitrogen compound metabolic process
(GO:1901564) (5 upregulated and 5 downregulated proteins) > small molecule metabolic
process (GO:0044281) (4 upregulated and 4 downregulated proteins) (Figure 4).

Figure 3. Functional category distribution (CC, cellular component; MF, molecular function; BP,
biological process) of differentially expressed proteins in the N2-treated sample.
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Figure 4. Functional category distribution (CC, cellular component; MF, molecular function; BP,
biological process) of differentially expressed proteins in the N2-SF-treated sample.

3.4. Functional Enrichment of Differentially Regulated Proteins

To investigate the functional differences in the upregulated and downregulated pro-
teins, these proteins were subjected separately for GO, KEGG pathway, and domain enrich-
ment analysis. The GO enrichment analysis results are shown in Figure 5, Figures S8 and S9.
For the N2-treated sample, the upregulated proteins were mainly enriched in serine-type en-
dopeptidase activity (GO:0004252), hydrolase activity (GO:0016787), orotidine-5′-phosphate
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decarboxylase activity (GO:0004590), sulfuric ester hydrolase activity (GO:0008484), and the
‘de novo’ pyrimidine nucleobase biosynthetic process (GO:0006207) (Figure S8A). Mean-
while, the downregulated proteins were mainly related to antioxidant activity (GO:0016209),
the tryptophan metabolic process (GO:0006568), oxidoreductase activity (GO:0016684),
the single-organism metabolic process (GO:0044710), and the oxidation-reduction pro-
cess (GO:0055114) (Figure S8B). For the N2-SF-treated sample, the upregulated proteins
were mainly involved in serine-type endopeptidase activity (GO:0004252), bacterial-type
flagellum-dependent cell motility (GO:0071973), 3-dehydroquinate dehydratase activ-
ity (GO:0003855), biofilm formation (GO:0042710), aspartate 1-decarboxylase activity
(GO:0004068), the alanine biosynthetic process (GO:0006523), carboxy-lyase activity
(GO:0016831), and glucose-6-phosphate dehydrogenase activity (GO:0004345) (Figure S9A).
The downregulated proteins mainly significantly participated in antioxidant activity
(GO:0016209), the tryptophan metabolic process (GO:0006568), oxidoreductase activity
(GO:0016684), the single-organism metabolic process (GO:0004451), and tryptophan syn-
thase activity (GO:0004834) (Figure S9B).

 

Figure 5. Function of the affected proteins during palladium reduction. A hierarchical clustering
analysis was conducted on the differentially expressed proteins based on GO-analysis-based en-
richment. The p-values were converted into Z-scores, which are displayed in the color legend with
a red hue indicating significant enrichment. CC, cellular component; MF, molecular function; BP,
biological process.
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The KEGG pathway enrichment results are shown in Figure 6, Figures S10 and
S11. For the N2-treated sample, the upregulated proteins were responsible for quorum
sensing (map02024) and cationic antimicrobial peptide (CAMP) resistance (map01503)
(Figure S10A); the downregulated proteins were critical for phenylalanine, tyrosine, and
tryptophan biosynthesis (map00400), carotenoid biosynthesis (map00906), sulfur metabolism
(map00920), the biosynthesis of amino acids (map01230), the biosynthesis of secondary
metabolites (map01110), ABC transporters (map02010), and phenazine biosynthesis
(map00405) (Figure S10B). For the N2-SF-treated sample, the upregulated DEPs were
important for flagellar assembly (map02040), nitrogen metabolism (map00910), and quo-
rum sensing (map02024) (Figure S11B); the downregulated DEPs were important for
phenylalanine, tyrosine, and tryptophan biosynthesis (map00400), carotenoid biosynthesis
(map00906), and sulfur metabolism (map00920) (Figure S11B).

Figure 6. Affected pathways during palladium reduction. KEGG-pathway-based enrichment was
employed to conduct a hierarchical clustering analysis on the proteins that were expressed differently.
The p-values were transformed into Z-scores for hierarchical clustering analysis. The Z-score is shown
in the color legend, and the red color represents significant enrichments.

The DEPs in all cases were also examined using protein domain enrichment analysis
(Figure 7, Figures S12 and S13). For the N2-treated sample, the upregulated proteins in-
cluded protease-associated domain (IPR003137), peptidase S8/S53, subtilisin/kexin/sedolisin
(IPR000209), alpha/beta hydrolase, N-terminal (IPR022742), and ribosomal protein S15
(IPR000589) (Figure S12A). The downregulated expressed proteins contained luciferase-like
domain (IPR011251), extracellular solute-binding protein, family 3 (IPR001638), amine
oxidase (IPR002937), alkyl hydroperoxide reductase subunit C/Thiol-specific antioxi-
dant (IPR000866), and thioredoxin-like fold (IPR012336) (Figure S12B). For the N2-SF-
treated sample, the upregulated proteins included flagellin, D0/D1 domain (IPR001029),
protease-associated domain, PA (IPR003137), peptidase S8/S53, subtilisin/kexin/sedolisin
(IPR000209), and alpha/beta hydrolase, N-terminal (IPR022742) (Figure S13A); the down-
regulated proteins included luciferase-like domain (IPR011251), extracellular solute-binding
protein, family 3 (IPR001638), NADPH-dependent FMN reductase (IPR005025), amine oxi-
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dase (IPR002937), and alkyl hydroperoxide reductase subunit C/Thiol-specific antioxidant
(IPR000866) (Figure S13B).

Figure 7. Hierarchical clustering analysis was conducted for the differentially expressed proteins
according to protein-domain-based enrichment. The p-values were transformed into Z-scores for
hierarchical clustering analysis. The Z-score is shown in the color legend, and the red color represents
significant enrichments.

3.5. Metabolic Pathways Identified for Palladium Reduction

Based on the above proteome results, several metabolic pathways of palladium biore-
duction by B. megaterium Y-4 were proposed (Figure 8, Table S4). Firstly, NAD(P)H with
strong reducibility can directly reduce Pd (II) [22,23]. In B. megaterium Y-4, the NAD(P)H-
generating proteins included nirB, tdh, fabG, gudB, zwf, and ssuE. For the N2-SF-treated
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sample, only ssuE was downregulated, while nirB, tdh, fabG, gudB, and zwf were up-
regulated. For the N2-treated sample, the following expression pattern was observed:
only ssuE downregulated, gudB and zwf nonsignificant, and nirB, tdh, and fabG up-
regulated. Furthermore, the expression of tdh and fabG in the N2-SF-treated sample
was higher than that in the N2-treated sample, which was consistent with the trend of
the Pd (II) reduction amount. Figure S14 and Table S4 summarize the metabolic path-
ways involved by some proteins. The nirB and gudB proteins were involved in nitrogen
metabolism (map00910) (Figure S14A). The fabG (WP_098239123.1) protein played a role
in biotin metabolism (map00780) (Figure S14B). The ssuE protein was critical for riboflavin
metabolism (map00740) (Figure S14C). The reduction of Pd (II) may be achieved through
these metabolic processes. A study showed that NADH dehydrogenases of Shewanella
oneidensis MR-1 that can produce NADH contribute to the reduction of Pd (II) [17]. The
NADH also contributes to Se (VI) bioreduction through regulating the electron transfer [24].
Secondly, reductase plays significant roles in a series of intracellular redox reactions and
is involved in various electron transfer cycles. In the N2-SF-treated sample, four reduc-
tase proteins (trx-1, flavin reductase family protein, and two crtIs) were downregulated
(Table S4). In the N2-treated sample, three proteins (trx-1 and two crtIs) were down-
regulated (Table S4). Pd (II) may be reduced as electron acceptors under the action of
these reductases. The crtI proteins may reduce Pd (II) through carotenoid biosynthesis
(map00906) and the biosynthesis of secondary metabolites (map01110) (Table S4). Thirdly,
previous studies have reported that Q-circle [25] and riboflavin synthase [26] can act as
endogenous electron mediators and accelerate the electron transfer process in the bacterial
cells, enhancing the efficiency of Pd (II) bioreduction. For the N2-SF-treated samples, the
qoxB Q-cycle protein and three riboflavin-related proteins (LLM-class flavin-dependent
oxidoreductase, ssuD, ssuE) were downregulated. For the N2-treated samples, the cyoC
Q-cycle protein was upregulated, and three riboflavin-related proteins (the LLM-class
flavin-dependent oxidoreductase, ssuD and ssuE) were downregulated. The ssuD and
ssuE proteins are significantly enriched in sulfur metabolism (map00920) (Table S4). These
results suggested that B. megaterium Y-4 may defend Pd (II) stress by reducing sulfate
uptake. Chromate also as a competitive inhibitor of sulfate uptake [27]. Fourthly, The
DinG, lysC and ATP-binding cassette domain-containing protein can generate energy to
maintain normal metabolism for reduction of Pd (II). For the N2-treated sample, the DinG
and lysC were both up-regulated. The lysC proteins was significantly enriched in glycine,
serine and threonine metabolism (map00260) (Figure S15). In the N2-SF-treated sample,
the DinG- and ATP-binding cassette-domain-containing proteins were both upregulated.
ABC transporters are transmembrane proteins that utilize energy to carry substrates into
the cells [28]. The N2-treated sample and N2-SF-treated sample exhibited a decrease in
the transporter substrate-binding-domain-containing protein, amino acid ABC transporter
substrate-binding protein, and extracellular solute-binding protein. The iron–hydroxamate
ABC transporter substrate-binding protein was also downregulated in the N2-treated sam-
ple. These results indicate that the energy generated can be increased and the transport pro-
teins are inhibited under N2 and N2-SF conditions. Fifthly, the ribosome-relevant proteins
(e.g., rpsO, rpmG, rpmB, and GNAT family N-acetyltransferase) participate in translation,
protein metabolism, and RNA processes. As a consequence, more proteins are synthesized
to maintain the cellular structure and function, to repair damaged proteins, and to produce
new proteins against Pd (II) stress. In the N2-treated sample, the rpsO was upregulated and
the GNAT family N-acetyltransferase was downregulated. For the N2-SF-treated sample,
the rpsO was upregulated while the GNAT family N-acetyltransferase, rpmG, and rpmB
were downregulated. Lastly, flagellar motility is very important to allow bacteria to move
toward favorable conditions, form biofilms, and acquire nutrients [29,30]. B. megaterium
Y-4 could exhibit benefit-tending and harm-avoiding behaviors through the flagellum and
motility under Pd (II) stress. The fliC (FC = 2.1) was upregulated in the N2-treated sample.
The FlgL (FC = 1.22) and fliC (FC = 2.3) were upregulated in the N2-SF-treated sample. The
fliC protein was significantly enriched in flagellar assembly (map02040).
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Figure 8. Proposed reduction mechanism of Pd (II) by Bacillus megaterium Y-4. Colored boxes
indicate the differential expression profiles (upregulated, red; downregulated, green; no significance
(NS), gray) for the reduction of Pd (II) by B. megaterium Y-4 cells under anaerobic conditions in the
presence of N2 (1), and both N2 and 5 mM sodium formate (N2-SF) (2) compared with pure cells
without palladium. The information of genes involved in these cellular metabolisms is shown in
Supplementary Table S4.

4. Discussion

The recycling of palladium is an important task due to its importance in industry and
potential harm to the environment. The microbial reduction of palladium has been used in
treating palladium-containing water and it is an economic and green strategy that does
not pollute the environment. As metal reduction is a complicated process, many proteins
are involved in this process. Understanding the pathways of proteins during palladium
reduction will provide valuable insights into more efficient processing and provide useful
information for understanding the response of a bacterium under stress. In this study, we
used B. megaterium Y-4 to reduce palladium under anaerobic conditions in the absence and
presence of sodium formate. The palladium removal efficiency can be improved in the
presence of an external electron donor. The Pd nanoparticles were observed both inside and
outside of the bacterial cells (Figure 1). Our XPS experiment also confirmed the reduction
of palladium by B. megaterium Y-4.

Proteomics analysis was employed to explore the changes in the protein levels in the
bacterium during palladium reduction. A number of proteins were identified (Figure 2),
which are critical for understanding the pathways that are critical for palladium reduction.
The locations of the DEPs include the cell wall, extracell, cell membrane, and cytoplasm,
which suggests that the microbial reduction of palladium in this study may include the
transportation of palladium across the cell wall into the cytoplasm, which requires proteins
at these locations. The upregulation of proteins suggests that palladium may stimulate
certain pathways to reduce the toxic effect caused by metal taking. The downregulation
of proteins might arise from the toxic effect of palladium. Nonetheless, based on GO
and KEGG analysis, the following pathways were affected during the microbial reduction
of palladium. NAD(P)H may play important roles in palladium reduction as several
related proteins were upregulated [17]. Interestingly, the downregulation of reductase and
oxidoreductase was observed under both conditions, which suggests that these enzymes
play important roles in the reduction reaction [19], while the lower protein level might be
due to their involvement in reduction and palladium did not induce their production. In
addition, proteins related to energy synthesis were stimulated and the levels of proteins
for transportation were reduced. The results suggest that the uptake of palladium may
result in the denature of some transportation proteins and a reduction in the required
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additional energy, which may contribute to the restoration of the function of proteins [28],
the response to the toxic effect of the metal, and the synthesis of more proteins. Indeed,
some ribosome-related proteins were also affected during palladium reduction. The Dep
data also showed that palladium also affected the motion of the bacterium, as proteins
related to flagellar motility such as fliC were upregulated.

Based on the data accumulated in this study, B. megaterium Y-4 may utilize endoge-
nous electron donors (such as NAD(P)H) or reductase to provide electrons for Pd (II)
reduction. Endogenous electron mediators (quinones and flavins) may further enhance
Pd (II) reduction [18,25]. The ribosome-relevant proteins can maintain the translation,
protein metabolism, and RNA process. More energy is required to maintain metabolisms,
benefit-tending, and harm avoidance through the ATP-related protein, flagellum motility,
and pentose phosphate pathway. The identification of these proteins demonstrated that
palladium reduction is a complicated process involving multiple enzymes and proteins in
several pathways. Therefore, our study provides insights into the mechanism of palladium
reduction in B. megaterium Y-4. Based on the obtained information, further study on individ-
ual proteins or pathways will expand our knowledge on the function of these proteins. The
information is also helpful for improving metal removal efficiency in microbial treatment.

5. Conclusions

In summary, the microbial reduction of Pd (II) to Pd-NPs by B. megaterium Y-4 can be
achieved through the synergistic action of multiple proteins involved in several cellular
pathways. We found that NirB, tdh, fabG, gudB, and zwf proteins produce NAD(P)H,
which can provide electrons for B. megaterium Y-4 for the reduction of Pd (II). Additionally,
Pd (II) may also be reduced by the reductase produced by the ssuE, trx-1, and flavin reduc-
tase family protein. The reduction efficiency can be accelerated through the menaquinone
produced by the qoxB protein and FMN produced by ssuE and ssuD. Further investigations
are still needed on how these genes or proteins influence the microbial reduction of Pd (II)
in future work. Our findings provide a new perspective for understanding the bioreduction
mechanisms of Pd (II) to create Pd-NPs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano14060512/s1, Table S1. peptide fraction separation liquid
chromatography elution gradient table. Table S2. Liquid chromatography elution gradient table.
Table S3. The Pd (II) and Pd (0) XPS peak area of different samples. Table S4. All the identified
quantifiable upregulated and downregulated proteins. Figure S1. The removal efficiency (%) of
Pd (II) by B. megaterium Y-4 under N2, and N2-5 mM sodium formate (N2-SF) conditions, respectively.
Figure S2. Parent ion mass tolerance distribution. The abscissa is the mass deviation, and the ordinate
is the parent ion density distribution of the corresponding error. Most peaks close to 0, suggesting
small mass deviation. Figure S3. Principal component analysis. The horizontal axis PC1 and vertical
axis PC2 represent the scores of the first and second ranked principal components, respectively,
and the scatter color represents the experimental grouping of the samples. Figure S4. Number of
differentially expressed proteins (A) and venn diagram showing common and unique differentially
expressed proteins were compared (B). The DEPs under different conditions are shown in different
color. The proteins were observed under both conditions are shown, and 87 proteins were present
under both conditions. Figure S5. The protein and protein interaction networks of all differentially
expressed proteins in N2 treated sample. Up-(red) and down-(green) regulated DEPs are indicated.
Size of the dot correlates to the absolute value of N2 treated log2FC. Figure S6. The protein and
protein interaction networks of all differentially expressed proteins in the N2-SF treated sample.
Up-(red) and down-(green) regulated DEPs are shown. Size of the dot corelates to the absolute
value of N2-SF treated log2FC. Figure S7. Subcellular location of differentially expressed proteins.
N2 and N2-SF treated samples were analyzed and the proteins from different locations are shown
in different color. Figure S8. GO-based enrichment analysis of up-regulated proteins (A, red) and
down-regulated proteins (B, green) in N2 treated sample. Figure S9. GO-based enrichment analysis of
up-regulated (A, red) and down-regulated (B, green) proteins in the N2-SF treated sample. Figure S10.
KEGG-based enrichment analysis of up-regulated (A, red) and down-regulated (B, green) proteins
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of N2 treated sample. Figure S11. KEGG-based enrichment analysis of up-regulated (A, red) and
down-regulated (B, green) proteins of N2-SF treated sample. Figure S12. Protein domain-based
enrichment analysis of up-regulated (A, red) and down-regulated (B, green) proteins of N2 treated
sample. The protein domains are indicated on the left side and the possibility values are indicated on
the right side. Figure S13. Protein domain-based enrichment analysis of up-regulated (A, red) and
down-regulated (B, green) proteins of N2-SF treated sample. The protein domains are indicated on
the left side and the possibility values are indicated on the right side. Figure S14. Schematic diagram
of nitrogen metabolism, biotin metabolism and riboflavin metabolism. Colored boxes indicate the
different expression profiles (upregulated, red; downregulated, green; no significance (NS), gray)
under N2 (1) and N2-SF (2) conditions compared with cells without exposing to palladium. The
information of upregulated or downregulated proteins involved in these cellular metabolisms is
shown in the Supplementary Table S3. Figure S15. Schematic diagram of glycine, serine and threonine
metabolism. Colored boxes indicate the different expression profiles. Upregulated, downregulated
and no significantly (NS) changed pathways are shown in red, green and gray, respectively under N2
(1) and N2-SF (2) conditions compared with cells without exposing to palladium. The information
of upregulated or downregulated proteins involved in these cellular metabolisms is shown in the
Supplementary Table S4. References [31–36] are cited in the Supplementary Materials.
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