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Given the high production and broad feasibility of nanomaterials, the application of
nanotechnology includes the use of engineered nanomaterials (ENMs) to clean-up polluted media such
as soils, water, air, groundwater and wastewaters, and is known as nanoremediation. Contamination by
hazardous substances in environmental matrices, including landfills, oil fields, and manufacturing and
industrial sites, represents a global concern and needs to be remediated, since it poses a serious risk for
the environment and human health. Particular attention should also be focused on the use of medical
devices and recent developments in the use of nanoparticles expressed as drug delivery systems
designed to treat a wide variety of diseases. This Special Issue, “Nanotechnology for Environmental
and Biomedical Research”, is characterized by this double role, and is aimed at facing the use of
nanotechnology for environmental and human health. It aims at collecting a compilation of articles
that strongly demonstrate the continuous efforts in developing advanced and safe nanomaterial-based
technologies for nanoremediation, as well as for drug delivery and other biomedical applications.
The present Special Issue has covered the most recent advances in the safe nanomaterials synthesis
field, as well as in environmental applications, the use of restorative materials, drug delivery, and other
clinical applications. In this Special Issue, thirteen selected original research papers and three reviews
are collected. More than 80 scientists from universities and research institutions contributed through
their research studies and expertise for the success of this Special Issue. The scientific contributions
are summarized in the next paragraphs. Ten contributions, including two reviews, are related to
environmental applications. Riva and co-authors [1] proposed a nanostructured cellulose-based
material as a possible sorbent for the removal of organic dyes from water, demonstrating its sorbent
efficiency for four different organic dyes commonly used for fabric printing. The material performance
was compared with that of an activated carbon, routinely used for this application, thus highlighting
the potentialities and limits of this new material together with the important issue of the regeneration
and reuse of the sorbent. The suitability of cellulose-based nanomaterials for the remediation of heavy
metal-contaminated environments was then assessed by Guidi and colleagues [2]. They indicated an
eco-friendly cellulose-based nanosponge as a safe and effective candidate in the cadmium remediation
process, being able to sequester cadmium and restore cellular damage induced by cadmium exposure
in the zebra mussel, an animal model typical of freshwater environments, without altering cellular
physiological activity. In particular, the authors showed the recovery of cadmium-induced DNA
integrity loss, cell proliferation increase, and nuclear morphology and chromosomal alterations in
zebra mussel haemocytes. The same ecofriendly nanosponges were demonstrated to be effective in the
removal of zinc ions from the seawater environment, through another in vivo study. The contribution
by Liberatori et al. [3] confirmed, besides the efficacy of the nanosponge, the recovery of the toxicological
responses induced in the marine mussel. The genetic, chromosomal, cellular and tissue alterations
induced by zinc ions were actually reported at control levels, supporting the environmentally safe
application of cellulose-based nanosponges for heavy metal removal from seawater. Mariano and
colleagues [4] demonstrated the possible use of a microalgae as a model microorganism to study
silver nanoparticle toxicity, but also to protect against nanoparticle pollution. They showed that silver
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nanoparticles, internalized in a time- and dose-dependent manner inside large vacuoles, were not
released into the medium for almost one week, without undergoing any biotransformation, confirming
the role of the microalgae in environmental protection. Still within the field of remediation, Park and
co-authors [5] proposed a nanohybrid material able to detect uranyl ions spectroscopically and act as a
uranyl ion absorbent in an aqueous system. The contribution has high impact because the uranyl ion,
the most soluble toxic uranium species, is considered as an important index for monitoring nuclear
wastewater quality. Furthermore, pitch-based activated carbon fibers, prepared by steam activation,
were proposed by Lee and colleagues [6] as a solution for unburned hydrocarbon car emission removal.
The pitch-based activated carbon fibers actually exhibited enhanced butane working capacity and
adsorption velocity when compared to commercial products, with lower concentrations of n-butane
due to their characteristic pore structure. Besides nanostructured materials, nanotoxicology and
nanoremediation, another keyword was Trojan horse effect. Two contributions faced this research
aspect, which concerns the interactions between nanostructured materials and classical pollutants.
The assessment of the ecotoxicological effects of the interaction between benzo[a]pyrene and fullerene
(C60) was performed by Barranger and co-authors [7] in the marine mussel. They found antagonistic
responses at the genotoxic and proteomic level, also showing a complex multi-modal response
to environmental stressors in the species used. Another antagonistic interaction was reported by
Santonastaso and co-workers [8], who assessed the in vitro effects of titanium dioxide nanoparticles and
cadmium interaction in human sperm cells by investigating semen parameters, apoptotic processes,
DNA integrity, genomic stability and oxidative stress. They demonstrated that the genotoxicity
induced by the co-exposure was lower if compared to single cadmium exposure, suggesting the
formation of a sandwich-like structure, with cadmium in the middle, to explain the inhibition of
its genotoxicity in human sperms. In order to conclude the section concerning the environmental
aspects of nanotechnology research, two valuable reviews are reported here. The one by Boros and
Ostafe [9] reviewed the ecotoxicological effects of nanomaterials as well as their testing methods,
which are adaptable for nanomaterials. The authors reported a broad spectrum of genetic, molecular,
cellular, morphological and behavioral effects, involving a wide range of organisms, such as algae,
duckweed, amphipods, daphnids, chironomids, terrestrial plants, nematodes and earthworms. It is
interesting to note that, having reported values mainly for aquatic ecotoxicity, the most sensitive test
turned out to be the algae assay, and the most toxic nanomaterials were composed of silver, reinforcing
the impact of the contribution by Mariano et al. [4]. The other review, by Zahra et al. [10], mainly
focused on the aspect of environmental safety, and gave an overview of the potential exposure route of
titanium dioxide nanoparticles from industrial applications to wastewater treatment, and the impact
of this on the agro-environment. The increasing interest in the role of nanotechnology in nanosafe
applications is paralleled in the scientific arena by the extreme need to upgrade our knowledge via
the use of nanotechnology in the human health field. In this context, this Special Issue collects five
research articles and one review covering the principal aspects of nanotechnology applied to biomedical
applications, such as the study of nanoparticles used as antibiotics and restorative material, as well as
nanomaterials able to deliver drugs or to modulate stem cell trafficking. The original contribution by
the group of Tsakmakidis [11] investigated the effect of Fe304 nanoparticles on an animal model to
assess their ability to substitute antibiotics additives in extending semen storage time. The authors
found a significant reduction in the bacterial load in the samples incubated with Fe;O4 nanoparticles
in comparison with controls after both 24 and 48 hours. Moreover, no adverse effects on sperm
characteristics, such as morphology, viability or DNA integrity, were detected, offering important
information concerning semen handling in the artificial insemination field. A novel method of
preparing reduced graphene oxide from graphene oxide was developed, employing a vegetable extract,
by Uman and co-authors [12]. They showed that the “green” modification of graphene oxide leads to
an enhancement in antibacterial activity against Gram-positive and Gram-negative bacteria, besides
increasing antibiofilm activity on a human breast cancer cell line, thus indicating reduced graphene
oxide nanoparticles as a potential anticancer agent. Another biomedical application was proposed by
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the group of Genaro and colleagues [13], who indicated the incorporation of nanohydroxyapatite in
resin-modified glass ionomer cement, a restorative material, as a method to increase the cell viability
and biocompatibility performance of odontoblastoid cells. The biophysical effect of nanomaterials
within stem cell-based therapies has been investigated by Shin and co-authors [14]. They labeled human
bone marrow-derived mesenchymal stem cells with silica-coated magnetic nanoparticles incorporating
rhodamine B isothiocyanate, and found decreased cell viability, an increase in intracellular reactive
oxygen species, and, most of all, a decrease in stem cell migration activity related with membrane
fluidity reduction and focal adhesion impairment. Therefore, the authors highlighted the importance of
nanoparticles that are used for stem cell trafficking or clinical applications being labeled using optimal
nanoparticle concentrations, so as to preserve human bone marrow-derived mesenchymal stem cells’
migratory activity, thus ensuring successful outcomes following stem cell localization. Regarding
another key word of the Special Issue, i.e., drug delivery, an interesting contribution came from Matsuo
and co-authors [15], who indicated encapsulated lipid-based nanoparticles, prepared from neutral
hydrogenated soybean phosphatidylcholine and dipalmitoylphosphatidylglycerol, as an optimal
way, after roll grinding and high-pressure homogenization, to prepare stable bicelles for nifedipine
delivery. Cryo-transmission electron microscopy and atomic force microscopy were also performed
to better understand the structure of such nifedipine-encapsulated lipid-based nanoparticles. So,
taking into consideration the result of long term stability, standard nifedipine-encapsulated lipid-based
nanoparticle bicelles (5 liposomes/1 micelles) showed the most long-term stabilities, illustrating a useful
preparation method for stable bicelles to be employed in the drug delivery field. A review of the role of
nanoemulsions in cancer therapeutics [16] effectively concludes this excursus on nanotechnology and
biomedical applications. Nanoemulsions are pharmaceutical formulations, made of particles within
the nanometric range, which are able to encapsulate drugs that are poorly hydrophilic due to their
hydrophobic core. Sanchez-Lépez and co-workers reviewed the characteristics of nanoemulsions that
face and overcome problems such as water solubility, targeting specificity and multidrug resistance.
Nanoemulsions can actually be modified by the use of ligands of different natures to target specific
tumor cell components or to avoid multidrug resistance. A broad spectrum of methodologies through
which nanoemulsions can be designed to achieve successful therapeutic outcomes in several types of
cancer are reported. Applications of nanoemulsions in colon, ovarian, prostate, breast, lung, leukemia
and melanoma cancer therapy, as well as in nanotheragnostics and drug delivery, have been widely
discussed. In conclusion, the papers collected in this Special Issue cover the most relevant advanced
applications of nanotechnology in the environmental and human health fields, also providing new
research directions to be expanded in the near future.
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Abstract: Nanostructured materials have been recently proposed in the field of environmental
remediation. The use of nanomaterials as building blocks for the design of nano-porous
micro-dimensional systems is particularly promising since it can overcome the (eco-)toxicological
risks associated with the use of nano-sized technologies. Following this approach, we report here the
application of a nanostructured cellulose-based material as sorbent for effective removal of organic
dyes from water. It consists of a micro- and nano-porous sponge-like system derived by thermal
cross-linking among (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO)-oxidized cellulose nanofibers
(TOCNEF), branched polyethylenimine 25 kDa (bPEI), and citric acid (CA). The sorbent efficiency was
tested for four different organic dyes commonly used for fabric printing (Naphthol Blue Black, Orange
II Sodium Salt, Brilliant Blue R, Cibacron Brilliant Yellow), by conducting both thermodynamic and
kinetic studies. The material performance was compared with that of an activated carbon, commonly
used for this application, in order to highlight the potentialities and limits of this biomass-based new
material. The possibility of regeneration and reuse of the sorbent was also investigated.

Keywords: nanostructured materials; sorption; organic dyes; wastewater treatment; nanocellulose

1. Introduction

The use of engineered nanomaterials (ENMs) to clean-up polluted media, including groundwater
and wastewater, has attracted more and more attention in the last decade [1]. This approach offers the
possibility to take advantage of the high reactivity and high surface area of nanomaterials, opening the
way towards more effective and economically sustainable remediation processes.

Nevertheless, the use of ENMs generates concerns associated with the potential risk for humans
and environment, as the (eco-)toxicological impact of these solutions is often underestimated [2].

Recently, we proposed a systematic approach for possibly overcoming this issue, which consists of
the use of sustainable and bio-based nanomaterials as building blocks for the design of nano-structured
and nano-porous sorbents, capable of taking advantage of the intrinsic nano-dimension of the network,
while overpassing the risk of ENM release and migration [3].

In accordance with this strategy, we first identified polysaccharides, and cellulose in particular,
as ideal sources, often derived from discharged biomass, for the extraction of nano-sized particles to be
further processed [4].
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Cellulose represents the most abundant biodegradable and renewable polymer source in the
biosphere, with an annual production estimated as over 7.5 x 10'0 tons. This almost inexhaustible
sustainable polymer possesses unique chemical, physical, and mechanical properties, which have
suggested its use for the production of a wide range of materials [5].

Moreover, it is possible to cleave cellulose hierarchical structure in order to obtain nanocellulose
(NC) in the form of nanocrystals (cellulose nanocrystals (CNC)) and nanofibers (cellulose nanofibers
(CNF)). NC has been widely proposed as building block for the design of a wide range of sorbent
materials to be used in wastewater treatment [6-8].

Among the several mechanical and chemical approaches for NC extraction, in recent years we
focused on the one we considered the most effective and economically convenient, consisting of the
selective oxidation of C6 alcoholic groups of the cellulose glucopyranose units to the corresponding
carboxylic acids [9,10]. This transformation is mediated by 2,2,6,6-tetramethylpiperidine 1-oxyl free
radical (TEMPO)/NaClO/NaBr system [9,10], and allows to promote nanodefibrillation at basic pH,
thanks to the electrostatic repulsion among negatively charged TEMPO-oxidized CNF (TOCNF), due to
the deprotonation of carboxylic moieties. The obtained nanofibers present a diameter in a range of
5-100 nm and a length of several microns.

Following the strategy previously described, in 2015 we reported a new class of nanostructured
sorbent cellulose nanosponges (CNS), obtained by thermally promoting the cross-linking between
TOCNEF and branched polyethyleneimine 25 kDa (bPEI), a polymer bearing a high amount of primary,
secondary, and tertiary amino groups, thanks to which it is able to interact with a wide range of ions
and molecules [11].

In recent years, we modified the CNS formulation by adding an optimized amount of citric acid
(CA) as an additional source of carboxylic groups, in order both to strength the mechanical properties
of the final material by increasing cross-linking nodes [12], and to better fix bPEI into the network,
so that it was also possible to reduce the amount of the same polymer and to support an eco-safe and
sustainable design [13,14]. Moreover, we also demonstrated the versatility of the system, with the
possibility of grafting bPEI with suitable moieties before undergoing cross-linking, in order to give the
material additional functional properties, such as the sensing of fluoride ions [15,16].

Due to the chelating action of amino-groups, CNS have shown superb performances as heavy
metals sorbents from both fresh- [11] and seawater [13,17]. On the contrary, the investigation into the
behavior of this sorbent material with organic pollutants was limited to few examples, namely phenols,
and simply based on an acid-base interaction.

However, by considering the morphology of the sponge, characterized by a high micro- and
nano-porosity, as evidenced in previous works [12,18] and better discussed later on, we envisioned
the possibility of exploiting the potential of CNS, and to better clarify the possible mechanisms of
interaction between the sorbent and the selected organic pollutants.

Anionic organic dyes were chosen as model molecules, due to the continuous request for
new and more sustainable technologies for treating a multiplicity of colored industrial wastewater,
whose discharge in superficial water bodies can significantly impair freshwater use.

Nowadays, over 100,000 dyes are commercially available, with 7 X 10° tons/year of dyestuff being
produced [19]. Synthetic dyes are widely used in several industrial fields, including food, rubber, paper,
cosmetic, pharmaceutical, automotive, and textile production chains. Inevitably, a certain fraction of
dyes ends up in the washing water during the process and it has to be removed before release in the
environment, due to the potential toxicity and negative effects on the aquatic ecosystem.

Due to their complex and variable chemical structure, many dyes are difficult to be removed
by following a standard photo- and/or oxidative degradation approach, and sorption is often the
process selected for wastewater treatment, with activated carbon mainly used for this purpose. In fact,
sorption onto activated carbon is a well-established process, effective at removing a wide range of
molecules, including color-responsible molecules from textile wastewater. Moreover, recently it has
been reported that the efficiency of this process can be improved by driving the growth of nanoparticles
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into activated carbon pores, so that it is possible to combine sorption and degradation of the organic
dye pollutant [20]. More generally, sorption represents a simply managed process, with no important
drawbacks and a relative low cost, compared to other processes, such as ozonation.

In 2016, Zhu and coworkers first reported the grafting of cellulose with hyperbranched
polyethyleneimine for the selective sorption of a wide range of anionic and cationic organic dyes [21].
The material was obtained by NalO4-mediated oxidation to afford dialdehyde cellulose, which in turn
was reacted with bPEI in ethanol. While the approach is quite interesting, the synthetic procedure
required controlled and anhydrous conditions and the use of flammable solvents, which could limit the
scalability of the synthesis. One year later, Wang and coworkers reported the use of TEMPO-oxidized
cellulose membranes modified with linear PEI to remove both anionic (xylenol orange (XO)) and
cationic (methylene blue (MB)) dyes from wastewater [22]. However, in this procedure the cross-linking
is obtained by means of glutaraldehyde, which is known to be toxic. In both cases a good sorption
performance was observed, and it was ascribed to an electrostatic interaction between the cationic
polymer linked to cellulose and the dyes, with a sorption efficiency depending on the charge present
on the surface. This aspect somehow limits the operating conditions of the process, as it would require
wastewater pH adjustment before (and then, after) sorption treatment, with a consequent increase in
the economic impact.

Herein, we report an investigation on the sorption efficiency of CNS towards four commercially
available and highly used organic dyes (Naphthol Blue Black (NBB), Orange II Sodium Salt (OSS),
Brilliant Blue R (BB), Cibacron Brilliant Yellow (CBY)). All the selected dyes presented a similar
structure but differed in terms of molecular weight and the number of sulphate functional groups.
The results in terms of sorption efficacy and regeneration efficiency were correlated with both the
porosity of the sorbent sponge and the chemical and dimensional differences of the dyes, much more
than on the charge present on the material. In fact, and quite surprisingly, CNS performed even better
at a slightly basic pH, that is, one above the value of point of zero charge. Moreover, a comparison
with an activated carbon could highlight the potentialities and limits of the proposed solution.

2. Materials and Methods

All the reagents were purchased from Sigma-Aldrich (Milano, Italy). Cotton linters was provided
by Bartoli Spa paper mill (Capannori, Lucca, Italy). Deionized water was produced with a Millipore
Elix® Deionizer with Progard® S2 ion exchange resins. UV spectra and data were recorded on a V-600
Series UV-vis spectrophotometer from JASCO (Cremella (LC), Italy). Other equipment used in the
procedures include a Branson Sonifier 250 equipped with a 6.5 mm probe tip, a Heldolph multi-reax
shaker (Schwabach, Germany) and a SP Scientific BenchTop Pro Lyophilizer (Perugia, Italy).

2.1. TOCNF Synthesis and Titration

Cellulose was oxidized to a degree of 1.546 mmolcoom/grocnr according to a procedure previously
reported in the literature [9,10]. Briefly, cotton linters (190 g) were dispersed in deionized water produced
with a Millipore Elix® Deionizer with Progard® S2 ion exchange resins (Milan, Italy) (total volume 5.7 L),
in the presence of TEMPO (2.15 g, 13.8 mmol) and KBr (15.42 g, 129 mmol) and a solution of NaClO
(12.5% w/w aqueous solution, 437 mL) was slowly added under vigorous stirring. During oxidation,
pH was maintained in the range of 10.5-11 by dripping 4 N NaOH water solution. The solution was
maintained stirred for 16 h. Oxidized cellulose nanofibers were aggregated by using concentrated HCI
and then washed with deionized water on a Biichner funnel to reach a neutral pH (see Supplementary
Materials for further information).

To estimate the concentration of carboxyl groups on the cellulose structure after oxidation,
a titration was performed with 0.1 N NaOH water solution, using phenolphthalein as a colorimetric
indicator. The first step was the titration of NaOH 0.1 N. The detailed procedure and the equation
used to calculate the concentration of the carboxyl groups are reported in Supplementary Materials.



Nanomaterials 2020, 10, 1570

2.2. Synthesis of CNS

CNS were synthesized according to the procedure previously reported [13]. First, 3.5 g of TOCNF
were suspended in deionized water, adding a stoichiometric amount of granular NaOH. The suspension
was ultrasonicated with a Branson Sonifier 250 equipped with a 6.5 mm probe tip to further promote
the separation of the nanofibers, obtaining a homogeneous solution, which was then acidified with
12 M H(], filtered on a Biichner funnel under vacuum, and washed with deionized water until
neutrality. Then, two aqueous solutions of 25 kDa bPEI (3.5 g of bPEI in 10 mL) and anhydrous citric
acid (CA) (0.896 g in 10 mL) were slowly added to the TOCNF solution, while continuously stirring
until obtaining a white and homogeneous hydrogel, which was placed in well-plates, quickly frozen at
=35 °C, freeze-dried for 48 h using a SP Scientific BenchTop Pro Lyophilizer (at -52 °C temperature and
140 pbar pressure) and then thermally treated in the laboratory oven at a maximum temperature of
102 °C for 16 h. At the end of the process, CNS was grinded with a mortar and then washed with water
to remove the excess bPEI (for further information, see Supplementary Materials). The particle size
distribution of the grinded CNS powder was measured in the Laboratory Chemical Analysis (LAC) of
Politecnico di Milano by means of a Malvern Mastersizer 3000 Particle Size Analyzer (Malvern, UK)
with Fraunhofer modeling, which considers opaque non-spherical particles. The CNS powder was
suspended under stirring in 500 mL of water to reach an obscuration level in the range of 8-12%.

2.3. Point of Zero Charge (PZC) Calculation

The pH of the point of zero charge (pHpzc), namely the pH above which the total surface of the
sorbent material is negatively charged, was measured by the pH drift method [23]. For this purpose,
20 mL of a 0.01 M NaCl solution was placed in a Falcon vial and N was bubbled through the solution
to steady the pH by preventing the dissolution of CO; in the solution. The pH was then adjusted to
selected initial values between 2 and 12, by dripping HCI1 0.01 N or NaOH 0.01 N, and the sorbent
(0.06 g) was added to the solution. The final pH, reached after 4 h, was measured and plotted against
the initial pH. The pH at which the curve crosses the bisector pH(final) = pH(initial) is the pHpzc of
the given sorbent. The considered sorbents were CNS and the activated carbon SAE SUPER, provided
by Norit (Italy) (see Supplementary Materials for general characteristics).

2.4. Preliminary Sorption Tests

The tests were carried out by dipping 12 mg of CNS powder in 15 mL of aqueous solutions of the
selected dye for 24 h, under static conditions and at room temperature in a Falcon vial. The selected
dyes are reported in Figure 1. The concentration of the buffer dye solution was selected considering the
extinction coefficient of each dye (20 mg/L for OSS and NBB, 100 mg/L for BB and CBY) and the type of
buffer was chosen according to the solubility of the dye in the buffer solution at room temperature
(OSS: 116 g/L, NBB: 30 g/L, BB: 70 g/L, CBY: 50 g/L). Tests at pH 5.5 were carried out in piperazine and
citrate buffer. Tests at pH 7.6 were conducted in deionized water using the normal buffering power
of CNS. Each sample has been reproduced in triplicate. After 24 h, one collection was taken from
each sample and analyzed by UV analysis. UV-Vis spectra (Figure S1), characteristic Amax (Table S1),
extinction coefficients (Table S2) and calibration lines (Figures 52-S5) for all the four dyes are reported
in Supplementary Materials.

2.5. Isotherms and Kinetics

Isotherm and kinetic sorption tests were carried out under dynamic conditions (using the shaker
at 450 rpm) at room temperature (25 °C). Isotherm tests were carried out by maintaining a constant
sorbent quantity and solution volume throughout the data gathering (24 h), while changing the
solution concentration. Eight different concentrations were tested for each dye and three trials were
carried out for each concentration. The sponge-to-solution ratio used was 12 mg of CNS/15 mL of
mono-contaminated dye solution (0.8 mg/mL). The selected concentrations for each dye are described
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in Table S3 in Supplementary Materials. The absorbance of the solutions was measured at time zero
and after 24 h.
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Figure 1. Chemical structure and properties of the dyes used for the sorption tests.

As for kinetic tests, the initial concentrations for each dye are reported in Table 1. The trials were
performed under dynamic conditions and at room temperature, as described above. Samples were
shaken and analyzed after 15, 30, 45, 60 and 90 min, and 2, 3, 4, 6, 8 and 24 h. A volume of 25 mL of
solution was used for each test, to allow withdrawals from the solution 11 times, keeping the total
diminution of the volume below 10%. The quantities of sorbent for each kinetic test were 20 mg for the
lowest concentration and 40 mg for the highest concentration.

Table 1. Values of initial concentrations (Cy) and sponge quantities (m) for kinetic tests, where the
solution volume was 25 mL. The same C values are also used for comparison tests between cellulose
nanosponges (CNS) and activated carbon (Section 2.7).

Cp low Cp high
Co (mg/L) m (mg) Cp (mg/L) m (mg)

0SS 20+05 20+0.1 800 + 5.0 40+0.1
NBB 20+05 20+0.1 250 +2.0° 40+0.1

BB 100 + 1.0 20+0.1 320 +2.0 40 +0.1
CBY 100 £ 1.0 20+0.1 320 +2.0 40 +0.1

@ The value of Cy high for comparison tests between CNS and activated carbon is 400 mg/L.

Dye

2.6. Desorption and Reusability Tests

Tests were conducted to evaluate the possibility of reusing the sponges. At first, colored CNS
was produced by leaving white CNS powder in contact with a solution of the selected dye in static
conditions (5 g/L concentration, 30 mL, 200 mg of CNS) for 24 h, then filtering it on a Biichner funnel
and washing it with deionized water.
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The desorption test was conducted with HC10.1 N and NaOH 0.1 N. A total of 20 mg of colored CNS
was soaked in 20 mL of each solution under static conditions at room temperature for 24 h. After the first
test, which decreed the efficiency for only the NaOH solution, three different molar concentrations of
NaOH were compared—0.5, 0.1 and 0.05 N—following the same discoloration procedure. Other types
of alkaline solutions were tested using the previously reported conditions: the test was repeated with
triethylamine (TEA), NH3 30% aqueous solution and KOH 0.1 N aqueous solution.

The reusability test consisted of a sorption test conducted on the decolored sponge. The test was
carried out only on the OSS discolored CNS and following the same procedure as for previous sorption
tests: 12 mg of sorbent in 15 mL of 20 mg/L solution of OSS dye for 24 h under static conditions at room
temperature. Five sorption-desorption cycles were carried out. For this purpose, 100 mg of OSS colored
CNS were soaked in 110 mL of NaOH 0.05 N. The resulting sponge was then vacuum-filtered with the
aid of a Biichner funnel and washed with deionized water until neutrality. Once dried, the sponge
was weighted for the next phase of sorption with a constant sponge-to-solution ratio of 0.8 mg/mL.
Each sample was carried out in triplicate. After 24 h of static sorption at room temperature, absorbance
was analyzed. The sponge was then gravity-filtered and air-dried before the new desorption phase,
carried out with NaOH 0.05 M solution.

2.7. Comparison between CNS and Activated Carbons

A comparison test was carried out by evaluating the sorption capacity of the activated carbon
SAE SUPER. The experimental setup was the same as the previous tests, using a sorbent-to-solution
ratio of 0.8 mg/mL. Two initial concentrations were tested for each dye (Cy low and Cy high, reported
in Table 1). This test was carried out in dynamic conditions and equilibrium was reached after 24 h in
the multi reax shaker at 450 rpm. Filtration via syringe filter was required for this test due to the fine
particulate dispersion of activated carbons in the solution.

Kinetic tests were carried out using SAE SUPER activated carbon in OSS solutions at high and
low concentrations. For the high-concentration trial, 240 mg of SAE SUPER activated carbon were
dispersed in 150 mL of 800 mg/L OSS solution. Three trials were prepared and agitated by magnetic
stirring. A volume of 1 mL was withdrawn for each measurement, filtered through a cotton filter
and opportunely diluted. Withdrawals were performed after 15, 30, 45, 60 and 90 min, 2, 3 and 24 h.
The total amount of withdrawn solution after eight samplings was still lower than 10% of the total
volume of the solution.

3. Results and Discussion

3.1. CNS Synthesis and Characterization

CNS were synthesized according to Scheme 1, following a two-step protocol. TOCNF and bPEI
were first mixed in deionized water in a 1:1 weight ratio, and CA (18% with respect to primary amino
groups of bPEI) was added, with the final aim to better trap bPEI in the final network by increasing
the concentration of carboxylic groups. The same result cannot be achieved by raising the content
of carboxylic units on the nanofiber, as more severe oxidation conditions lead to depolymerization
rather than further selective conversion of C6 alcoholic groups. In a second thermal step, the resulting
hydrogel was transferred in well-plates, used as molds, lyophilized and then heated in an oven
at about 100 °C, in order to favor the cross-linking between the carboxylic groups of TOCNF and
the primary amines of bPEIL Finally, CNS was grinded in a mortar before use, in order to increase
sorption performance.

A complete chemical characterization of the resulting sponges was reported in a previous
paper [12]. The formation of amide bonds after thermal treatment was evidenced by FI-IR analysis,
with an increase in the peak at 1664 cm™! (~C=0 stretching of the amide bonds), directly related to
an increase in CA content in the formulation, as also confirmed by 13C CP-MAS solid-state NMR.
The role of CA in better fixing bPEI in the network was also quantitatively confirmed by processing
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data derived from the elemental analysis of different nanosponges, prepared by varying the content
of this tri-carboxylic molecule in starting solution. This optimization study, also supported by an
eco-toxicology evaluation of the materials [13], led to the CNS formulation herein investigated.

CNS exhibit a high micro-porosity with pore sizes in the range of 10-100 um, as observed by
scanning electron microscopy (SEM) (Figure 2). Pores are characterized by a two-dimensional sheetlike
morphology, often reported in the literature for cellulose-based aerogels prepared by freeze-drying
aqueous suspensions. According to this approach, ice crystals act as templates for pores’ generation,
preventing the formation of occlusions and guaranteeing complete penetrability of the structure [24].
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Scheme 1. Preparation of CNS starting from cellulose-based sources.

Figure 2. Inner structure of grinded CNS analyzed by Scanning Electron Microscopy.

Microcomputed tomography (u-CT) analysis previously reported [12] also indicated that CNS has
a porosity of 70-75%, and a trabecular inner structure with an average trabecular thickness of about
30-40 um and a trabecular separation of about 70-75 um.

Moreover, we recently provided experimental evidence of nano-porosity in the network, by means
of small angle neutron scattering (SANS) analysis of water nanoconfinement geometries in the sorbent
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material [18]. The analysis of the experimental data allowed us to measure the short-range correlation
length, which resulted in a range between 25 and 35 A. In addition, a more recent combined investigation
of the FTIR-ATR spectra of CNS hydrated with H,O and D,0 allowed to detect a supercooled behavior
of entrapped water molecules, supporting the idea of a nano-confinement for water in these systems.

The high porosity and the wide pores” dimensional dispersion would suggest a high diffusivity of
solutes in the material, which could be however affected by their structure and dimension.

3.2. Sorption Tests

3.2.1. First Sorption Screening for All Dyes

Before starting sorption experiments, we determined the pHpzc for CNS, which was pH 7.1
(Figure 3). This value indicates that at alkaline pH, the material is negatively charged.
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Figure 3. pH drift method plot to determine the pHpyc for CNS and SAE SUPER-activated carbon.

According to this result, we selected two different pH ranges for performing preliminary sorption
tests. At pH 7.5-7.8, CNS should be negatively charged. This condition limits the electrostatic interaction
with the negatively charged dyes and could be considered as not ideal for our purpose. However, it
falls into the typical pH ranges of textile wastewater. Moreover, this is the buffer directly generated by
CNS powder once dispersed in deionized water. On the contrary, at pH 5.5, CNS should be positively
charged. However, at this pH value, both OSS and NBB showed a poor solubility, which limited the
interest in this experimental set.

Preliminary results at pH 7.6 confirmed a good sorption performance of CNS towards all the dyes
under investigation (Table 2). We operated at two different dyes’ concentrations (C) for NBB and
OSS (20 mg/L) and BB and CBY (100 mg/L), due to the different extinction coefficients of each dye.
Obviously, sorption capacity (qe) value, which is the amount of contaminant taken up by the sorbent
per unit mass of the sorbent, was dependent on Cy, so that a comparison among dyes is not correct at
this stage. As expected, cellulose alone, regardless of its original form (cotton linters, TEMPO-oxidized
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cellulose (TOC), or TOCNF) did not perform any sorption (Figure 4), confirming the crucial role of
bPEI in CNS network. Moreover, sorption tests at pH 5.5 conducted on BB and CBY provided a qe
value quite similar to that measured at pH 7.6 (96.31 and 110.53 mg/g, respectively), indicating that
CNS charge is not crucial for the sorption performance.

Table 2. Preliminary sorption tests at pH 7.6 starting from solutions at different dyes’ concentrations (C).

Dye qe (mg/g) Co (mg/L)
0SS 2258 +1.19 20405
NBB  23.85+2.63 20+ 05
BB 88.96 + 4.23 100 + 1.0
CBY  12153+459 100+ 1.0
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Figure 4. Comparison between sorption capacities of CNS and different cellulose forms (cotton linters,
TEMPO-oxidised cellulose (TOC), TOC nanofibers (TOCNF)). Data are reported as the percentage of
dye adsorbed at the end of the test with respect to the total amount of dye in solution at ty.

3.2.2. Isotherm Models

Isotherm experiments were conducted maintaining constant the amount of CNS in solution,
and progressively increasing dye concentration [25]. Data were modeled via non-linearized
methods [26], originally considering three different models (Langmuir, Freundlich, and Dubinin—
Radushkevic) [27], and then selecting the Langmuir one, which better fitted collected data. This model
(Equation (1)), which assumes that the sorbent is coated by a monolayer of the adsorbate, correlates the
sorption capacity of the sorbent material (qe)—calculated as mg of pollutants sorbed per g of sorbent
material—with the concentration of the pollutant in the solution at the equilibrium (C.). All data
collected and Langmuir fittings for OSS, NBB and BB are reported in Table 3 and Figure 5.

o QmaXKCe
qe - 1 +KCe (1)
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Table 3. Estimation of Qmax and K parameters according to the Langmuir isotherm model for OSS,
NBB and BB. The number of experimental data used for each dye is reported in column N.

Dye Qmax (mg/g) K (L/mol) R? N

0ss 898.4 + 15.6 0.06059 + 0.00500  0.978 33
NBB 240.2 +10.0 0.35811 £ 0.07050  0.930 24

BB 228.7 +6.9 0.13381 +0.02544 0875 39
A) B) * 055
* 055 . xmn
= NBB 20 . m
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Figure 5. Graph showing the data collected for the calculation of isotherm curves. The x-axis shows the
concentration at equilibrium (Ce) expressed in mg/L, while the y-axis shows the capacity at equilibrium
(qe) expressed in mg/g and not normalized (A) and normalized for the maximum capacity (Qmax) (B).

The graph’s and the main fitting’s statistics for Freundlich and Dubinin-Radushkevic models
are reported in the Supplementary Materials (Tables S3-S5 and Figures S6-S8). Langmuir isotherm is
a model for monolayer-localized sorption on a homogeneous surface containing a finite number of
identical sites; probably for this reason, it is the one providing the better description of experimental
data of dye removal by nanosponge, since neither Freundlich nor Dubinin-Radushkevic models assume
a homogeneous surface or constant sorption potential. In fact, the Freundlich’s empirical formula
accounts for the sorption on heterogeneous surfaces as well as multilayer sorption on microporous
structure, which is not the case of CNS, which is characterized by a homogenous nanoporous structure.
Similarly, the Dubinin-Radushkevic model is more general than the Langmuir one, since it does not
assume a homogeneous surface or constant adsorption potential, meaning that it assumes a Gaussian
energy distribution onto a heterogeneous surface. Consequently, these assumptions do not fully
describe CNS characteristics. As for the parameters of the Langmuir model, Qmax represents the
maximum sorption capacity of the sorbent, while K is related to the free energy of sorption, directly
related to the affinity of the compound for the solid phase.

The OSS dataset was fitted with a very high accuracy. The very steep slope of the first portion of
the curve indicates that the sorption efficiency (qe) would also be high at very low initial concentrations
of pollutant, highlighting the high sorbent/solute affinity. Moreover, the maximum sorption capacity
for this dye (Qmax) Was estimated to be very high compared to other similar sorbents [28].

The NBB dataset was not highly coherent with the Langmuir model. When operating at a Cy lower
than 150 mg/L, the equilibrium concentration (Ce) was constant and very close to 0. This behavior is
typical of the chemisorption processes, which can occur in the presence of sulfonated dyes. By excluding
the data that deviate from the Langmuir model, a quite accurate modeling can be obtained, where the
slope in the first section is still very steep (suggesting excellent sorption capacity also at low initial
concentrations). Qmax was significantly lower than that measured for OSS, but still in line with the
results obtained for other similar sorbents [28].

For the BB dataset, the modelling was not deemed reliable, because of a quite low accuracy.
However, general considerations can still be made. It can be observed that, very similarly to NBB,
the slope of the initial section of the curve is very steep and the maximum sorption capacity is in line
with the results reported in the literature [28].
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A particular case is represented by CBY, for which an anomalous isotherm data trend makes the
Langmuir model’s application impossible. As the equilibrium concentration grows, a very steep increase
in the sorption capacity can be observed up to a maximum value, after which the sorption capacity
decreases to a lower plateau value. This anomalous behavior can be attributed to the formation of
solute-solute interactions stronger than the sorbent-solute ones at higher concentrations. The maximum
sorption capacity value is of approximately 310 mg/g, but the sorption capacity at the plateau is of
approximately 200 mg/g. Despite this irregular behavior, some similarities with the other dyes can be
evidenced. In fact, in this case, the slope of the initial section of the curve is steep and the sorption
capacity plateau value is comparable with those obtained for BB and NBB.

All these results suggest some preliminary considerations. A clear difference in Qmax values
between OSS and the set of the other three dyes is observed. We identify two parameters which make
these dyes different, namely the number of sulfonate units present into the molecular structure and
the molecule dimension. The first parameter should affect the sorbent—solute interaction strength,
as evidenced by the very steep slope at low Cy especially for NBB, BB, and CBY, and the higher K values
calculated for BB and NBB with respect to OSS (Table 4), with the latter bearing only one sulfonate group.
Nevertheless, we assume also that the molecular size can play a key role in determining the diffusivity
of the solute in the sponge. In fact, OSS (MW = 350.32 g/mol) is much smaller with respect to the
other three dyes (NBB (MW = 616.49 g/mol), BB (MW = 825.97 g/mol) and CBY (MW = 831.02 g/mol)),
and this probably favors its penetration in the sponge.

Table 4. Results of pseudo second-order fitting on all kinetic datasets. The number of experimental data
used for each dye is reported in column N.

Pseudo Second-Order Model

ko Jeq

Dye Co R2 N
mg-g~lmin~1 mgg?

055 20 mg/L 8.9x 1073 25 0.9999 30
800 mg/L 5.7 x 1074 500 0.9998 30

NBB 20 mg/L 1.3 %1072 20 0.9997 30
250 mg/L 2.6 x107° 200 0.9887 30

BB 100 mg/L 4.0x107* 100 0.9989 24
320 mg/L 1.9x 1074 167 0.9989 24

To confirm our hypothesis, we carried out some sorption tests on solutions contaminated by
Indigo Carmine (IC), [29] an organic dye with a structure quite similar to those previously analyzed
(Figure 6), and which presents two sulfonate groups, but an MW of 466.35 g/mo], that is an intermediate
value between OSS and the other dyes. A Qmax of 540 mg/g was obtained, which, as for the molecular
weight, is an intermediate value between the Qmax of OSS and the Qmax of NBB, BB and CBY.

0]
NaO—% H
ST L~ 19
N _
H 4 ('85 ONa

Indigo Carmine

MW: 466.35 g/mol

A max: 610 nm

Figure 6. Chemical and sorption properties of Indigo Carmine.
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3.2.3. Sorption Kinetics

Kinetic study is of great importance for the use of granular sorbent in the water treatment field,
since the solute removal rate affects the reactor residence time required for completing sorption
reactions and therefore for achieving the selected quality standard for treated water [30,31].

Kinetic experiments were conducted at two different Cy (see Table 1). The two initial concentrations
were selected as the minimum UV detectable concentration (Cy low) and the minimum C, which can
reach the Qmax value (Cp high) according to the Langmuir model for OSS, NBB and BB. As regards
CBY, concentration and CNS amounts were selected in order to be in the same range as BB, due to its
similar chemical structure.

All the graphs related to the sorption kinetic behavior for each dye are reported in Figures 7 and 8.
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Figure 7. (A) OSS kinetic behavior. Initial concentration of 20 mg/L. (B) OSS kinetic behavior. Initial
concentration of 800 mg/L. (C) NBB kinetic behavior. Initial concentration of 20 mg/L. (D) NBB kinetic
behavior. Initial concentration of 250 mg/L.
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OSS was tested at Cy low and Cy high (20 and 800 mg/L). At both concentrations, more than 80%
and 70%, respectively, of the total dye sorbed was reached in the first 15 min, while 90% was reached
after 1 h. This dye was the one with the best performance for both initial conditions. NBB was also
tested at Cy low and Cy high (20 and 250 mg/L). At C low, more than 90% of the total dye sorbed was
reached in the first 15 min. At Cy high, 50% was adsorbed after 2 h, while it required 8 h to reach 90%
sorption efficiency.

For BB Cj low was 100 mg/L, while Cy high was 320 mg/L. In the first case, 50% of the maximum
efficiency was reached in the first 15 min, while in the second case, 70% was reached in the same time.
To reach 90%, 4 h were required in the first case, while in the second case only 3 h were sufficient.
Cp low and Cj high for CBY were 100 and 280 mg/L. At the lowest concentration, 50% was reached
after less than 90 min, while to reach 90%, 3 h were required. In the other case, 90 min were required
to reach 50%, while 6 h were necessary to reach 90%. This dye was the one with the worst kinetic
behavior. However, in all cases the sorption kinetic was quite fast, and almost immediate for low
concentrations, which are, however, much more similar to those expected in wastewater.

All kinetics were analyzed to determine whether the data reflected a pseudo first-order model or a
pseudo second-order model. The model that best fits all the kinetics datasets was the pseudo second-order
one (Equation (2)), as was expected considering the results from isotherm experiments (see Table S7 in
Supplementary Materials for the comparison between the two models). In fact, the pseudo second-order
kinetic usually applies to chemisorption processes, in which solutes can react with more than one
active site [31,32]. This is associated with two main assumptions: (i) the kinetic rate limiting step
is a chemical reaction involving valent forces through sharing or the exchange of electrons, (ii) the
sorption follows the Langmuir equation. CBY, which does not follow the Langmuir fitting regarding
the isotherm fit, cannot be modelled either with first-order kinetics or second-order kinetics. Figures S9
and S10 in Supplementary Materials report the pseudo second-order fitting for OSS sorption at 20 mg/L
and 800 mg/L initial concentrations, respectively.

Table 4 shows schematically the values obtained using the pseudo second-order model on all the
dyes considered. In Section S5 of Supplementary Materials, the procedure and pseudo second-order
fitting graphs are also shown, taking as an example the kinetics of OSS at 20 and 800 mg/L.

d
% = kz(qeq - %)2 ()

3.3. CNS Regeneration

To better exploit the potentialities of CNS as a sorbent towards anionic dyes, we wanted to
evaluate the possibility to regenerate and re-use the material after first sorption experiments.

3.3.1. Desorption Tests

Alkaline washing of CNS sponges with NaOH water solution led to discoloration of the material,
while desorption trials with acidic aqueous solutions provided poor results in terms of CNS regeneration.
We hypothesized that the selected dyes, due to the presence of sulfonate groups, are much more
soluble at alkaline pH and therefore, under these conditions, the solute-solvent interactions prevail on
solute-sorbent ones. While dyes’ sorption can occur also at a slight basic pH, which is higher than
the pHpzc of CNS, thanks to Van der Waals interactions between the amino-groups of the sponge
and the sulfonate moieties of the dye; once they are sorbed, an acidic treatment seems to enforce the
solute—sorbent interaction, rather than promoting sponge regeneration.

Interestingly, while OSS-CNS were completely discolored through alkaline washing, NBB-,
BB- and CBY-CNS showed only partial discoloration under the same treatment conditions. In this
case, the different behaviors should be ascribed to the different number of sulfonate groups present on
the organic dye molecules, rather than to the molecular dimensions. Polydentate dyes NBB and BB
(bidentate) and CBY (tridentate) seem to have a stronger interaction with the sorbent if compared with
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OSS, which bears just one sulfonate group. Once again, this aspect can be explained by considering
the K values reported in Table 4. As previously stated, this parameter is tightly related to the free
energy of sorption, and corresponds to the affinity of the compound for the solid phase. By considering
these values, we can notice that the K parameter for OSS is notably lower than those for NBB and BB,
suggesting a stronger sorbent-molecule interaction for the latter, and so implying more difficulty in
the desorption process, due to the higher energy required.

Once again, a similar desorption test conducted on CNS loaded with IC, a bidentate molecule
with an MW lower than those of the other polydentate dyes, provided an incomplete regeneration,
comparable with that of NBB, BB and CBY.

For OSS-CNS, the 0.05 N NaOH solution was sufficient to completely regenerate the material.

3.3.2. Reusability Tests

Tests were performed on the OSS-CNS, due to its complete regeneration by alkaline treatment.
This test consisted of several sorption—desorption cycles to evaluate the impact of repeated decoloring
on the sorption efficiency of the sponge. Reusability efficiency was evaluated through five cycles and
the results reported in Table 5 clearly show how the sorption capacity of the sponge is maintained at a
constant after several regeneration cycles.

Table 5. Sorption—desorption cycles: sorption capacity and equilibrium concentration after each
regenerating cycle, considering OSS dye (Cp = 20 mg/L).

Iterations 1 2 3 4 5

Ce (mg/L) 3.13 £0.22 2.59 +0.19 1.65 £ 0.16 2.06 +0.41 3.21 +0.35
qe (mg/g) 21.78 +1.19 2217 +1.06 2441+098 2454+161 21.84+1.02

3.4. Comparison with Activated Carbons

A comparison test between sponges and an activated carbon was carried out. For the selected
activated carbon, the PZC was calculated according to the procedure described in Section 2.3. Results
are reported in Figure 3.

Contrary to the CNS, SAE SUPER is positively charged at the operating pH (7.5-7.8), thus favoring
the interaction between the positive charge of the sorbent and the negative charge of the deprotonated
SO;3™~ groups of the dye. A detailed set up for the comparison test is reported in Section 2.7. The sorption
comparative results for low and high concentrations of the dyes are reported in Table 6.

Table 6. Comparison of sorption capacities (qe, (mg/g)) determined at Cj low and Cy high for SAE
SUPER and CNS (for Cy values see Table 1).

0ss NBB BB CBY
Coy Low Cp High Co Low Cp High Cp Low Cp High Cp Low Cp High

SAESUPER  25.6+20 383.7+36 238+19 2201+28 1087+22 3603+36 1180+21 159.8+3.6
CNS 226+1.6 7934+51 239+18 2390+32 89.0+19 1970+38 121.5+23 2421+29

Sorbent

It can be observed that the sorption capacity of the activated carbon at low concentrations is
comparable to the one for CNS for all dyes. Regarding the high-concentration sorption tests, the sponge
showed comparable performances to the activated carbon for NBB, while the sorption capacity towards
OSS was double for the sponge compared to the activated carbon. CBY was sorbed better by the
sponge than the activated carbon. A different behavior was displayed by BB, which showed clearly
better performances for the activated carbon than for the nanosponge.

Kinetic studies were thus performed on SAE SUPER activated carbon for the sorption of 20 and
800 mg/L solutions of OSS dye. For the 800 mg/L trial with activated carbon, a plateau was reached
in the first 30 min, while for the nanosponge one hour was required to reach the plateau. However,
the plateau values obtained for the nanosponge were much higher than for the activated carbon.

18



Nanomaterials 2020, 10, 1570

As regards the 20 mg/L trial, the first measurement for the SAE SUPER after 7 min was registered to be
already below the UV detection limit. On the contrary, at this concentration, the kinetic behavior of
the nanosponge took approximately 90 min to reach the same result. Figure 9 shows graphically the
kinetic behavior of SAE SUPER and CNS in contact with an 800 mg/L solution of OSS.
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Figure 9. Comparison between SAE-activated carbon and sponge sorption kinetics for OSS dye at
800 mg/L concentration.

The faster kinetics observed for the activated carbon with respect to the nanosponge could be due
to different intra-particle diffusion resistances, considering the different porous structures of these two
sorbents. In fact, in batch experiments, usually performed in turbulent conditions, the limiting step is
usually diffusion into pores [33].

4. Conclusions

In this work, we reported the use of a nanostructured-cellulose-based sorbent material for water
decontamination from anionic organic dyes. The material was prepared starting from biomass sources,
by combining TEMPO-oxidized cellulose nanofibers, branched polyethyleneimine, and citric acid,
and following a simple thermal protocol. The sorption performance was tested on four commercial
dyes (OSS, BB, NBB, and CBY), differing for both molecular dimension and the number of sulfonate
groups present onto the molecular structure (one for OSS, two for BB and NBB, three for CBY).
The sorbent was effective also at a slightly basic pH, even if under these conditions the nanostructured
sponge is negatively charged. This result suggested that the sorbent-solute interaction should not
be simply ascribed to electrostatic attraction between opposite charges, but other intermolecular
interactions could occur between the sulfonate groups of the dyes and the amino groups present on the
nano-sponge. The role of bPEI in the network was crucial, as cellulose alone was not able to reproduce
significant sorption.

Isotherm and kinetic investigation revealed a molecular-size dependence of sorption performance,
as the smallest OSS is much more trapped on the material, probably because of the possibility of it
being more diffused in the nano-porous network. Nevertheless, these studies also showed that the
strength of sorbent-solute binding was higher when two or more sulfonate groups were present on
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the dye. This evidence was also confirmed by conducting regeneration and reusability tests, as once
again OSS was much more easily removed from the nano-sponge under alkaline conditions, so that the
sorbent system could be reused several times, by maintaining its sorption efficiency.

The dye-removal efficiency of the material herein described was compared to that of the
commercially available activated carbon SAE SUPER. While with the nano-sponge the sorption
kinetic was slightly slower, probably due to the nano-porous structure with respect to a microporous
structure of the activated carbon, the sorption capacity was higher for all dyes except BB. In any case,
the advantages of the use of this cellulose-based material can be found in its easy handling, reusability,
eco-safety, and sustainability, as it can be produced from wasted biomass, following the virtuous route
of the circular economy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/8/1570/s1.
Detailed TOCNF preparation; Detailed synthesis of CNS; Procedure for determination of calibration lines; Isotherm
models (Langmuir model, Freundlich model, Dubinin-Radushkevich model); Pseudo second-order fitting; General

characteristics of NORIT® SAE SUPER. Figure S1: UV-vis spectra for (A) OSS, (B) NBB, (C) BB and (D) CBY;
Figure S2: Calibration line for Orange Sodium Salt; Figure S3: Calibration line for Naphtol Blue Black; Figure S4:
Calibration line for Brilliant Blue R; Figure S5: Calibration line for Cibacron Brilliant Yellow; Figure S6: Isotherm
fitting with Langmuir model; Figure S7: Isotherm fitting with Freundlich model; Figure S8: Isotherm fitting with
Dubinin-Radushkevic model. Figure S9: OSS kinetic at 20 mg/L; Figure S10: OSS kinetic at 800 mg/L. Table S1:
Characteristic UV-vis peaks of each dye; Table S2: Molar mass and extinction coefficient of each dye; Table S3:
Values of initial concentrations (Cp) for isotherm curves expressed as mg/L; Table S4: Estimation of Qmax and K
parameters according to the Langmuir isotherm model for OSS, NBB and BB; Table S5: Estimation of Qmax and K
parameters according to the Freundlich isotherm model for OSS, NBB and BB; Table S6: Estimation of Qmax and
K parameters according to the Dubinin-Radushkevic isotherm model for OSS, NBB and BB; Table S7: Summary of
k and qeq values obtained with pseudo first-order and pseudo second-order fitting of the kinetic data set.
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Abstract: The contamination of freshwaters by heavy metals represents a great problem, posing a
threat for human and environmental health. Cadmium is classified as carcinogen to humans and
its mechanism of carcinogenicity includes genotoxic events. In this study a recently developed
eco-friendly cellulose-based nanosponge (CNS) was investigated as a candidate in freshwater
nano-remediation process. For this purpose, CdCl, (0.05 mg L™!) contaminated artificial freshwater
(AFW) was treated with CNS (1.25 g L™! for 2 h), and cellular responses were analyzed before and
after CNS treatment in Dreissena polymorpha hemocytes. A control group (AFW) and a negative
control group (CNS in AFW) were also tested. DNA primary damage was evaluated by Comet assay
while chromosomal damage and cell proliferation were assessed by Cytome assay. AFW exposed to
CNS did not cause any genotoxic effect in zebra mussel hemocytes. Moreover, DNA damage and
cell proliferation induced by Cd(II) turned down to control level after 2 days when CNS were used.
A reduction of Cd(II)-induced micronuclei and nuclear abnormalities was also observed. CNS was
thus found to be a safe and effective candidate in cadmium remediation process being efficient in
metal sequestering, restoring cellular damage exerted by Cd(II) exposure, without altering cellular
physiological activity.

Keywords: DNA damage; micronucleus; nuclear morphology alteration; cellular proliferation;
cadmium; zebra mussel (Dreissena polymorpha); polysaccharide-based nanosponge; nanoremediation

1. Introduction

Metals represent one of the most widespread environmental contaminants. Among them,
cadmium (Cd) is a persistent, non-essential metal coming from anthropogenic activities and natural
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processes and it is present in all the environmental matrices [1,2]. Cadmium enters the aquatic
environment from diffuse and point sources, it is estimated that weathering and erosion contribute
in 15,000 tons of cadmium every year while atmospheric fall-down (of anthropogenic and natural
emissions) is estimated to contribute between 900-3600 tons to the global aquatic environment [3].
Cadmium concentration in industrial effluents may vary from 0 to 1000 mg L~!, whereas that in
municipal waste waters is commonly lower than 0.01 mg L' [4]. Although drinking water usually
contains very low concentrations of cadmium (ranging from 0.00001 mg L~! to 0.001 mg L), levels up
to 0.01 mg L1 have been sometimes reported. In polluted areas, well-water cadmium concentration
could exceed 0.025 mg L1 [5,6]. On the other hand, speaking in terms of threshold values, while the
European Union directive posed it 0.005 mg L~! for drinking water [7], other countries like Brazil
allowed the threshold to be set 0.01 mg L! for freshwater [8]. Moreover, besides smoking habit and
alcohol consumption, diet plays an important role in humans being vegetables able to accumulate
cadmium whose environmental levels need to be maintained under control [9].

Since 1993 the International Agency for Research on Cancer has classified cadmium and cadmium
compounds as human carcinogens [10] and the contamination of surface and ground waters by cadmium
represents a serious environmental problem which involves human health. An increased risk of
cancer, including bladder cancer, was found to be statistically linked with cadmium contamination [11],
thus indicating the development of remediation technology for the reduction of Cd content in
freshwaters is highly recommended.

Cadmium carcinogenesis mechanisms seem to include oxidative DNA damage and subsequent
apoptotic resistance, epigenetic DNA methylation status changes, aberrant gene expressions [12],
and DNA repair systems interference [13]. Moreover, a possible dysfunction of mitotic apparatus
resulting from incorrect segregation of the chromosomes at anaphase has been suggested [1].

In this context, the development of a sustainable methodology to safely remove cadmium
from contaminated waters deserves much attention. Techniques of nano-remediation, which is the
application of nanotechnology and the use of engineered nanomaterials (ENMs) to clean contaminated
environmental matrices, including groundwater and wastewaters [14], can be considered the most
appropriate tools.

For this purpose, the selected nanomaterial needs to be completely reliable, not exerting any
degree of toxicity towards biota [15], thus overcoming the problems related for example with the
use of zero valent iron (nZVI) [16,17] after injection into aquifers for in-situ remediation. The use
of nZVI has shown great potential in the remediation of contaminated water [18], but it has also
underlined its reactivity in the remediation of highly polluted areas, including toxic effects during
environmental applications. Carbon nanotubes, nano-zinc and nano-titanium oxides have been tested
in remediation processes [19-21], but conflicting results have been reported concerning their potential
ecotoxicity [22]. For these reasons, sustainable nanomaterials, developed from renewable sources,
arouse growing interest for their application in nano-remediation [22,23] being effective, biodegradable,
and biocompatible. Among all the renewable sources, polysaccharides (and cellulose in particular)
are emerging as starting materials for a wide plethora of applications, including the synthesis of
engineered nanomaterials (ENMs) for environmental remediation [23-25].

In this context, a two-step protocol for the synthesis of a novel family of nanocellulose-based
ENMs was set up. Among their features, these ENMs possessed superb performance in the
adsorption of organic and inorganic pollutants. They were obtained by the cross-linking of
2,2,6,6-tetramethyl-piperidine-1-oxyl (TEMPO)-oxidized cellulose nanofibers (TOCNF) [26] with
branched polyethyleneimine (bPEI), affording nanostructured cellulose nanosponges (CNS) [27].

These materials possess a 2D sheet-like morphology and are characterized by a high micro-porosity,
as revealed by scanning electron microscopy (SEM) [28] and microcomputed tomography (uCT)
analysis [27]. More interestingly, CNS also shows a nano-porosity, as revealed by in-depth small angle
neutron scattering (SANS) and Fourier Transform Infrared Spectroscopy (FI-IR) studies [29], and can
be also easily functionalized to confer the material additional properties, including ion sensing [30].
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The high porosity allows to favor the contacting between metal ion analytes and active sites of the
sponge, consisting in the cooperative chelating action of vicinal amino groups. To encourage the
applicability of CNS as adsorbent materials for decontamination of heavy metal polluted waters,
their environmental safety (ecosafety) was improved by exploiting an eco-design approach consisting
into the combination of life cycle assessment (LCA) and environmental risks assessment [31-33]. In
these works, the synthetic protocol was revised as function of the results achieved by a laboratory scale
LCA study [31] and by their impact on marine biota (Dunaliella tertiolecta and Mytilus galloprovincialis),
while employed for sea decontamination [31,32].

For the first time, in the present work we aimed to evaluate the safeness and efficacy of CNS when
employed as adsorbent material in remediation of heavy metal contaminated freshwater by studying
cellular responses in a freshwater organism.

The sedentary bivalve Dreissena polymorpha (zebra mussel) has been widely used to study the
effects of classical and emerging contaminants due to its high filtration rate, suitable size for in vivo
laboratory exposure, and maintenance [34].

The sensitivity of zebra mussel hemocytes to genotoxic compounds has been demonstrated
through the induction of DNA strand breaks and DNA adducts, the increase of micronuclei and nuclear
abnormalities [35,36] related with the level of contaminants in water [1,37].

In the present study, zebra mussel was selected as a biological model to evaluate the safety of CNS
for freshwater organisms and to test CNS efficacy in the removal of Cd(II) from a laboratory freshwater
environment, with consequent restoration of physiological cellular functions in exposed organisms.

DNA integrity loss, cellular proliferation, and chromosomal damage associated to CdCl, exposure
were investigated in D. polymorpha hemocytes to evaluate the remediation capacity of CNS and to
ascertain their safeness at a cellular level.

2. Materials and Methods

2.1. Chemical Reagents

CdCl, (CAS 7790-78-5) and Giemsa were purchased from Carlo Erba (Milano, Italy). Cotton linter
cellulose was kindly provided by Bartoli Spa (Capannori, Lucca, Italy) paper mill. Cadmium analytical
standard, low melting agarose, normal melting agarose, Neutral Red, PBS, and all the other reagents
were purchased from Sigma Aldrich (Milano, Italy).

2.2. Preparation and Characterization of the Cellulose Nanosponges (CNS)

CNS were synthesized by reproducing a standardized protocol previously reported [28,31].
This procedure includes (a) the production of cellulose nanofibers, by means of TEMPO/NaClO/KBr
mediated oxidation of cotton linters, (b) their cross-linking with 25 KDa branched polyethyleneimine
(bPEI), (c) a freeze-drying process and a thermal treatment, in order to obtain a nanostructured xerogel.
The obtained CNS undergo a washing step prior the use.

In detail, cotton linters cellulose (100 g) were minced and dispersed in deionized water (2 L)
and then added to a solution (3.7 L) of TEMPO (2.15 g, 13.8 mmol) and KBr (15.42 g, 129 mmol) in
demineralized water and kept under vigorous stirring. By means of two dropping funnels, NaClO
(12.5% w/w aqueous solution, 437 mL) was added dropwise to the mixture, while sodium hydroxide
solution (4 M) was added in order to maintain the pH value in the range of 10.5-11. The reaction
was maintained under stirring for 16 h, and then acidified to pH 2 with concentrated HCl (37% w/w
aqueous solution). TEMPO oxidized cellulose (84 g, 84% yield) was recovered as a white precipitate
which was collected by filtration and washed extensively with deionized water (5 X 2 L) and acetone
(2 X 0.5 L). The oxidation degree was evaluated by titration of the carboxylic groups introduced on the
cellulose fibers using a NaOH solution and phenolphthalein as colorimetric indicator (1.5 mmol g~! of
-COOH units). After drying, TEMPO-oxidized cellulose was suspended in water, NaOH was added
(1 equivalent respect to carboxylic acids), and the dispersion was ultrasonicated at 0 °C (Branson
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Sonifier 250, Branson Ultrasonic SA, Carouge, Switzerland), 6.5 mm probe tip, 20 kHz in continuous
mode, output power 50%) until a clear solution was obtained, indicating the complete defibrillation of
TEMPO-oxidized cellulose into nano-dimensioned fibers (TOCNF). An excess of HCI (aq, 1 M) was
then added, the precipitate was collected by filtration and further washed on the filter with deionized
water until the filtrate reached a pH 6-7. TOCNF were dispersed (2 % w/v) in an aqueous solution
containing bPEI and citric acid (mass ratio 1:1:3.53 respectively), then the mixture was sonicated for
10 min before being transferred into a 24-well plate as mold, frozen at =80 °C and freeze-dried for
48 h, affording the corresponding xerogels which were removed from the mold and thermally treated
in an oven (103 °C, 12-16 h). The resulting sponge-like materials (Figure 1) were ground in a mortar
(particles sizes range 50400 um, maximum distribution 130 pm) and washed with water (6 times, 1 h
contact time for each cycle).
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Figure 1. Schematic representation of synthetic and morphological aspects of cellulose-based
nanosponge (CNS).

2.3. Sampling and Maintenance Condition

Independent experiments were conducted in freshwater aquaria for the preliminary CdCl,
dose-exposure test and for experiments in which CdCl, contaminated artificial freshwater was treated
with CNS. Adult specimens of D. polymorpha (medium valves length 2 + 0.5 cm) were collected
from Bilancino Lake, a pristine area in Tuscany (Florence, Italy) and carried to the laboratory in lake
original water. For the acclimatization period mussels were placed in a 10-L aerated tank with artificial
freshwater (AFW) obtained by mixing distilled (50%) and dechlorinated tap water (50%) 5 days
before preliminary dose-exposure experiment and 2 days before the second set of experiments. Water
temperature was 18 + 1 °C and a natural photoperiod was maintained, pH values were 8.04 + 0.10 for
preliminary dose-exposure experiments and 8.05 + 0.15 for experiments with CNS.

2.4. In Vivo Exposure

After an acclimatization period, mussels were placed on glass sheets suspended in small glass
aerated aquaria. For each treatment tank, at least 30 zebra mussels were exposed to the experimental
time of 48 h. Zebra mussels were not fed during the experiments, and only specimens that were able to
re-attach themselves by their byssus filaments on glass sheets immersed in water were used for the
research as suggested by Binelli and collaborators [36]. Mussels were preliminarily exposed to 0.005;
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0.01; 0.05; 0.1 mg L~! CdCl, for 48 h and to 7 days in order to set up sub-lethal concentration to be used
for the CNS efficacy exposure study. The lowest dose was selected because established by United States
Environmental Protection Agency (US EPA) as a maximum contaminant level for cadmium in drinking
water [38] while the highest one is considered representative of highly impacted sites. CdCl, was
dissolved in distilled water and a stock solution was prepared. These preliminary studies indicated
that a loss of DNA integrity in D. polymorpha hemolymph was observable after 48 h exposure, starting
from 0.005 mg L~! and from 0.01 mg L' after 7 days displaying cytotoxicity only at the highest dose of
0.1 mg L~! (data not shown). For this reason, in order to work with environmentally realistic exposure
levels, the CdCl, dose selected for the experiments resulted to be 0.05 mg L™}, being genotoxic but not
cytotoxic (cytotoxicity appeared at 0.1 mg L™1). Moreover, the dose of 0.05 mg L™! (53.7 + 0.5 pg L™
nominal dose) allowed to assess CNS activity at a cadmium concentration which can be considered
environmentally realistic in polluted sites [1], even avoiding mussel valves’ closure with consequent
cessation of filtering activity, a general defense mechanism occurring in mussels after exposure to very
high concentrations pollutants, higher than 0.1 mg L~! for Cd(II) concentrations [39,40]. To assess
CNS ecosafety, i.e., absence of toxicity in freshwaters, and CdCl, adsorption efficacy, zebra mussels
were in vivo exposed for 48 h to the following groups in AFW: CdCl, 0.05 mg L~ (Cd(rn)), CdCl,
0.05 mg L7 after treatment with CNS (Cd-t CNS), AFW after treatment with CNS (CNS). Mussels in
AFW were used as controls (AFW). The ratio of CNS able to adsorb Cd(II) from freshwaters was set
up at 1.25 g CNS per L of AFW, based on our previous studies [31,33]. In particular, CNS samples
were incubated with AFW for 2 h at room temperature, under vigorous magnetic stirring, reproducing
the treatment process normally applied to contaminated water matrices. Mixtures were then filtered
at 0.45 um to remove CNS powder and the conditioned AFW was used for zebra mussels during
the in vivo exposure study. The effects of CdCl, and CNS-treated AFW, alone and in combination,
were evaluated in zebra mussel hemocytes gently aspirated from the posterior adductor muscle sinus,
processed for Comet and Cytome assays [41].

2.5. Cadmium Concentration in Water

Water media samples were taken from each tank after 48 h and stored at 4 °C, for chemical analyses.
Cadmium concentrations in AFW were determined by means of Inductively Coupled Plasma-Optical
Emission Spectrometry (ICP-OES) using a Perkin Elmer Optica 8300 (Perkin Elmer, Waltham, MA,
USA), equipped with a CrossFlow nebulizer and a Scott Spray Chamber, followed by a standard
quartz torch. The instrument calibration was performed by dilution of a cadmium analytical standard
(Honeywell FLUKA™, Fisher Scientific Italia, Rodano, MI, Italy), with MilliQ® water obtaining 5, 10,
and 50 pg L1 solutions, to each analyzed samples Y (2 mg L™!) was added as internal standard.

2.6. Viability Assessment

The Neutral Red Retention Time (NRRT), used extensively as convenient and rapid measurement
of cell viability [42], was performed to discriminate the healthy cells, whose lysosomes take up and
retain longer the dye (neutral red), from damaged cells unable to keep the stain inside the organelles.

NRRT was set up according to Guidi and coworkers [43]. Briefly, 10 uL of hemolymph for each
sample were incubated on a polylysine pre-coated microscope glass slide with neutral red working
solution (0.1 mg mL™!). Granular hemocytes were examined to light microscope at 15 min intervals,
for up to 180 min to evaluate the time at which 50% of cells had leaked to the cytoplasm the dye
previously trapped by lysosomes. The Comet assay was performed only with cell population that
showed a viability >90% to avoid false positive results.

2.7. Comet Assay

The Comet Assay was performed on hemocytes from 10 specimens per tank at the end of the
exposure, according to Singh and co-authors [44] with slight modifications [43]. Briefly, cells were
embedded in 0.5% low-melting agarose (LMA), spread onto microscope slides pre-coated with 1%
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normal-melting agarose (NMA) and covered with a further layer of LMA 0.5%. Slides were dipped into
a lysing solution (NaCl 2.5 M, Na,EDTA 100 mM, Trizma Base 10 mM, 10% DMSO, 1% Triton X-100,
pH 10) and kept overnight at 4 °C in the dark, in order to solubilize cell membranes and cytoplasm.
Successively, slides were treated with alkali (NaOH 300 mM, Na,EDTA 1 mM, pH > 13) for 10 min
and placed in a horizontal electrophoresis apparatus. Electrophoresis was performed for 5 min at
25V and 300 mA. After the run, slides were neutralized with Tris-HCl (0.4 M, pH 7.5), stained with
100 pL ethidium bromide and observed under a fluorescence microscope (400x). The amount of DNA
damage was quantified as the percentage of DNA migrated into the comet tail (tail DNA) [45], using
an image analyzer (Kinetic imaging, Ltd., Komet, Version 5, Software for Live Cell Imaging, Tissue and
Structure Quantification, Cytogenetics and Toxicology, Stereology. Bromborough, Wirral, Merseyside
CH62 3NY, UK, 2005). At least 50 nuclei per slide and 2 slides per sample were scored, for a total of
100 nuclei per organisms and the mean calculated. At least 5 organisms per treatment were analyzed.

2.8. Cytome Assay

The genotoxic effects were evaluated at a chromosomal level by the micronuclei and nuclear
abnormalities frequency assessment. The Cytome assay was carried out on hemocytes according
to Guidi and co-authors [43]; 900 uL of PBS were added t0100 uL of hemolymph, then centrifuged
for 10 min at 1000 rpm. Cell pellet was prefixed for 20 min in a 5% acetic acid, 3% ethanol, 92%
PBS, then centrifuged for 10 min at 1000 rpm. The supernatant was removed and 1 mL fixative (7:1,
ethanol:acetic acid) was added to the suspended pellet; this process was repeated twice. After the
last fixation cells were centrifuged, spread onto microscope slides (two slides per mussel), air dried
and stained with 3% Giemsa solution for 10 min. Cells with well-preserved cytoplasm per specimen
were scored (500 per slide) at light microscope to determine the frequency of micronuclei (MN) and
nuclear abnormalities [46] according to the following criteria proposed by Fenech [47]. The presence of
cells with morphologically altered nuclei (nuclear blebs (BL), nuclear buds (NBUD), notched nucleus
(NT), lobed nucleus (LB)), and apoptotic cells (APO) were scored on the same slides in parallel and
collectively reported. The frequency of total nucleus abnormalities (NA), was also evaluated in
mussel hemocytes and binucleated cells (BN), with or without nuclear bridges (NPB), were scored
for proliferation activity (Figure 2). Ten specimens, two slides per specimens, 500 cells per slide were
scored for each experimental group.
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Figure 2. Hemocyte nuclear abnormalities in D. polymorpha. (A) Mononucleated healthy cell;
(B) hemocyte displaying a micronuclei (MN); (C) hemocyte with a nuclear bleb (BL); (D) hemocyte with

a nuclear bud (NBUD); (E) Binucleated (BN) hemocyte with nuclear bridges (NPB); (F) BN with a MN;
(G) vacuolated cell; (H) apoptotic cell.

28



Nanomaterials 2020, 10, 1837

2.9. Statistical Analysis

Results obtained are represented as mean + SE from at least 5 specimens. Data were analyzed by
the multifactor analysis of variance (MANOVA) or multiple regression analysis (MRA). The multiple
range test (MRT) was performed in order to detect differences among experimental groups. For all
data analysis, statistical significance was set at p < 0.05.

3. Results and Discussion

3.1. CNS Synthesis and Characterization

The aim of the present work was to assess the efficacy and the safety of specifically synthesized
polysaccharide based nanosponges to prevent cadmium-induced genotoxicity in freshwaters in the
framework of a bigger project on nanoremediation (“Nanomaterials for Remediation of Environmental
Matrices associated to Dewatering”, POR CReO FESR 2014-2020). Concerning results about CNS
synthesis and characterization, CNS were produced according to the protocol reported in Figure 1.
In a first step, the oxidation of native cellulose by means of TEMPO/NaClO/KBr system leads to the
partial conversion of C6 alcoholic groups present on the glucopyranose units to the corresponding
carboxylic acids [26]. The final content of acidic groups resulted to be 1.5 mmol g~!, which was
considered a limit value, as further oxidation would lead to partial depolymerization of cellulose chains.
Carboxylic moieties, at basic pH, underwent deprotonation, promoting the electrostatic repulsion
among single nanofibers (TOCNF), which could be filtered and recovered. The second step in the
synthetic procedure consisted into mixing TOCNF and bPEI in deionized water in a 1:1 weight ratio.
In order to increase the content of carboxylic groups and to further increase cross-linking, 18% of citric
acid (CA) respect to primary amino groups of bPEI was added to the mixture. This formulation is the
result of an eco-design performed since the early stage of production was at a laboratory scale [32].
The obtained hydrogel underwent lyophilization and then heating at about 100 °C, affording CNS,
whose structural and chemical stability was derived by the formation of amide bonds between the
carboxylic groups of TOCNF and the primary amines of bPEI, as evidenced in a previous work by
FT-IR analysis (-C=0 stretching of the amide bonds at 1664 em™1) [28]. 13C CP-MAS solid-state NMR
and elemental analysis also confirmed the role of CA in better fixing bPEI molecules [28], the latter
playing a crucial role in the adsorption process by chelating the metal ions thanks to the multiple
amino groups. CNS were grinded in a mortar before use, in order to increase sorption performance,
by facilitating the diffusion of ions in the network [32]. Microcomputed tomography (u-CT) analysis
also revealed that CNS are characterized by a high porosity (70-75%), with pore sizes in the range
of 10-100 um, as evidenced by scanning electron microscopy (SEM) [28]. Pores are formed during
the freeze-drying process, and are characterized by a 2D sheet-like morphology, often reported in
literature for cellulose-based aerogels obtained following this procedure. This approach also prevents
the formation of occlusions, guaranteeing a complete diffusivity of analytes in the network [48].
Besides the evidence of micro-porosity, a small angle neutron scattering (SANS) analysis of water
nano-confinement geometries in CNS allowed to evidence the presence of nano-pores, measuring
a short-range correlation length in a range between 25 and 35 A [29]. More recently, the FTIR-ATR
investigation of H,O and D,0O in CNS revealed a supercooled behavior of these molecules, further
supporting the concept a nano-confinement for water, and consequently the presence of nanopores
in the network. Due to all these characteristics CNS represents a sustainable cellulose nanomaterial,
developed from renewable sources, which appears to be eligible for nano-remediation strategies in
heavy metal polluted environments.

As cadmium is a human carcinogen, its contamination of surface and ground waters represents a
serious environmental problem, even if the mechanism of Cd-induced carcinogenesis is still under
discussion. It was proposed that it is multi-factorial [49], and an important role may be played
by the indirect increase of reactive oxygen species and the disruption of the cellular antioxidant
system [12,50,51], leading to oxidative stress induction [52], which, in turn, causes lesions to the DNA,
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including potentially lethal DSBs [13]. It also competes with Zn (II) in cellular components and binds
to the DNA bases, giving rise to single-stranded DNA breaks [53,54]. While the European Union
directive posed 0.005 mg L™! of cadmium as a threshold for drinking water, other countries allowed
higher thresholds to be set for freshwater. For this reason, the ability of harmless polysaccharide
based nanosponges to reduce both Cd(II) concentration in water and Cd(Il)-induced genotoxicity in
freshwater organisms was investigated.

3.2. Cadmium Concentration in Water

In order to assess the efficacy of cellulose-based nanosponges in removing Cd(II) from freshwater
together with their safety evaluation for organisms, exposure experiments to cadmium contaminated
AFW treated with CNS (Cd-t CNS) were carried out. ICP-OES analysis on exposure waters showed
the strong Cd(II) adsorption capability of CNS in freshwater. Table 1 reports the results of ICP-OES
analysis on all the waters to which zebra mussels have been exposed. In AFW and AFW treated with
CNS (CNS) the Cd(II) concentration resulted negligible. On the contrary, artificially Cd(II) polluted
AFW treated with 1.25 g L~1 CNS (Cd-t CNS) showed a remarkable decrease of Cd(II) concentration
(up to 88.8%) when compared to artificially Cd polluted AFW (Cd(II)).

Table 1. Cd(Il) concentration (mg L~!) measured by plasma spectroscopy in treatment waters after
48 h of exposure to the following experimental groups: artificial freshwater (AFW) (control); Cd(II)
(0.05 mg L~! of CdCl, in AFW); Cd-t CNS (CdCl, 0.05 mg L~! contaminated AFW treated with CNS);
CNS (AFW treated with only CNS).

Experimental Group Cd(II) mg L1
AFW <0.001
CNS <0.001
Cd() 0.0537 + 0.005
Cd-tCNS 0.0060 + 0.0001

This result was in line with what was recently found in pure water [27] and in artificial sea
water [32,33]. It is interesting to note how starting from 0.05 mg L1, a dose associable with high
contaminated rivers [55], the residual final cadmium concentration found in waters treated with CNS
was 0.0060 = 0.0001 mg L', the same order of magnitude posed by the European Union directive for
drinking water (0.005 mg L71).

3.3. Cellular Responses

Concerning biological responses water samples pretreated with CNS alone (CNS) or in combination
with 0.05 mg L~ CdCl, (Cd-t CNS), they did not result as cytotoxic in terms of lysosome membrane
stability, always displaying values of Neutral Red Retention Time above 180 min. After both the
exposures to CNS alone and cadmium contaminated AFW treated with CNS, data were statistically
comparable to control levels also in terms of DNA integrity.

Cadmium per se is weakly genotoxic [13], and one of the advantages of the Comet assay is its
demonstrated sensitivity for detecting low levels of DNA damage and in its alkaline version it is
capable of detecting DNA single-strand breaks (SSB), alkali-labile sites (ALS), DNA-DNA/DNA-protein
cross-linking, and SSB associated with incomplete excision repair sites [56]. Moreover, a negative
association has been often showed between oxidative stress and DNA primary damage detected by
Comet assay [57].

Zebra mussel hemocytes collected from the tank containing AFW exposed to polysaccharide-based
nanosponges did not show any loss of DNA integrity. On the contrary, CdCl, 0.05 mg L™! induced
a statistically significant increase (p < 0.05) of DNA primary damage in zebra mussel hemocytes
compared to controls. In specimens exposed to Cd-t CNS the DNA damage induced by CdCl,
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0.05 mg L' turned down to control level (Figure 3). Interestingly, DN'A integrity loss was found to be
related to cadmium nominal concentration (c.c. 0.46; R? = 21.7; p < 0.001).
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Figure 3. DNA primary damage (% tail DNA) in zebra mussel hemocytes after 48 h of exposure to the
following experimental groups: AFW (control); Cd(II) (0.05 mg L' of CdCl, in AFW); Cd-t CNS (CdCl,
0.05mg L~! contaminated AFW treated with CNS); CNS (AFW treated with only CNS). Results are
shown as mean + SE. (*) indicates significant differences respect to the control group (AFW) (p < 0.05).

Although our background level of DNA damage in control mussels did not range among the
recommended values suggested by Tice and co-authors [56], the results obtained from the control
tank were able to discriminate the exposure effects. In literature, high background levels obtained
by the Comet assay were reported in D. polymorpha as well as in other aquatic organisms [58] and
baseline levels of DNA damage in mussel hemocytes seem to be correlated with animal maintenance
temperature; resulting 4 °C to be the optimal experimental condition for lower Comet assay basal
results [59]. However, 4 °C was not selected in the present work because it was not representative of
natural water lake temperature required by our experimental design which aimed, instead, to recreate
environmental realistic conditions to test CNS performance and potential cellular toxicity. On the
other hand, we cannot exclude that results obtained from AFW experimental group might have been
modulated by other factors such as water quality of sample site and/or origin population genetic
background. CNS thus resulted to be not genotoxic in terms of DNA primary damage, speaking in
favor of it being a harmless material for biological systems. The significant loss of DNA integrity
of zebra mussel hemocytes induced by Cd was completely restored in organisms exposed to Cd-t
CNS paralleling the observed reduction of cadmium bioavailability in the water, thus indicating CNS
efficacy in Cd removal.

Besides the disruption in cellular signal transduction [60], cell proliferation activity appears to be
affected by cadmium exposure [61] and our data seem to confirm in zebra mussel hemocytes what
was reported for human and mammalian cell lines [62-64]. The dose selected for CdCl, treatment
(0.05 ppm) was able to induce proliferation activity evaluated in terms of binucleated cell frequency
increase (p < 0.05) after 48 h exposure. Interestingly, after 2 day-exposure the frequency of binucleated
hemocytes turned down to control level in specimens exposed to cadmium in AFW treated with CNS
(Cd-t CNS) (Figure 4).
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Figure 4. Frequency (%o) of binucleated cells (BN) in zebra mussel hemocytes after 48 h of exposure
to the following experimental groups: AFW (control); Cd(II) (0.05 mg L~! of CdCl, in AFW); Cd-t
CNS (CdCl, 0.05 mg L~! contaminated AFW treated with CNS); CNS (AFW treated with only CNS).
Results are shown as mean + SE. (*) indicates significant differences respect to the control group (AFW)
(p <0.05).

Cadmium was actually found to stimulate DNA synthesis and cell proliferation at low
concentrations in mammalian cell lines [54], leading to relevant implications for carcinogenesis
processes. An increased level of binucleated gill cells has been also observed in zebra mussel after 5
days of exposure and proposed to be related to an inhibition of cytokinesis activity more than a Cd
proliferative effect [1]. Alteration of cytoskeleton function, resulting in reduced phagocytic processes,
has been observed in D. polymorpha hemocytes [2] after 5 x 10~# M Cd exposure. Moreover, an alteration
in actyne fibers, resulting in altered hemocyte morphology, with reduced pseudopods formation, was
reported after cadmium exposure in marine mussels [2,65,66]. In our study, the significant increase of
binucleated cell frequency induced by Cd treatment was reduced to control levels in organisms exposed
to cadmium contaminated AFW treated with CNS, showing that the Cd removal by CNS restored a
physiological proliferation and/or cytokinesis activity. Among several mechanisms proposed to explain
actin cytoskeleton alterations, an increase of ROS production plays an important role, which, in turn,
might associate the two phenomena observed, i.e., loss of DNA integrity and cell proliferation increase.

Cd-induced biochemical changes may play roles in all the stages of carcinogenicity and the
induction of oxidative stress in combination with decreased DNA repair can lead to DNA damage [54].
It has been proposed that Cd interferes with major DNA repair systems [13], leading to their
inhibition [67,68], and unrepaired DNA lesions may give rise to chromosomal damage. The spontaneous
MN frequency (mean + SD) found in our preliminary studies (1.2 + 1.1 for 2days and 2.1 + 1.05 for 7 days
exposure, data not shown) is similar to the basal levels reported in zebra mussel hemocytes by Binelli
and coauthors [36] (from 0 to 4). In the present study, Cd(II) exposure induced an increase of hemocyte
MN basal level of 83%. AFW exposed to CNS did not cause any chromosomal damage in zebra mussel
hemocytes, while CdCl, 0.05 mg L1 confirmed the statistically significant induction of cells displaying
both micronuclei and total nuclear morphology abnormalities (Figure 5A,B). No induction of apoptotic
cells was observed at all the experimental points.

Mussels exposed to CNS alone and Cd-t CNS showed that Cd-induced MN and nuclear abnormality
frequency increases, biomarkers associated with numerical and structural chromosomal mutations,
were reduced by Cd removal activity of CNS, speaking in favor of the effectiveness of this newly
synthetized nanosponge in restoring not only a Cd(Il) induced repairable DNA damage, assessed by
Comet assay, but also in reducing a consolidated chromosomal damage in freshwater organisms. Taking
into consideration all the chromosomal damage, it is represented by both micronuclei, potentially
coming from a possible dysfunction of mitotic apparatus, and nuclear abnormalities. NA include
structural aberrations mainly representing the results of clastogenic events often induced by oxidative
processes, like dicentric chromosomes (NPB), DNA repair system failure and gene amplification.
In the present study, Multiple Regression Analysis also showed a moderate but significant positive
correlation between the frequencies of micronuclei and total nuclear abnormalities (r = 0.52; R? =27.17;
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p < 0.001) (Figure 6), indicating the involvement of the whole chromosomal damage in response to
cadmium-induced genotoxicity.
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Figure 5. (A) Frequencies (%o) of micronuclei (MN) and (B) total nuclear abnormalities (NA) in zebra
mussel hemocytes after 48 h of exposure to the following experimental groups: AFW (control); Cd(II)
(0.05 mg L~! of CdCl, in AFW); Cd-t CNS (CdCl, 0.05 mg L~! contaminated AFW treated with CNS);
CNS (AFW treated with only CNS). Results are shown as mean + SE. (*) indicates significant differences
respect to the control group (AFW) (p < 0.05).
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Figure 6. Relationship between MN and NA frequencies in zebra mussels from the different experimental
conditions (control, Cd(II), Cd-t CNS, CNS). r = 0.52; R? =27.17; p <0.001. Black line is the regression
line, which represents the regression equation. Gray lines represent 95% of the confidence interval.
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Our analyses also supported the use of hemolymph as a useful tissue to perform Cytome assay,
allowing the analysis of samples from single individuals and not from pooled cells taken from different
specimens as frequently applied [69].

The principal novelty of the present work relies on the efficacy of specifically designed eco-safe
CNS for nanoremediation, which were found to efficiently remove cadmium from contaminated waters
without inducing cellular alterations in a model freshwater organism. Data from literature concerning
nano-remediation procedures mainly report cadmium removal from solid environmental matrices,
like river sediments, by the use of nZVI nanomaterials [11,70], making less fitting any comparison with
the present study. In such cases, the remaining concentration of Cd(II) in the aqueous solution was
enough to induce strong deleterious effects on the mechanisms of cellular respiration [70]. Nano TiO,
sprays have been even used to reduce cadmium content in cowpea plant leaves [21] in order to reduce
cadmium dietary intake, but the need of cadmium removal from freshwaters is still high and future
research directions call for the assessment of CNS efficacy by using lower concentrations of cadmium,
aiming to break down Cd(II) concentration close to zero level and to promote their potential large scale
applications in different freshwaters and other environmental matrices.

4. Conclusions

We have proposed a cellulose-based nanostructured material derived from renewable sources as
a valuable sorbent material for cadmium ions removal from freshwater. The high affinity for metal
ions is ascribed to the chelating action of the amino-groups present in the inner structure, and derived
from the bPEI polymer used for TOCNF cross-linking. The eco-designed material is characterized
by a high micro- and nano-porosity, facilitating the contacting between the metal ions and the active
sites of the sorbent. In our experimental model, this cellulose based nanosponge resulted to be a
suitable safe candidate in cadmium remediation process being efficient in metal sequestering, without
altering cellular physiological activity in freshwater organisms. Our data demonstrate, for the first
time, the efficacy of CNS to carry out their remediation action in freshwater environment in terms
of reduction of DNA primary and chromosomal damage induced by Cd to freshwater zebra mussel
hemocytes. The efficacy of CNS was confirmed at a chromosomal level by the Cytome assay, which
included the evaluation of different nuclear abnormalities, supporting the application of piscine Cytome
assay [71] as a valuable tool for nano-remediation validating studies applied to freshwater models.
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Abstract: To encourage the applicability of nano-adsorbent materials for heavy metal ion removal
from seawater and limit any potential side effects for marine organisms, an ecotoxicological evaluation
based on a biological effect-based approach is presented. ZnCl, (10 mg L) contaminated artificial
seawater (ASW) was treated with newly developed eco-friendly cellulose-based nanosponges (CNS)
(1.25 g L7! for 2 h), and the cellular and tissue responses of marine mussel Mytilus galloprovincialis
were measured before and after CNS treatment. A control group (ASW only) and a negative control
group (CNS in ASW) were also tested. Methods: A significant recovery of Zn-induced damages
in circulating immune and gill cells and mantle edges was observed in mussels exposed after CNS
treatment. Genetic and chromosomal damages reversed to control levels in mussels’ gill cells (DNA
integrity level, nuclear abnormalities and apoptotic cells) and hemocytes (micronuclei), in which
a recovery of lysosomal membrane stability (LMS) was also observed. Damage to syphons, loss
of cilia by mantle edge epithelial cells and an increase in mucous cells in ZnCl,-exposed mussels
were absent in specimens after CNS treatment, in which the mantle histology resembled that of the
controls. No effects were observed in mussels exposed to CNS alone. As further proof of CNS’ ability
to remove Zn(II) from ASW, a significant reduction of >90% of Zn levels in ASW after CNS treatment
was observed (from 6.006 to 0.510 mg L~!). Ecotoxicological evaluation confirmed the ability of CNS
to remove Zn from ASW by showing a full recovery of Zn-induced toxicological responses to the
levels of mussels exposed to ASW only (controls). An effect-based approach was thus proven to be
useful in order to further support the environmentally safe (ecosafety) application of CNS for heavy
metal removal from seawater.

Keywords: cellulose-based nanosponges; zinc; seawater; ecotoxicity;  effect-based
approach; remediation
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1. Introduction

The rapid industrialization and economic development of marine coastal areas have significantly
increased the release of toxic pollutants, leading the marine environment to be considered a final
sink [1]. Heavy metal pollution due to different sources and anthropogenic activities (sewages, ship
and gas/oil platforms discharges, antifouling paints, landfill sites) still represents a critical issue in
marine coastal waters, being responsible for ecological deterioration and for giving rise to health risks
for humans and marine wildlife [2,3]. In order to achieve a Good Environmental Status following the
Marine Strategy Framework Directive (MSFD, Directive 2008/56/EC) [4], heavy metals in European
coastal waters should be kept below those concentrations that are able to cause toxicity to marine
species (from mg L~! down to ug L~1) (Environmental Quality Standard Directive 2013/39/EU) [5].
Zinc levels very often exceed regulatory limits in marine coastal areas, with concentrations of up to
10 ppm in both sediments and the water column. Although Zn(II) is known to pose a serious threat to
humans and the environment, its worldwide production has increased in the last ten years, so that
its presence in the aquatic environment is expected to grow [6]. Further sources of Zn(II) release into
the sea include Zn-based antifouling paints and sunscreens (e.g., zinc oxide), as well as discharges
from desalination plants and bilge water disposal [7,8]. In the ocean, dissolved Zn(Il) undergoes a
nutrient-like vertical profile and sediments represent a source to the water column. This will in turn
significantly affect Zn(II)’s bioavailability, bioaccumulation and toxicity for marine species belonging to
different trophic levels [9-16]. Zn(II) is also an essential element for selected marine species, therefore
its levels in surface waters should not decrease below a certain concentration (g L™1), which could
limit phytoplankton growth [17].

The use of engineered nanomaterials (ENMs) was recently intended as a more attractive and
convenient remediation solution compared to conventional ones, being less expensive and more
effective, as well as environmentally and economically sustainable [18,19]. Their usage for cleaning
up polluted soils and waters, termed “nanoremediation”, has made enormous progress over the
last few decades [20]. However, the risks associated with their mobility and transformations once
released into the environment are almost unknown [18]. To fill these scientific gaps whilst going
back to a perspective of environmental and economic sustainability, research is moving towards the
design of environmentally friendly ENMs which do not pose any risk for living beings and overall
ecosystems [21-23]. In this direction, several contributions have been made to develop eco-friendly
bio-based ENMs which have a high capacity to reduce environmental pollution and are suitable to be
used onsite [24-27]. Among renewable sources, cellulose is receiving great attention, being an abundant
biopolymer with good mechanical properties and numerous possibilities for chemical functionalization.
It also represents a promising sustainable material, since its synthesis does not require the use of
high temperatures and CO, emissions are lower than those connected to the production of classical
ENMs [22,23,28-33]. Moreover, due to the degree of branching that can be obtained, the area-to-volume
ratio is very high, promoting a greater efficiency of adsorption, which can be increased by tailoring
cellulose with suitable functional groups [34]. In 2015, for the first time, we reported a two-step
thermal protocol for the synthesis of a novel family of cellulose-based ENMs which possessed superb
performance in the adsorption of metals and organic contaminants [35]. It was obtained by the
cross-linking of 2,2,6,6-tetramethyl-piperidine-1-oxyl (TEMPO)-oxidized and ultra-sonicated cellulose
nanofibers (TOUS-CNFs) [36] in the presence of branched polyethyleneimine (bPEI), thus achieving
a nanostructured cellulose sponge (CNS) suitable for heavy metal ion removal from water. CNS
shows a 2D sheet-like morphology, characterized by a micro-porosity, which can be observed by the
scanning electron microscopy (SEM) technique, and a nano-porosity, as revealed by an in-depth small
angle neutron scattering (SANS) analysis [37]. More recently, the adsorption efficiency of CNS from
seawater was revealed to be better than from freshwater, and their environmental safety (ecosafety) is
achieved by exploiting an eco-design approach capable of combining life cycle assessment (LCA) and
environmental risks [38—40]. To encourage the applicability of CNS as adsorbent materials for toxic
heavy metal removal from seawater, here, we propose an ecotoxicological evaluation designed by an
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effect-based approach. Considering their proven ability to remove heavy metals from seawater [40],
we aim to prove their efficacy in reducing Zn toxicity by measuring known Zn-induced toxicological
responses, both at cellular and tissue levels, in a model marine species, namely the bivalve mollusk
Mytilus galloprovincialis. Being a widely adopted marine model in ecotoxicology, Mytilus sp. has been
historically used as a bioindicator in marine pollution monitoring (mussels watch programs) [41,42]
due to its known ability to accumulate heavy metals in soft tissues, including Zn (ranging between
ug-mg/kg wet weight), in proportion to their concentration in seawater [43—46]. The main pathway of
Zn(1I) uptake in Mytilus is through the gills, from which it is transported to the digestive system via
the hemolymph [47-50]. Zn-induced biological responses/effects have been already well identified
in marine mussels, both at cellular and tissue levels, and described in detail [51-57]. Being the first
organs involved in Zn(Il) uptake in bivalves, the gills and mantle are the main targets of Zn toxicity
in mussels [58]. Zn damage to gills’ cilia impairs their movement but also affects their sensory and
secretory activities, as well as shell growth and repair mechanisms [59]. Zn waterborne exposure
(125 pg L1 is able to induce histopathological alterations of mantle external epithelial cells and
to increase mucous cells [60]. At the cellular level, lysosomal membrane destabilization has been
documented in mussels” hemocytes upon waterborne exposure to ZnCl, (0.5 and 1 mg L™, 7 days) [61].
DNA damage was reported to be either induced by reactive oxygen species (ROS) or by direct
binding to DNA in mussels’ embryos which were exposed to Zn-contaminated sediments [62] and
micronuclei and nuclear abnormalities in mussels’ gill cells as cyto-genotoxic biomarkers in pollution
monitoring [63].

With the aim of using an effect-based approach to assess CNS’ ability to remove Zn(II) from
seawater, lysosomal membrane stability (LMS) and DNA damage were investigated in mussels’
hemocytes and gill cells, as well as histopathological alterations on the mantle edge and external
epithelial cells. Specimens of M. galloprovincialis were exposed to ZnCl, contaminated artificial seawater
(10 mg L~' ASW) before and after CNS treatment, and two groups exposed to ASW (control) and CNS
alone were also tested. Levels of Zn(II) were also measured in ASW in all experimental groups (ZnCl,,
Zn-t CNS, CNS, ASW) at time zero and after 24 h of exposure.

2. Materials and Methods

2.1. CNS Synthesis, Characterization and Zn(II) Adsorption

TOUS-CNFs were prepared according to a standardized protocol reported by [38]. Briefly, 190 g
of cotton linters cellulose, provided by Bartoli Spa paper mill (Capannori, Lucca), were dispersed in
deionized water (2 L) and added to an aqueous solution (3.7 L) of 2,2,6,6-tetramethyl-piperidine-1-oxyl
(TEMPO 2.15 g, 13.8 mmol) and KBr (15.42 g, 129 mmol) under vigorous stirring. While maintaining
the stirring, NaClO (12.5% w/w aqueous solution, 437 mL) was slowly added to the mixtures and the
pH value maintained in the range of 10.5-11 by using sodium hydroxide solution (4 M). The reaction
was left stirring overnight and then acidified to pH 1-2 with concentrated HCI (37% w/w aqueous
solution). The oxidized cellulose was collected by filtration on a sintered glass funnel and washed
extensively with deionized water (5 x 2 L) and acetone (2 x 0.5 L, 99.9% purity). TOUS-CNFs were
recovered by 84%. The carboxylic content of the oxidized cellulose was then colorimetric titrated
(1.5 mmol/g of -COOH units). The obtained oxidized cellulose was dispersed in deionized water
(3% w/v), a stoichiometric amount of NaOH was added and the mixture was sonicated at 0 °C for
30 min, using a Branson Sonifier 250 equipped with a 6.5 mm probe tip, working at 20 kHz in continuous
mode, with an output power 50% the nominal value (200 W). An excess of HCI (aq, 1 M) was added in
order to precipitate TOUS-CNFs that were collected by filtration on Biichner funnel with a sintered
glass disc and further washed on the filter with deionized water (450 mL x 3 times).

CNS were prepared according to the optimized procedure which was recently reported [40].
TOUS-CNFs were dispersed in an aqueous solution of 25 kDa bPEI (84 g of bPEI in 300 mL of water)
and citric acid (23.8 g in 200 mL of water). The mixture was sonicated again for 10 min. The viscous

41



Nanomaterials 2020, 10, 1283

gel obtained was transferred into a mold, frozen at —80 °C for 12 h and freeze-dried at —60 °C for 48 h.
The cylindrical disks were thermally treated in an oven (103 °C, 12-16 h). The resulting xerogels were
ground in a mortar and washed with water (6 X 150 mL, 1 h contact time for each cycle). The CNS
synthetic procedure is summarized in Figure 1.
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Figure 1. Synthetic procedure for the production of cellulose-based nanosponges CNS.

The particle sizes of the ground CNS powder were measured in the Laboratory Chemical Analysis
(LAC) of Politecnico di Milano by means of a Malvern Mastersizer 3000 Particle Size Analyzer (Malvern,
UK) with Fraunhofer modeling, which considers opaque non-spherical particles. The CNS powder
was suspended under stirring in 500 mL of water to reach an obscuration level in the range of 8%—-12%.

The adsorption ability of CNS towards Zn(II) from ASW was determined as follows. In a Falcon
test tube, 12 mg (+0.2 mg) of CNS were dispersed in 15 mL of ZnCl,-contaminated solution at different
metal ion concentrations (1.5, 15, 30, 45 and 90 ppm). In all cases, the mass of sorbent material per
volume of solution was 0.8 mg mL~!. The test tubes were sealed and left at 25 °C and shacked
for 24 h. Upon filtration (0.45 um), the Zn(Il) solutions were analyzed using Agilent Technologies
Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Agilent Technologies, Santa Clara, CA,
USA) 7900, equipped with a MicroMist nebulizer and a spray chamber in a Peltier-cooled sample
introduction system, in order to increase stability and consistency, followed by a shield torch system
and temperature-controlled collision/reaction octopole ion guide cell, in order to provide interference
removal in the helium collision mode. All analytical operations were carried out in compliance with
method EPA 6020B 2014. Instrument calibration was carried out by standard solutions used as reference
material, which were purchased from qualified suppliers (Exaxol Italia, Genova, Italy), and containing
the analytes in a suitable concentration range.

The scanning electron microscopy (SEM) of the CNS was performed according to the method
which has been described in detail [40]. Briefly, after Zn(II) adsorption, horizontal sections of CNS (half
height) were fixed in aluminum stubs using graphite powder (Agar scientific, G3300 Leit C—conducting
carbon cement) and placed in the oven at 50 °C (30 min) and coated with graphite (Emitech K450
apparatus, Quorum Technologies Ltd., Laughton, UK). SEM images were obtained using a Zeiss
instrument Gemini Supra 40 model (accelerating voltage 20 kV, spot size 60 pm, Oberkochen, Germany)
with an energy-dispersive electron probe X-ray (EDX) (Oxfod x-act).
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2.2. Experimental Design of Effect-Based Study

2.2.1. In Vivo Waterborne Exposure

Adult specimens of M. galloprovincialis (medium length of the valves 6.5 + 0.5 cm) were purchased
from an aquaculture farm (Sardinia, Italy) and shipped to the marine aquarium facility of the
Department of Physical, Earth and Environmental Sciences of the University of Siena (Siena, Italy).
Based on our previous experience, an acclimatization period of 48 h was sufficient for reaching a
stable physiological condition for mussels [64]. Natural seawater (NSW) collected from a pristine
area in Tuscany (Italy) was used for acclimatization and the following parameters were kept constant
during the entire period: salinity 40% + 1%, pH 8 + 0.1, density 1.025 + 0.001 g cm~3, conductivity
49 + 1 mS cm™! and temperature 18 + 1 °C.

A set of two experiments was run: (i) a preliminary experiment was designed to select ZnCl,
sub-lethal effects concentration for mussels; (ii) a second experiment aimed to assess the CNS’ ability
to reduce ZnCl-induced toxicological responses/effects in exposed mussels. Both experiments were
run in artificial seawater (ASW), prepared following [65], in order to test CNS’ performance in high
ionic strength media and avoid inorganic and organic colloidal particles as well as other compounds
naturally occurring in NSW.

In the preliminary experiment (i), mussels were exposed for 48 h to ZnCl, at concentrations of
1, 10 and 100 mg L~ in ASW, which were chosen based on the LCsq values (range 2-20 mg L™!)
available in the literature for bivalve species [51,52,66-70]. A parallel group of mussels exposed to
ASW only was used as a control. Mussels were placed in 6 L glass tanks in groups of 6 individuals
per experimental condition, using a ratio of 1 mussel: 1 L ASW, and they were not fed during the
experiment. The exposure medium was renewed every 24 h to maintain constant Zn(II) nominal
exposure concentrations. At the end of the 48 h period, the mussels were removed from the tanks,
the hemolymph was collected for lysosomal membrane stability (LMS) in hemocytes by a neutral red
retention time assay (NRRT) (method described in detail in Section 2.2.2), and chromosomal damage
was measured through the micronucleus test (MN) (method described in detail in Section 2.2.2).

In the second experiment (ii), the mussels were exposed for 48 h to ZnCl, (10 mg L) in ASW
(Zn), before and after CNS treatment (Zn-t CNS), and two groups, one exposed to ASW only (ASW)
and one with only CNS (CNS), were prepared by following the same experimental conditions used
for the Zn-contaminated ASW treatment. We applied a ratio of 1.25 g of CNS: 1 L of ASW for the
CNS treatment, based on our previous findings on heavy metal adsorption from ASW [40]. Briefly,
125¢ L1 of CNS powder was incubated with ZnCl,-contaminated ASW (10 mg L) for 2 h at room
temperature, under vigorous magnetic stirring in order to increase the contact between CNS and Zn
(I) in the water medium. CNS alone were also incubated in ASW at the same ratio (1.25 g powder Lt
ASW) and further tested for reference. Both CNS treated mediums were then filtered at 0.45 pm using
a cellulose filter to remove excess CNS powder, and the obtained solutions (Zn-t CNS and CNS alone)
were tested with mussels. The experimental groups of ZnCl, in ASW (10 mg L) and ASW only were
also set up and tested. In summary, mussels (1 specimen: 1 L of ASW) were placed in 6L tanks (total of
6 individuals) and exposed to the following experimental solutions: ZnCl,, Zn-t CNS, CNS only and
ASW for 48 h. Mussels were not fed during the experiment and all tested solutions were renewed
every 24 h to maintain constant exposure conditions.

At the end of the 48 h period, the hemolymph was collected for the LMS NRRT assay (described in
detail in Section 2.2.2) and chromosomal damage was measured through micronucleus (MN) frequency
(described in detail in Section 2.2.2).

Gill arches and the full mantle were also removed with scissors, and single gill arches were
processed for comet and cytome assays (described in detail in Section 2.2.2), while the mantle was
processed for histological examination [71]. In addition, three independent samples of ASW (10 mL)
from each tested solution (ZnCl,, Zn-t CNS, CNS only and ASW) were collected at time zero and
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after 24 h, and they were stored at 4 °C for analysis of the total Zn(II) levels, according to the method
reported below (Section 2.3).

2.2.2. Cellular Bioassays

For the NRRT assay [72], the hemolymph was withdrawn from the mussel’s adductor
muscle using a sterile syringe (1 mL) pre-loaded with a buffer solution (20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 436 mM NaCl, 53 mM MgSO,, 12 mM
KCl, 10 mM CaCl,) to prevent hemocyte clotting. A 200 uL volume of hemocyte suspension was then
placed in a coverslip (22 X 22 mm), incubated in the dark at 18 °C by adding 200 uL of neutral red dye
solution (0.1 mg mL~TNR in dimethyl sulfoxide (DMSO)). Excess NR was removed before observing
slides under optical light microscopy (Olympus BX51, 80x magnification), and the percentage of cells
showing loss of the NR dye from lysosomes was scored every 15 min. Three replicates of three different
slides were analyzed, each one made by pooling the hemolymph from at least five individuals for each
experimental group. Final scores were set at the time when 50% of hemocytes showed NR leaking
from lysosomes and became round-shaped [58,73].

The MN frequency assay [74] was run on withdrawn hemolymph diluted in 10 mM
ethylenediaminetetraacetic acid (EDTA) buffer saline solution. A 200 pL volume of hemolymph
was placed in cold slides and incubated at —20 °C in methanol for 20 min first and in 6% Giemsa dye in
MilliQ for another 20 min. MN frequency was scored every 1000 hemocytes under an optical light
microscope (Olympus BX51, 80X magnification). Three replicates of three different slides were analyzed,
each one made by pooling hemolymph from at least five individuals for each experimental group.

DNA primary damage, including DNA single and double strand breaks (SB) and alkali labile
sites, was evaluated by the comet assay in mussels’ gill cells, according to the method previously
described in [75]. Briefly, after dissection, gills were put in a tissue digestion solution (dispase/Hank’s
Balance Salt Solution (HBSS)) at 37 °C for 20 min; then, the enzyme was inactivated. The resulting
digestion product was filtered through a 100 um mesh nylon filter and the cell suspension obtained
was centrifuged at 2000 rpm for 5 min. Cell viability was evaluated by trypan blue exclusion and
only cells displaying a cell viability >95% were included. The slide preparation and electrophoresis
procedures were performed according to the protocol reported in [76]. The amount of DNA damage,
expressed as the percentage of DNA migrated into the comet tail (% tail DNA), was assessed from at
least 50 nuclei per slide (1 = 2) per specimen, using an image analyzer (Kinetic Imaging Ltd., Komet,
Version 5).

The pellets obtained from mussels’ gill cells were processed for the cytome assay according to [77].
One thousand cells with preserved cytoplasm per specimen were scored (500 per slide) in order to
determine the frequency of MN, according to the criteria listed by Fenech [78]. Morphologically altered
nuclei (i.e., incomplete MN, lobed or multiple nuclei, nuclei connected by chromatin bridges in the
same cell) were scored on the same slides in parallel and were collectively reported. The frequency
of total nuclear abnormalities (NA) (nuclear blebs (BL), included nuclear buds (NBUD), binucleated
cells with nuclear bridges (NPB), notched nucleus (NT), circular nucleus (CIR), lobed nucleus (LB),
and anisochromatic nuclei (AN) was observed (Figure S1). Apoptotic cells (APO) were also evaluated.
For each experimental group, four specimens, with 2 slides per specimen and 500 cells per slide for a
total of four thousand cells per experimental point, were scored.

2.2.3. Mantle Histology and Histochemistry

Mantles were gently removed from the internal shells of mussels using scissors, and small sections
of mantle edge were obtained with a scalpel (average 1 cm) and freshly observed under a Zeiss Stemi
SV6 (8x-50x magnification) binocular stereo microscope at magnification (8, 10x and 20x) by placing
them in glass Petri dish.

The mantle edge sections for histological analysis were obtained by cutting the most external part
of the mantle (average 1 mm) and fixing it in a modified Karnovsky solution (3% glutaraldehyde in
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0.1 M sodium cacodylate buffer 0.9% sucrose, pH 7.2) for 2 h at room temperature. They were fully
dehydrated in ethanol and embedded in resin (Kulzer Technovit 7100) and polymerized at 27 °C for
3 h. Serial sections (2 um) were obtained with the LKB Ultratome Nova microtome and stained with
haematoxylin and eosin (H&E) (pH 2.4, 10 min at 25 °C). As a contrast dye able to stain eosinophilic
structures in various shades of red, pink and orange, 0.5% eosin Y in aqueous solution, acidified with
acetic acid and filtered at 0.45 um, was used for 1 min. Sections were then rinsed in distilled water
for 10 min, air dried, sealed and analyzed under a Zeiss Axiophot epifluorescent microscope (80X)
with AxioCamMRc5.

In order to detect mucosubstances, the specific dye, periodic acid Schiff-Alcian blue (PAS-AB),
was used. The reaction between the periodic acid (PA) and the Schiff reagent stains the neutral
mucopolysaccharides in purple, while the AB identifies the acid mucopolysaccharides in blue. Before
being colored, the sections were placed for 20 min in 100% acetone in order to remove the resin.
The sections were rinsed in tap water for 2 min and then placed in 1% PA in distilled water for 5 min.
Sections were rinsed in tap water for 5 min and then the Schiff reagent was added for 1 h. After the
Schiff reagent was removed, 0.5% NayS,;0Os in 1% HCl was placed for 10 min on the slides. Slides were
rinsed in tap water for 5 min and 1% AB in 3% acetic acid were left for 30 min. Finally, the slides were
rinsed in distilled water for 2 min, dried, sealed and analyzed under a Zeiss Axiophot epifluorescent
microscope (80X) with AxioCamMRc5.

2.3. Quantification of Total Zn Levels in Tested Solutions

The total amount of Zn was measured in each tested solution (ZnCl,, Zn-t CNS, CNS only and
ASW), at time zero (T) (soon after preparation) and after 24 h (T4p), as follows: 10 L of mussels
exposure water was removed from each tank, placed in polyethylene plastic tubes and stored at 4 °C.
Analysis was performed by ICP-MS using the Perkin Elmer NexION 350 spectrometer (Waltham, MA,
USA). The analytical accuracy was checked through the determination of Zn(II) concentration in SLRS-6
(river water certified reference materials for trace metals and other constituents) and CASS-4 (nearshore
seawater certified reference materials for trace metals and other constituents) of the National Research
Council of Canada. Analytical precision was evaluated by means of the percentage relative standard
deviation (% RSD) of five replicate analyses of each exposure water sample. Zn levels were expressed
as mg L1, Variations in pH in exposure waters were also recorded at time zero and after 24 h.

’

2.4. Statistical Analysis

The data that were obtained and represented as mean + SD of at least 5 samples in triplicate
were analyzed by GraphPad Prism software package 6. Statistical analysis for hemocyte tests was
performed using one-way analysis of variance (ANOVA) plus the Bonferroni post-test. For the tests on
gill cells, data from 4 specimens were analyzed by the multifactor analysis of variance (MANOVA)
and the multiple range test (MRT) was performed in order to detect differences among experimental
groups. For all data analyses, the statistical significance level was set at p < 0.05.

3. Results and Discussion

3.1. CNS Adsorption Performance of Zn(II) from ASW

The adsorption efficiency of Zn(Il) from ASW was evaluated by contacting the mono-contaminated
solution at different ion concentrations with ground CNS. The results reported in Figure 2 clearly show
that, by operating at a CNS/ASW ratio of 0.8 g L™!, the abatement of Zn(1I) ions in a range between 1.5
and 45 ppm was higher than 90%, with a maximum adsorption capability of about 100 mg per g of
adsorbent material [40]. As described in our previous works [35,40], the adsorption efficiency can be
ascribed to the chelating action of free amino groups present in the CNS network. As a consequence,
the slight basic pH (8) of seawater allows the prevention of the protonation of amino groups, permitting
them to completely exploit their chelating action.
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Figure 2. Cellulose-based nanosponges’ (CNS) adsorption efficiency of Zn(II) from mono-contaminated
artificial seawater (ASW) at different ion concentrations. CNS amount: 0.8 g L™1.

No significant differences in pH were observed in ASW before and after CNS treatment during
24 h of exposure, and this was similar to the control and CNS only groups (p < 0.05) (Table S1).
The SEM-EDX analysis evidences the limited diffusion kinetics of the ions in the intact sponge when
operating at low metal salt concentrations (Figure 3a), while at higher concentrations, it is possible
to verify the complete penetrability of the material, with active sites homogeneously distributed
throughout the whole sponge (Figure 3b). CNS grinding allowed us to overcome this operative limit.
The resulting powder consisted of particles with sizes in a range between 50 and 400 um, with a
maximum distribution at 130 pm.

900pm Mix

Figure 3. SEM-EDX (scanning electron microscopy-electron probe X-ray) image of a CNS cross-section
after Zn(II) adsorption from 50 mg L~1 ASW (left, a) and 450 mg Lt (right, b). Green dots represent
metal ions.

The porosity of the CNS was determined in a previous work [38] by microcomputed tomography
quantitative analysis and found to be about 70% of the bulk material. Moreover, in a more recent
study [37], it was possible also to reveal the presence of nano-pores, thanks to a small angle neutron
scattering (SANS) analysis, by investigating the water nanoconfinement geometries in the adsorbent
material. The analysis of the experimental data allowed us to measure the short-range correlation
length, which was measured to be in a range between 25 and 35 A. We interpreted this data as the very
first indirect evidence of the effective nano-dimension of the cavities, produced by the cross-linking of
the reticulated cellulose nanofibers.
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3.2. Effect-Based Study

3.2.1. Cellular Bioassays

In the preliminary study, a dose-dependent increase in lysosomal membrane destabilization was
observed in the hemocytes of mussels (16%, 41%, 100%) upon ZnCl, exposure (1, 10 and 100 mg L™1).
This allowed us to set the sub-lethal Zn(IT) concentration at 10 mg L™! as changes in NRRT resulted in
levels significantly below the 50% of exposed cells without generating cell death [58,73] (Figure S2).

In the CNS remediation study, a significant decrease in lysosomal membrane stability (LMS)
(Figure 4a) was observed in the hemocytes of mussels exposed to ZnCl, (10 mg L™!) compared to
controls (p < 0.0001), while specimens exposed after CNS treatment showed a LMS similar to the
controls (ASW) and to those exposed to CNS alone (p < 0.05).
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Figure 4. (a) Lysosomal membrane stability (LMS) shown as % vs. control (ASW) in mussel hemocytes
at 30 min and (b) micronucleus frequency (MN) shown as % vs. control (ASW), after 48 h of exposure in
the experimental groups: Zn(II) (10 mg L1 of ZnCl, in ASW); Zn-t CNS (ZnCl, 10 mg L~! contaminated
ASW treated with CNS); CNS (ASW treated with only CNS). Results are shown as % towards controls
(mussels exposed to ASW only). (*) indicates significant difference with respect to the Zn(II) group
(p < 0.01).

Zn(I1) at concentrations in the range of mg L~ are known to cause severe damage in lysosomal
membranes and therefore their stability has been widely used as a biomarker of exposure in field
monitoring studies [61,79]. Dissolved Zn(II) is easily taken up through mussels’ gills and diffused
across membranes and mantle syphons, while particulate forms are generally mistaken as food and
accumulate in the digestive gland [48,55]. Consequently, Zn ions” sequestration and toxic actions are
closely connected to lysosomal function in bivalves, both in Zn accumulating organs as the digestive
system and in single circulating immune cells (hemocytes) [47]. The recovery of lysosomal membranes’
stability to the levels of the controls in the mussels” hemocytes after CNS treatment does confirm
that the levels of Zn(Il) in ASW were lowered until they were not able to destabilize the lysosomal
membranes. In fact, the Zn level measured in exposure waters after CNS treatment after 24 h was
0.510 + 0.0258 mg L, for which no significant effect on LMS was previously observed in mussels in
our preliminary study (Figure S1). Furthermore, although CNS treatment did not reduce Zn levels to
those of ASW (0.005 + 0.001 mg L1, such a concentration (0.510 + 0.0258 mg L) was proven not
to be effective in causing lysosomal membrane destabilization in the hemocytes of exposed mussels.
Background levels of Zn in marine coastal waters are commonly below 1 mg L=}, for which no toxicity
for marine bivalve species has been reported [15,80].

As observed for lysosomal membranes, a significant decrease in MN frequency (p < 0.001) was
found in the hemocytes of mussels exposed after CNS treatment compared to those exposed to ZnCl,
(p < 0.0001); MN frequencies were also similar to those of the controls (ASW) and of specimens
exposed to CNS only (Figure 4b). The same was observed in hemocytes; DNA strand breaks were
significantly lower in the gills of mussels exposed after CNS treatment when compared to those
exposed to ZnCl, (p < 0.05), and DNA strand breaks were comparable in mussels exposed after CNS
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treatment, both in controls and in those exposed to CNS only (Figure 5). Approximately 3.5-fold more
nuclear abnormalities (NA) were recorded in the gill cells of mussels exposed to ZnCl, (p < 0.001),
compared to specimens exposed after CNS treatment, controls and CNS-exposed only (Figure 6a).
In addition, a ten-fold higher frequency of apoptotic cells (APO) was found in ZnCl,-exposed mussels’
gill cells compared to the controls, and no further differences were observed among mussels exposed
after CNS treatment and those exposed to CNS only (Figure 6b).
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Figure 5. DNA primary damage (% tail DNA) in mussels’ gill cells after 48 h of exposure to the
following experimental groups: Zn(II) (10 mg L~ of ZnCl, in ASW); Zn-t CNS (ZnCl, 10 mg L
contaminated ASW treated with CNS); CNS (ASW treated with only CNS). Results are shown as
mean + SD. (**) indicates significant differences with respect to the control group (ASW) (p < 0.001).
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Figure 6. Frequencies (%o) of nuclear abnormalities (NA) (a) and apoptotic cells (APO) (b) in mussels
gills after 48 h of exposure to the following experimental groups: ASW (control); Zn(Il) (10 mg L™! of
ZnCl, in ASW); Zn-t CNS (ZnCl, 10 mg L™! contaminated ASW treated with CNS); CNS (ASW treated
with only CNS). Results are shown as mean + SD. (**) indicates significant differences with respect to
the control group (ASW) (p < 0.001). (***) indicates significant differences with respect to the control
group (ASW) (p < 0.0001).

ZnCly’s ability to induce DNA strand breaks has been documented in the circulating and tissue
cells of M. galloprovincialis [56,57]. However, upon CNS treatment, the DNA integrity of mussels’ gill
cells was comparable to that of the controls and the mussels exposed to CNS alone.

As further confirmation, at the chromosomal level, the full recovery of DNA damage was
observed in mussels exposed after CNS treatment. Heavy metals are known genotoxicants for marine
bivalves, and NA in gill cells have been widely recognized as a suitable marker of DNA damage in
M. galloprovincialis [63,81].

Genotoxicity can inhibit the cell cycle which influences the formation of MN [82]. The clastogenic
activity of ZnCl,, by increasing the MN frequencies in the gill cells of mussels after acute short-term
exposure conditions (48 h) and lower concentrations (0.17 mg L~1), hasbeen reported [83]. The observed
significant decrease in hemocyte MN and NA frequencies in mussels’ gill cells upon CNS treatment
confirms the efficient removal of Zn(II) from ASW to levels which are not able to cause genotoxicity

to mussels.
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3.2.2. Mantle Histology and Histochemistry

After 24 h, ZnCly-exposure waters were slightly pink in color and the presence of suspended
small tissue debris was confirmed by filtrates recovered with cellulose filters (0.45 um), as shown in
Figure S3. Exposure waters after CNS treatment, as well as controls (ASW) and those treated with only
CNS, were transparent and no tissue debris was found upon filtration with cellulose filters (Figure S3).

Mussels exposed to ZnCl, (10 mg L™!) showed severe damage on mantle edges, with syphons
reduced in length and/or wilted and fused together (Figure 7d-f). On the contrary, mussels exposed
after CNS treatment (Figure 7g-i) showed an intact mantle margin and syphons were distended and
vigorous. A similar mantle morphology was present in the control mussels (Figure 7l-n) and in
those exposed to CNS alone (Figure 7a—c), suggesting the absence of any of those damages caused by
ZnCl, exposure.
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Figure 7. Mussels’ mantle, mantle edges (ME) and syphons (S) of specimens exposed to the following
experimental groups: ASW (a—c, controls); Zn(Il) (d—f, 10 mg L™ of ZnCl, in ASW); Zn-t CNS
(g-1, ZnCl; 10 mg L-! contaminated ASW treated with CNS); CNS (I-n, ASW treated with only
CNS). Images obtained with a Zeiss Stemi SV6 (8-50x magnification) binocular stereo microscope,
magnification A (8X) B (10x) C (20x).

External physical-chemical barriers, like shell, mantle and mucus, provide an important first line
of defense in mollusks upon toxic chemical exposure. Zn(Il) levels have been reported to exceed in
the mantle edge compared to the rest of the mantle tissue, probably due to it being more directly in
contact with seawater [43]. The lysosomes of mantle epithelial cells have been recorded to accumulate
heavy metals [49,84], which can be stored in interstitial storage tissues and hemocytes [44,49,85].
Consequently, the mantle margin is more sensitive to Zn(II) exposure and, although acting as a physical
barrier, it could be more damaged upon waterborne exposure than other internal organs such as the
digestive gland [60]. By damaging syphons, which represent the mantle’s functional structures, as
observed in ZnCly-exposed mussels (ruptured, wilted or fused together), their protective role towards
contaminant uptake can be seriously compromised [86]. The mantle of Mytilus also plays a major role
in shell formation and the margin is considered the most active zone for shell deposition [87]. Cilia
destruction in the outer epithelial cells of the mantle margin, as observed in mussels upon Zn-exposure,
could affect the dynamic activity and movement of the organ itself [60].
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The H&E staining method further confirmed the severe damage on the mantle edges caused by
ZnCl; exposure. The columnar epithelium was fragmented along the entire margin and several holes
were present (Figure 8d,e). In addition, epithelial cells were shortened, and the microvilli were fewer
in number and were sagging and sparse (Figure 8f). Conversely, an intact columnar epithelium with
elongated cells and with plicae along the edge was present in mussels exposed after CNS treatment
(Figure 8g—i). A similar intact morphology was observed in the controls (Figure 8a—c) and in mussels
exposed to CNS only, thus confirming a significant reduction in Zn damage on mantle edges in
mussels exposed after CNS treatment (Figure 8l-n). In addition, columnar epithelial cells were well
characterized by a monochromatic nucleus located at the basal area and several brown intracellular
granules. Microvilli were homogeneously distributed, extended and elongated (Figure 8c,in).
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Figure 8. Light microscopy of mussels’ mantle edges stained with haematoxylin and eosin (H&E) of
specimens exposed to the following experimental groups: ASW (a—c, control); Zn(II) (d—f, 10 mg Lt
of ZnCl, in ASW); Zn-t CNS (g-i, ZnCl, 10 mg L™ contaminated ASW treated with CNS); CNS
(I-n, ASW treated with only CNS). Cc: Ciliated columnar cells; Ce: columnar epithelium; Bg: brown
intracellular granules; P1: plicae. Images obtained with a Zeiss Axiophot epifluorescent microscope
with AxioCamMRc5.

All mussels, except those exposed to ASW only (controls), secreted a copious amount of mucus
that settled to the bottom of the exposure tank. After 48 h of exposure, mussels’ valves were slimy
and sticky, particularly in those exposed to ZnCl, (data not shown). The characterization of mucus
by PAS-AB highlighted the presence of two types of mucopolysaccharides in mussels’ mantle edges
(Figure 9). Neutral mucopolysaccharides (purple color) are PAS positive and AB negative, and they
present low viscosity, while acid mucopolysaccharides (blue color) are PAS negative and AB positive,
and they present high viscosity [88]. In ZnCl,-exposed mussels, acidic mucosubstances were more
present along the entire mantle margin, showing strong blue staining intensity, while the neutral
ones were almost absent (purple staining) (Figure 9d—f). On the contrary, mussels exposed after CNS
treatment showed an equal ratio (1:1) of acidic mucopolysaccharides and neutral ones (Figure 9g—i)
and, furthermore, their distribution within the connective tissue was similar to that of the controls
(Figure 9a—c) and of those exposed to CNS alone (Figure 91-n).
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Figure 9. PAS-AB (periodic acid Schiff-Alcian blue) staining of mussels” mantle edge cells of specimens
exposed to the following experimental groups: ASW (a—c, control); Zn(Il) (d—f, 10 mg L™! of ZnCl,
in ASW); Zn-t CNS (g-i, ZnCl, 10 mg L™! contaminated ASW treated with CNS); CNS (I-n, ASW
treated with only CNS). Cc: Ciliated columnar cells; Ce: columnar epithelium; Bg: brown intracellular
granules; Nm: neutral mucosubstances; Am: acidic mucosubstances; Pl: plicae. Images obtained with
a Zeiss Axiophot epifluorescent microscope with AxioCamMRc5.

The continuous and unrestricted release of mucus secretion is considered a typical generalized
stress response in bivalves that helps them to regulate metal levels in the tissues by acting as a
purifier [11,89]. In bivalves, Zn(II) exposure has been described as inducing an overproduction of
mucus, which is considered an inflammatory reaction that limits metal absorption or increases its
excretion [43,52,90]. Mucus is a slimy and viscous secretory product that is involved in several
physiological and behavioral functions, like the maintenance of internal water homeostasis, nutrition,
immune defense and lubrification-related activities [86]. A role in isolating mussels from their
environment and better counteracting external stressors has been also hypothesized [91]. Excessive
mucus excretion may often lead to tissue desiccation and immune dysfunction due to the reduction of the
internal mucosal sheath, which acts as a barrier to pathogens and toxins [86,92,93]. The higher secretion
of acidic mucosubstances than of neutral ones in ZnCly-exposed mussels has already been described
as a mussel’s response to metal toxicity [94,95]. In addition, an increase in mucus-secreting cells and
non-ciliated epithelial cells in the sub-epithelial region of the mantle margin, such as that observed
in Zn-exposed mussels, have been linked to exposure to chemical stressors [48,60,89]. Therefore,
the excess mucus production in mussels exposed after CNS treatment revealed their responsiveness
to low levels of Zn, such as those still present in ASW after CNS treatment (0.510 + 0.025 mg L™1).
Such evidence, together with other toxicological data obtained on mussels exposed after CNS treatment,
supports the suitability of the proposed biological effect-based approach to assess the efficacy of CNS
in reducing Zn toxicity in mussels.

Only very recently, aquatic ecotoxicology has begun to move toward the environmental safety of
(nano)materials, including those for pollution remediation (nanoremediation), and related challenges
in order to provide suitable testing strategies and methods to prevent side effects [21,96-104].

51



Nanomaterials 2020, 10, 1283

Such scientific gaps call for a thorough evaluation of their environmentally safe application and,
therefore, a case-by-case analysis must be undertaken to assess their actual applicability [105,106].
While in our previous study [40], we aimed to develop an eco-design strategy to improve CNS’
ecosafety by modifying both the formulation and purification protocols, here, we used a more complex
effect-based approach to assess their efficacy in Zn(II) removal from seawater to levels which do not
cause any harm to marine species [107,108]. The revealed sensitivity of the effect-based approach
thus represents a promising solution to overcome the current limitations of nanotechnologies for
environmental remediation and the reasonable policy concerns due to its in-situ application [19,21-23].
However, this clearly represents a first attempt to promote the applicability of an effect-based approach
as ecotoxicological proof of the material’s efficacy, which is commonly based on analytical chemistry
validation. To this aim, in our study, the almost complete removal of Zn(II) upon CNS treatment and,
respectively, of 91.7% and 91.5% at time zero and after 24 h, was confirmed by analyzing Zn levels in
exposure waters (Table 1). A significant reduction in the Zn(II) concentration was generally observed in
all experimental groups after 24 h, including ASW, except for waters treated with CNS, which showed
a slight increase (Table 1).

Table 1. Zn(Il) concentration (mg L~!) in mussels’ exposure waters at time zero (Tg) (soon after
preparation) and after 24 h (T»4p) of the following experimental groups: Zn(II) (ZnCl, 10 mg L~tin
ASW); Zn-t CNS (ZnCl, 10 mg L™! contaminated ASW treated with CNS), CNS (ASW treated with
CNS only); ASW (control). Results are reported as mean + SD. (*) indicates significant differences with
respect to Zn(II) and (**) with respect to controls (ASW) (p < 0.001).

Exposure Groups Zn(II) 9 Zn(I1) 7o4p
Zn(II) 8.567 + 0.185 ** 6.006 + 0.604 **
Zn-t CNS 0.710 + 0.0568 * 0.510 + 0.0258 *
CNS 0.00251 + 0.0001 *  0.0245 + 0.0008 *
ASW 0.0047 + 0.0006 0.0005 + 0.0001

The uptake of Zn(II) by mussels during the 24 h of exposure due to seawater filtration might have
also reduced their levels in ASW. Adult mussels can easily filter up to 3 L in at least 1 h and reach a
quick state-state in heavy metal accumulation in their soft tissues in proportion to their concentration
in seawater [46,109]. This peculiar behavior of filter-feeders towards heavy metals in the water column
demonstrates the need to further implement the effect-based approach by testing other species from
different trophic levels (e.g., bottom-dwellers, benthic grazers), as well as the need to include more
sensitive and/or target ones of specific pollutants to be remediated. Long-term exposure scenarios
should also be included, which will allow us to reach a more comprehensive view of the potential
ecological disturbances and assessment of the adverse effects on marine ecosystems. Field-scale
application, for instance, by using natural seawater media and mesocosm settings, will also elucidate
potential confounding factors which could affect the material’s behavior and efficacy (i.e., dissolved
organic carbon and colloids on adsorption ability), thus improving the environmental relevance of the
assessment and linking ecotoxicological and chemical information.

4. Conclusions

Our findings demonstrate that after CNS treatment, Zn(II) toxicity was significantly reduced in
marine mussels, both at cellular and tissue levels, which was in agreement with the significantly reduced
Zn(II) nominal levels (>90%) in exposure waters. Upon CNS treatment, Zn-induced genotoxicity in
circulating immune and gill cells was significantly reduced to that which was observed in specimens
exposed to ASW (controls), as well as histological and cytological damage in mantle edge and epithelial
cells. The proposed effect-based approach was thus proven to be useful in further supporting the
environmental relevance of CNS’ efficacy in heavy metal removal from seawater and their ecosafe
application by linking ecotoxicological and chemical information.
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Abstract: Silver nanoparticles (AgNPs) are one of the most widely used nanomaterials in consumer
products. When discharged into the aquatic environment AgNPs can cause toxicity to aquatic
biota, through mechanisms that are still under debate, thus rendering the nanoparticles (NPs)
effects evaluation a necessary step. Different aquatic organism models, i.e., microalgae, mussels,
Daphnia magna, sea urchins and Danio rerio, etc. have been largely exploited for NPs toxicity
assessment. On the other hand, alternative biological microorganisms abundantly present in nature,
i.e., microalgae, are nowadays exploited as a potential sink for removal of toxic substances from the
environment. Indeed, the green microalgae Chlorella vulgaris is one of the most used microorganisms
for waste treatment. With the aim to verify the possible involvement of C. vulgaris not only as a
model microorganism of NPs toxicity but also for the protection toward NPs pollution, we used
these microalgae to measure the AgNPs biotoxicity and bioaccumulation. In particular, to exclude
any toxicity derived by Ag* ions release, green chemistry-synthesised and glucose-coated AgNPs
(AgNPs-G) were used. C. vulgaris actively internalised AgNPs-G whose amount increases in a time-
and dose-dependent manner. The internalised NPs, found inside large vacuoles, were not released
back into the medium, even after 1 week, and did not undergo biotransformation since AgNPs-G
maintained their crystalline nature. Biotoxicity of AgNPs-G causes an exposure time and AgNPs-G
dose-dependent growth reduction and a decrease in chlorophyll-a amount. These results confirm
C. vulgaris as a bioaccumulating microalgae for possible use in environmental protection.

Keywords: Chlorella vulgaris; silver nanoparticles; ecotoxicity; growth inhibition; chlorophyll-a content;
morphological changes; bioaccumulation; crystalline structure

1. Introduction

In the last few decades, nanoparticles (NPs) have attracted great attention due to their chemical,
physical, optic and biological properties. Accordingly, safety assessment becomes an important issue
for the beneficial usage of these new materials [1]. NPs chemical and physical properties (chemical
composition, size, shape) and the complex interactions occurring at various biological levels (organelle,
cell, tissue, organ, organ system, organism) can potentially impact on human health [2]. Some studies
have shown that NPs cause toxic effects which are instead not induced by similar but larger particles.
These effects are probably due to the intrinsic characteristics of the NPs which permit targets that
cannot be reached by their larger and chemically identical counterparts to be achieved [3]. The human
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body can interact with nanomaterials (NMs) mainly through different ways: inhalation through the
respiratory system, ingestion through the gastrointestinal tract, and absorption through the skin.
Once inside, they manage to overcome further barriers, such as the brain-blood barrier, causing toxic
effects on human health [2]. Several studies demonstrated toxic effects of NPs on human health,
including those associated with cardiovascular disease derived from titanium dioxide, metal oxide
and metal nanoparticles exposure [4], and pulmonary inflammation induced by carbon containing
NMs [5,6]. These effects include among others inflammation, granuloma formation, and fibrosis of the
lungs [5,7].

Together with the increasing nanobiotechnological application, exposure to NPs of all living
organisms and the environment enhances and justifies the need to identify, measure and manage
the risks.

The environmental fate and transport models demonstrated that NPs/NMs can enter, as nanowaste,
directly or indirectly, soil and waterways [8]. Thus, through washing, rain and other routes, these
NPs/NMs can be released especially into the aquatic environment, where they can be potentially toxic
to biota causing an ecological impact as well as to humans with socioeconomic consequences [9-11].

Silver nanoparticles (AgNPs) are frequently used in consumer products or medical devices for their
antibacterial and antifungal activities [12,13], being the most studied in the field of nanoecotoxicology.
Their widespread use in commercial products, mainly because of their bacterial power, has led to a
steadily increasing amount of AgNPs in environment [14]. Most of the environmental concerns are
raising the fate of AgNPs in washing machines, textile industry and similar applications. The release
of AgNPs and Ag* into the water by simply immersing commercial socks containing AgNPs into
shaken water was revealed by Benn et al. [15]. Consumables containing AgNPs have been subjected
to different treatments, such as interaction with surfactants, oxidising agents, different pH, to test
the release of AgNPs during the washing processes and the passage of these NPs in the sweat of
human skin. These treatments greatly increased the release of Ag* and AgNPs [16,17] and became an
important route for increasing the NPs in the environment.

In addition, industrial treatment of NPs can lead to the release of AgNPs into the sewage system
or wastewater [18]. Shafer et al. [19] measured total silver concentrations (non-nanospecific) of up to
105 pg/L in the liquid inflow of a wastewater treatment plant. It has been proven that many of the
AgNDPs is retained in the sewage sludge during the wastewater treatment process. However, a smaller
part of the AgNPs can still reach the environment via the effluent [20].

Against this background, a wide variety of organisms, i.e., bacteria, plants, fungi, algae,
invertebrates and fish have been considered to evaluate the behavior of AgNPs with aquatic organisms.

Knowledge gaps on how AgNPs interact with a living-organisms remain an issue at all levels of
organisation, in particular at a cellular and molecular level (genes, transcripts, metabolites, proteins,
enzymes and soluble factors). However, the effects of AgNPs on aquatic algal microorganisms was
reported to induce time and concentration changes in speciation of microalgae Raphidocelis subcapita [21];
inhibit growth and cellular viability of the diatom Thalassiosira pseudonana, cyanobacterium
Synechococcus sp. [22] but also of the aquatic plant Lemna gibba [23]; and favour superoxide production
in the marine raphidophyte Chattonella marina [24]. Again, AgNPs affect the photosynthesis process,
leading to a change in the chlorophyll content of algae Chlamydomonas reinhardtii [25] or cyanobacterium
Microcystis aeruginosa [26], algae Pithophora oedogonia and algae Chara vulgaris [27], microalgae
Acutodesmus dimorphus [28] and green algae Chlamydomonas reinhardtii [29].

Among the different strategies for reducing the NPs” environmental impact and preventing the
potentially toxic effects of AgNPs due to the release of Ag™ or to the agglomeration of particles in
aqueous systems, green chemistry has been introduced in the synthesis of AgNPs and surface coating for
stabilisation [30-32]. Taken together these two technological approaches that use innovative principles
in the design of industrial chemical processes, could be fundamental for achieving sustainable industrial
development, preventing and reducing industrial pollution and environmental impact. Indeed, green
chemistry promotes the design, manufacture and use of chemicals and processes that abolish or reduce
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the use or generation of substances injurious to environment and health [33]. To this purpose, the
use of natural sources, non-hazardous solvents, biodegradable and biocompatible materials, such as
cellulose, chitosan, dextran or tree gums, and energy-efficient processes are the main NPs’” preparation
innovation [34-36].

Considering that the zero release of AgNPs into water is not realistic, synergistic approaches
to the technology of NPs synthesis should be considered, such as the use of microorganisms as
bioaccumulators and/or biotransformators. In fact, during the last two decades, several methods have
been developed for environmental removal of hazardous substances like precipitation, evaporation,
ion-exchange etc., even if these methods have several disadvantages [37,38]. One alternative strategy
is the use of microorganisms abundantly present in nature, i.e., microalgae, that are already used to
remove heavy metals and in wastewater treatment facilities; in fact, the microalgae reduce the amount
of toxic chemicals needed to clean and purify water [39], being able either to accumulate, adsorb or
metabolise these noxious elements into a substantial level.

However, studies on the ability of microalgae to remedy NPs aquatic pollution are still very
limited [40]. In this study, we used green chemistry-synthesised AgNPs, that were capped with
glucose-G (AgNPs-G) to ensure AgNPs stability [41-43] and Chlorella vulgaris, one of the most widely
used microorganism in testing NPs/NMs effects on aquatic biota but also known to reduce heavy
metals from waters [37,38]. Among aquatic organisms, algae are an important model as they are
primary producers, i.e., they fix CO; to produce oxygen in the presence of light. Also, they are at the
base of the food chain, serving as a food to, e.g., the water flea but also fish. The microalgae C. vulgaris
was chosen in the present study because of its easy growth in commercial culture. This unicellular
green species with a cell diameter of 5 um, has been utilised for varied purposes, ranging from nutrient
removal from wastewater to their use as a food source. Its ability to survive in adverse conditions
and its ubiquitous nature also make it a potentially useful algae for industrial wastewater treatment.
Specifically, the microalgae Chlorella vulgaris is known for its robustness, in conjunction with being one
of the fastest growing species and is easily cultivated [44].

To exploit the ability of C. vulgaris in the removal of AgNPs-G from water, we investigated the
efficiency of the microalgae to uptake and retain NPs. Studies of AgNPs-G characterisation and
nanotoxicology were also performed.

2. Materials and Methods

2.1. Chemicals

All chemicals were of analytical grade and were purchased from Sigma-Aldrich
(St. Louis, MO, USA) unless otherwise indicated.

2.2. Synthesis of Glucose-Capped Silver Nanoparticles (AgNPs-G)

AgNPs-G were obtained by adding 2 mL of a 107> M aqueous solution of AgNOj3 to 100 mL of 0.3
M B-D-glucose water solution. The mixture was boiled for 30 min under vigorous stirring. The deep
yellow colour of the solutions indicated the formation of AgNPs-G. Deionised ultra-filtered 18.2 M)
water prepared with a Milli-Q Integral Water Purification System (Merck Millipore, Billerica, MA, USA)
was used for all preparations. All glassware was washed in an ultrasonic bath of deionised water
and not ionic detergent, followed by thorough rinsing with Milli-Q water and ethanol (Carlo Erba,
Milan, Italy) to completely remove not ionic detergent contaminants. Finally, glassware was dried
prior to use.

2.3. AgNPs-G Characterisation

Transmission electron microscopy (TEM) and ultraviolet-visible (UV-Vis) analysis were used to
evaluate the average and distribution size and morphology of the NPs.
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TEM analysis was performed by a Hitachi 7700, at 100 kV (Hitachi, Dallas, TX, USA). A drop of
AgNPs-G solution diluted in complete Bold’s basal medium (BBM) [45] was placed onto standard
carbon-supported 600-mesh copper grid. Particle size distribution has been obtained using the Image]J
program (National Institutes of Health (NIH), Bethesda, MD, USA). A histogram was created by
counting 500 particles. Optical spectra were obtained by measuring the absorption of the solution in
the range between 300 and 800 nm by using a T80 spectrophotometer (PG Instruments Ltd., Leicester,
UK) in a quartz cuvette with a 1 cm optical path.

The stability of AgNPs-G was assayed in BBM. In particular, the dissolution of AgNPs-G, in terms
of release of Ag*, up to 10 days at r.t. (room temperature) in BBM culture medium was determined by
atomic absorption spectroscopy (AAS; Thermo Electron Corporation, M-Series, Waltham, MA, USA)
after precipitation of AgNPs-G by ultracentrifugation (24,900 g; 30 min at 4 °C). The detection limit
was 1 ug/L. Triplicate readings were analysed and control samples of known Ag concentration were
analysed in parallel generating data with the standard deviation of three independent samples. Silver
ions dissolution degree was expressed as percentage (%) of total Ag*, as AgNO3, used to reach the
highest concentration of NPs solution during treatment.

Bold’s basal medium composition: NaNO3 250 mg/L, KoHPO, 75 mg/L, MgS0,.7H,0 75 mg/L,
CaClp.2H,0 25 mg/L, KHyPO, 175 mg/L, NaCl 25 mg/L, Alkaline Ethylenediaminetetraacetic Acid (EDTA)
solution 1 mg/L (alkaline EDTA solution: 5 g Nay-EDTA and 3.1 g KOH in 100 mL distilled water),
acidified iron solution 1 mg/L (acidified iron solution FeSO,4.7H,0 498 g and 0.1 mL H,SOy in 100 mL
distilled water) trace metal solution 1 mL/L (trace metal solution: MnCl,.4H,O 1.44 g/L, ZnSO4.7H,O
8.82 g/L, (NH4)6 M07024.2H20 0.88 g/L, CO(NO3)2.6H20 0.49 g/L, CUSO4.5 Hzo 1.57 g/L)

2.4. Chlorella Vulgaris Culture

The freshwater microalga C. vulgaris was obtained from the Culture Collection of Algae and
Protozoa (Argyll, UK). The algae were cultured in 250 mL flasks containing 100 mL of BBM and covered
with loose cotton. The flasks were placed on a shaker to keep the turbulence of culture medium
simulating the natural stream of water. The cultures were kept at 23 + 1 °C under illumination of
approximately 73.6 pmol m~2 s™! with daily cycles of 12 h light and 12 h dark. The culture cell density
was monitored with a spectrophotometer (Pharmacia Biotech, Stockholm, Sweden) at 684 nm every
24 h. Cells in the exponential phase were used for all experiments.

2.5. Growth-Inhibition Test

The evaluation was performed following the Organisation for Economic Co-operation and
Development (OECD) 201 algal growth inhibition test guidelines [46]. Algae were incubated for 24 h
and a week with Ag ions (0.1 ug/L and 1 mg/L of silver nitrate) and with different concentrations of
AgNPs-G: 0.1, 1, 10, 100 pg/L and 1 mg/L with three replicates for each concentration. The inhibitory
rate of growth was obtained by using the Equation (1):

Inhibitory Rate (IR)% = (1 - N/Ng) x 100 D)

where N is the density of cells/mL in the samples treated with AgNPs-G, Ny is the density of cells/mL in
the control samples. The test was performed with three independent experiments (with three technical
replicates for each repeated experiment) by using the same batch of algae and AgNPs-G.

2.6. Chlorophyll Content

Treated samples were centrifuged to remove culture media. Then, 90% acetone was added to
tubes. Sealed tubes were shaken to ensure that microalgae cells are in the whole solvent volume
and centrifuged at 5000 rpm (5236x g) for 5 min. Chlorophyll-a concentration was determined
by measuring the optical density (OD) of supernatant by spectrophotometer (Pharmacia Biotech,
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Stockholm, Sweden). Absorbance values of extracts were measured at 645 and 663 nm in 1 cm
pathlength cuvettes. Quantitative determination was undertaken according to Arnon (1949) [47].

2.7. Biodistribution and Subcellular Localisation of AQNPs: Transmission Electron Microscope (TEM) Analysis

The ultrastructural analysis of C. vulgaris treated with different concentrations of Ag ions and
AgNPs-G for one day and one week was performed by TEM (Hitachi HT 7700 transmission electron
microscopy) analysis.

Algae were centrifuged to remove culture media and then fixed with glutaraldehyde (2.5% in
sodium cacodilate buffer 0.1 M, pH 7.2) for 2 h at 4 °C. Then, samples were washed twice for 15 min
in sodium cacodilate buffer, postfixed in osmium tetraoxide (1% in sodium cacodilate buffer 0.1 M,
pH 7.2) and washed twice for 30 min in deionised H,O. Samples were stained with 0.5% uranyl acetate
o.n. (over night) at 4 °C. Samples were dehydrated in a graded series of ethanol, from 30% to 100%.
After dehydration, samples were embedded in Spurr resin (TAAB, Berks, UK).

Ultrathin sections of 50 nm in thickness were then cut using an ultramicrotome PowerTome PT-PC
(RMC, Tucson, AZ, USA). Sections were picked up in 200 mesh copper grids and examined under a
Hitachi HT7700 transmission electron microscope (Tokyo, Japan) at 75 kV.

Samples were analyzed by energy-dispersive X-ray spectroscopy (EDX) microanalysis with the
TEM module of the Auriga 405 microscope (Carl Zeiss AG, Oberkochen, Germany) for the elemental
analysis of the electron-dense particles inside the cells.

2.8. X-ray Diffraction (XRD) Analysis

To determine the amount of Ag™ inside algal cells, X-ray diffraction (XRD) analysis was performed
with samples of algae treated for a week with AgNPs-G. Only AgNPs-G were used as positive control
and a culture of only C. vulgaris as negative control. Samples were collected, dried at 60 °C and
then sintered at 650 °C for 4h under nitrogen protection. The analysis was performed with X-ray
diffractometers (Malvern Pananalytical, Malvern, UK).

2.9. Inductively Coupled Plasma—Optical Emission Spectrometry (ICP-OES) Analysis

A series of AgNPs-G stocks (0.1, 1, 10, 100 ug/L and 1 mg/L) were prepared in BBM. Algal
samples with different AgNPs-G exposure concentrations and times were vacuum filtered with a 0.45
um Millipore filter to separate algae from the culture medium. Samples were acidified with HNO;
and analysed by inductively coupled plasma—optical emission spectroscopy (ICP-OES, Perkin Elmer
Optima 7300 V HF version, Waltham, MA, USA) to determine Ag content. ICP-OES is a technique
commonly used for the analysis of metals in various fields based on Atomic Emission Spectroscopy,
where the sample at high temperature plasma up to 8000 K is converted to free, excited or ionised ions.
The ions emit a radiation when go back to ground state, whose intensities are optically measured and
indicate the amount of ions. The absorbed Ag by algal cells was calculated by the total Ag (Tag, also
determined by ICP-OES by measuring stock solutions) minus the Ag in filtrates (Fag). Therefore, the
percentage of absorbed Ag was calculated as (Tag — Fag)/Tag % 100.

2.10. Statistical Analysis

Data were analysed by performing one-way analysis of variance (ANOVA) at the 95% confidence
level. p values less than 0.05 were considered significant. The results are reported as mean + standard
deviation (SD) of 3 technical replicates in each of the 3 independent experiments.

3. Results and Discussion

3.1. Characterisation of AGNPs-G: Shape, Size and Stability

Uptake and/or toxic effects rely on the shape, size and dispersion of the NPs. AgNPs-G
shape, average size and size distribution, evaluated by TEM and UV-visible spectra, are reported in
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Figure 1. The AgNPs-G UV-visible absorbance spectrum (Figure 1A) shows a characteristic absorption
wavelength of spheroidal AgNPs, as suggested by a strong extinction band with a maximum at 420 nm.
TEM showed spherical shape and good monodispersity of AgNPs-G (Figure 1B). The size distribution
ranges from 14 to 28 nm and the average size is d = 20 nm with a standard deviation of 5 nm (Figure 1C).
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Figure 1. (A) Ultraviolet (UV)-visible spectra of glucose-capped silver nanoparticles (AgNPs-G)/mL
in Bold’s basal medium (BBM) culture medium reported as absorbance in arbitrary unit (a.u., y axis)
vs. wavelength (nm, x axis). (B,C) Size distribution and transmission electron microscopy (TEM)
micrograph of AgNPs-G. Size distribution is reported as arbitrary unit (a.u., y axis) vs. longitudinal
diameter (nm, x axis). Bars = 20 nm. (D) Kinetic of Ag™ dissolution. The dissolution of AgNPs-G
in complete BBM culture medium was evaluated by atomic absorption spectroscopy. Data were
analysed by performing one-way analysis of variance (ANOVA) at the 95% confidence level. Each value
represents the mean + standard deviation (SD) of 3 technical replicates in each of the 3 independent
experiments. Ag* dissolution degree is expressed as percentage (%) of total AgNO3 used to obtain the
highest concentration of NPs solution during treatment.

It is known that particle toxicity could depend on Ag* released from NPs, thus the stability
of AgNPs in the culture medium was estimated up to 10 days, in terms of Ag™ release, by atomic
absorption spectroscopy (Figure 1D). AgNPs-G were very stable in culture medium over time, since
the dissolution degree, expressed as a percentage of total Ag* ranges between 1% and 5% at 1 and
10 days respectively. Since 3-D-glucose capping ensures very low dissolution of Ag* from AgNPs and
no loss of glucose was observed, the toxicity is due only to NPs.

In aquatic environments, dissolved oxygen in water oxidises the AgNPs surface causing Ag™* ions
release [48], identified as one of the most phytotoxic metal ions [49] for their cationic property and for
the ability to associate with a variety of ligands present in natural waters. The toxicity of NP-released
Ag™ ions was reported for the alga Chlamydomonas reinhardtii [50,51], while Turner et al. [52] reported
that AgNPs are only indirectly toxic to marine algae Ulva lactuca through the dissolution of Ag™ ions
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into bulk seawater. However, whether AgNPs toxicity is due to the nanosized structure or to the
released silver ions is still a matter of debate, and the results seem to be contingent mainly on the
features of the AgNPs considered.

In our experiments, biotoxicity is not due to the Ag* ions release or the nanoparticle aggregates.
To reduce as much as possible the Ag* release we used p-D-glucose for the green chemistry synthesis
of AgNPs on the base of our previous data indicating that AgNPs-G are stable, well-dispersed with a
minimum Ag"* release in culture medium [42]. Indeed, in our experiments we measured the release
of only 5% of the amount of the NPs after 10 days in seawater, thus confirming the effectiveness of
the synthesis based on 3-D-glucose as a reducing agent. The reduction of NPs toxicity by surface
functionalisation with different coatings was also observed in several other studies [53,54]. Possible
explanations could be attributed to the reduced nanoparticle dissolution as well as to the limited
interactions between nanoparticles and organisms. For example, dexpanthenol, polyethylene glycol
and polyvinyl polypyrrolidone coatings caused a similar toxic effect as AgNO3 on C. reinhardtii, while
carbonate, chitosan and citrate decreased the Ag effect on photosynthesis [29]. C. vulgaris were exposed
to Ag* ions to understand if AgNP-G toxicity is driven by dissolved silver. The highest concentration of
Ag™ given as AgNO;, was 100 times more the estimated release of AgNPs to the aquatic environment,
that is about 0.01 mg/L‘1 [55] and undoubtedly underestimated since this amount will increase in the
near future for the forecast usage of these nanoparticles [56]. Our data showed that Ag* ions have only
minimal effects on cell growth, morphological alteration, chlorophyll-a content and that the high doses
of AgNPs-G only significantly reduced these parameters.

Toxicity of AgNPs has been a controversial topic for a long time. The open question is still the
understanding of the toxicity mechanism of AgNPs. It seems not to be limited to the Ag* ions release
but to different factors including the nanostructure [1]. According to Domingo et al. [57], AgNPs
toxicity is not fully attributable to released ions since in photosynthetic organisms Ag* ions and
AgNPs caused similar effects, although Ag™ ions were often active at lower concentrations. Possible
transformations of AgNPs-G mainly due to the aquatic chemistry cannot be excluded. Data in literature
show that the aggregation of NPs in water depends on different parameters such as the pH or the
surface charge of the NPs involved and by the specific type of organic matter or other natural particles
present in freshwater [58]. In addition, AgNPs toxicity may depend on the species and on the type of
growth medium in which the organisms are cultivated [59]. However, some adverse effects can also be
attributed to specific properties of NPs, such as the size and the degree of aggregation, that in seawater
is increased when compared to freshwater [60,61], and that in turn affect the capacity of NPs to cross
biological membranes or bind the cell surface [62,63]. Cell wall, in fact, constitutes a primary site for
interaction and serves as a barrier for the entrance of AgNPs into algal cells. In our hands, even after
1 week from the synthesis, AgNPs-G diluted in BBM were stable and well dispersed.

3.2. AgNPs-G are Bio-Absorbed by C. vulgaris Maintaining Their Crystalline Structure

C. vulgaris, at the exponential growth phase, was exposed to Ag* (0.1 ug/L and 1 mg/L of silver
nitrate) or to different AgNPs-G concentrations (0.1, 1, 10, 100 ug/L and 1 mg/L) for 1 day or 1 week. In
order to ensure that the cytotoxic effect (in terms of cell viability, chlorophyll content and ultrastructural
changes) of silver nanoparticles is not due to the presence of Ag* ions in the suspension, AgNO3, the
salt of which the nanoparticles are made, has been used to prepare two solutions with a range that
covers the amounts of Ag released in 10 days (from 1% to 5%) in the nanoparticles stability analysis.
Moreover, in order to test our glucose-capped AgNPs on C. vulgaris, we chose scalar dilutions of
NPs following data in literature reporting the same range of commercial AgNPs to investigate their
effects on microalgae. The Ag content of algae filtrates measured by ICP-OES is reported in Figure 2B
as percentage of internalised Ag. C. vulgaris is able to efficiently take up the AgNPs-G. The Ag
content correlates with AgNPs-G amounts used for treatments and with exposure time. Moreover,
internalisation of AgNPs increased of about 10% after a week for every treatment, raising the 75% and
86% of internalised NPs at the higher AgNPs-G concentrations (100ug/L and 1 mg/L, respectively).
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This ability to internalise the AgNPs-G was confirmed by TEM observations (Figure 3(Cd)). AgNPs-G
were observed inside large vacuoles or crossing the cell wall (Figure 3(Cd-g)).
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Figure 2. (A) X-ray diffraction (XRD) spectrum of AgNPs-G before and after the interaction with algae.
A culture of C. vulgaris is used as negative control. Numbers refer to diffraction peaks of Ag in its
crystalline form. (B) Inductively coupled plasma-optical emission spectrometry (ICP-OES) to determine
Ag internalisation by algal cells treated with five concentrations of AgNPs-G. The absorbed Ag was
calculated by the total Ag (T g, also determined by ICP-OES by using stocks at five concentrations) minus
the Ag in filtrates (Fag). Therefore, the percentage of absorbed Ag = (Tag — Fag)/Tag X 100. Data were
analysed by performing one-way ANOVA at the 95% confidence level. Each value represents the mean
+ SD of 3 technical replicates in each of the 3 independent experiments. Asterisks indicate significant
differences from respective values at 24 h at the same concentration (p < 0.05).
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Figure 3. (A) Analysis of inhibitory rate. Algae were incubated for 24 h and a week with Ag ions
and with five concentrations of AgNPs-G. Data were analysed by performing one-way ANOVA at
the 95% confidence level. Each value represents the mean + SD of 3 technical replicates in each of
the 3 independent experiments. Asterisks indicate significant differences from the control values
(p < 0.05); (B) Analysis of chlorophyll-a content by spectrophotometric analysis of centrifuged samples.
Quantitative determination was done according to Arnon et al. (1949). The experiments were conducted
in triplicate and results are the mean with standard deviation. Asterisks indicate significant differences
from the respective untreated samples (p < 0.05) (C) TEM micrographs of algal cells and elemental X-ray
spectrum (lower panel) of the square area of micrograph (e) containing black spots. (a) control cell;
(b) algal cells treated with Ag ions. (c) algal cells treated with AgNPs-G for 24 h. Plasma membrane
detaches from the cell wall, as indicated in the magnification; (d-g) Algal cells treated with AgNPs-G
for a week. AgNPs-G were observed inside large vacuoles (d, white triangle), inside algae (d—e) or
crossing the cell wall (f-g). Bar = 500 nm.

EDX microanalysis (Figure 3C) confirms that the electron-dense particles observed inside the
microalgae correspond to AgNPs. Interestingly, once inside the microalgae, the NPs are not released
back into the medium, either as an active secretion or cell ruptures.

The Ag content of algae filtrates analysed by ICP-OES correlated to the AgNPs-G amounts used
for treatments and the time of exposure. The continuous internalisation of AgNPs-G particles observed
in our experiments could be dependent on the size and dispersion of our NPs preparation. Data
in literature report that bio-adsorption of heavy metal particles to algae is dependent on different
properties of NPs, such as surface charge or size, chemical composition, and by the cell walls pore
sizes, spanning through the thickness of the walls, ranging from 5 to 20 nm [62,64]. Thus, small
nanostructures are highly diffusible, and only NPs up to 20 nm can reach the cell membrane. Other
physicochemical properties of AgNPs can influence the internalisation, the rate of entrance and the
biological response. Once the cell wall is penetrated, endocytic passage through plasma membrane
may be possible and internalised NPs enhance biological effects. Sendra et al. [61] found that the
attachment of AgNPs on the surfaces of freshwater and marine microalgae Chlamydomonas reinhardtii
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and Phaeodactylum tricornutum, and the presence of AgNPs inside cells directly drives the toxic effects.
NPs can also enter into the cells via ion channels, transport proteins and endocytosis mechanism [65].

Also, AgNPs-G enter the algal cells maintaining their crystalline structure once inside even after 1
week. The lack of changes in the crystalline structure of AgNPs was investigated with XRD analysis.
Figure 2A shows the XRD pattern of the three Bragg reflections with 20 values of 38.1°, 44.3° and
64.4° which correspond to the (111), (200), and (220) sets of Bragg’s reflections planes of the metallic
AgNPs in a sample containing only AgNPs-G and in a sample of C. vulgaris treated with AgNPs-G
for a week. A sample of only C. vulgaris was used as negative control. The spectrum confirmed the
face-centred cubic crystalline structure of AgNPs-G with a spherical morphology as characterised by
TEM. When AgNPs-G were added to C. vulgaris culture, no new diffraction peaks appeared, suggesting
that AgNPs-G maintain their crystalline nature. Data in literature report that the microalgae can change
the NPs crystalline structure. Studies demonstrated that living C. vulgaris showed a capacity to reduce
nickel oxide nanoparticles (NiONPs) for zero valence nickel, changing their crystalline structure. The
reduction from nanosized NiO to nanosized Ni led to weakened toxicity [40,66]. The maintenance
of the crystalline structure of the NPs once inside the microalgae should be analysed as a positive or
adverse outcome. In our case the presence of silver in the NPs shape could be a positive aspect as the
microalgae can hold silver inside by removing it from the outside environment.

3.3. Cell Viability, Chlorophyll Content and Ultrastructure of AGQNPs-G Treated C. vulgaris

C. vulgaris, at the exponential growth phase, was exposed to Ag ions or AgNPs-G at different
concentrations (0.1, 1, 10, 100 pg/L and 1 mg/L) for 1 day and 1 week. The concentration-inhibition
graph is reported in Figure 3A. Exposure of algae to AgNPs-G causes a reduction of cell metabolism.
The inhibitory rate of growth (IR) increased in a significant way with the increasing time of exposure
and doses. In fact, the IR increases up to 6 folds after 1 week of culture in the presence of 1 mg/L
of AgNPs-G. Significant growth inhibition was observed in the presence of 100 pg/L and 1 mg/L of
AgNPs-G for 24 h. Ag ions exposure induces no effect on cell growth. The negative values of IR at 24 h
exposure indicate the so-called hormesis effects of poisoning, both in Ag ions and AgNPs-G treatments.

In line with the growth reduction, the chlorophyll-a concentration reduction (Figure 3B) was
dependent on the NPs doses and time of treatment. Statistical analysis revealed a significant difference
(p < 0.05) between control and treated samples at 24 h in the presence of 1, 10, 100 pug/L and 1 mg/L with
a reduction of chlorophyll amount of about 80% at the higher AgNPs-G concentration. Conversely, the
treatment of C. vulgaris for 1 week induces the decrement in chlorophyll amount in the presence of 10,
100 pg/L and 1 mg/L. The reduction is of about 50% than control cells after culture in the presence of 1
mg/L AgNPs-G. Ag ions exposure induces only a moderate effect on chlorophyll-a content.

TEM ultrastructure of C. vulgaris is reported in Figure 3C. In control cells, the plasma membrane was
close to the cell wall. Chloroplasts contain well-compartmentalised thylakoids, which are fundamental
structures involved in photosynthesis (Figure 3(Ca)). A morphology not different from control cells
was observed upon Ag ions treatment with (Figure 3(Cb)). Cells cultured in the presence of the highest
AgNPs-G concentration, showed the plasma membrane detaching from the cell wall, (Figure 3(Cc)).
The morphological alterations also correlate with AgNPs-G incubation time (Figure 3(Cd)). Large
vacuoles with degraded materials were observed (Figure 3(Cd-g), white triangle). A partial structural
disorder of thylakoids suggesting a reduced photosynthesis activity is present.

The work reported here confirms C. vulgaris an useful microalgae for the detection of the biotoxicity
of AgNPs-G, as demonstrated by the fact that culture time and amount of AgNPs influenced growth
inhibition, morphological alteration, reduction in chlorophyll-a concentration and photosynthesis
perturbation due to structural disorders of thylakoids. The reduced chlorophyll content is in accordance
with the data of Hazeem et al., [63] who demonstrated the AgNPs have a negative effect on viability,
chlorophyll-a concentration, and increased reactive oxygen species (ROS) formation in C. vulgaris.
Comparable effects have been demonstrated for other algae species, e.g., Pithophora oedogonia and
Chara vulgaris [27]. Several studies have shown that AgNPs caused inhibition of growth in freshwater
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green microalgae [67], a reduction in chlorophyll content and morphological changes in the freshwater
green alga Pithophora oedogonia [27], a decrease of photosynthesis activity in the unicellular green algae
Chlamydomonas reinhardtii[29], and an increase of antioxidant activities in the marine flagellate Chattonella
marina [24]. Decrease in chlorophyll content, viable algal cells, increased ROS formation, and lipid
peroxidation in the freshwater microalga Chlorella vulgaris and marine microalga Dunaliella tertiolecta
were observed after exposure to AgNPs for 24 h [68].

4. Conclusions

In conclusion, it should be kept in mind that the continued increase in the use of AgNPs is a
consistent hazard in aquatic ecosystems, where microalgae are key actors, and actions to prevent/reduce
this hazard cannot be postponed. Many critical points have to be overcome as the identification
of the best biological model for risk assessment, because of species response, exposure conditions
and environment-particle chemical interactions. It is thus important to choose the best NPs to be
commercialised according to their safety by design synthesis (green chemistry, coatings). In our case,
silver nanoparticles are coated with glucose, that ensures stability, in terms of morphology, dispersion
and dissolution (release of silver ions). They are stable in several culture media, both in experiments
with human cell lines and those with aquatic organisms, as reported in our previous works [42,43].
In BBM culture medium they kept their shape, size and stability, although the medium contained
EDTA, which is known to promote the dissolution and dispersion of silver nanoparticles through Ag
chelation [69,70]. However, EDTA concentration reported in literature is higher (or not indicated) than
concentration used in our experiment, so EDTA effects could be irrelevant on AgNPs-G. Also, it is
possible that the presence of the glucose coating interferes in the interaction between EDTA and silver,
avoiding the impact of EDTA on the dispersion/dissolution of silver nanoparticles. However, this
is a pilot in vitro experiment. Further investigations are needed to understand what can happen on
large scale.

Knowledge gaps remain because of the enormous number of nanomaterials (in terms of shape,
size, materials coatings, etc.) and the scarce possibility of drawing generalised conclusions.

Microalgal biomass has been applied as a simple and effective alternative to remove heavy metals
from aquatic environments. The capacity to adsorb/absorb and accumulate heavy metals in microalgal
cells depends on many biotic factors, in particular, the cell density and how algal cells are pretreated
before use. The application of suspended algal systems can be limited by the difficulty of removing
algae from wastewater after the treatment. The effectiveness of microalgal cells to remove heavy metals
can be further enhanced by immobilisation which eliminates the necessity for separating the cells from
treated wastewater [71].

Furthermore, the various knowledge gaps are also related to the assessment of functionalised
coating toxicity and NPs are still lacking the introduction of a safe approach concept for the use of
nanomaterials. Further evaluation is needed to provide suitable methods and procedures to overcome
the existing gaps that need to be addressed for the design and production of eco-safe NMs to ensure at
the same time marine ecosystem sustainability and remediation.

Our results indicated that exposure to AgNPs-G of C. vulgaris caused significant bioaccumulation
of nanoparticles and a consequent reduction of microalgae growth and chlorophyll-a content.
The internalised NPs were not released back into the medium, even after 1 week, and did not
undergo biotransformation since AgNPs-G maintained their crystalline nature. It should be considered
that we used an NPs amount that is several times more than the AgNPs released into water. C. vulgaris
was able to efficiently internalise the AgNPs inside vacuoles and to avoid any volunteer leakages
of particles or massive discharge back to the medium for cell disruptions. This bioaccumulation
ability of C. vulgaris for AgNPs should be taken into consideration for environmental safety and
further investigated.
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Abstract: Uranyl ion, the most soluble toxic uranium species, is recognized as an important index for
monitoring nuclear wastewater quality. The United States Environmental Protection Agency (US
EPA) and the World Health Organization (WHO) prescribed 30 ppb as the allowable concentration of
uranyl ion in drinking water. This paper reports on a nanohybrid material that can detect uranyl ions
spectroscopically and act as a uranyl ion absorbent in an aqueous system. Compound 1, possessing a
salicyladazine core and four acetic acid groups, was synthesized and the spectroscopic properties of
its UO,2* complex were studied. Compound 1 had a strong blue emission when irradiated with UV
light in the absence of UO,?* that was quenched in the presence of UO,?*. According to the Job’s
plot, Compound 1 formed a 1:2 complex with U022+. When immobilized onto mesoporous silica,
a small dose (0.3 wt %) of this hybrid material could remove 96% of UO,?* from 1 mL of a 100-ppb
UO,%* aqueous solution.

Keywords: UO,2+; salicyladazine; fluorescence; mesoporous silica

1. Introduction

The development of nuclear technology leads to new environmental concerns, such as radiation
exposure and accidents resulting therefrom. Of special concern is the uranyl cation (UO,%*), a highly
toxic neurotoxin that is very mutable in biological systems and can cause radioactive poisoning if
proper containment rules are violated [1-4]. Therefore, the development of technologies that can
measure the exact amount of UO,2* exposed to the environment is an important safety priority.

Several studies on UO,2* sensors have been reported to date [5-10]. L. S. Natrajan et al. reported
a method for detecting UO,%* via a unique fluorescence energy transfer process to a water-soluble
europium (IIT) lanthanide complex triggered by UO,2* [11]. Yi Lu et al. developed colorimetric
uranium sensors based on a UO,2*-specific DNAzyme and gold nanoparticles using both labeled and
label-free methods [12]. Julius Rebek Jr. et al. investigated a tripodal receptor capable of extracting
uranyl ion from aqueous solutions. In their system, at a uranyl concentration of 400 ppm, the developed
ligand extracted approximately 59% of the UO,?* into the organic phase [13].

While various detection methods for UO,2* have been developed based on fluorogenic and
colorimetric methods, studies on UO,%* adsorbents have received much less attention. We aim to
synthesize an adsorbent, or uranyl-capture agent based on an organic-inorganic hybrid material
because such compounds tend to have higher stability and controllable homogenous pore sizes.
Therefore, we designed and synthesized compound 1 (Figure 1). Compound 1 possesses four acetic
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acid groups as ligands for UO,2*. The spectroscopic properties of compound 1 were observed upon
adding UO,?* via fluorometry, IR spectroscopy, and "H NMR spectroscopy. Furthermore, compound 1
was immobilized to MPS (mesoporous silica nanoparticles) to create an adsorbent for UO,%*. Herein,
we report the spectroscopic properties of the compound 1-UO,?* complex and the adsorption capacity
of mesoporous silica nanoparticles loaded with compound 1 for UO,?* capture.

O

X

HOZCAN/\G(\N’N\ N__-COzH
HOZC) OH

1

Figure 1. Chemical structure of compound 1.

2. Materials and Methods

2.1. Reagents and Instruments

All reagents were purchased from Sigma-Aldrich (Buchs, Switzerland) and Tokyo chemical
industry (Fukaya, Japan). The solvent was purchased from Samchun Pure Chemicals (Pyeongkaek,
Korea) and used with further purification. 'H and '*C NMR spectra were obtained with a Bruker DRX
300 apparatus (Rheinstetten, Germany). The IR spectra were measured on a Shimadzu FT-IR 84005
instrument (Kyoto, Japan) by KBr pellet method in the range of 4000-1000 cm~'. A JEOL JMS-700
mass spectrometer (Kyoto, Japan) was used to obtain the mass spectra. The UV~-vis absorption and
fluorescence spectra were obtained at 298 K with a Thermo Evolution 600 spectrophotometer (Waltham,
MA, USA) and a RF-5301PC spectrophotometer (Kyoto, Japan), respectively. A PerkinElmer 2400
series (Waltham, MA, USA) was employed for the elemental analyses. The quantitative analysis was
performed using ICP-DRC-MS (ELAN DRC II, PerkinElmer, Waltham, MA, USA). The morphological
images were observed using a TEM (TECNAI G2 F30, FEI, Hillsboro, OR, USA).

2.2. Synthesis of Compound 1

The compounds 1-4 were synthesized according to the reported method (Scheme S1) [14,15].
Compound 2 (2.56 mg, 0.4 mmol) was dissolved in THF (10 mL), followed by the addition of sodium
hydroxide solution (10 mL, 0.8 M). The mixture was stirred at room temperature for 2 h. After completion
of the reaction, the mixture was added to aq HCI solution (1 wt %) to give yellow precipitation, which
was filtered off and dried under vacuum to yield compound 1 (121 mg, 57%). IR (KBr pellet) em™! 3424,
3014, 1728, 1495 1629, 1389, 1277, 1164; "H NMR (300 MHz, DMSO-d;) & 12.25 (s, 4H), 11.07 (s, 2H), 8.98 (s,
2H),7.63 (d, ] =22 Hz, 2H), 7.40 (dd, ] = 8.5, 2.2 Hz, 2H), 6.96 (d, ] = 8.4 Hz, 2H), 3.78 (s, 4H), 3.42 (s, 8H);
13C NMR (75 MHz, DMSO-dg)  172.74, 162.82, 158.30, 134.37, 131.08, 130.12, 118.33, 116.99, 56.80, 53.96.;
ESI-MS: calculated for CpyHpsN4Oqg, [M — H]™ 529.16; found, 529.15; Anal. calcd for Co4HpgN4Oq: C,
54.34; H, 4.94; N, 10.56; found: C 54.31, H 4.97, N 10.51.

2.3. Preparation of MPS

The MPS was synthesized according to the reported method [16]. 8.2 g of (1-Hexadecyl)
trimethyl-ammonium bromide was dissolved in H,O (600 mL). After stirring for 10 min, 1.6 mL of
triethanolamine was added and the reaction mixture was heated. When the reaction temperature
reached 80 °C, TEOS (tetra ethyl ortho silicate) (60 mL) was added and stirred for 1 h. The solvent of
the reaction was removed by rotary evaporator and the resulting solid (including some water) was
heated at 500 °C for 5 h by using a furnace.
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2.4. Preparation of MPS-1

0.1 g of compound 1 and 1 g of MPS in of acetonitrile (20 mL) were stirred for 10 min. The reaction
mixture was refluxed at 80 °C for 24 h. After the reaction mixture was cooled to room temperature,
the solid product was filtered and washed with 200 mL acetonitrile.

2.5. Photophysical Studies

The UV-vis absorption and fluorescence spectra were determined over the range 200—800 nm.
The samples were prepared by dispersion in H,O solution. The concentration of standard UO,**
solution was 100 ppb.

2.6. NMR Measurement

Compound 1 (2.65 mg, 0.005 mmol) and uranyl acetate (8.48 mg, 0.02 mmol) were dissolved in
0.5 mL and 0.1 mL of of DMSO-d; (0.5 mL) in DMSO-d; (0.1 mL), respectively. To NMR titration,
the different amount of the uranyl acetate solution (12.5 uL, 25 uL, 37.5 uL, 50 uL) was added to
compound 1 of DMSO-dg (0.5 mL).

2.7. ICP-MS

MPS-1 (1 mg, 3 mg, and 5 mg) were dispersed in aqueous solution containing UO,2*, Na*, Mg?*,
Ca?*, Cu?*, Ag*, Co?*, Ni%*, Mn?* and Pb?* (100 ppb) for 10 min. Mixture was added to H,O (4 mL).
The mixture solution was centrifuged and the supernatant solution was filtrated with syringe filter
(PTFE, 0.45 um). The collected solution was measured 3 times by ICP-MS.

3. Results and Discussion

3.1. Spectroscopic Properties of Complex 1 with UO,>*

Binding between UO,?* and specific ligands, such as cyclic peptides [17,18], porphyrins [19,20],
and naphthobipyrrole [21,22], is well known. We prepared a salicyladazine derivative as a ligand
for UO,%*. The salicyladazine derivative was synthesized starting from 2-hydroxybenzaldehyde.
The diethyl 2,2’-azanediyldiacetate groups were designed on both sides of the compound to create a
symmetric structure. As the final step, hydrochloric acid treatment of the precursor yielded the desired
compound 1. Compound 1 contains the acetic acid end group (<CH,COOH) to form the binding
site for UO,2* and was characterized via FT IR, 'H and *C NMR, mass spectrometry, and elemental
analysis (Figures S1, S2 and S3 in Supplementary Materials).

UV-vis spectroscopy was performed to confirm that a coordination bond between compound
1 and UO,?* resulted in a colorimetric change. Compound 1 was dissolved in an aqueous solution
containing 1% of DMSO, and the UV-vis absorption spectrum was measured (Figure 2A). Before adding
UO,?*, the 7—7t * absorption band of compound 1 appeared at around 300-350 nm. When UO,?* (from
0.5 to 3 equivalents in 0.5 equivalent steps) was added to compound 1, the absorption peak intensities
at 300 and 350 nm decreased until up to 2 equivalents of UO,?* were added. At 2.5 or more equivalents
of UO,?*, the ligand-to-metal charge transfer absorption wavelength between compound 1 and UO,?*
was observed at around 365-380 nm [23].

Figure 2B shows the photographs of the cuvettes used when UO,>* was added to compound 1
and irradiated under UV light. The change in fluorescence after more than 2 equivalents of UO,2* were
added was visible to the naked eye. Compound 1 yielded an emission wavelength around 560 nm
(excitation = 365 nm). When 0.5 equivalents of UO,** were added to compound 1, the fluorescence
intensity decreased. The decrease in fluorescence was noticeable from 0.5 to 2 equivalents of UO,*;
however, the fluorescence intensity remained constant thereafter (Figure 2C). Figure 2D presents a
plot of the fluorescence intensity vs. amount of UO,?* added. To determine the stoichiometric ratio
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between compound 1 and UO,2*, we constructed a Job’s plot using the fluorescence data and found a
1:2 binding ratio for compound 1:UO,2* (Figure S4 ).

To investigate the chemical interactions between compound 1 and UO,%*, we used nuclear magnetic
resonance (NMR) spectroscopy. We measured the 'H NMR signal of compound 1 in DMSO-dg while
increasing the UO,%* content (Figure 3). When 0.5 equivalent of UO,?* was added to compound 1 in
DMSO-dg, the proton peak (aromatic OH: 11.08 ppm) of compound 1 decreased and multiple new peaks
were observed. When we added 1 equivalent of UO,?*, the ratio of the proton peaks of compound
1 and the resulting complex was 1:1. Because compound 1 has C2 symmetry, coordination of UO,2*
occurs on one side of compound 1 (bound to two acetic acid ligands) and no coordination occurs on the
other side of compound 1. Upon additional UO,%* input (over 2 equivalents), all the peaks representing
free compound 1 disappeared entirely. Therefore, compound 1 has a binding capacity of two UO,?*
molecules in DMSO-d; (forms a 1:2 complex). This result is consistent with the Job’s plot.
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Figure 2. (A) UV-vis spectra of compound 1 (2.65 X 10* ppb) in DMSO/H, O (1:99 v/v) containing various
amounts of UO,2*. (B) Photographed cuvettes from (A) under UV light irradiation. (C) Fluorescence
spectra of compound 1 (2.65 x 10* ppb) in DMSO/H,O (1:99 t/v) containing various amounts of UO,?*
(0-5 equivalents). (D) Plot of fluorescence intensity of (C) vs. amount of UO,%*.
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The carbonyl oxygen (C=0) of the end group of acetic acids (-CH,COOH) in compound 1 is
well known to bind strongly to a radionuclide ion such as UO,2* by supplying electrons [23,24].
IR spectroscopy was used to classify the complex formation of compound 1 with UO,%*. As shown in
Figure S5, the oxygen of the carboxylic acid carbonyl (C=0) in compound 1 before the addition of
UO,2* produced a peak at 1728 cm™!, whereas the C=0 peak after the addition of UO,2* was shifted
to 1557 cm™~!. This shift to a lower wavenumber is indicative of the C=0O in compound 1 providing
electrons in a dative bond to UO,?* and confirms that the carboxylic acid groups are employed in
complex formation with UO,2*.

3.2. Immobilization of Compound 1 to Mesoporous Silica Nanoparticles

The morphology of mesoporous silica nanoparticle immobilized with 1 (MPS-1) was observed via
transmission electron microscopy (TEM). The TEM image of MPS-1 revealed a spherical structure with
anarrow size distribution (circa 40 nm) (Figure 4A). Thermogravimetry analysis (TGA) was performed
to determine the amount of compound 1 immobilized onto MPS-1 (Figure 4B). At approximately
150 °C, the weight of MPS-1 decreased by 4.2%. This mass reduction was attributed to moisture.
At ~500 °C, compound 1 was pyrolyzed and the weight of MPS-1 decreased to 86.8% (Figure S6). Thus,
the amount of compound 1 introduced into MPS-1 was 9% by weight (Figure 4B). Figure S7 presents
the IR spectra of MPS and MPS-1; a C-H vibration peak of 2940 cm™! was confirmed. This further
supported the presence of compound 1 on the surface of the mesoporous silica nanoparticles. Under
UV light irradiation, the filtered silica nanoparticles fluoresced blue, indicating that compound 1
was present on the mesoporous silica nanoparticle surface. Fluorescence spectra of MPS-1 (2 mg) in
water (2 mL) and MPS-1 (2 mg) in 100 ppb UO,%* solution (2 mL) were also measured. (Figure 4C).
In 3.5% NaCl aqueous solution of 2mL, we measured the fluorescence spectra of MPS-1 (2 mg) and
MPS-1 (2 mg) in 100 ppb UO,%* solution, respectively (Figure S8). Fluorescence changes of MPS-1
in the present of 100 ppb UO,2* in water or 3.5% NaCl aqueous solution were shown similar results.
This means that MPS-1 can bind UO,?* not only in water but also NaCl aqueous solution.
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Figure 4. (A) Transmission electron microscopy (TEM) image of mesoporous silica (MPS-1) and
(B) thermogravimetry analysis (TGA) thermogram of MPS (black) and MPS-1 (red). (C) The photograph
and the Fluorescence spectra of (a) MPS-1 (2 mg) in water (2 mL) and (b) MPS-1 (2 mg) in 100 ppb
UO,%* solution (2 mL).

3.3. The Adsorption Capacity of MPS-1 for UO,**

The United States Environmental Protection Agency (US EPA) and the World Health Organization
(WHO) have prescribed safe limits of UO,%* in drinking water at 30 ppb [25,26]. The adsorption
capacity of MPS-1 was tested by adding 1, 3, and 5 mg of MPS-1 to 1 mL of 100 ppb UO,?* solution.
After standing for 10 min, the solution was filtered through a 0.45-um syringe filler and the UO,2*
levels were determined by ICP-MS (experiment performed in triplicate). Calibration curves were
obtained with dilute UO,2* solutions (0.1, 1, 10, 50, and 100 ng/L), and the linearity of the calibration
curve was confirmed (correlation coefficient was 0.9974) (Figure S9). Figure 5 and Table S1 present
the results of the UO,* adsorption experiment using various amounts of MPS-1. The percentage of
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UOZ2+ removed was 70%, 96%, and 95% for 1, 3, and 5 mg of MPS-1, respectively (RSD values all less
than 15%). 1 mg of MPS-1 was not sufficient for absorbing 100 ppb UO,2*. Using 3 or 5 mg of MPS-1
removed 95% or more of the UO,?*; there was no statistically significant difference between the two
absorbent dose amounts. In conclusion, MPS-1 (even a small amount: 0.3 wt %) could reduce 100 ppb
of UOy?* <5 ppb of UO,%*; this result would satisfy both EPA and WHO drinking water standards.

3.4. Adsorption of UO,2* and Other Cations onto MPS-1

The elemental analysis of MPS, MPS-1, and UO,**-adsorbed MPS-1 was performed via TEM
dispersive X-ray spectroscopy (EDX) (Figure S10). Nitrogen was observed in the EDX spectrum of
MPS-1, thus providing evidence for the presence of compound 1 in MPS-1. In the EDX spectrum
of UO,?*-adsorbed MPS-1, uranium was detected. This confirms our rationale in designing this
adsorbent: UO,?* was bound to the compound 1 attached onto the surface of MPS.

We also confirmed the adsorption capacity of MPS-1 (5 mg) for other metal ions, such as Na*,
Mg2+, Ca?*, Cu?™, Ag™, Co%*, Ni*, Mn%*, and Pb2* (100 ppb) under the same conditions. Among the
metal ions tested, 42.3% of CaZ* was adsorbed onto the surface of MPS-1; for the remaining metal ions,
<30% were adsorbed (Table S2). These findings suggest that MPS-1 would be useful as an adsorbent

for UO,2*.
i___Iu _____In W B —

None 1 mg 3mg 5m
Amount of MPS-1

UO,2" (ppb)

Figure 5. Result of UO,%* adsorption of MPS-1 in 100 ppb UO,?* solution.
4. Conclusions

We synthesized the salicyladazine-based compound 1, designed to be a uranyl ion capture ligand.
Compound 1 formed a 1:2 complex with UO,%* as confirmed by the Job’s plot. A fluorescence change
was observed when UO,?* was bound to compound 1. IR and NMR measurements were performed
to identify compound 1 and the two UO,?* coordination sites. Compound 1 was immobilized into
mesoporous silica (MPS-1); the resulting sorbent could remove 96% of the UO,%* from 1 mL of
a 100-ppb UO,2* aqueous solution. A material was successfully developed that was capable of
simultaneously absorbing uranyl ions and detecting their presence by fluorescence. We believe that
this organic-inorganic hybrid material paradigm for detecting UO,%* will have a broad impact for the
study on porous materials and their application.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/5/688/s1.
Scheme S1. Synthesis route of compound 1; Figure S1. FI-IR spectrum of compound 1; Figure S2. 'H NMR
spectrum of compound 1 in DMSO-ds; Figure S3. '3C NMR spectrum of compound 1 in DMSO-dg; Figure S4. Job’s
plot for complex formed between compound 1 and UO,2*; Figure S5. FT-IR spectra of 1 and 1 with UO,%*; Figure
S6. TGA thermogram of compound 1; Figure S7. FT-IR spectra of (A) MPS and (B) MPS-1; Figure S8. Fluorescence
spectra of (a) MPS-1 (2 mg) in 3.5% NaCl solution (2mL) and (b) MPS-1 (2 mg) with UO,2* solution (100 ppb) in
3.5% NaCl (2 mL); Figure S9. Linear equation of various concentrations of UO,>*; Figure $10. TEM EDX mapping
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of (A) MPS (B) MPS-1 and (C) MPS-1 with UO,2*; Table S1. Adsorption Capacities of MPS-1 for UO,%* (100
ppb) solution; Table S2. Adsorption Capacities of MPS-1 (5 mg) with various metal ions (100 ppb) solution.
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Abstract: The unburned hydrocarbon (HC) emissions of automobiles are subject to strong regulations
because they are known to be converted into fine dust, ozone, and photochemical smog. Pitch-based
activated carbon fibers (ACF) prepared by steam activation can be a good solution for HC removal.
The structural characteristics of ACF were observed using X-ray diffraction. The pore characteristics
were investigated using N»/77K adsorption isotherms. The butane working capacity (BWC) was
determined according to ASTM D5228. From the results, the specific surface area and total pore
volume of the ACF were determined to be 840-2630 m?/g and 0.33-1.34 cm?/g, respectively. The
butane activity and butane retentivity of the ACF increased with increasing activation time and were
observed to range between 15.78-57.33% and 4.19-11.47%, respectively. This indicates that n-butane
adsorption capacity could be a function not only of the specific surface area or total pore volume but
also of the sub-mesopore volume fraction in the range of 2.0-2.5 nm of adsorbents. The ACF exhibit
enhanced BWC, and especially adsorption velocity, compared to commercial products (granules and
pellets), with lower concentrations of n-butane due to a uniformly well-developed pore structure
open directly to the outer surface.

Keywords: pitch; activated carbon fiber; evaporated fuel; hydrocarbon emissions

1. Introduction

As the interest in environmental pollution increases, regulations of automotive emissions are
being made stronger around the world [1,2]. Automotive emissions are divided into evaporation gas
and exhaust gas. The exhaust gas is generated by the combustion of fuel and consists of harmful
substances such as COy, NOy, SOy, and particulate matter (PM) [3-5]. The evaporation of unburned
fuel from the fuel tank generally forms evaporation gas [6]. Its main component is hydrocarbon (HC)
molecules, and there are many studies that indicate that HC is one of the critical materials causing
smog, mist, and lung cancer [7,8].

Evaporation gas is normally generated even when the car is parked or being refueled; thus, it is
difficult to prevent this using a separate actuator [9]. The evaporation gas is systematically collected
and concentrated by means of fuel-vapor-emission control systems (a carbon canister and hydrocarbon
trap sheet composed of activated carbon pellets and an activated carbon sheet, respectively; ACP and
ACS) [10-12]. When the engine starts, the collected evaporation gas is transferred with air to the engine
and used to enhance the fuel efficiency [13,14].

The diurnal regulation value for unburned HC emissions in cars was previously 500 mg/test
(LEV-II), but recently it was further strengthened to 300 mg/test (LEV-III) [2]. Especially, canister bleed
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emission limits have been set at 20 mg/test for passenger car [2]. In the past, fuel-vapor-emission
control systems were studied to enhance the pore characteristics of activated carbon or to increase
the apparent density in order to adsorb larger amounts of evaporation gas [15-17]. However, for the
fuel-vapor-emission control systems that meet the new stringent regulations (LEV-III), it is necessary to
develop activated carbon capable of adsorbing a larger amount of evaporation gas and of completely
adsorbing low concentrations of evaporation gas at the same time [2]. In order to solve this problem, a
method for applying a material for the selective adsorption of low-concentration evaporation gas by
an existing carbon canister, and a method for adding a separate device such as a ceramic honeycomb,
have been discussed [10].

Activated carbon (AC) occurs in shapes classified as granules [18], pellets [19], and fibers [20-22].
Granular and pellet AC have a higher bulk density than fibrous activated carbon (activated carbon
fiber, ACF), and so they can absorb a larger amount of harmful substances because of the larger input
mass with the same volume [16,23]. Pellet AC usually exhibits lower pressure drop performance
compared to granular AC [24,25], and so it is widely used in adsorption towers, canisters, and air
cleaners. The ACF has a faster adsorption rate and better adsorption for low-concentration harmful
substances than granular and pellet AC due to the excellent micropores on its surface [22,26].

In this study, the HC adsorption characteristics of AC (granular and pellet) and ACF were
investigated to remove the evaporation gas of an automobile. The ACF was fabricated using various
H,O activation times for pitch fibers to observe the relationship between the adsorption capacity
of low-concentration evaporation gas and the pore structure of the ACF. The pore development
mechanism of ACF was confirmed through the pore characteristics and crystal structure. The HC
adsorption characteristics of AC and ACF were analyzed using various concentrations of n-butane
according to the ASTM D5228 standard.

2. Experimental

2.1. Preparation of Activated Carbon Fibers

ACF was fabricated from stabilized isotropic pitch fibers (GS Caltex, Jeonju, Korea). The precursor
has a low ash content of less than 500 ppm and consists mostly of carbon. Three grams of pitch fiber
was heated to 900 °C in nitrogen gas (500 mL/min of feeding rate) at a heating rate of 10 °C/min
in a self-produced cylindrical steel tube furnace (diameter 130 mm x length 1000 mm) with SiC
heaters, then activated with HyO (0.5 mL/min of feeding rate by a micro-feeder) for 20-60 min
(holding or reaction time). The H,O was evaporated through a pre-heater heated at 200 °C and
then introduced into a furnace. After activation, the flow of nitrogen was used to cool the furnace
to room temperature to prepare the ACFE. Each sample was named in the form ACF-(activation
method)-(activation temperature)-(activation time).

The activation reaction of carbon crystallite with H,O is endothermic and takes the following
stoichiometric form [27]:

C +H,0 — CO+ HyAH = +117 k] /mol (1)

Commercial AC of the type used for canisters such as the BAX1500, BAXLBE (Pellet AC, Ingevity,
North Charleston, SC, USA) and WVA1100 (Granular AC, Ingevity, North Charleston, SC, USA) were
used for comparison with the ACF prepared in this work.

2.2. Characterizations

The pore characteristics of the ACF were analyzed using N»/77K adsorption-desorption isotherm
curves by Bel-MAX (BEL Japan, Inc., Tokyo, JAPAN). The specific surface area of the ACF was
calculated by the Brunauer-Emmett-Teller (BET) equation [28], and the pore size distribution curves
of the ACF were measured by both a non-local density functional theory (NLDFT) [29,30] and the
Barrett-Joyner-Jalenda (BJH) equation [31] according to the pore range. The crystallite structure of the
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ACF was analyzed using their X-ray diffraction (XRD, PANalytical, Almelo, The Netherlands) spectra.
XRD patterns were measured using Cu K« (1.542 A) in the range of 10-60° at a rate of 2°/min.

The butane working capacity (BWC) of the ACF was determined according to the ASTM D5228-16
standard [32]. The ACF was used to fill a U-shaped sample tube with a fixed volume of 16.7 mL. The
sample tube was placed in a water bath maintained at 25 °C, and the butane was fed into the sample
tube at 250 mL/min for 15 min. The mass change of the sample tube was measured using a balance,
and the butane was adsorbed again for an additional 10 min. When a constant sample weight was
determined, the sample tube was purged by helium gas at a rate of 300 mL/min for 40 min. BWC,
butane activity, and butane retentivity were calculated using Equations (2)—(5). The change in the
real-time butane concentration was measured using a quadrupole mass spectrometer (Q-mass) at the
vent of the sample tube. A schematic diagram of the experimental setup is exhibited in Figure 1.

Unit Equation
Butane working capacitor g/100 mL ((Ig:g x A x 100 2
Butane working capacitor % ((Ec):g % 100 3)
Butane activity % ilg:g; %100 4)
Butane retentivity % % x 100 (5)

where A is the apparent density, B is the weight of the sample tube and stoppers, C is the weight of the
sample, sample tube, and stoppers; D is the weight of the saturated sample, sample tube, and stoppers;
and E is the weight of the purged sample, sample tube, and stoppers.
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Water bath Q-Mass

Figure 1. Schematic diagram of the butane working capacity test.
3. Results and Discussion

Isothermal adsorption—desorption curves are the most powerful method for analyzing the pore
characteristics of the ACF. Figure 2 exhibits the N»/77 K isothermal adsorption-desorption curves of
the ACF. The curves of most ACF variants (ACF-H-9-2 to ACF-H-9-5) were classified as Type I by
the IUPAC classification and were found to include mainly micropores [33]. Meanwhile, the curve
of ACF-H-9-6 was classified as Type IV, and thus the volume ratio of mesopores to micropores was
relatively high [33]. The hysteresis patterns were hardly observed in the curves of all the ACF variants,
and only a few hysteresis patterns were observed in ACF-H-9-6. Therefore, it is considered that the
pores of all the ACF are wedge-shaped, and that the pores are well-developed on the surface of the
ACE. The adsorption—desorption isotherm curves of the AC (BAX1500, BAXLBE, and WVA1100) for
canisters were determined to be Type IV, and very large hysteresis was observed. It is recognized that
the AC has a high mesopore volume fraction within the total pore volume, and pot-shaped pores are
present inside the pore structure.
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Figure 2. N,/77 K adsorption—desorption isotherm curves of pitch-based activated carbon fibers
as a function of various HyO activation times and commercial activated carbons. ACF: activated
carbon fibers.

Table 1 shows the textural properties of the ACF and AC. The specific surface area and total pore
volume of the ACF increased from 840 to 2630 mz/g and from 0.33 to 1.34 cm3/g, respectively, with
increased activation time. From ACF-H-9-2 to ACF-H-9-5, most of the porous structure was found to
consist of micropores. As the activation time increased, the mesopore volume continuously increased.
ACF-H-9-6 was observed to consist of about 37% of mesopores (of the total pore volume) and to have
the highest specific surface area of all the ACF variants.

The AC for canisters has completely different pore structures compared to the ACF. The AC
mesopores accounted for more than 57% of the total pore volume. The specific surface areas of the
AC were in the order of BAX 1500 > WVA 1100 > BAX LBE. The pore ratio that ACF-H-9-6 exhibited
was similar to that of the AC for canisters. ACF-H-9-6 had higher specific surface area and micropore
volume than BAX 1500, but BAX 1500 had a higher mesopore volume than that of ACF-H-9-6.

Table 1. Textural properties of pitch-based activated carbon fibers as a function of various H,O
activation conditions and commercial activated carbon.

Sger ! Votal 2 VMicro 3 ViMeso * Mesopore 5 . 6 (o

Sample (m?/g) (em®/g) (em®/g) (em®/g) Ratio (%)  nield” (%)
ACF-H-9-2 840 0.33 0.32 0.01 3.0 55
ACF-H-9-3 1250 0.50 0.47 0.03 6.0 45
ACF-H-9-4 1670 0.69 0.63 0.06 8.7 38
ACF-H-9-5 1980 0.86 0.74 0.12 14.0 26
ACF-H-9-6 2630 1.34 0.85 0.49 36.6 15
BAX1500 2350 1.52 0.64 0.88 57.9 -

BAXLBE 650 0.55 0.17 0.38 69.1 -
WVA1100 1610 1.22 0.40 0.82 67.2 -

1 Sper: Specific surface area; Brunauer-Emmett-Teller (BET) method; ﬁ = ﬁ + %% 2 Vioral: Total pore

volume; BET method. 3 Vyjeso: Mesopore volume; Barrett-Joyner-Halender (BJH) method: 1y = 1; +t. (ry = actual
radius of the pore, 7, = Kelvin radius of the pore, t = thickness of the adsorbed film). 4 Vyjiero: Micropore volume;

5 . VMeso 6 i1, Weight of activated sample
Votal-VMeso- > Mesorpore ratio: Votal x100. © Yield: Weight of carbonized sample input x100.

Figure 3a exhibits the micropore size distribution curves of the ACF by an NLDFT method. The
micropore size diameter was determined by gas sorption and estimated using nonlocalized density
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functional theory (NLDFT) and the grand canonical Monte Carlo method (GCMC) using the BELSORP
evaluation software from the computer simulation. Figure 3a shows the typical pore size distribution
of porous carbonaceous materials. The pore size distribution curves indicate that as the activation time
increases to 40 min (ACF-H-9-4), the pore diameter increases and the width of the curve gradually
increases. The pore size distribution curves of ACE-H-9-5 were observed to possess a narrow (~1 nm)
and a broad (>2 nm) curve. ACF-H-9-6 had a broad curve, and the pore diameters increased from
micropores to sub-mesopores. Therefore, it was confirmed that the mesopores were formed by the
alteration of the micropores to mesopores by the widening of the pore diameters by further oxidation
or by the collapse of the micropore walls. It was also confirmed that new micropore development
continued in the variants up to ACF-H-9-6, as observed by the increase in micropore volume.
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Figure 3. Pore size distribution of pitch-based activated carbon fiber as a function of various H,O
activation time: (a) micropore size distribution by the nonlocalized density functional theory (NLDFT)
method; (b) nesopore size distribution by the BJH equation.

Figure 3b shows the mesopore size distribution of the ACF calculated using the BJH equation.
The mesopore volume of the ACF was found to increase with increasing activation time. ACF-H-9-6
had the most massive mesopore volume among the ACF variants. From ACF-H-9-2 to ACF-H-9-5,
mesopores of less than 10 nm in pore diameter were mainly developed, whereas ACF-H-9-6 had
mesopores of pore diameter <50 nm. Because hysteresis of the ACF is hardly observed in Figure 2
(which means that the pore shape is probably a wedge-shape, as shown in Figure 2), it can be inferred
that the location micropores of the ACF gradually shift to deep inside as the activation time increases,
while maintaining a wedge-shaped pore structure (Figure 4a). On the other hand, it is assumed that
the AC has a pore structure of a unique jar shape, resulting in a high mesopore volume ratio and a
large hysteresis curve (Figure 4b).

(b)
Mesopore

Micropore Macropore

As-received ACF-H-9-6 Granular activated carbon

Figure 4. Schematic pore structure images of activated carbon fiber (a) and granular activated carbon (b).

Physical activation is the process of oxidizing crystallites to form various pores. Therefore, the
changes of crystallite and pore structure with increasing activation time are very closely related. XRD
is an advantageous method for observing the crystallite structure of ACFs.
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In Figure 5, the XRD curve of the pitch fiber (as-received) exhibits a clear 002 peak and a
well-developed domain characteristic of the inherent crystallite structure of the pitch. The XRD
curves of the ACF exhibit the typical appearance of an isotropic carbon material. The 002 peak
diffraction angle of the graphite crystallite is 26.56°, but the 002 peaks of the ACF samples are located
at about 23°, indicating that the crystallite structures are considerably different from the structure of
graphite. Besides this, the widely spread 10/ peak indicates that each atomic layer is disordered and
imperfectly laminated.

€(002)

C(10/)

As-received

‘W\ g
\ww SO
ACF-H-9-2

ACFH93
S ACF-H94

— ACF-H-94
ACF-H.05

2 theta (degree)

Figure 5. X-ray diffraction of pitch-based activated carbon fiber as a function of various H,O
activation times.

The XRD curves in Figure 3 were determined using the Bragg and Scherrer equations, and the
interplanar spacings (dgp, and djo;) and the crystallite sizes (L. and L,) were measured. The structural
parameters are shown in Table 2 and Figure 5.

Table 2. Structural parameters of pitch-based activated carbon fibers as function of various H,O
activation conditions. FWHM: full width half maximum.

002 Peak 10/ Peak
Sample - < - <

20 (°) doo2 (A)  FWHM (20) L. (A) 20 (°) dig; (A)  FWHM (20) L, (A)
ACF-H-9-2 22.62 3.93 8.44 9.61 43.78 2.07 4.73 37.03
ACF-H-9-3 22.83 3.89 8.16 9.95 43.79 2.07 4.69 37.34
ACF-H-9-4 22.73 391 8.03 10.10 43.75 2.07 4.62 37.92
ACF-H-9-5 23.25 3.82 7.63 10.64 43.76 2.07 4.44 39.46
ACF-H-9-6 2292 3.88 7.25 11.19 43.69 2.07 4.40 39.78

In Figure 6a, the L. (crystallite height) and L, (crystallite size) of the ACF increases with increasing
activation time. Generally, the XRD data of carbonaceous materials provides statistical data about the
number of crystallite aggregates. It is known that amorphous and small crystallites are preferentially
oxidized, compared to larger crystallites, during the activation process; that is, as the activation of a
pitch fiber proceeds, amorphous parts and small crystallite are easily oxidized, which may appear to
increase the relative size of the entire crystallite. Therefore, it is considered that L. and L, are increased
by the oxidation of amorphous areas or small crystallites as the activation time increases. Moreover, a
steady increase of L and L, during long activation times seems to result in the sustained oxidation
of amorphous regions or small crystallite. The low increase of L, in ACF-H-9-6 is considered to be
highly correlated with the increase of the mesopore volume (Table 2). The increase in the micropore
volume is the result of the oxidation of amorphous or small crystallites, leading to an increase in the L.
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and L,. By contrast, the increase in the mesopore volume is formed by the oxidation of the micropore
walls (the edge of the large crystallite), resulting in a decrease in L. and L,. Therefore, ACF-H-9-6 is
considered to result in a tiny increase in L, because this sample shows an increase in the micropore
volume and a significant increase in the mesopore volume.

In Figure 6b, dggp decreases, and dyo; does not change significantly with increasing activation time.
In the graphite crystal structure, the 002 planes are composed of strong hybridized sp? bonds, and the
vertical 7 bond on 002 planes displays weak interlayer bonding. The decrease of dy; is considered to
be the result of the continuous oxidation of amorphous parts and small crystallites.
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Figure 6. Structural characteristics of pitch-based activated carbon fibers as a function of various HyO
activation conditions: (a) structural parameters; (b) interplanar distance.

The butane working capacity (BWC) is a useful analytical method for evaluating the canister
performance of ACF and AC. Table 3 lists the BWC, butane activity (BA), and butane retentivity (BR) of
the ACF and AC measured according to ASTM D5228. The BA and BR indicate the butane adsorption
capacity and the residual butane rate, respectively, after the desorption of the butane from the ACFE.
The BWC is defined as the difference between the butane adsorbed at saturation and that retained per
unit volume of the ACF after a specified purge.

Table 3. Butane working capacity of pitch-based activated carbon fibers as function of various H,O

activation conditions.

Sample Density (g/fmL) BWC! (g/100mL) BWC (%) BA?Z(%) BR3 (%)
ACF-H-9-2 0.15 1.59 10.63 20.03 5.41
ACF-H-9-3 0.14 2.18 15.56 18.83 3.27
ACF-H-9-4 0.14 3.60 25.69 39.97 9.19
ACF-H-9-5 0.13 4.01 30.83 40.01 9.18
ACF-H-9-6 0.13 6.00 46.13 57.33 11.47

BAX 1500 0.31 15.03 50.11 50.11 743
BAX LBE 0.39 5.03 1291 12.91 241
WVA 1100 0.28 8.73 31.17 31.17 5.87

1 BWC: butane working capacity. > BA: butane activity. > BR: butane retentivity.

The BA and BR of the ACF increased with increasing activation time and were observed to range
between 15.78-57.33% and 4.19-11.47%, respectively. The butane activity of the ACF was increased
by the increase of the micropore and mesopore volume. It is generally known that AC with a high
mesopore ratio can desorb the adsorbate more easily in the purging process. For example, as shown in
Table 3, the BR of the AC for the canister was found to be lower with the increase in the mesopore
volume ratio. However, the mesopore volume ratio of the ACF increased from ACF-H-9-3 to ACF-H-9-6,
but the BR decreased. As shown in Figure 2, micropore development is more probable during pore
development in the ACFE. The micropores of the ACF were then transformed to mesopores, and new
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micropores developed deep inside the mesopores. Therefore, the micropores are uniformly formed on
the surface of the ACF (up to ACF-H-9-5) and most of the pores are micropores. The ACF exhibited
higher BA and BR values than those of AC with a similar specific surface area. The ACF is known to
have faster adsorption characteristics than AC because of the formation of pores on its surface. This
means that the ACF has a higher heat of adsorption than that of AC, resulting in desorption difficulty.
Therefore, it is considered that ACF has better adsorption characteristics even if the specific surface
area is similar to that of AC. On the other hand, because the AC has a higher mesopore volume ratio
than the ACF, desorption can be easily performed during the purging process.

The BA of the AC was investigated by exploring its correlation with textural properties. In
Figure 7, the BA of the ACF and AC appears to be linearly dependent on the specific surface area and
microporosity. On the other hand, the BA was not found to be linearly related to the mesoporosity.
These results are consistent with the results in Table 3 and suggest that the pore size may play an
essential role in determining the BA of AC.
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Figure 7. Correlations between the butane activity with specific surface area (a), total pore volume (b),
micropore volume (c), and mesopore volume (d).

Figure 8 exhibits the result of plotting the pore volume according to pore diameter in 0.5 nm units
using the NLDFT method and then plotting the coefficient of determination with BA. It is considered
that the BA of the ACF is determined by pores with diameters from 2.0 to 3.5 nm. Primarily, the BA
was strongly dependent on pores with diameters from 2.0 to 2.5 nm. This result is consistent with those
in previous studies [15] showing that mesopores (2.0-2.5 nm) are essential for providing the butane
adsorption capacity.

In order to meet the enhanced regulation of evaporation gas, it was necessary to develop an
adsorbent with excellent adsorption capacity for HC at low concentrations. Because ASTM D5228
is used to evaluate the adsorption capacity of butane (100%) by mass change, it was impossible to
conduct an experiment measuring butane at low concentration because the change in mass would be
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minimal. Figure 9 exhibits the change in concentration of the AC and ACF at various concentrations of
butane using a Q-mass for the ASTM D5228 measurement.
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Figure 8. Correlations between the butane activity of activated carbon with pore volume. The X-axis
exhibits the average pore size distribution after plotting the pore volume according to the pore diameter
in 0.5 nm units using the average value of each pore size distribution.

As the butane concentration decreased, the slope of the curve near the breakthrough time of the
AC decreased. On the other hand, the decrease in butane concentration did not significantly affect the
curve slope of the ACF near the breakthrough time. In general, as the gas concentration decreases,
the adsorption rate of the adsorbent decreases because the adsorption and the desorption reaction
occur simultaneously.

The ACF has a faster adsorption rate than AC because micropores develop on the surface due
to its inherent pore structure characteristics. Therefore, the adsorption rate of AC decreased as the
concentration of butane decreased, suggesting that the slope of the curve decreased. On the other
hand, because the adsorption rate of the ACF is faster than that of AC, it is considered that a change of
the curved ACF slope does not appear, even if the concentration of butane decreases.

Figure 9a exhibits the change in concentration caused by the adsorption of 100% butane by the AC
and ACF. In Table 3, the butane activity of the ACF is higher than that of AC. However, in Figure 9a, it
can be seen that the breakthrough times of AC are longer than those of ACFE. The apparent density of
AC is about 1.9-2.3 times higher than that of ACE, so the mass of AC is higher, given the same volume.
The butane adsorption capacity of the ACF was found to be proportional to the pore characteristics. In
particular, ACF-H-9-6 exhibited the highest adsorption performance in the 100% butane-adsorption test
because it had the highest specific surface area and highest total pore volume among the ACF variants.

Figure 9b shows the change in concentration caused by the adsorption of 10% butane by AC and
ACEF. In Figure 5b, the AC exhibits better butane adsorption characteristics than the ACF (Figure 5a),
but the breakthrough times between the AC and ACF are very close. The breakthrough times of the
ACF variants were almost the same, except for ACF-H-9-2. This result is attributed to the decrease in
the adsorption rate of the ACF and AC due to the lower butane concentration.

Figure 9c shows the change in concentration caused by the adsorption of 1.0% butane by the AC
and ACF. The slope of the curve near the breakthrough time of the AC was further reduced, while the
curve of the ACF maintained a high slope. Moreover, ACF-H-9-4 and ACF-H-9-5 show breakthrough
times similar to those of the AC. These results indicate that the adsorption rate of the AC is significantly
lower than that of the ACF at very low butane concentrations. Among the ACF variants, although
ACF-H-9-4 had a lower specific surface area and total pore volume than those of ACF-H-9-5 and
ACF-H-9-6, it exhibited the best adsorption capacity for 1.0% butane. As shown in Figure 4, it can be
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recognized that ACF-H-9-4 may have micropores which formed mostly on the surface. In conclusion,
ACF-H-9-4 exhibited excellent adsorption characteristics for 1.0% butane due to its well-developed
micropore structure.
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Figure 9. Breakthrough curves of pitch-based activated carbon fibers as a function of various H,O
activation time and butane concentration: (a) 100% butane, (b) 10% butane, (c) 1.0% butane, and (d)
0.1% butane.

Figure 9d exhibits the change in concentration caused by the adsorption of 0.1% butane by AC
and ACF. At this butane concentration, the ACF exhibited better adsorption characteristics than the
AC. Moreover, the shorter the activation time of the ACF, the better the adsorption capacity observed.
In Figure 2, the isothermal curves of the ACF prepared in this work showed Type 1 curves, and
the hysteresis of the samples was negligible. This could mean that the pore shapes of the samples
might be wedge-shaped or cylindrical slit-shaped. Moreover, as the activation time increases, the
diameter of the pore inlet located on the surface of the ACF increases gradually. Therefore, as the
activation time increases, the positions of pores with diameters of 2.0-2.5 nm, which affect the butane
adsorption, are expected to gradually shift to the inside of the pore structure, meaning that the
adsorption rate decreases.

4. Conclusions

In this study, the HC adsorption characteristics of AC and ACF were studied according to their pore
structures. The ACF was fabricated using various H,O conditions to activate stabilized isotropic pitch
fibers. From the results, the specific surface area and total pore volume of the ACF were determined
to be 840-2630 m?/g and 0.33-1.34 cm®/g, respectively. A close relationship between BA and specific
surface area was determined. It is also inferred that the sub-mesopore volume fraction in the range
2.0-2.5 nm primarily controls n-butane adsorption. The ACF exhibited higher butane activity than the
AC, but the adsorption capacity was lower than AC for butane at a concentration of 10-100% due to the
low apparent density. However, at a butane concentration of 0.1-1.0%, the intrinsic pore characteristics
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of the ACF were observed to have excellent adsorption capacity. With butane at 0.1% concentration, a
higher butane adsorption capacity was observed with a lower specific surface area of the ACE.

Under the enhanced environmental regulations for automobile exhaust gas, an effective adsorbent
is required for unburned-HC removal systems (canisters and ACS) with an excellent butane adsorption
capability and a perfect adsorption property of butane at low concentrations. The results of this study
show that AC exhibits a good butane adsorption capacity at high concentrations, and that ACF has an
adsorption characteristic perfect for low concentrations of butane. Therefore, it is expected that an HC
removal system incorporating AC with ACF would exhibit excellent performance without external
accessories such as a honeycomb device.
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Abstract: This study aimed to assess the ecotoxicological effects of the interaction of fullerene (Cg)
and benzo[a]pyrene (B[a]P) on the marine mussel, Mytilus galloprovincialis. The uptake of nCg,
B[a]P and mixtures of nCgy and B[a]P into tissues was confirmed by Gas Chromatography-Mass
Spectrometry (GC-MS), Liquid Chromatography-High Resolution Mass Spectrometry (LC-HRMS)
and Inductively Coupled Plasma Mass Spectrometer (ICP-MS). Biomarkers of DNA damage as well
as proteomics analysis were applied to unravel the interactive effect of B[a]P and Cg. Antagonistic
responses were observed at the genotoxic and proteomic level. Differentially expressed proteins
(DEPs) were only identified in the B[a]P single exposure and the B[a]P mixture exposure groups
containing 1 mg/L of Cg, the majority of which were downregulated (~52%). No DEPs were identified
at any of the concentrations of nCg (p < 0.05, 1% FDR). Using DEPs identified at a threshold of
(p < 0.05; B[a]P and B[a]P mixture with nCq), gene ontology (GO) and Kyoto encyclopedia of
genes and genomes (KEGG) pathway analysis indicated that these proteins were enriched with
a broad spectrum of biological processes and pathways, including those broadly associated with
protein processing, cellular processes and environmental information processing. Among those
significantly enriched pathways, the ribosome was consistently the top enriched term irrespective of
treatment or concentration and plays an important role as the site of biological protein synthesis and
translation. Our results demonstrate the complex multi-modal response to environmental stressors in
M. galloprovincialis.

Keywords: Trojan horse effect; B[a]P; nCgp; co-exposure; mussels; DNA damage; proteomics
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1. Introduction

There have been concerns regarding the potential for manufactured nanomaterials to cause
unpredictable environmental health or hazard impacts, including deleterious effects across differing
organismal levels, for over a decade. Despite numerous years of study;, it is still unclear at what
quantity manufactured nanomaterials can be found in the aquatic environment, along with their fate,
potential bioavailability and subsequent hazardous effects to biological systems. This is surprising
given the growing concern in the field of aquatic toxicology regarding their availability and potential
toxicity [1]. Fullerenes are the smallest known stable carbon nanostructures and lie on the boundary
between molecules and nanomaterials, with fullerenes generally exhibiting strong hydrophobicity
in aqueous media [2]. Buckminsterfullerene (Cg) is the only readily soluble carbon nanostructure,
although graphene is dispersible in specific organic solvents [3]. Non-functionalised Cgy possesses a
measurable, but extremely low solubility in water (1.3 x 107" mg/mL), but can exist in the aqueous
phase as aggregates (1Cg) [4] and is quantifiable in aqueous environmental samples [5]. nCgy can be
formed in water when fullerenes are released into the aquatic environment, increasing the transport
and potential risk of this nanomaterials to the ecosystem ecology.

The toxicity associated with Cg is controversial and largely unclear [6]. The ability of Cg) to both
generate and quench reactive oxygen species (ROS) has recently been recognised as a particularly
important property in the interaction of fullerenes with biological systems [7], with many aquatic studies
demonstrating that fullerenes are capable of eliciting toxicity via oxidative stress [8-10]. Numerous
studies have investigated the beneficial and toxicological effects of fullerenes [11-17]. However, the
toxicity of nanomaterials has been shown to be dependent on numerous factors, including surface
area, chemical composition and shape [18,19]. In specific cases, such as aqueous fullerenes (1Cg),
the physiochemical structure is influenced by different preparation methods [15,20,21]. Altered
physiochemical properties induced through the different methods of solubilisation have been shown to
profoundly influence the observed toxicological effects of fullerene exposure, thus making a consensus
assessment of environmental toxicity difficult [20]. While the environmental toxicity of fullerenes is still
being investigated, an emerging concern is whether fullerene aggregates can act as contaminant carriers
(Trojan horse effects) in aquatic systems, and whether this confirms the reduction or enhancement of
toxicity with these compounds. Current evidence suggests a mixture of effects dependent on chemical
properties. Under combined aquatic exposure conditions (viz. nCgp and contaminant), it has been
demonstrated that 17a-ethinylestradiol (EE2) has a decreased bioavailability [14], altered toxicity [11,22]
and localised increases in mercury bioavailability [23]. Finally, when compared to other anthropogenic
contaminants, Velzeboer et al. established that the absorption of polychlorinated biphenyls (PCBs) to
nCep was 3—4 orders of magnitude stronger than to organic matter and polyethylene [24]. This enhanced
absorption and modifications to toxicity responses may have significant impacts on the fate, transport
and bioavailability of co-contaminants already in the aquatic environment. However, more research is
necessary to establish which co-contaminants bioavailability is impacted when co-exposed with nCg.

The aquatic environment is often the ultimate recipient of an increasing range of anthropogenic
contaminants, and likely in all probable combinations. Organisms which are exposed to complex
mixtures of differing compounds and substances can interact in many ways to induce biological
responses be it additively, synergistically or antagonistically. These interactions can and do change
the organismal response compared with single compound exposures [2,25,26]. Bivalves have highly
developed processes for the cellular internalization of nano- and microscale particles (viz. endocytosis
and phagocytosis) that are integral to key physiological functions such as cellular immunity [27]. These
organisms are also useful bio-indicators because as suspension feeders they filter large volumes of
water which facilitates uptake and bio-concentration of toxic chemicals [28], in addition to microalgae,
bacteria, sediments, particulates and natural nanoparticles. This high filtration rate has been shown to
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be associated with the high potential accumulation of different chemicals in their tissues. A variety
of mussel species have been used to elucidate both physiological and molecular mechanisms of
action to nanoparticles [29,30] making them an ideal model to investigate how organisms respond
to environmental stressors such as chemical mixtures [27]. This study aims to test the hypothesis
that Cg fullerenes and B[a]P can interact with each other to differentially modify their potential
toxicity. To confirm this hypothesis, a set of biomarkers or biological responses including proteomic
analysis were employed. In this study, we hypothesized that C4y would act as a contaminant carrier
for B[a]P and would modify the toxicity of B[a]P due to the high adsorption of B[a]P molecules onto
Cep nano-aggregates. This hypothesis has been verified through the measurement of B[a]P and Cgp
in water and tissue. As B[a]P and Cg) are known or potential genotoxic contaminants, a change in
genotoxic effect was evaluated through the measurements of 8-oxodGuo, DNA strand breaks and
DNA adducts in the digestive gland. Proteomics analysis was also performed to evaluate changes of
mussels” proteome profile under co-exposure, and to try to unravel the molecular mechanisms of the
potential interactive effects.

2. Materials and Methods

2.1. Animal Collection and Husbandry

Mussels (Mytilus galloprovincialis; 45-50 mm) were collected from the intertidal zone at Trebar with
Strand, Cornwall, UK (50° 38’ 40" N, 4° 45" 44"’ S) in October 2016. The site has previously been used
as a reference location for ecotoxocological studies and is considered relatively clean with a minimum
presence of disease [31,32]. Following collection, mussels were transported to the laboratory in cool
boxes and placed in an aerated tank at a ratio of 1 mussel L~ with natural seawater from Plymouth
Sound (filtered at 10 um). Mussels were maintained at 15 °C, fed with micro-algae (Isochrysis galbana,
Interpret, UK) every 2 days with a 100% water change 2 h post feeding.

2.2. Preparation of Stock Solutions

2.2.1. Fullerenes (Cg)

Cgo and ErsN@Cg were obtained from Sigma Aldrich (Gillingham, UK) and Designer Carbon
Materials Ltd. (Oxford, UK), respectively. In order to better replicate the conditions of the experiment
during analysis, 2 mussels were maintained in 2 L glass beakers for 24 h with natural seawater from
Plymouth Sound (filtered at 10 um). Subsequently, fullerenes (1 mg) were added to the mussel-exposed
seawater (10 mL) and the suspension homogenised by ultrasonication (Langford Sonomatic 375,
Bromsgrove, UK, 40 kHz) for 1 h at room temperature. The suspension was allowed to settle for at least
4 h at room temperature prior to analysis of the aggregate size. Dynamic light scattering (DLS) was
performed using a Malvern Zetasizer Nano-ZS (Malvern, UK) at room temperature. Quoted values are
the average of 3 measurements. Bright field transmission electron microscopy (TEM) and dark-field
scanning transmission electron microscopy (STEM) were performed using the JOEL 2100+ microscope
(Welwyn Garden City, UK) operated at 200 keV. Energy dispersive X-ray (EDX) spectra were acquired
using an Oxford Instruments INCA X-ray microanalysis system (Oxford, UK) and processed using
Aztec software (version 3.1 SP1, Oxford, UK). Samples were prepared by casting several drops of the
respective suspensions onto copper grid-mounted lacey carbon films.

2.2.2. Benzo[a]pyrene (B[a]P)

Bla]P (296%, B1760, Sigma Aldrich) is not water soluble and was previously dissolved in dimethyl
sulfoxide (DMSO) after having determined its solubility limit. Chemical solutions were prepared so
that the DMSO concentration in the sea water was 0.001%.
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2.3. In Vivo Exposure of M. galloprovincialis to Bla]P and Cey: Experimental Design

Following depuration, mussels were separated (2 per beaker) into 2 L glass beakers containing
1.8 L of seawater and allowed to acclimatize for 48 h. A photoperiod of 12 h light: 12 h dark was
maintained throughout the experiment. Oxygenation was provided by a bubbling system. Seawater
was monitored in each of the beakers by measuring salinity (36.45 + 0.19%.). Mussels were exposed
for 3 days with no water changes to B[a]P (5, 50 and 100 pg/L), Cep alone (0.01, 0.1 and 1 mg/L) and a
combination of B[a]P (5, 50 and 100 ug/L) and Cg (1 mg/L). Control groups received only DMSO at the
same concentrations as used in the other exposure groups (0.001% DMSO). A total of 26 individuals
were used per treatment. Following exposure, tissue samples were collected as follows: gill and
digestive gland (DG) tissue was collected from 3 mussels for chemical analysis, digestive tissue was
collected from 9 mussels and pooled (3 mussels per one biological replicate) for shotgun proteomics,
DG tissue from 10 mussels was collected for comet assay and DNA adducts, with a further 5 DG
collected for DNA oxidation. Water samples from 3 beakers were randomly collected during each
treatment for B[a]P and Cg( analyses.

2.4. Gas Chromatography—Mass Spectrometry (GC-MS) Analyses of Bla]P in Water and Tissue

Water and tissue extracts were analysed using an Agilent Technologies (Stockport, UK) 7890A
Gas Chromatography (GC) system interfaced with an Agilent 5975 series Mass Selective (MS) detector
as described in [33].

2.5. Analyses of Cgo in Water and Tissue

The analyses of C¢y were performed on the toluene extracts common to the B[a]P analyses.
The water extracts were analysed with an Agilent 1100 high-performance liquid chromatography-
ultraviolet-visible instrument (HPLC-UYV, Stockport, UK). The separation was performed on a Shimadzu
XR-ODS column (particle size 2.2 um, 3.0 x 50 mm, Milton Keynes, UK) using an acetonitrile-toluene
gradient starting at 40% toluene, at a flow rate of 1 mL/min and a column temperature set at 40 °C.
The detection wavelength was set at 330 nm and the fullerene absorption at maximum. Quantification
was performed by external calibration using authentic fullerene standards. Because of their lower
concentrations, the tissue extracts were analysed by ultrahigh performance liquid chromatography
coupled with high resolution mass spectrometry following a protocol adapted from [34].

2.6. Proteomics

2.6.1. Sample Collection and Quality Check

Tissue was removed from the —80 °C, weighed (100 mg) and twice washed in phosphate buffered
saline (PBS) prior to being homogenised on ice for 60 s in radioimmunoprecipitation assay (RIPA)
buffer. The lysed homogenate was centrifuged at 14,000 RPM for 60 min at 4 °C, the supernatant
collected and aliquoted. Protein concentration was determined using the Pierce BCA protein assay kit
(Thermo Scientific, Loughborough, UK) according to manufacturers’ instructions with bovine serum
albumin as standard. Reproducibility of protein extraction was carried out using sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Briefly, 30 ug of protein from each sample was
loaded on a polyacrylamide gradient gel (4-12%) and stained with Coomassie protein stain (Expedeon,
UK) and destained with ELGA water. Quality checked protein samples were then processed for
downstream liquid chromatography-mass spectrometry (LC-MS, Stockport, UK) analysis.

2.6.2. Sample Preparation for LC-MS

Equal amounts of intestinal protein (100 pug) were processed using the Filter Aided Sample
Preparation (FASP) method as described by [35]. The digested proteins were subsequently purified

98



Nanomaterials 2019, 9, 987

using the Stop-and-go-extraction (STAGE) tip procedure as previously described [36]. Tryptic peptides
were analysed using LC-MS.

2.6.3. Mass Spectrometry

Peptides were separated on a Dionex Ultimate 3000 RSLC nano flow system (Dionex, Camberly,
UK) and analysed as described in [37].

2.6.4. Analysis

Peptide identification and quantification. Data analysis and quantification was performed using R
(Version 3.5.0, Vienna, Austria) [38]. Thermo .raw files were imported into ProteoWizard [39] and
converted to .mzML format before identification using the MS-GF+ algorithm which is implemented in
R via the MSGFplus package [40]. MS-GF+ was chosen due to its known sensitivity in identifying more
peptides than most other database search tools and its ability to work well with diverse types of spectra,
configurations of instruments and experimetnal protcols [41]. The protein database utilised in this study
consisted of the UniProt KnowledgeBase (KB) sequences from all organisms from the taxa Mollusca,
sub category Bivalvia (84,410 sequences released 1/10/2018). This was cocatenated with a common
contaminants list downloaded from ftp://ftp.thegpm.org/fasta/cRAP (Version: January 30th, 2015) using
the R package seqRFLP [42]. Searches were carried out using the following criteria: mass tolerance
of 10 ppm, trypsin as the proteolytic enzyme, maximum number of clevage sites = 2 and cysteine
carbamidomethylation and oxidation as a fixed modification. Target decoy approach (TDA) was applied
as it is the dominant strategy for false discovery rate (FDR) estimation in mass-spectrometry-based
proteomics [43]. A 0.1% peptide FDR threshold was applied in accordance with standard practice,
with a 1% protein FDR applied after protein identification (via aggregation). The resulting .mzid files
were converted to MSnSet and quantified using label free spectral counts. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium [44] via the PRIDE [45]
partner repository with the dataset identifier PXD013805 and 10.6019/PXD013805.

Data processing and quantification. Data processing was undertaken as follows: each sample
was run individually and then regionally combined before all samples were amalgamated into a
large dataset. Quantification of proteins occurred via spectral index (SI) [46]. For identification of
proteins, the common practice of requiring three peptides per protein was used in order to reduce
the number of false positives [47]. Peptides were subsequently aggregated using sum and the protein
intensities scaled based on the actual number of proteins summed. Mussel samples were grouped
based on biological replicate, exposure and concentration and the resulting data filtered to keep
proteins which were identified in more than two biological replicates. To quantitatively describe
reliable and biologically relevant protein expression changes based on single exposure to B[a]P,
Cgp or to a combination of the two, the data analysis was split into three distinct sections. As per
recent recommendations, normalisation was carried out first [48]. Based on systematic evaluations
of normalisation methods in label free proteomics, normalisation between technical replicates was
carried out using variance stabilization normalisation (Vsn) [49]. Based on a study by Lazar et al. [48],
it was hypothesized the most likely cause of missing values will be due to a mixture of MAR
(missing at random), MCAR (missing completely at random) and MNAR (missing not at random)
data. As such, missing value imputation was carried out using a mixed methodology in the form
of KNN (K nearest neighbours, biological replicates) and QRILC (left censor method for MNAR
data; whole dataset) [50,51]. Following normalisation, differential expression was carried out using
msmsTests [52] with p-value less than 0.05 considered significant and Q-values (FDR: <1%) calculated
for p-value target matches with the Benjamini-Hochberg procedure. Enrichment of function among
up- or downregulated proteins was calculated using GOfuncR using gene ontologies associated
with differentially expressed proteins (P-adj = 0.01, calculated using Benjamini-Hochberg method
and g-value = 0.05). Kyoto Encyclopaedia of Genes and Genomes (KEGG) analysis was carried
out on the identified unique proteins per treatment (p < 0.05) using the clusterProfiler package [53].
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KEGG annotation was performed using GhostKOALA [54] and pathways with significant enrichment
identified using ClusterProfiler (hypergeometric test, 4 < 0.05 following Benjamini correction). Unique
and common proteins based on toxicant were graphically represented through Venn diagrams with
the software Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html) [55]. The R script outlining
project analysis for this study can be found in supplementary materials (R script S1).

2.7. DNA Damage

2.7.1. Measurement of 8-oxodGuo Levels Using HPLC/UV-ECD

DNA extraction was performed using 20 mg of digestive gland tissue according to the chaotropic
Nal method derived from Helbock et al. [56], slightly modified by Akcha et al. [57]. In addition,
8-oxodGuo levels were determined by HPLC (Agilent 1200 series, Les Ulis, France) coupled to
electrochemical (Coulochem III, ESA, Illkirch, France) and UV (Agilent 1200 series) detection as
described in [58].

2.7.2. Comet Assay

The comet assay on digestive gland tissue was performed as previously described in [33].

2.7.3. DNA Adducts

For each sample, DNA from gills and DG tissues was isolated using a standard phenol-
chloroform extraction procedure. We used the nuclease P1 enrichment version of the thin-layer
chromatography (TLC) 3*P-postlabelling assay [59] to detect B[a]P-derived DNA adducts (i.e.,
10-(deoxyguanosin-N2-y1)7,8 9-trihydroxy-7,8,9,10-tetrahydro-B[a]P [dG-N2-BPDE]). The procedure
was essentially preformed as described [59]. After chromatography, TLC sheets were scanned using
a Packard Instant Imager (Dowers Grove, IL, USA) and DNA adduct levels (RAL, relative adduct
labelling) were calculated as reported [60]. An external BPDE-modified DNA standard was used as a
positive control [61].

2.8. Confirmation of Uptake of Fullerenes by Mussels

2.8.1. Experimental Design

Mussels were exposed to a single treatment, 1 mg/L ErsN@Cg for 3 days (static exposure).
For each treatment (control and labelled fullerenes), 2 mussels were exposed into 2 L glass beakers
containing 1.8 L of seawater.

2.8.2. Bulk Spectroscopic Analysis

For the determination of erbium concentration in the digestive gland, 2 mussels per treatment
were analysed using an X Series II ICP-MS (Thermo Fisher Scientific Inc., Waltham, MA, USA) with
PlasmaLab software (Thermo Fisher Scientific Inc., Waltham, MA, USA) as described in [32].

2.8.3. Mussel Sectioning and Electron Microscopy Analysis

Following the exposures detailed above, a small piece (~5 mm?) was dissected out of the centre
of the digestive gland and fixed in 2% paraformaldehyde, 2.5% glutaraldehyde, 2.5% NaCl, 2 mM
CaCl, in 0.1 M PIPES, pH 7.2 for 3 h. The tissue was then stored in 2.3 M sucrose (in 0.1M PIPES)
until analysis. Two mussels were analysed per treatment. Electron transparent sections for scanning
transmission electron microscope (STEM) analysis were prepared by cutting ~1 mm? pieces from the
washed whole tissues and sectioning to a thickness of ~180-200 nm at —80 °C using the RMC Products
PowerTome with the CR-X cryochamber (Tucson, AZ, USA). The cross-sections were transferred onto
copper-grid mounted graphene oxide films using the Tokuyasu technique and imaged in dark field
STEM using the JOEL 2100+ microscope operating at 200 keV.
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2.9. Statistical Analysis

Statistical tests were conducted using R software (Version 3.6.0, Vienna, Austria) [62]. Normality
and variance homogeneity were evaluated using Lilliefor’s test and Bartlett’s test, respectively.
When necessary, raw data were mathematically transformed (Ln) to achieve normality before proceeding
with an ANOVA. When significant, a posteriori Tukey test was performed. When data could not
be normalized, statistical differences between treatments were tested using the non-parametric
Kruskal-Wallis test.

Analysis of Interactions

Further analysis of the combined effects of C4y and BaP on DNA Damage (based on Comet Assay)
was performed by calculating the Interaction Factor (IF) in order to test for evidence of additivity,
synergism and antagonism [63—65]:

IF = (G(ce0 + Bar) — C) = [(G(co0) — ©) + (Gar) — O)] = G(co0 + BaP) — Gco0) — G@ar) + C, (1)

SEM(r) = V(SEM?(c60 + Bap) + SEM?(ce0) + SEM?gap) + SEM? ), 2

where IF is the interaction factor: negative IF denotes antagonism, positive IF denotes synergism, and
zero IF denotes additivity. G is the mean cell pathological reaction to toxicants (BaP, C4p and BaP +
Cg0), and C is the mean cellular response under control conditions. SEM(y) is the standard error of the
mean for group X. Results were expressed as IF, and the 95% confidence limits were derived from the
SEM values.

In order to test the mixture IF values against predicted additive values (assumed to have an IF = 0),
the predicted additive mean values (A) were calculated:

A= (Geen) — C) + (Ggar) — O). 3)

The Pythagorean theorem method for combining standard errors was used to derive combined
standard errors for the predicted mean additive values (A) of C¢y and BaP (http://mathbench.org.au/
statistical-tests/testing-differences-with-the-t-test/6-combining-sds-for-fun-and-profit/). The standard
errors for the three C60 and BaP treatments (predicted additive) were derived using the
following equation:

SEM(aad) = V(SEM? co0) + SEM? gap) + SEM?(c)). 4

This enabled the 95% confidence limits to be derived for the predicted additive values.
The confidence limits were used to test the predicted additive values having an IF = 0 against
the IF values for the mixtures.

3. Results and Discussion

Bivalves are ideal organisms for evaluating the adverse effects caused by various environmental
stressors including polycyclic aromatic hydrocarbons (PAHs) and nanomaterials. PAHs such as B[a]P
have a ubiquitous aquatic distribution and are known to cause several adverse effects in a diverse range
of aquatic organisms. Nanomaterials, both as solids and colloids, are ingested by many organisms
and bio-accumulate in large quantities, especially in molluscs. The mussel digestive gland is one
of the principal detoxification organs with an acknowledged concentration of phase I detoxification
enzymes [66]. As such, it is unsurprising that a mussel digestive gland has been used as model tissue
for eco-toxicological studies of various NPs [67-69], with Di et al. reporting that the digestive gland in
Mytilus edulis accumulates more Cg than other tissues [67].

There is considerable debate in the literature regarding the actual toxicological impact of
nanomaterials in the aquatic environment, with fullerene toxicity controversial. In the aquatic system,
Kahru et al. compiled fullerene toxicological data for fourteen organisms and classified Cgg as “very
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toxic” [70]. Using mouse and human cell lines, Isakovic et al. demonstrated that pristine C¢y and
aqueous suspensions of Cg are more toxic than its hydroxylated derivatives [71]. In marked contrast,
other studies have demonstrated that pristine Cgg has low or limited toxicity to cells and various
organisms [10,72-74]. The lack of consensus regarding Cg toxicity may be partly due to limited studies
which incorporate both a physiological and ecological approach. As a consequence, little is still known
about NP bioavailability, mode of uptake, ingestion rates and actual internal concentrations related to
Absorption, Distribution, Metabolism and Excretion (ADME) [27]. Despite the contradictory reports,
there is consensus that some nanomaterials may potentially affect biological systems directly but
also through interactions with other compounds that may be available in the environment (reviewed
in [6]). Studies that investigate co-exposure with carbon-based nano-compounds, such as nanotubes
or fullerenes are limited, especially in aquatic systems. Using Danio rerio (zebrafish) hepatocytes,
Ferreira et al. investigated the co-exposure of Cg with B[a]P and provided evidence of toxicological
interactions, whereby Cg increased the uptake of B[a]P into cells, decreased cell viability and impaired
detoxification responses [75], while Baun et al. reported that co-exposure with fullerene Cg enhanced
toxicity of phenanthrene to Daphnia magna and Pseudokirchneriella subcapitata [22]. With respect to Bla]P
and Cg, Di et al. demonstrated organ specific response to both single and combined mixtures with
no observation of cytoxicity and duration dependent and condition specific genotoxic response in
M. galloprovincialis [67]. Importantly, the observed genotoxic response was reversible after a recovery
period. While single exposure studies are more common, bivalve species have already been used
as biological models in proteomics to assess the effects of complex mixtures [22,76,77]. However,
proteomics analyses on combined exposure with carbon nanomaterials in aquatic organisms are still
very scarce [9].

3.1. Characterization of Cg in Seawater

Dynamic light scattering and electron microscopy analysis (Figures S1-53 and Table S1) of Cg
dispersed in mussel-exposed seawater (~100 ug/mL) with brief ultrasonication followed by equilibration
indicates the formation of stable aggregates measuring 653 + 87 nm (nCgy where 1 = ~2 x 10%) in mean
hydrodynamic diameter. No significant change in the size of nCgy aggregates was observed upon
addition of B[a]P.

3.2. Assessement of the Interaction between Cgp and Bla]P through Bioaccumulation in Gills and the Digestive Gland

Changes in the bioavailability of contaminants co-exposed with carbon nanomaterial have been
reported, from a decrease in bioavailability [78,79] to its enhancement, also called the “carrier effect” [80,81].
It has been demonstrated that carbon nanopowder helps B[a]P uptake by zebrafish embryos and very
interestingly also affected the distribution of the pollutant in the organism [82]. However, in the same
species, in zebrafish larvae, it has been shown that bioavailability of 17x-ethynylestradiol (EE2) was
reduced with increasing concentration of nCgy nanoparticles [14].

In our study, we analyzed for the first time in a marine bivalve, B[a]P uptake (at different exposure
concentrations) in the digestive gland in the presence of Cg fullerene in order to highlight a possible
role of contaminant carrier of Cgp. Regarding analyses of B[a]P in seawater, nominal concentrations
were matched to stock concentrations (Table S2). No difference was observed between the presence
or absence of Cg. As already established [33], there was a rapid disappearance of B[a]P over time in
seawater and B[a]P accumulated preferentially in the digestive gland tissue. Interestingly, comparable
B[a]P tissue concentrations in the presence or absence of Cyy were observed indicating that, despite
the expected strong sorption of B[a]P on Cg [83], no Trojan horse effect was observed and Cgy-sorbed
B[a]P remains also bioavailable to M. galloprovincialis (Figure 1). In gills, a significantly higher uptake
is observed in the presence of Cg at the highest concentration of B[a]P (Figure 1). In general, high
variability would conceal subtle changes. It appears that the bioavailability of nanomaterials and their
co-contaminants depend on many factors such as their size, shape, surface coating and aggregation
state and on the metabolism of the species investigated [78,84].
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Figure 1. Gas Chromatography—Mass Spectrometry (GC-MS) analyses of B[a]P in (a) gills and (b)
digestive gland of M. galloprovincialis. Data marked with different letters differed significantly (Tukey
post-hoc test; p < 0.05).

A rapid decline in the concentration of Cg( in seawater was observed with time, with no quantifiable
amounts after day 1 (Table S3). At ty, the measured water concentrations are in reasonable agreement
with the nominal concentrations (427.6 + 45.3, 63.8 + 11.9 and 7.3 + 1.8 pg/L for nominal concentrations
of 1000, 100 and 10 pg/L, respectively). Low but quantifiable amounts of Cg in M. galloprovincialis
tissues indicate active uptake, with adsorption on the outside of the tissue ruled out due to external
washes with toluene prior to analysis (Figure 2). High variability in Cgo concentrations in gills and DG
makes it difficult to detect a difference in accumulation between treatments and to conclude regarding
the uptake of Cg9 by mussels.

To provide further insight into the uptake of fullerenes by marine mussels, it was necessary to
use a form labelled with a diagnostic marker. In our experiments, we explored the application of the
endohedral fullerene ErsN@Cg, fabricated using the trimetallic nitride template (TNT) process, as it
represents a good structural analogue to Cg, possessing similar surface chemistry, and contains a rare
earth element, shielded from the external environment within the fullerene cage, which is not found in
nature. The presence of erbium in the mussel digestive gland, as a diagnostic of the uptake of labelled
fullerenes, was thus quantified using Inductively Coupled Plasma Mass Spectrometer (ICP-MS) and
found with a mean concentration of 151.5 pg/kg (236.5 and 66.4 ug/kg for each mussel). However,
despite an exhaustive electron microscopy investigation of whole and cross-sectioned DG tissues
(Figure 54, Supplementary materials), no direct visualisation of labelled fullerenes was observed. This
result indicates that the fullerenes are likely distributed within the tissues at the near molecular level
(i.e., highly dispersed) and therefore below the sensitivity of either microscopy or in situ spectroscopy
approaches in complex materials such as these. In a previous study in M. galloprovincialis [85], it has been
showed that mussels exposed to Cg alone exhibited higher accumulation of Cg in the digestive gland
compared to the gill. Interestingly, co-exposure to fluoranthene modified accumulation of Cgy, with
higher accumulation of C4y when animals are exposed to Cg alone compared to combined exposure.

When comparing water and tissue concentrations for B[a]P and Cg, the bioconcentration observed
in our conditions was much lower for Cgy compared to B[a]P: the uptake in the DG of mussels exposed
to a similar aqueous concentration of B[a]P and Cgy was about 2000 times more important for
B[a]P. However, non-constant concentrations in the aqueous phase, attributed to sorption and/or
sedimentation, did not allow the calculation of bioaccumulation factors, which also requires reaching
a steady-state in the tissues. The difference between B[a]P and Cg tissue concentration could also
be attributed to different kinetics of uptake, which could only be explored through longer exposure
periods and regular sampling. Recent work indicated a continuous increase of Cgy concentrations in
whole mussels over at least three weeks [86].
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Figure 2. Liquid chromatography-mass spectrometry (LC-MS) analyses of Cg( in M. galloprovincialis (a)
gills and (b) digestive gland (means + SE). Data marked with different letters differed significantly
(Tukey post-hoc test; p < 0.05). An analytical problem led to the loss of two samples of the gills from
mussels exposed to Mix100 explaining the absence of standard error.

3.3. Assessment of the Interactive Effect of Cgp and Bla]P through Genotoxicity

B[a]P is a known genotoxic, mutagenic and carcinogenic [87]. According to a review by
Johnston et al., fullerene toxicity has been suggested to involve oxidant-driven response and suggests
evaluating toxicity by including oxidative stress and related consequences including inflammation or
genotoxicity [88]. We assessed the interactive effect of Cgp and B[a]P through three different genotoxicity
assays. Regarding single exposures, B[a]P induced DNA strand breaks in the digestive gland at the
intermediate and highest concentrations (50 and 100 ug/L) after three days of exposure (Figure 3).
No effect on DNA strand breaks was observed at the lowest concentration. No effect was also observed
on the level of 8-oxodGuo for B[a]P treatment. These results could be due to the short exposure time
(three days). In [57], an increase in the level of 8-oxodGuo was observed after 10 days of B[a]P exposure
in the digestive gland of M. galloprovincialis. Regarding exposure to Cgy only, higher DNA strand
breaks compared to the controls were observed only at the highest concentration (1 mg/L, p < 0.001).
A significant increase (p = 0.00108) in 8-oxo-dGuo levels was also detected in the digestive gland of
mussels exposed to Cgp (15.3 + 2.3) compared to control (5.9 + 1.3) (Figure 4). Lower Cgy concentration
did not appear to have any genotoxic effects (DNA strand breaks) on mussel digestive gland at the
concentrations tested. Whatever the exposure concentration of B[a]P and mixture of B[a]P and Cg,
no DNA adducts were detectable in DNA samples from the digestive gland of M. galloprovincialis.

As observed for the bioaccumulation of contaminants co-exposed with carbon nanomaterial,
controversial results are also obtained in the literature regarding genotoxicity. In aquatic organisms,
co-exposure to Cgg and organic contaminants induced a range of responses, to no effect until synergistic
and antagonistic responses compared to single exposure [9,67,85]. In our study, no significant differences
in DNA strand breaks were observed between exposure to B[a]P or Cgp alone compared to co-exposure
(Figure 3). Interestingly, the analysis of interactions performed on the comet assay and the oxidative
DNA damage results revealed an antagonistic interaction only at the highest concentration between Cgg
and B[a]P (Table 1). This antagonistic effect may be caused by a reduction in ROS generation, or more
effective scavenging of ROS by Cg, when Cg and B[a]P are present together in close association, as
previously described by [9,67]. Cgg fullerenes are both scavengers and generators of reactive oxygen
species (ROS) [89]; and when Cgy and B[a]P are closely associated or bound together within the
lysosomal compartment of the mussel digestive cells, their ROS scavenging and generating properties
may be altered.

104



Nanomaterials 2019, 9, 987

[/Icontrol[/]BaP alone (ug/L) ] C60 alone (mg/L) [l BaP + C60 (1mg/L)
40

a ac b,c,d cd
T
T [L
30 J_
T
= A
S
-
H 2l
E 20
E

Control BaP5 BaP50 BaP100 C0.01 Co0.1 c1 Mix5 Mix50  Mix100
Treatments

Figure 3. DNA strand break level following 3 days of exposure to Cgp, B[a]P and mixture of both in the
digestive gland. Data marked with different letters differed significantly (Tukey post-hoc test; p < 0.05).
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Figure 4. 8-oxodGuo levels in the digestive gland of mussels. Asterisks indicate the statistical differences
observed between control and exposed groups. (**) p < 0.01.

Table 1. Analysis of combined effects of B[a]P and C4p on DNA damage based on Interaction Factors (IF).

Treatments IF for DNA Damage (Comet Assay)
BaP 5 pg/L + Cgp 1 mg/L —7.48 £ 6.63
BaP 50 ug/L + Cgp 1 mg/L -10.39 + 3.50
BaP 100 pg/L + Cgp 1 mg/L -12.69 £ 6.05*

Interaction Factor + 95% Confidence Limit /y/2. * indicates significance at the 5% level. A negative IF indicates
antagonism; an IF of 0 indicates additivity; and a positive IF indicates synergism. Statistical significance was
determined by testing for overlap between the mixture IF + 95% CL/v/2 and the predicted additive value for Cgo
and B[a]P, assumed to have an IF = 0 + 95% CL/+/2, where the confidence limit is derived from the SEM(,q4q) value
for the additive Cgp and B[a]P.
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3.4. Assessment of the Interactive Effect of Cgp and Bla]P on the Proteome Profile of the Digestive Gland

Investigations into proteome responses of marine organisms to various stressors is comparatively
small when compared to other model laboratory organisms, both aquatic and terrestrial. Proteomic
analysis represents a fundamental step in extending understanding of the physiological processes
involved in organismal responses to environmental stressors. In addition, proteomics also provides better
qualitative data on post-translational modifications without interference from mRNA instability [90].
A major limitation in the field has been the lack of available annotated genomes for a broad diversity of
marine organisms. As a consequence, it has been considered a widely under utilised tool [91]. The lack
of genome information has not stopped studies on proteome characterisation in bivalvia/mollusca
species using broad protein databases limited to either the phylum, class or specific combination
of species [92-95]. However, studies investigating proteome response to environmental stressors or
injury are less abundant [30,77,96]. In the current study, a label free shot-gun proteomics approach
was performed for the first time to our knowledge in aquatic organisms to investigate proteome
alterations following treatment with B[a]P and Cgp alone and a combination of B[a]P with 1 mg/L of
Cgo- This untargeted method was specifically chosen to identify molecular pathways involved in the
interaction of Cgy and B[a]P without a priori assumptions.

3.4.1. Identification of Differentially Expressed Proteins

In order to identify differentially expressed proteins in the digestive gland proteome of controls,
B[a]P, nCgp and mixture (B[a]P and 1 mg/L nCq¢), a label free LC-MS/MS approach was used with
trypsinised tissue homogenates. Following removal of common contaminants in each dataset, peptide
mapping quantified 3125, 3428 and 3475 unique proteins following identification from the Universal
Protein Resource (UNIPROT) database distinct to B[a]P, C4p and mixture (B[a]P and 1 mg/L Cg)
treatments, respectively. Irrespective of treatment, protein sequences from the Pacific oyster Crassostrea
gigas (Organism ID = 94323) were highly represented in the samples at approximately 38%, followed
by Japanese scallop Mizuhopecten yessoensis (Organism ID = 6573) at 34%. Surprisingly, sequences from
the genus Mytilus were less represented in the search at approximately 3% with the Mediterranean
mussel Mytilus galloprovincialis (Organism ID = 29158) representing approximately 1% of identified
sequences. This may be due to a lack of genomic information available for this genus in the UNIPROT
database, even though a genome sequence is available [97].

Differentially expressed proteins (DEPs) were determined using a quasi-likelihood GLM.
Comparison of each dose per treatment (B[a]P: 5, 50 and 100 pug/L, nCgp: 0.01, 0.1 and 1 mg/L,
and a mixture: 5, 50 and 100 ug/L B[a]P and 1 mg/L nCgy) with the control group was visualised
using Venn diagrams (Figure 5). Minimal overlap between varying concentrations was observed
for the mixture treatment (average of 2%) (Figure 5c) when compared to B[a]P (Figure 5a, 9%) or
nCg (Figure 5b, 8%). Volcano plots were used to visualise statistically significant changes in protein
abundance for varying concentrations of the above treatments following comparison to controls
(Figure S5). Applying a 1% FDR threshold, 401 differentially expressed proteins were identified
following B[a]P treatment (all concentrations) and 297 differentially expressed proteins were identified
following treatment with the mixture of B[a]P and nCg. No differentially expressed proteins (p < 0.05)
were identified in Cg treated samples. The identified DEPs can be further broken down based on
treatment with 42, 50 and 164 DEPs identified at 5, 50 and 100 pg/L B[a]P. Following exposure to a
mixture solution, 95, 108 and 94 DEPs were identified at each concentration respectively (1 mg/L of
Cep and 5, 50 and 100 pg/L of B[a]P) with Figure 6 representing a visual comparison of commonalities
between single exposure versus combined exposure. A subset of DEP based on the top three unique
proteins per concentration is displayed in Table 2, with the full list of unique proteins and associated
p-value and FDR correction (Spreadsheet S1). The majority of differentially expressed proteins detected
in this study (B[a]P and mixture exposure) were downregulated (52%) between the treatment and
control conditions irrespective of concentration.
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The trend towards higher protein alterations in single exposures versus co-exposures suggests a
non-additive combine effect and is in agreement with prior studies which reported generally higher
protein alterations of B[a]P and Cu under single exposure then when co-exposed together [77]. The data
in this study suggest that an interaction occurs between B[a]P and C4 whereby the effect of the mixture
is different from the presumption of additivity (were by dose response relationships of mixtures are
enhanced in comparison to the individual components) as outlined in Rosa et al. [98]. In this case, the
data suggests an antagonistic relationship between B[a]P and C¢ at the higher concentrations of 50
and 100 ug/L. This observation has previously been observed in Mytilus edilus digestive gland [67].
However, this trend is not replicated at the lowest concentration of 5 ug/L whereby mixture exposure
resulted in higher DEPs than single exposure. This difference in DEPs may potentially be related
to reduced accumulation of B[a]P at the higher concentrations due to saturation of mussel tissue
and thereby limiting protein changes. In previous studies, increased impact and accumulation of
B[a]P at lower concentrations in M. galloprovincialis have been attributed to tissue saturation [99].
The increase in differentially expressed proteins at the lower concentration may also reflect the inability
of membrane transporters such as p-glycoprotein to efflux this particular nanoparticle [100] and as
such acts to bypass typical protective mechanisms initiated to protect the organism from PAH stress.

5 ug BaP 50 ug BaP (a) 0.01 mg C60 0.1 mg C60 (b)

100 ug BaP 1 mg C60

C60 + 5 ug BaP C60 + 50 ug BaP (C)

Z €60 + 100 ug BaP

Figure 5. Venn diagram visualising the overlap between the control sample and varying concentrations
of B[a]P (a), Csp (b) or a mixture of the two (5-50-100 pg/L B[a]P 1 mg/L Cgp) (c) following exposure for
three days. Note that overlap is based on a threshold of p < 0.05 and does not include FDR correction.
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Table 2. Significantly expressed proteins of B[a]P, Cgy and mixture (5-100 pg/L and 1 mg/L C4). Species
id’s are as follows: 6573 = Mizuhopecten yessoensis, 6551 = Mytilus trossulus, 29159 = Crassostrea gigas
and 94323 = Crassostrea ariakensis.

GO

Treatment Species Protein Name UNIPROTKB . Regulation
Annotation
Arrestin domain-containing
Bla]P (5 pg/L) 6573 protein 3 A0A210PE39 Up
. GO0:0004930,
B[a]P (5 ug/L) 6573 Orexin receptor type 2 A0A210PSC6 GO-0016021 Up
Ran-specific GO:0005622,
BlaJP (5 ng/l) 6573 GTPase-activating protein ADAZ10Q6HS5 GO:0046907 Up
GO:0004993,
GO:0005887,
5-hydroxytryptamine GO:0008283,
Bla]P (50 ug/L) 6573 receptor 1A-alpha A0A210R4M3 GO:0042310, Down
GO:0046883,
GO:0050795
Adenylate kinase isoenzyme GO:0005524,
Bla]P (50 ug/L) 6573 4 4 A0A210QMB2 GO:0006139, Up
GO0:0019205
Bla]P (50 ug/L) 6573 Uncharacterised protein A0A210Q912 Up
Helicase with zinc finger GO:0004386,
Bla]P (100 pg/L) 6573 Gomains A0A210PQ46 00030374 Up
GO:0005623,
Bla]P (100 pg/L) 29159 Peroxiredoxin-4 K1QLHO GO:0045454, Up
GO0:0051920
Hypoxia up-regulated ’
B[a]P (100 pg/L) 29159 protein 1 K1QBE7 GO:0005524 Up
GO0:0003924,
Bla]P (5 ug/L) + Ras-like GTP-binding GO:0005525,
C60 (1 mg/L) 94323 protein RHO HoLJA2 GO:0005622, Up
GO:0007264
Zinc finger CCCH
BlalPGug/l)+ yg159 domain-containing KIPKC9 GO:0046872 Up
C60 (1 mg/L) .
protein 13
GO:0003774
Bla]P (5 ug/L) + Myosin heavy chain, GO:0003779,
C60 (1 mg/L) 2159 non-muscle (Fragment) K1QXX7 GO:0005524 Up
GO:0016459
GO:0003723,
Bla]P (50 ug/L) + . . GO:0003735,
C60 (1 mg/L) 6551 Ribosomal protein S20 AO0A077HON2 GO:0006412, Down
GO:0015935
B[a]P (50 ug/L) + Nucleolar and coiled-body ’
C60 (1 mg/L) 6573 phosphoprotein 1 A0A210QIW0 GO:0005730 Down
B[a]P (50 ug/L) + Tripartite motif-containing GO:0005622,
C60 (1 mg/L) 29159 protein 2 K1QBD4 GO:0008270 Up
B[a]P (100 pg/L) + Ran-specific GO:0005622,
C60 (1 mg/L) 6573 GTPase-activating protein ~ A0AZ10Q0H5 565, 0046007 Down
Bla]P (100 pg/L) + . )
C60 (1 mg/L) 29159 Uncharacterized protein K1R543 Down
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Figure 6. Venn diagram visualising the overlap between 5 pug/L (a), 50 ug/L (b) and 100 pg/L (c) of
B[a]P with a mixture solution containing the same B[a]P concentrations in addition to 1 mg/L of Cgg
following 24 h exposure. Overlap is based on p < 0.05 and FDR set at 1%.

3.4.2. GO Functional Enrichment

Gene ontologies were directly annotated using a custom annotation database derived from
UNIPROTKB (bivalvia) with enrichment carried out using GOfuncR. This provides a controlled
vocabulary to describe gene product characteristics in three independent ontologies viz. biological
process, molecular function and cellular components. Based on the R package GOfuncR, 31, 35 and 23
GO nodes were found enriched at a threshold of p < 0.05 (Family wise error rate (FWER) correction)
following treatment with B[a]P, Cgp or co-mixtures (5-100 pg/L B[a]P and 1 mg/L Cgp). The top GO
terms are listed in Table 3 (threshold set FWER = 0.01), while the full list separated by treatment
and concentration can be found in supplemental material (Spreadsheet S1). Irrespective of treatment,
biological process records the majority of enriched terms. The ability of a stress organism to adjust its
cellular processes via transcriptional and subsequently proteomic processes allows it where possible to
minimise cellular damage, which may lead to organism death. GO analysis revealed 30 enriched proteins
following B[a]P exposure, 42 following Cgy exposure and 31 in the mixture exposure. The response
of M. galloprovincialis to B[a]P is characterised by a predominant enrichment of Biological processes
(67% or 20 GO’s) with the majority of these occurring at 100 pg/L. When compared to the mixture
model at the same concentration, seven terms are absent in the mixture model compared to the single
exposure viz. DNA metabolic processes (GO:0006259), DNA repair (GO:0006281), Cellular response to
DNA damage stimulus (GO:0006974), cellular response to stress (GO:0033554), metabolic processes
(GO:0008152), cellular metabolic processes (GO:0044237) primary metabolic processes (GO:0044238)
and organic substance metabolic processes (GO:0071704). The absence of these enriched terms at
the highest mixture concentration of B[a]P and Cg in association with the reduction in differentially
expressed proteins (when compared to single exposure and 50 pg/L) suggest an antagonistic interaction
between the two common contaminants. This may be explained by known properties of the chemicals.
nCgp is an exceptional free radical scavenger [101,102], while B[a]P has been shown to produce
free radicals under a variety of conditions [103]. B[a]P contributes approximately 50% of the total
carcinogenic potential of the PAH group [104]. Transcriptomic alterations related to B[a]P are likely to
be related to genotoxic mechanisms in addition to other biological processes such as mitochondrial
activities and immune response as outlined previously [33]. In contrast, Zhang et al. demonstrated that
aqueous Cg) aggregates induced apoptosis of macrophage by changing the mitochondrial membrane
potential [105]. As predicted by the literature, enriched GO terms following single nCg exposure
are predominantly related to changes to the membrane-enclosed, organelle and intracellular lumen,
while mixed exposure resulted in enrichment of mitochondrial components (viz. matrix, ribosome
and protein complex). This enrichment of organelle cellular components correlates with enrichment
of the ribosome KEGG pathway (ko03010, 35 proteins at 1 mg/L Cgp), suggesting an increase in the
production of newly synthesised organelle proteins which must find its way from site of production
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in the cytosol to the organelle where it functions. It was not feasible to quantify changes in cellular
components in the digestive gland during this study; however, we can postulate from prior studies
that observed changes may be linked to changes in the mitochondria. Mitochondria are essential
eukaryotic organelles required for a range of metabolic, signalling and development processes. Using
fullerenol, a polyhydroxylated fullerene derivative, Yang et al. demonstrated significant changes
to isolated mitochondria via mitochondrial swelling, collapse of membrane potential, decreased of
membrane fluidity and alterations to the ultrastructure [106]. The increase in protein production via
the ribosome at the highest concentration may reflect the activation of a repair mechanism for damage
to this structure. In a recent review, the main negative molecular and cellular responses associated
with carbon nanotube (CNTs) in mammals were associated with oxidative stress which can promote
inflammation, mitochondrial oxidation and activation of apoptosis [107]. Additionally, Zhang et al.
reported on a loss in mitochondrial membrane potential in a mouse in vitro model, in association with
increase in cellular ROS suggesting mitochondria associated apoptosis [105]. In a typical aquatic NP
exposure, uptake is followed by localisation into the endosomes, lysosomes and digestive associated
cells as well as the lumen of digestive tubules [22,27,108]. This NP exposure response can be followed
by disruption or modification to mitochondrial activity [30]. Although the current study would support
the hypothesis of mitochondrial damage/repair, further work will need to be carried out to verify.

Table 3. Subset of enriched Gene Ontology (GO) terms with an family wise error (FWER) threshold
of 1% (or 0.01) following B[a]P (5-100 pg/L ), Cep (0.01-1 mg/L) and a mixture of B[a]P (5-100 pg/L)
and Cg (1 mg/L) treatments. Cellular component and biological processes are abbreviated to CC and

BP, respectively.

Treatment Ontology GO-ID GO-ID Name FWER
Bla]P (100 pg/L) BP GO:0006139 Nucleobase-containing compound metabolic process 0.01
B[a]P (100 ug/L) BP GO:0006725 Cellular aromatic compound metabolic process 0.01
B[a]P (100 pg/L) BP GO:0034641 Cellular nitrogen compound metabolic process 0.01
Bla]P (100 pg/L) BP GO:0046483 Heterocycle metabolic process 0.01
Bla]P (100 pg/L) BP GO:0090304 Nucleic acid metabolic process 0.01
B[a]P (100 ug/L) BP GO:1901360 Organic cyclic compound metabolic process 0.01
Cep (0.01 mg/L) BP GO:0000226 Microtubule cytoskeleton organization 0.01

Ceo (0.1 mg/L) CC GO:0031974 Membrane-enclosed lumen 0.01
Cep (0.1 mg/L) CC GO:0043233 Organelle lumen 0.01
Ceo (0.1 mg/L) CC GO0:0070013 Intracellular organelle lumen 0.01

3.4.3. KEGG Pathway Enrichment

To further analyse the identified proteins per treatment, KEGG pathway analysis was performed.
Using the bioconductor package clusterProfiler, protein sequences were assigned to DEPs (p < 0.05) and
submitted to GhostKoala to obtained KEGG Orthology numbers (KO). In general, 52-56% of entries
were successfully annotated with approximately 92% of annotations associated with the mollusca
taxonomy. Variation between enrichment was described per treatment and concentration as follows:

Bla]P: at 5 ug/L exposure, 52 enriched processes were identified and include ribosome processes
(26 genes), thermogenesis (19 genes), protein processing in endoplasmic reticulum (13 genes) and
mTOR signalling pathway (nine genes). At 50 ug/L exposure, 38 pathways were enriched and ribosome
(26 genes), protein processing in the endoplasmic reticulum (17 genes) and phagosome (13 genes).
Finally, at 100 ng/L, 26 enriched processes were identified including ribosome (26 genes), RNA transport
(16 genes), protein processing in the endoplasmic reticulum (16 genes), biosynthesis of amino acids
(16 genes) and endocytosis (15 genes). The mTOR signalling pathway was not enriched at either 50 or
100 pg/L.

The majority of enriched pathways identified can be grouped under genetic information processing,
cellular processes, environmental information processing and metabolism. The top enriched pathways
identified per concentration were plotted to identify commonalties and differences between differing
concentrations of B[a]P (Figure 7a) based on genes identified in that pathway. Interestingly, unique
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pathways appear to be activated dependent on exposure concentration, with only the ribosome
pathway consistently present and enriched at all concentrations potentially indicating the high degree

of translation which may be occurring as a consequence of PAH exposure.
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Figure 7. Dotplot of enriched KEGG pathways for differentially expressed genes (DEGs) (p < 0.05) that
were common between concentrations of B[a]P (a), Cg) (b) and a mixture of 5, 50 and 100 pg/L with
1 mg/L Cg (c). Along the x-axis, genes represent the number of genes identified as enriched in this
particular pathway. The size and colour of each dot represents the gene number and adjustment p
based on FDR correction.

Ceo: at 0.01 mg/L exposure, 33 enriched pathways were identified while 12 enriched pathways
were identified at 0.1 mg/L exposure and 35 enriched pathways identified at 1 mg/L exposure (p < 0.05,
FDR = 5%). The top enriched pathways were illustrated in Figure 7b, with an absence of enrichment
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of certain pathways dependent on treatment concentration. For example, thermogenesis was only
enriched at the highest concentration of 1 mg/L with 12 genes identified in the pathway. The ribosome
is the top enriched pathway at all concentrations of C¢y with 19 genes enriched at 0.01 mg/L exposure,
24 genes enriched at 0.1 mg/L exposure and 35 genes enriched at the highest concentration of 1 mg/L.
This is closely followed by protein processing in endoplasmic reticulum, which is broadly comparable
in terms of genes between 0.01 mg/L (17 genes), 0.1 mg/L (11 genes) and 1 mg/L (16 genes, Figure 8)
exposure. The enriched pathways can be broadly grouped into predominantly genetic information
processing, metabolism and cellular processes.

Mixtures: Under mixture scenario, Cgp at a constant concentration of 1 mg/L was mixed with
5,50 and 100 pg/L of B[a]P resulting in 50, 38 and 54 enriched pathways, respectively. At the lower
mixture concentration of 5 pug/L B[a]P and Cg, the top three enriched descriptive terms were related
to the ribosome (29 genes), protein processing in endoplasmic reticulum (20 genes) and pathways in
cancer (23 genes). At 50 pg/L B[a]P and Cg, the top three enriched descriptive terms were related to the
ribosome (23 genes), carbon metabolism (23 genes) and protein processing in endoplasmic reticulum
(19 genes).
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Figure 8. Interaction network of differentially expressed genes in the digestive gland of
M. galloprovincialis involved in protein processing in the endoplasmic reticulum during exposure
to 1 mg/L nCgy. Genes which are differentially expressed during exposure are highlighted in red.

Finally, at 100 pg/L B[a]P and Cg, the top three enriched descriptive terms were related to the
ribosome (25 genes), pathways in cancer (23 genes) and mitogen-activated protein kinase signalling
pathway (MAPK) signalling pathway (17 genes). Key genes consistently identified in the protein
processing in the endoplasmic reticulum (irrespective of treatment) include Hsp70, Hsp90, TRAP, PDIs
and OSTs. At the highest concentration of Bla]P and Cg), genes identified in pathways in cancer
include GSTs, CASP3 and Wnt. The top pathways based on quantity of genes present in the pathway
were presented in Figure 7 with clear trends towards an absence of enrichment in certain pathways
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based on mixture concentration, e.g., MAPK signalling, which is only present at the top exposure
concentration combination.

KEGG pathway analysis can provide physiological pathway information for various experiments
with prior studies using it to aid in identification of mode of action of environmental contaminants [77].
In the current study, irrespective of exposure conditions or concentrations, the top enriched pathway
identified using KEGG was the Ribosome with 19-39 genes identified in the pathway dependent on
treatment and concentration. This was followed by protein processing in the endoplasmic reticulum
and carbon metabolism. The ribosome is a large complex molecule made of RNA and proteins that
perform the essential task of protein synthesis in the cell. They also serve as the initiation point for
several translation-associated functions including protein folding and degradation of defective or
nonstop mRNAs. Previous studies have demonstrated a change in regulation of genes which encode
ribosomal protein subunits following B[a]P exposure, with the suggestion that mRNA directed protein
synthesis is reduced in mussels exposed to higher B[a]P loads [33]. Additionally, M. galloprovincialis has
been shown to response to B[a]P exposure via changes in abundance of proteins related to synthesis
and degradation, energy supply (via ATP) and structural proteins [77]. Proteomic results for B[a]P
exposure to digestive gland tissue are in agreement with prior studies and support the observed trends
identified using transcriptomic methodologies. In the second most enriched pathway (viz. protein
processing in endoplasmic reticulum), three heat shock proteins viz. HSP70, HSP90 and HSP40 and
other molecular chaperones were identified dependent on exposure conditions. This is not surprising
given that many Heat Shock Proteins (HSPs) function as molecular chaperones to protect damaged
proteins from aggregation, unfold protein aggregates or refold damaged proteins or target them for
efficient removal [109]. These proteins regulate cell response to oxidative stress with HSP70 strongly
upregulated by heat stress and toxic chemicals. HSP70 plays several essential roles in cellular protein
metabolism [110,111] while HSP40 facilitates cellular recovery from adverse effects of damaged or
misfolded proteins (proteotoxic stress). Changes in HSPs, in addition to up/down regulation of HSP40,
HSP70 and HSP90 have typically been reported in response to thermal stress in bivalves [95,112,113]
and other environmental contaminants such as B[a]P [33]. In general, the consistent enrichment of genes
involved in the endoplasmic-reticulum associated protein degradation (ERAD) pathway suggest that
aqueous fullerene exposure targets the cellular pathway involved in targeting misfolding proteins for
ubiquitination (post-translational modification) and subsequent degradation by proteasomes (protein
degrading complex, breaks peptide bonds). It is interesting to note the overlap between organismal
response to fullerene exposure and that of organismal response to thermal stress. Observed enrichment
pathways in the current study viz protein processing in endoplasmic reticulum, apoptosis, ubiquitin
mediated proteolysis, endocytosis, splicecosome, and MAPK signalling pathway have been observed as
differentially enriched in oysters as a response to thermal stress [112].

3.5. Notes

The lack of consensus regarding Cg toxicity may be partly due to limited studies which
incorporate both a physiological and ecological approach. As a consequence, little is still known
about NP bioavailability, mode of uptake, ingestion rates and actual internal concentrations related to
ADME [27]. Generally, the greater the water solubility of fullerene aggregates (through e.g., stirring,
surface modifications, sonication), the less the toxicity associated with the exposure [88]. Gomes et al.
highlight that, while mussels represent a target for environmental exposure to nanoparticles, exposure
duration may significantly contribute to NPs’ mediated toxicity [114]. As such, it is possible that
the lack of differentially expressed proteins identified in this study is a factor of limited exposure
duration. Limited exposure duration in the region of days or hours is common in the literature, and
it would be of interest to explore long term exposure to NPs to look at the long-term impact and
adaptation of mussels in the marine environment. Species specific responses to Cg are abundant in the
literature and it would be remiss to not discuss how our results align with other marine invertebrates.
Exposure to ROS can cause a range of reversible and irreversible modifications of protein amino
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acid side-chains which has been reviewed by Ghezzi and Bonetto [115]. Within the field of aquatic
ecotoxicology, the toxic impact and potential mechanisms of single contaminant exposures have been
extensively studied via laboratory experiments (in vivo, in vitro and in silico) and field monitoring.
However, harder to predict is the effects of mixtures of pollutants in the environment. Biological
damage observed cannot simply be linked to the actual environmental condition as mixtures of
contaminants are known to exist in the aquatic ecosystem. This is further complicated with respect
to nanomaterials due to their inherent properties which can amplify or negate the toxic effects of
other compounds [75]. Complicated interactions may occur which make interpretation complex.
For example, proteomic analysis of Mytilus galloprovincialis revealed that single Cu and B[a]P exposure in
addition to a combination of the two generate different protein profiles with a non-additive profile [77].
Differences in mixture response compared to single exposure are likely to be related to individual
chemical properties and toxicity mechanisms of B[a]P and Cg, as has been noted in B[a]P co-exposed
with various metals [116]. C4o concentration was kept constant with increasing concentrations of B[a]P
in an experimental design that has been previously carried out using algae and crustacean species [22].
This may reflect limited proteome changes at the exposure concentrations, with concentrations of Cg
in the range of 10-500 ppb have been reported to be 10 fold below the no observable adverse effect
level (NOAEL) [117,118]. At 1 mg/L, an increase in Glutathione S-Transferase (GST) activity in the
digestive gland has been reported [108]. C4 is known to bind to minor grooves of double stranded
DNA and trigger unwinding and disruption of the DNA helix [100]. C¢9 adsorbs onto cell-membrane
P-glycoprotein through hydrophobic interactions, but the stability and secondary structure of the
protein are barely affected [119]. P-glycoprotein is present in Mytilus galloprovincialis [120]. Cgp and
its derivatives are known to impact DNA and RNA in terms of stability, replication and reactivity
in addition to structural stabilisation [121,122]. In a recent study, Canesi et al. determined that Cgp
fullerene exposure to Mytilus galloprovincialis hemocytes did not induce significant cytoxicity, and
instead stimulated immune and inflammatory parameters such as lysozyme release, oxidative burst
and nitric oxide (NO) production [10]. Nanomaterial suspensions can induce inflammatory processes
in bivalve hemocytes akin to those observed in vertebrate cells [10]. Results from mammalian studies
suggest that Cg fullerene exposure results predominantly in inflammatory responses [123].

4. Conclusions

This study has confirmed our hypothesis of an interaction between B[a]P and Cg, two ubiquitous
environmental contaminants. We demonstrated for the first time an apparent antagonistic relationship at
the genotoxic and the proteome expression level, which is not visible at lower exposure concentrations.
This response is not explained by expected strong sorption of B[a]P on Cg as no difference in
bioaccumulation was noted, but rather by the free radical scavenger propriety of Cgy. No Trojan
horse effects were observed for uptake or toxicity of the co-contaminants B[a]P in interaction with Cg.
Proteome profile is dependent on concentration and treatment. The exposure to the three conditions
had overlap and common mechanisms of response irrespective of differences in mode of action. The
provided list of condition specific differentially expressed proteins and enriched pathways (Spreadsheet
S1) may represent a step towards definitively identifying mode of action of these compounds in bivalves
when combined with other OMICs based approaches. It should be noted that the antagonistic proteome
response observed in the current study between B[a]P and Cg is based on a single concentration
of the fullerene and as such represents a general overview of toxicological behaviour. It is possible
that that this antagonistic interaction will change when another dose range is selected [90]. Gomes
et al. previously highlighted that, while mussels represent a target for environmental exposure to
nanoparticles, exposure duration may significantly contribute to NPs’ mediated toxicity [114]. As such,
further work must be carried out to explore mixture effects at different concentrations and over differing
exposure duration.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/7/987/s1,
Figure S1: (a) bright-field TEM and (b) intensity-weighted particle size distribution of nC60 aggregates present in
mussel-exposed seawater, Figure S2: (a) bright-field TEM and (b) point EDX spectroscopy analysis of ErsN@Cg,
Figure S3: Dark-field STEM and EDX spectroscopy mapping analysis of ErsN@Cg, confirming the necessity
for spectroscopy to confirm the presence of labelled fullerenes, using the characteristic X-rays emitted from Er
upon electron irradiation, Figure S4: (a,c,e) dark-field STEM and (b,d,f) corresponding point EDX spectroscopy
analysis of cross-sections of mussel digestive gland exposed to Er3sN@Cg, Figure S5: Volcano plots representing
the differentially expressed proteins with exposure to B[a]P, C4o or a mixture of the two (5-50-100 pug/L B[a]P,
1 mg/L Cg), Table S1: The influence of benzo[a]pyrene (B[a]P) of the hydrodynamic diameter (dy;) of nCg in
mussel-exposed seawater as determined by DLS, Table S2: The concentration of B[a]P in seawater at TO, day 1 and
day 3, Table S3: The concentration of nCg in seawater at T0, day 1 and day 3, Spreadsheet S1: Full list of DEPs,
enriched Gene Ontology (GO) terms and KEGG pathways, R script S1: R script used for proteomics analysis.
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Abstract: The environmental release of titanium dioxide nanoparticles (TiO,NPs) associated with
their intensive use has been reported to have a genotoxic effect on male fertility. TiO,NP is able to
bind and transport environmental pollutants, such as cadmium (Cd), modifying their availability
and/or toxicity. The aim of this work is to assess the in vitro effect of TIO,NPs and cadmium
interaction in human sperm cells. Semen parameters, apoptotic cells, sperm DNA fragmentation,
genomic stability and oxidative stress were investigated after sperm incubation in cadmium alone
and in combination with TiO,NPs at different times (15, 30, 45 and 90 min). Our results showed that
cadmium reduced sperm DNA integrity, and increased sperm DNA fragmentation and oxidative stress.
The genotoxicity induced by TiO,NPs-cadmium co-exposure was lower compared to single cadmium
exposure, suggesting an interaction of the substances to modulate their reactivity. The Quantitative
Structure-Activity Relationship (QSAR) computational method showed that the interaction between
TiO,NPs and cadmium leads to the formation of a sandwich-like structure, with cadmium in the
middle, which results in the inhibition of its genotoxicity by TiO,NPs in human sperm cells.

Keywords: sperm DNA damage; titanium dioxide nanoparticles; cadmium; oxidative stress;
male infertility

1. Introduction

Titanium dioxide is a colorless, crystalline and poorly soluble powder. The small dimensions
of the crystals are responsible for their particular physical-chemical characteristics and enhanced
reactivity, unlike other solid materials and larger particles with the same chemical composition [1,2].
Titanium dioxide used in the form of nanoparticles (TiO;NPs) showed different properties such
as robust oxidation, biocompatibility and photocatalysis. Therefore, TiO,NPs are used in a wide
range of applications, including pharmaceuticals, cosmetics, paints, medicine and engineering.
However, there are some concerns about the possible biological effects associated with their use [3].
In fact, the increased use of TiO,NPs in industry and in daily applications (domestic, cosmetic, food)
has attracted growing interest because, to date, we cannot yet accurately predict and control the impact
on health due to their release into the environment. It is known that TiO,NPs induce in vivo and
in vitro genotoxicity and cytotoxicity on several experimental models, by altering the genome stability,
increasing the apoptosis and decreasing the cell viability in different vertebrates [4-7].
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TiO,NPs negatively influence male fertility, as they lead to a reduced sperm quality and daily
sperm production, reduced weight of the testes and histopathological testicular changes. A review on
the reproductive and developmental toxicity of nanomaterials indicates that the studies are generally
performed in adult or pre-pubertal/pubertal rats or mice [8]. Recently, it has been shown that TiO,NPs
have adverse effects on human reproduction by inducing DNA sperm damage. Human ejaculated
spermatozoa treated with TiO,NPs showed a loss of DNA integrity, probably due to the production of
intracellular reactive oxygen species (ROS) [9].

In addition to toxicity and genotoxicity caused by their inherent and unique properties [10,11],
TiO,NPs were also demonstrated to interact with pollutants, either organic or heavy metals, modulating
bioaccumulation and toxic responses in co-exposed organisms, and modifying their fate, behavior,
bioavailability and toxicity for the ecosystem and human health [12,13]. In fact, TiO,NPs were able to
phagocytize and carry other pollutants and/or drugs, hence skipping the natural cellular defenses,
through the mechanism known as the “Trojan Horse effect” [14-16]. However, the interaction between
TiO,NPs and co-existing contaminants in the environment remains unclear, with conflicting results.
On human amniocytes in vitro, TiO,NPs increased the genotoxicity of lincomycin through a loss of
DNA integrity, apoptosis and DNA damage [17]. In zebrafish larvae, Daphnia magna and carp, TiO,NPs
enhanced lead (Pb), copper (Cu), arsenic (As) (III), zinc (Zn) and cadmium (Cd) bioaccumulation
and toxicity [18-22], while, in algae (Chlamydomonas reinhardtii and Microcystis aeruginosa) and
amphipods (Gammarus fossarum), TiO,NPs reduced the bioavailability and toxicity of Cd and
Cu [23-25]. TiO;NPs enhanced the Cd and nickel (Ni) reproductive and developmental toxicity
in Caenorhabditis elegans in a dose-dependent manner [26]. Among heavy metal, Cd is the most
widespread in industrial applications, ranked as the seventh most toxic heavy metal, with a specific
toxicological profile (ATSDR 2012) that describes its adverse effects for living organisms and human
health [27]. Due to its application in fertilizers, battery, pigments and plastics [28], Cd may enter the
natural environment and impact human health and the environment [29]. Cd and its compounds
were classified as type I human carcinogens in 1993 by the International Agency for Research on
Cancer, IARC [30]. Cd is reported as toxic for organs, such as the kidney, liver and stomach, causing
respiratory and bone disease, as well as neurological disorders [31-33]. Finally, Cd exerts negative
effects on human reproduction. In fact, Cd concentration in the human seminal plasma is closely
related to working conditions, food and cigarette smoke, with a reduced fertility being observed in
highly exposed patients [34]. In vitro studies have shown that Cd affects sperm motility and the
sperm’s ability to reach and penetrate into the oocyte [35-38]. Furthermore, rats exposed to Cd showed
a reduced testicular volume sperm concentration and testosterone concentration in the Leydig cells,
as well as an increased follicle-stimulating hormone (FSH) concentration in the serum [39].

Cd-induced damage depends on the dose, duration of exposure, type of contact, as well as the
interaction with other materials and/or nanomaterials. The effects of TiO,NPs and Cd2* co-exposure
have been investigated in plants and aquatic species [6,40-46]. A recent study showed that a
non-cytotoxic concentration of TiO,NPs enhanced the toxicological potential of Cd?* in human liver
(HepG2) and human breast cancer (MCF-7) cells [47]. However, the overall results are conflicting,
underlining that the influence of TiO,NPs on Cd?* accumulation and toxicity varies according to
the species, tissues, culture media and physical-chemical behavior of particles in exposure media.
Moreover, their influence on reproductive health is still scarcely investigated.

This study aimed to evaluate the genotoxicity of Cd and to investigate the combined effects
of TiO,NPs and cadmium chloride (CdCl,) on human ejaculated sperm cells in vitro. In this study,
we attempted to determine whether TiO,NPs could modify the possible Cd genotoxic responses.
To achieve our goal, we investigated cytotoxicity, genotoxicity, oxidative stress and apoptosis in human
sperm cells after TiO,NPs and CdCl, co-exposure. To our knowledge, this is the first study to evaluate
the responses of human sperm on CdCl, and TiO,NPs co-exposure. It provided new insights into
the TiO,NPs’ interaction with heavy metal and clarified the potential reproductive health risk of
manufactured nanoparticles as carriers of contaminants.
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2. Material and Methods

2.1. Chemicals

Nano-powder of TiO,NPs (Aeroxide) was supplied by Evonik Degussa (Essen, Germany;
Lot. 614061098). Aeroxide is a mixture of 75% rutile and 25% anatase forms with an average
primary particle size of 21 nm and declared purity of 99.9%. CdCl, (CAS number 10108-64-2, 99.999%
purity) was acquired from Sigma-Aldrich (St. Louis, Missouri, USA). CdCl, was dissolved in water
to a stock concentration of 100 mM. Benzene (CAS number 71-43-2, 99.8 purity) was provided from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation and Characterization of TiO,NPs

TiO,NPs stock solutions (10.0 mg/L) were prepared by dispersing the NPs in Eagle’s Minimum
Essential Medium (MEM) with sonication (40 kHz frequency, Dr. Hielscher UP 200S, Teltow, Germany)
and were dosed according to Santonastaso and collaborators [9]. Briefly, we acquired UV-Vis spectra
of TiO,NPs in the range of 200-600 nm using a Shimadzu UV-1700 double-beam spectrophotometer.
UV spectra of 1 ug/L TiO,NPs-enriched culture medium at 15, 45 and 90 min showed a secondary
peak at longer wavelengths probably due to the formation of agglomerates (Table 1). The primary
particle diameter and shape were determined by Zeiss-LIBRA120 (Carl Zeiss Oberkochen, Germany)
Transmission Electron Microscope (TEM). TiO,NPs” TEM images showed a size distribution ranging
approximately from 20 to 60 nm, with a partly irregular and semispherical shape, and agglomeration
occurred with a diameter in the range of 400 + 52 nm (Figure 1).

Table 1. Dispersion of tested 1 ug/L TiO,NPs-enriched culture media at 0, 15, 30, 45 and 90 min
calculated on the TiO,NPs calibration curve, obtained by plotting the absorbance at the maximum
wavelength (325 nm) vs. the different sonicated standard solutions” dose levels.

Time nTiO,NPs

(min) [1 ug/L]
0 1.01 £ 0.01
15 0.91 + 0.05
30 0.87 + 0.02
45 0.69 + 0.01
90 0.27 + 0.03

Figure 1. TEM micrograph showing the aggregation pattern of TiO, nanoparticles (bar 0.5 um).
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2.3. Sample Collection, Evaluation and Exposure Procedure

Semen samples were obtained by masturbation from 125 men between 25 and 39 years old,
underwent routine semen analysis and were examined in our Reproduction Biology Laboratory
(University of Campania L. Vanvitelli). Patients were informed about the purpose of the study and they
signed written informed consent. Subjects on any medication or antioxidant supplementation were not
included. All ejaculates presenting normal semen parameters with a seminal white blood cell count
<0.5 x 10° /mL, which was less than the pathologic concentration, were used in the study (Table 2) [48].
After liquefaction at room temperature for 30 min, the semen volume, pH, sperm concentration,
motility, morphology and viability were determined according to the World Health Organization
(WHO) guidelines (2010) [48]. The percentage of morphologically abnormal spermatozoa was evaluated
by Test-simplets® pre-stained slides (Origio, Cooper Surgical, Inc., Trumbull, CT, USA). Sperm vitality
was assessed by the eosin—nigrosine staining. The ejaculates were purified by discontinuous density
gradient centrifugation. The sperm preparation was done using a 45%-90% double density gradient
(SPERM GRAD™; Vitrolife, Goteborg, Sweden) in order to obtain a sufficient number of selected
spermatozoa to perform the experiments.

Table 2. Parameters of semen fluid selected for the study. Sperm parameters were expressed as

mean + SD.
Sperm Parameters Mean+ SD

Semen volume (mL) 35+05
Ph 69+03
Sperm concentration (*100 sperm/mL) 60.4 + 15.6
Vitality (%) 70.8 +5.8
Motility (%)

Progressive 69.0 +15.7

Non-progressive 20.0+55

Immobile 11+9
Normal morphology (%) 15+ 6.5

Each purified sample was divided into four aliquots (1 X 10° sperm/mL). One aliquot was exposed
to 10 uM of CdCl,, another aliquot was co-exposed to 1 pg/L of TiO,NPs and 10 uM of CdCl,;
one aliquot was treated with 0.4 pL/mL benzene as positive control [49], while an untreated aliquot
was used as negative control each time. TiO,NPs and CdCl, concentrations were selected based
on previous in vitro studies [9,36]. The exposition was evaluated after 15, 30, 45 and 90 min (min).
Incubation was performed in Eagle’s Minimum Essential Medium (MEM) at 36.5 °C. After exposure,
the samples were centrifuged for 5 min at 1500 rpm, the supernatant was removed, the pellet was
re-suspended in 500 uL bicarbonate buffer and the semen parameters were evaluated.

2.4. Comet Assay

The Comet assay and the relative statistical analyses were performed according to Santonastaso
and collaborators [9]. Briefly, sperm cells were mixed with low melting point (LMP, 0.7%) agarose and
were included into normal melting point (NMP, 21%) agarose layers on slides for 30 min. Then, another
LMP layer was added. The slides were treated with lysis buffer (NaCl 2.5 M, Na,EDTA 0.1 M, Tris-Base
0.4 M, Triton X-100 1%, dimethyl sulfoxide (DMSO) 10%, pH 10) and were enzymatically digested with
proteinase K (0.5 pg/L). After washing with a neutralizing solution, the slides were incubated in alkaline
buffer (NaOH 10N, EDTA 200 mM, pH 12.1) for 10 min and then exposed to electrophoresis (25 V,
300 mA, 20 min). After fixing in cold methanol and staining with ethidium bromide, the slides were
observed by using a fluorescence microscope with 60X magnification (Nikon Eclipse E-600). The images
were acquired by means of the “OpenComet” software [50]. The Comet assay was performed in
triplicate. The parameter that was considered was the percentage of damaged DNA in the comet tail
(% Tail DNA) (Figure 2).
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Figure 2. Comet tail DNA in human sperm cell analyzed using “OpenComet” software.

2.5. TUNEL Test

The TUNEL test was performed according to Santonastaso and collaborators [9] using the In-Situ
Cell Death Detection Kit (Roche Diagnostics, Basel, Switzerland). The sperm samples were put on glass
slides, fixed in 4% paraformaldehyde for 1 h and air-dried. After 2 min incubation in a permeabilizing
solution, the slides were washed in bicarbonate buffer and air-dried. Then, 5 puL of terminal deoxy
nucleotidyl transferase enzyme solution and 45 uL of label solution were placed on each slide. After 1 h
incubation in a humid chamber at 37 °C, the slides were stained in 4’,6-diamidino-2-phenylindole
(DAPI) solution for 5 min, and 100 pL of 1,4 diazobicyclo (2,2,2) octane (DABCO) solution (20x)
was added to each slide. The TUNEL test was performed in triplicate. The slides were analyzed
by using a fluorescence microscope (Nikon Eclipse E-600) equipped with BP 330-380 nm and LP
420 nm filters. The percentage of sperm with fragmented DNA was referred to as the percentage of
TUNEL-positive sperm.

2.6. Genomic DNA Extraction, RAPD-PCR Technique and Genomic Template Stability

Sperm cells’ DNA was extracted and purified from 200 uL/sample, using the High pure PCR
template preparation Kit (ROCHE Diagnostics®). The RAPD method is a PCR-based technique
that amplifies random DNA fragments with the use of single short primers under low annealing
conditions. The PCR amplifications were performed in 25 uL of reaction mixture containing 40 ng of
DNA, 5 pmoL/uL of primer D11 (5'-d[GTCCCGACGA]-3’) and Taq DNA recombinant polymerase
(Roche Diagnostics, Basel, Switzerland), including nucleotides (ANTPs 0.4 mM), magnesium chloride
and DNA polymerase. D11 primer was selected to yield amplification products with a reasonable
number of bands [9]. The PCR program consisted of an initial denaturation at 94 °C for 2 min,
then 45 cycles, each of them including DNA denaturation at 95 °C for 1 min, annealing at 36 °C for
1 min and extension at 72 °C for 1 min. The reaction products were analyzed by an electrophoretic run
on 2% agarose gel and gel staining with 10x ethidium bromide. RAPD-PCR patterns were acquired
by ChemiDoc Gel Imaging System (Bio-Rad, Hercules, CA, USA). The change in the number of the
bands and the variation in their intensity are associated with alterations of genetic material [51].
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The polymorphic pattern generated by the RAPD-PCR profiles allowed the calculation of the Genomic
Template Stability (GTS, %) as follows: GTS% = (1 — a/n) x 100, where a is the average number
of polymorphic bands detected in each exposed sample, and n is the number of total bands in the
non-treated cells. The template genomic stability of the control was set to 100% [52].

2.7. DCF Assay

The intracellular sperm levels of ROS were measured by DCF assay with a
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) probe, as described in Santonastaso and
collaborators [9]. Briefly, 13 pm DCFH,-DA was added to 150 uL sperm suspension in MEM.
After 30 min incubation at 37 °C in the dark, the cell suspension was washed with bicarbonate buffer
and counterstained with 4’,6-Diamidine-2’-phenylindole dihydrochloride (DAPI) solution for 5 min.
Then, the sperm cells were transferred to a glass slide and observed by using a fluorescent microscope
(Nikon Eclipse E-600) equipped with BP 330-380 nm and LP 420 nm filters. Intracellular ROS were
visually scored comparing the control and samples and were measured as the percentage of sperm cells
exhibiting a response (green cells) on the total sperm cells (Figure 3). The DCF assay was performed
in triplicate.

Figure 3. Intracellular ROS (green cell) in human sperm cell analyzed by fluorescent microscopy using
DCFH,-DA probe.
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2.8. Statistical Analysis

All sperm parameters and the experimental data were expressed as the mean + standard deviation
(SD). Differences in the percentage of DNA damage, GTS%, DFI% and intracellular ROS% among
the experimental groups were compared using the unpaired Student’s t-test by GraphPad Prism 6.
The effect was considered significant if p-value < 0.01 with respect to the negative control.

3. Results

3.1. Sperm Motility Is Reduced after 90 min TiO,NPs and CdCl, Co-Exposure

CdCl, exposure and TiO,NPs-CdCl, co-exposure did not cause a statistically significant reduction
in vitality. CdCl, treatment induced a statistically significant reduction of motility (progressive and
non-progressive) after 30 min, while TiO;NPs-CdCl, co-exposure reduced sperm motility after 90 min

(p-value < 0.01) (Table 3).

Table 3. Sperm vitality and motility after CdCl, exposure and TiO,NPs co-exposure. The values were

expressed as mean + SD. * p < 0.01.

. . e Motility
0,
Substances Concentration Exposure Minutes Vitality (%) (P + NP) (%)
15 71+45 81+55
30 65 +25 69 +8.0*
CdCl, 10 uM pg/L. 45 65+56 57 +58*
90 61 +45 55+7.5%
15 72+ 32 78 £6.9
. 30 70 £2.7 74 £ 85
CdCl, 10 uM + TiO,NPs 1 ug/L 45 69 + 4.1 70 + 8.7
90 65 +45 58 £5.5*

3.2. TiO;NPs and CdCl, Co-Exposure Causes Time-Dependent Loss of Sperm DNA Integrity

The results of the Comet assay showed that TiO,NPs-CdCl, co-exposure induced a time-dependent
loss of human sperm DNA integrity with statistically significant values (p-value < 0.01) after 30 min.
Furthermore, CdCl, exposure already reduced the sperm DNA integrity after 15 min (Figure 4).

Comet Assay

100+
80- P * - —
* E = B —
Z 604 [ = = . =
o - * N
©
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=
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0 — . , "
15 min 30 min 45min 90 min
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Cd +TiO-NPs
TiO-NPs

Figure 4. Percentage of DNA in the comet tail (ordinate) in human sperm after different exposure
times (abscissa) to CdCl, and CdCl, + TiO,NPs co-exposure. The black bars are negative controls
(NC); the white bars are positive controls (PC) (benzene 0.4 pL/mL); the light grey bars are 10 uM
CdCl,-treated sperm (Cd); the dark grey bars are 10 uM CdCl, + 1 ug/L TiO,NPs-treated sperm

(Cd + TiO,NPs); the striped bars are 1 pug/L TiO,NPs-treated sperm. * p < 0.01.
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3.3. TiO;NPs and CdCl, Combined Exposure Induces Sperm DNA Fragmentation

The data from the TUNEL test displayed a statistically significant (p-value < 0.01) increase of
sperm DNA fragmentation starting from 30 min of TiO,NPs and CdCl, co-exposure, whereas the
CdCl, single exposure induced sperm DNA fragmentation starting as early as after 15 min. The DNA
Fragmentation Index (DFI) corresponding to the cut-off value (26%) associated to male infertility [53]
was not exceeded after the TiO,NPs and CdCl; combined exposure (Figure 5).

TUNEL Assay
60 =
- NC
&6 = PC
50 e Cd
45 e== Cd +TiO>-NPs
40 == Ti0,-NPs
— 354
% 204 Threshold 26%
R 254 N 5 C
20+
15
10

15min 30 min 45 min 90 min
Exposure time

Figure 5. Percentage of DNA fragmentation index (ordinate) in human sperm after different exposure
times (abscissa) to CdCl, and CdCl, + TiO,NPs co-exposure. The black bars are negative controls
(NC); the white bars are positive controls (PC) (benzene 0.4 uL/mL); the light grey bars are 10 uM
CdCl,-treated sperm (Cd); the dark grey bars are 10 uM CdCl, + 1 ug/L TiO,NPs-treated sperm
(Cd + TiO,NPs); the striped bars are 1 pg/L TiO,NPs-treated sperm. * p < 0.01.

3.4. TiO;NPs in Combination with CdCl, Produce Intracellular Oxidative Stress in Sperm Cells

A statistically significant increase (p-value < 0.01) of intracellular ROS was observed in sperm
cells exposed to CdCl, alone starting from 15 min and in combination with TiO,NPs starting from
30 min with respect to the control. The increasing intracellular oxidative stress was time-dependent
after co-exposure to CdCl, and TiO,NPs (Figure 6).

DCF Assay
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Figure 6. Percentage of intracellular ROS (ordinate) in human sperm after different exposure times
(abscissa) to CdCl, and CdCl, + TiO,NPs co-exposure. The black bars are negative controls (NC);
the white bars are positive controls (PC) (benzene 0.4 uL/mL); the light grey bars are 10 uM CdCl,-treated
sperm (Cd); the dark grey bars are 10 uM CdCl, + 1 pg/L TiO,NPs-treated sperm (Cd + TiO,NPs);
the striped bars are 1 ug/L TiO,NPs-treated sperm. * p < 0.01.
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3.5. TiOyNPs and CdCl, Co-Exposure Generates Sperm DNA Polymorphic Profiles Alterations

The RAPD-PCR analysis showed a variation of polymorphic profiles of sperm DNA exposed to
CdCl, alone and in combination with TiO,NPs compared to non-treated sperm DNA. CdCl, treatment
induced the appearance of one band and the disappearance of two bands with respect to the control
after 15 min, while after 30 of exposure mins three news bands appeared and one band disappeared.
After 45 exposure mins we evidenced the appearance of three news bands and the disappearance of
two bands with respect to the control. The exposure to CdCl, for 90 mins induced the prevalence
of bands’ disappearance when compared to the control. The electrophoretic patterns relative to
the TiO,NPs-CdCl, co-exposure showed the prevalence of bands’ appearance when compared to
non-treated sperm cells (Table 4).

Table 4. Molecular sizes (bp) of appeared and disappeared bands after amplification with primer D11
in human sperm DNA exposed to CdCl, and CdCl, with TiO,NPs co-exposure. * Control bands are at:
190, 270, 450, 500, 510, 560, 650, 850, 910, 950, 1000 and 2000 bp.

Substances Concentration Exposure Minutes Gained Bands Lost Bands *
15 210 560, 850
30 300, 350, 900 560
CdCly 10 M pg/L 15 210,700, 900 270,850
90 600 270, 450, 500, 560, 850
15 700 -
) 30 210, 350, 900 -
CdCl, 10 uM + TiO,NPs 1 pg/L 45 210, 530, 900 850
90 300, 400, 900 850

3.6. TiO;NPs in Combination with CACI, Reduce Sperm Genome Stability

The human sperm genome stability (GTS%) significantly decreased in the CdCl,-exposed sperms
in a time-dependent manner. The genome stability of co-exposed sperms was statistically reduced
after 30 min (Figure 7).

Genomic Template Stability
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Figure 7. Changes in the percentage of Genome Template Stability in human sperm DNA (ordinate)
after different exposure times (abscissa) to CdCl, and CdCl, + TiO,NPs co-exposure, as evidenced
by the RAPD-PCR technique. The black bars are the negative controls (NC); the white bars are the
positive controls (PC) (benzene 0.4 uL/mL); the light grey bars are 10 uM CdCl,-treated sperm (Cd); the
dark grey bars are 10 uM CdCl, + 1 pg/L TiO,NPs-treated sperm (Cd + TiO,NPs); the striped bars are
1 ug/L TiO,NPs-treated sperm. * p < 0.01.
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4. Discussion

The chemical-physical characteristics of TiO,NPs make them capable of absorbing and transporting
numerous compounds through biological barriers, including Cd, with a mechanism known as the
“Trojan Horse” effect. The transport can take place either by simple diffusion from the caveola systems
or by endocytosis with transport mediated by ABC family proteins [14].

The effects of NPs’ and heavy metals’ co-exposure on the living organism are still unclear. Data on
heavy metal and TiO,NPs genotoxicity and cytotoxicity are controversial, especially because these
interactions are species-specific, often tissue-specific and related to physical-chemical features of the
co-exposure medium [22,54,55]. The aim of our work was to examine in vitro the genotoxic responses
induced by Cd alone and in association with TiO,NPs in human sperm cells at different times (15, 30,
45 and 90 min).

Scarce amounts of data are available regarding TiO,NPs’ effects on reproduction/fertility. In adult
male Wistar rats, TiO,NPs’ daily oral exposure (50 mg/kg body weight (BW)/day) caused significant
time-dependent adverse effects such as decreased testis and prostate weight, disrupted hormone profile
(i.e., significant decreased serum testosterone level and increased serum estradiol, Luteinizing hormone
(LH) and Follicle stimulating hormone (FSH) levels), impaired spermatogenesis, lipid peroxidation
and inflammation in testicular tissues. Moreover, effects on semen parameters were also reported:
normal sperm counts decreased from 88% (control) to 68% after 21 days of exposure [56]. Song and
collaborators [57] examined the testes and sperm quality in male mice after an oral 5-10 nm
TiO,NP exposure to of 0, 10, 50 and 100 mg/kg BW for 28 days. TiO,NPs exposure caused sperm
malformations, a sperm cell micronucleus rate and levels of markers indicating cell damage in the
testes, a further reduction in the germ cell number and spherospermia, interstitial glands, malalignment
and vacuolization in spermatogenic cells at the two highest dose levels (50 and 100 mg/kg BW).
The superoxide dismutase (SOD) activity significantly decreased at the highest dose level (100 mg/kg BW)
and the malondialdehyde significantly increased at the two highest dose levels (50 and 100 mg/kg BW),
both of which are markers indicating cell damage in testis, although the weights of the testicles and
epididymis were not affected. Conversely, no effect on male reproductive parameters (weight of
reproductive organs, daily sperm production and plasma testosterone levels) was reported for adult
male mice after weekly TiO,NP intratracheal instillation for seven weeks [58].

Our previous study showed that TiO,NPs cause a loss of sperm DNA integrity and a statistically
significant increase in DNA fragmentation and DNA strand breaks, inducing apoptosis [9]. In males,
apoptosis plays a physiological role by maintaining an appropriate germ cell to Sertoli cell ratio,
removing defective germ cells and controlling sperm production [59]; however, elevated apoptosis
levels can damage the spermatozoa. Our results showed that TIO,NPs were genotoxic on human
sperm cells in vitro, significantly affecting the reproductive potential.

Furthermore, exposure to Cd induced apoptosis in rats and frog testes, rat Leydig cells, trophoblast
cells of rat placenta and granulosa cells of chicken ovarian follicles [60-64]. This heavy metal, commonly
present in the environment in the form of CdCly, is able to alter sperms’ motility and their capacity to
reach and penetrate into the oocyte by altering the sperm enzyme acetylcholine transferase and the
oxygen uptake [35].

Sperms’ acute exposure to Cd may impair the sperm fertilization potential in vitro; in fact,
exposure to CdCl, results in a decreased progressive and hyperactivated sperm motility, as well as
increased caspase activation, which suggests the triggering of an apoptotic pathway [36]. In vitro
Cd-exposed murine spermatozoa exhibit an altered sperm fertilization potential, producing a lower
number of pronuclei than controls during in vitro fertilization [37]. A severe reduction of sperm motility
and kinematic parameters was also shown in a rat model exposed to Cd in vivo [38].

Our results showed that exposure to CdCl, caused a reduction of human sperm motility in a
time-dependent manner and a decrease of the genome template stability, which was associated with
an increased level of DNA strand breaks, apoptosis and oxidative stress. These results confirmed the
genotoxic potential of Cd though the induction of an oxidative microenvironment [65]. Our results
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showed that the presence of TiO,NPs can reduce the cytotoxicity and genotoxicity associated with
single Cd exposure as sperm showed a higher motility, and a lower induction of DNA strand breaks as
well as of the apoptotic pathway after co-exposure highlighted by the Comet assay. We also estimated
human sperm DNA fragmentation by TUNEL test. The sperm DNA fragmentation index (DFI) is
considered a valuable early marker of the presence and harmful effects of pollution [66]. A pathological
parameter (26%) was correlated with the inability to fertilize the egg cell, and was thus associated with
poliabortivity [67]. Cd and TiO,NPs co-exposure induced a lower sperm DNA fragmentation than that
observed by single Cd exposure for all exposure times, and the pathological value of DFI was never
exceeded; otherwise, Cd caused an increase beyond the pathological value after 30 and 45 exposure
mins. Sperm DNA fragmentation decreased with an increasing exposure time, suggesting that sperms
could undergo increasing damage of the genetic material in the first exposure times (15, 30 and 45 min),
but there was a decrease of the sperm DNA fragmentation at 90 min, thus probably implying that
sperms activated the cellular repair mechanisms, as evidenced by the Comet assay, at an exposure time
longer than 45 min.

Alterations in RAPDs’ profiles have allowed for the detection of genomic instability as different
molecular events (genomic rearrangements, point mutations, deletions and insertions) of sperm
treated with respect to the sperm negative control. In fact, the appearance of a new band is related
to point mutations and/or rearrangements, while the disappearance of the band is attributable to
DNA adducts and breaks in the double helix [68]. The RAPD-PCR analysis was able to detect DNA
changes not necessarily related to apoptotic processes. We observed that CdCl, treatment induced
both the appearance of new bands and disappearance of bands in comparison with the control,
while CdCl,-TiO;NPs co-exposure resulted in the prevalence of new bands’ appearance with respect to
the non-treated sperm cells as well as those induced by treatment with 1 ug/L TiO,NPs, as previously
reported by Santonastaso and collaborators [9]. Thanks to RAPDs’ profile alterations, we evaluated
the sperm genomic template stability percentage (%GTS). The decrease of %GTS depends on the time
exposure to single Cd and Cd-TiO,NPs. The decrease of %GTS is the first molecular response to a
toxicant and has been demonstrated as being directly related to the extent of DNA damage and/or to the
efficiency of DNA repair and replication [7,69]. Our study showed a statistically significant decrease
in genomic stability in sperm exposed to Cd already after 15 min, which reached deep values after
90 exposure minutes, while co-exposure significantly impacted genomic stability after only 30 min.

The changes in RAPDs’ profiles highlighted in sperm cells exposed to Cd alone and in association
with TiO,NPs could be related to oxidative DNA damage through ROS direct damage on genetic
material [70,71]. To clarify this assumption, we assessed intracellular ROS production in both
experimental conditions. Co-exposure resulted in lower intracellular ROS levels when compared to
single Cd exposure, indicating that ROS detrimental effects could be the main mechanism for Cd and
TiO,NPs’ genotoxicity.

The results showed that sperm DNA damage probably due to ROS action induced by Cd-TiO,NPs
co-exposure is lower than in the case of Cd single exposure, and we may speculate that the Cd genotoxic
potential was inhibited and/or masked by TiO,NPs; thus, no “Trojan Horse” effect was demonstrated
in human spermatozoa in vitro. Unfortunately, evidence on transport, absorption, agglomeration and
reactivity in the synergy between nanoparticles and Cd is still scarce and contradictory. Contrary to
our results, other studies reported that TiO,NPs potentiated Cd-induced pro-oxidants generation
(ROS and lipid peroxidation), antioxidants depletion (glutathione level and glutathione reductase,
SOD and catalase enzymes) and apoptosis (by altering the gene expression of p53, bax and bcl-2),
along with the alteration of the mitochondrial membrane potential in HepG2 and MCF-7 cells [72].
Xia and collaborators [73] reported that TIO,NPs may promote Cd-induced cellular oxidative stress in
human embryo kidney 293T (HEK293T) cells, as indicated by the changes in the SOD activity and
ROS concentration. Cd and TiO,NPs exert additive or synergistic effects on HEK293T cells’ oxidative
damage, and these effects vary with different proportions and concentrations of CdCl, and TiO,NPs in
the mixture. TiO,NPs assume different behaviors depending on features of the exposure medium and
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duration of exposure. In salt water, TIO,NPs begin to form aggregates such as sedimentations after
about 6 h; it was also highlighted that the presence of CdCl, increases the aggregation between the
nanoparticles and their sedimentation [12]. However, when the size of TiO,NPs is around 23.8 nm,
they do not form visible and appreciable aggregates, independently of the duration of exposure in
fresh water [7].

Nanoparticles show a strong tendency to form agglomerates in solution due to their high surface
area [74]. The agglomerate (or cluster) is defined as a compound formed by the secondary aggregates
(which are joined by weak chemical bonds), which can be broken through manipulation. The state
of dispersion of a particulate system describes the relative number of primary particles (aggregated)
present in a suspension medium. The general view is that the degree and type of agglomerates formed
may influence the toxicity of NPs. The aggregate can also be defined as a compound of the secondary
primary particles (which are joined by means of strong chemical bonds), which behaves as a single
unit [75]. Our results by TEM evidenced that TIO,NP agglomerates in the range of 400 + 52 nm do not
penetrate into the human sperm cells. They exercise a pro-oxidant effect on the polyunsaturated fatty
acids of the sperm membrane, resulting in intracellular ROS generation and the induction of different
DNA damage degrees, depending on the endpoints investigated in the sperm exposure medium
(MEM) [9,15,46,76]. In this study, we demonstrated that sperm genotoxicity induced by TiO,NPs and
CdCl; co-exposure significantly decreased when compared to that induced by Cd. Therefore, we can
speculate that TiO,NPs and Cd could form complexes, whose size does not allow them to penetrate
into the sperm cells. Moreover, the degree and the type of aggregates could influence TiO,NPs’
and Cd'’s sperm genotoxicity in MEM. In industrial wastewaters, the presence of TiO,NPs and Cd**
results in the formation of a ternary surface complex with arsenic that inhibits Cd release into the
aqueous phase and that, hence, facilitates the immobilization of the heavy metal [77]. As shown in
the Quantitative Structure-Activity Relationship (QSAR) computational method [77], the interaction
between TiO,NPs and Cd can result in the formation of a “sandwich structure”, where Cd, placed at the
center, is completely masked by the TiO,NPs, which are located at the outer surfaces of the structures.
It can be concluded that TiO,NPs-CdCl, co-exposure could lead to the formation of aggregates with a
reduced genotoxic activity due to their sandwich organization [46].

Based on our knowledge, this is the first study reporting the genotoxic effects of the combined
exposure to TiO,NPs and CdCl, of human sperm cells in vitro. The association of the two tested
contaminants leads to a reduction in the single molecules’ genotoxic effects, probably due to the
formation of aggregates, as predicted by the in silico analysis. Although these results could be
interpreted as positive in relation to health risks, we must underline that our data are limited to
an in vitro system; hence, we cannot draw any conclusion on a systemic impact of the co-exposure.
Therefore, considering the widespread existence of these contaminants in the environment, further
studies are necessary in order to clarify the pathways that are responsible for TiO,NPs and CdCl,
genotoxicity and to better clarify their potential interaction.
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Abstract: This paper describes the ecotoxicological effects of nanomaterials (NMs) as well as their
testing methods. Standard ecotoxicity testing methods are applicable to nanomaterials as well
but require some adaptation. We have taken into account methods that meet several conditions.
They must be properly researched by a minimum of ten scientific articles where adaptation of the
method to the NMs is also presented; use organisms suitable for simple and rapid ecotoxicity testing
(SSRET); have a test period shorter than 30 days; require no special equipment; have low costs
and have the possibility of optimization for high-throughput screening. From the standard assays
described in guidelines developed by organizations such as Organization for Economic Cooperation
and Development and United States Environmental Protection Agency, which meet the required
conditions, we selected as methods adaptable for NMs, some methods based on algae, duckweed,
amphipods, daphnids, chironomids, terrestrial plants, nematodes and earthworms. By analyzing the
effects of NMs on a wide range of organisms, it has been observed that these effects can be of several
categories, such as behavioral, morphological, cellular, molecular or genetic effects. By comparing
the ECs values of some NMs it has been observed that such values are available mainly for aquatic
ecotoxicity, with the most sensitive test being the algae assay. The most toxic NMs overall were the
silver NMs.

Keywords: nanomaterials; organisms suitable for simple and rapid ecotoxicity testing SSRET;
ecotoxicological test batteries; ecotoxicology

1. Introduction

Both the study of nanomaterials and that of ecotoxicology are constantly increasing, as evidenced
by the increasing number of scientific articles from Web of Science Core Collection (Web of Science,
Clarivate Analytics) during 2010-2019 (Figure 1a,b). Due to the wide range of applications of
nanomaterials, as well as the increased importance of protecting the environment and analyzing
the ecotoxicity of potential pollutants, investigating the ecotoxicological effects of nanomaterials is
essential. This is also underlined by the increasing number of scientific articles on the ecotoxicity of
nanomaterials from Web of Science Core Collection (Web of Science, Clarivate Analytics) in 2010-2019
(Figure 1c). With the emergence of the need to assess the ecotoxicity of nanomaterials, the need arises
to adapt standard ecotoxicity tests for testing nanomaterials.

Nanomaterials 2020, 10, 610; doi:10.3390/nano10040610 139 www.mdpi.com/journal/nanomaterials
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Figure 1. Bibliometric analysis of research in 2010-2019 from Web of Science Core Collection (Web of
Science, Clarivate Analytics) on (a) ecotoxicity (search strategy: topic search (TS)=(Ecotox*) (containing
“ecotox” in the topic of the articles)); (b) nanomaterials (search strategy: TS=(Nano*)) and (c) ecotoxicity
of nanomaterials (search strategy: TS=(Ecotox* AND Nano*)).

In the present work, a series of bibliometric investigations were carried out to observe and analyze
the state of the research on the ecotoxicity, nanomaterials and the ecotoxicity of the nanomaterials
(Table 1.). These studies have highlighted the importance of research on the ecotoxicity of nanomaterials,
the adaptation of the standard methods for testing the ecotoxicity of nanomaterials, and also highlighted
the need to study the ecotoxicity in case of less studied nanomaterials. All bibliometric data were
obtained from Web of Science Core Collection (Web of Science, Clarivate Analytics) in January 2020.

Table 1. Summary of bibliometric analysis of research on ecotoxicity of nanomaterials (NMs) from Web
of Science Core Collection (Web of Science, Clarivate Analytics) presented in this review.

Ecotoxicity Nanomaterials Ecotoxicity of NMs Ecotoxicity of NMs by Type

6. NMs vs. ecotoxicity of
NMs by topic (Figure 1c
and Figure 15)

1. Ecotoxicity by topic 4. Nanomaterials by
(Figure 1a) topic (Figure 1b)

7. Ecotoxicity of types of
NMs by topic (Figure 17)

8. Categories of NMs and
ecotoxicity of NMs by topic
(Figure 16)

2. Ecotoxicity by title vs. 5. Types of NMs by topic
by topic (Figure 2) (Figure 5)
3. Aquatic vs. terrestrial
ecotoxicity by topic
(Figure 3)
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In this paper we address both the adaptation of the standard ecotoxicity testing methods for
nanomaterials, as well as the mechanisms of the ecotoxicological effects of these nanomaterials
described as their biological and biochemical effects.

1.1. Ecotoxicity

The term “ecotoxicology” was first used by Ernst Haeckel in 1866 in the sense of the “economy of
nature” and the “science of all interactions between organisms and their environment”. In the following
years the science of ecotoxicology was developed as the study, using the tools of toxicology, of the effects
of radiation and chemical pollutants from the biosphere on organisms from the environment [1,2].
In 1969, René Truhaut defined the term “ecotoxicology” as “the branch of toxicology concerned with
the study of toxic effects, caused by natural or synthetic pollutants, to the constituents of ecosystems,
animal, vegetable and microbial, in an integral context” [2].

The ecotoxicological research is under rapid development due to the pollution of the environment
caused by the rapid industrial development and it is speeded up by severe industrial accidents.
Since ecotoxicology became an important part in ecological and environmental risk assessment,
ecotoxicity assessment policies were developed [2].

The environment hazard assessment framework uses ecotoxicity tests which are tools used
to answer questions about the dangers of chemical substances that may be released into the
environment [3].

The percentage of scientific articles by year in the Web of Science Core Collection (Web of Science,
Clarivate Analytics) from the total of articles in 2010-2019 is increasing (Figure 2). This highlights the
increasing importance of ecotoxicological testing in all areas and the necessity of adapting these assays
to the new types of materials.

B Articles published about ecotoxicity - by title B Articles published about ecotoxicity - by topic

Year

15 10 5 0 5 10 15
Percentage of articles published (from total number of articles published in 2010-
2019)

Figure 2. Bibliometric analysis of research on ecotoxicity in 2010-2019 from Web of Science Core
Collection (Web of Science, Clarivate Analytics), the search strategy used to retrieve the data being:
title search (TI)=(Ecotox*) (containing “ecotox” in the title of the articles) and TS=(Ecotox*) (containing
“ecotox” in the topic of the articles).

The ecotoxicological assessment developed as aquatic and terrestrial, the terrestrial assessment
lagging the aquatic one [2]. Although the number of scientific articles published both in the subject
of aquatic ecotoxicity and in terrestrial ecotoxicity is increasing, the ratio between the two types
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remains relatively constant even during the period 2010-2019, the aquatic ecotoxicity being more
researched than the terrestrial one (Figure 3). This highlights the necessity to further develop the study
on terrestrial ecotoxicity to reach the level of the aquatic one, or at least to get close to its level.

Number of articles published on aquatic and terrestrial ecotoxicity by year

m Articles published on aquatic ecotoxicity m Articles published on terrestrial ecotoxicity

Number of articles published by topic

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Year

Figure 3. Bibliometric analysis of research on aquatic and terrestrial ecotoxicity in 2010-2019 from Web
of Science Core Collection (Web of Science, Clarivate Analytics), the search strategy used to retrieve
the data being: TS=(aquat* AND ecotox*) (containing both “aquat” and “ecotox” in the topic of the
articles) and TS=(terrestr* AND ecotox*).

The ultimate concern of ecotoxicology is the establishment of the consequences of the effects at
population level and on whole ecosystems, but in practice much work is done at individual level [4].

Standardized tests under the forms of guidelines were formulated by different organizations, such
as Organization for Economic Cooperation and Development (OECD), United States Environmental
Protection Agency (EPA), International Organization for Standardization (ISO), Government of
Canada (GC) or American Society for Testing and Materials (ASTM). The standardized assay can be
conducted on:

e  aquatic organisms

O algae

O plants

@) invertebrates
@) vertebrates

e terrestrial organisms

algae
plants
invertebrates

O O O O

vertebrates

These assays use a wide range of organisms depending on the type of test needed. A list of these
organisms is provided in Tables 2 and 3.
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Table 2. Algae, plants and invertebrates used in standard ecotoxicity assays.

1 2 Organism Common Name of . Standard
LE ot Category Group Species Guidelines
Anabaena flos-aquae
Cyanobacteria Synechococcus leopoliensis OECD 201;
Microcystis aeruginosa EPA 850.4500;
el pellicul 850.4550;
Skt oty 150 8692 10255
Diatoms Thalassiosira pseudonana 11044; ASTM
E1218-04;

Phaeodactylum tricornutum GC EPS1/RM)25;

Algae Raphidocelis subcapitata
(Pseudokirchneriella
subcapitata; Selenastrum
Green algae capricornutunt)
Desmodesmuis subspicatus
(Scenedesmus subspicatus)

Plants
Dunaliella tertiolecta
1SO 10710;

Red algae Ceramium tenuicorne
OECD 221;
Lemna minor EPA 850.4400;
Duckweed Lemna gibba 1SO 20079; 20227;
Angiosperms Spirodela polyrhiza ASTM E1415-91;
GC EPS1/RM/37;
Great Manna grass Glyceria maxima OECD 239;
e Muyriophyllum spicatum OECD 238; 239;
Watermilfoil Myriophyllum aquaticum ISO 16191;
Aquatic Snails Mud snail Potamopyrgus antipodarum OECD 242;
Pond snail Lymnaea stagnalis OECD 243;
Clams Mercenaria mercenaria EPA 850.1025;
Bivalves , - 850.1055; 850.1710;
Mussel s edulis 150 17244;
ytilus galloprovincialis ASTM E2455.06;
Crassostrea virginica E724-98;
Oyster c J
rassostrea gigas
Oligochaetes Blackworms Lumbriculus variegatus OECD 225; 315;
Tubificid worms Tublfex fubifex .
Branchiura sowerbyi
Gammarus fasciatus
Animals Gammarus pseudolimnaeus EPA 850.1020;
Gammarus lacustris 850.1735; 850.1740;
Amphipods Ampelisca abdita 1SO 16712;
phup Eohaustorius estuaries GC EPS1/RM/26;
Rhepoxynius abronius EPS1/RM/33;
Crustaceans Leptocheirus plumulosus EPS1/RM/35;
Hyalella azteca
Acartia tonsa ISO 14669; 16778;
Copepods Nitocra spinipes 18220;
piip ASTM E2317-04;
Americamysis bahia EPA 850.1035;
Mysids pialend o i " ASTM E1191-03a;
ystdop E1463-92;
Ostracods Heterocypris incongruens ISO 14371;
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Table 2. Cont.

1 2 Organism Common Name of . Standard
LE ot Category Group Species Guidelines
Farfantepenaeus aztecus
(Penaeus aztecus)
Penaeids Farfantepenaeus duorarum EPA 850.1045;
(Penaeus duorarum)
Litopenaeus setiferus (Penaeus
setiferus)
OECD 202; 211;
Crustaceans EPA 850.1010;
Animals 850.1300;
Aquatic Daphnia magna 150 6341; 1_0706’
Water fleas Daphnia pulex 20665;
Ceriodaphnia dubia ASTM E1195-97;
E1295-01;
GC EPS1/RM/11;
EPS1/RM/14;
EPS1/RM/21;
Chironomus riparius OECD 218; 219;
Insects Chironomids Chironomus yohimatsui 233; 235;
Chironomus tenans EPA 850.1735;
Chironomus dilutus GC EPS1/RM/32;
Allium cepa
Avena sativa
Hordeum vulgare
Lolium perenne
Monocots Oryza sativa OECD 208; 227;
Secale cereal EPA 850.4100;
Sorghum bicolor 850.4150; 850.4230;
Triticum aestivum 850.4300; 850.4800;
Zea mays 1SO 11269-1;
; 11269-2; 17126;
Beta vulgaris 18763; 21479; 22030;
Brassica clampelsms var. ASTM E1963-09;
Brzzcshsli’z;n;;;us GC EPS1/RM/45;
. . EPS1/RM/56;
Brassica oleracea var. capitate
Brassica rapa
Cucumis sativus
Daucus carota
Terrestrial Plants Angiosperms Fagopyrum esculentum
Glycine max (Glycine. soja)
Gossypium sp.
Helianthus annuus
. Lactuca sativa
Dicots

Lepidium sativum
Linum usitatissimum
Lotus corniculatus
Phaseolus aureus
Phaseolus vulgaris
Pisum sativum
Raphanus sativus
Sinapis alba
Solanum lycopersicum
(Lycopersicon esculentium)
Trifolium pratense
Trigonella foenum-graecum
Vicia sativa
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Table 2. Cont.

Organism Common Name of . Standard
1 2
LE ot Category Group Species Guidelines
Snails Helicidae Helix aspersa aspersa ISO 15952;
.. 1SO 10872;
Nematodes Caenorhabditis elegans ASTM E2172.01;
OECD 207; 222;
317; EPA 850.3100;
B . 1SO 11268-1;
Oligochaetes Earthworms El;izlli];);;lri‘: 11268-2; 11268-3;
8 17512-1; 23611-1;
ASTM E1676-12;
GC EPS1/RM/43;
Enchytraeus buchholzi OECD 220; 222;
Potworms Enchytraeus albidus 317;
W Enchytraeus crypticus 1SO 16387; 23611-3;
Enchytraeus luxuriosus ASTM E1676-12;
. Hypoaspis aculeifer (Geolaelaps .
Terrestrial ~ Animals Mites aculeifer) OECD 226;
Folsomi did OECD 232;
Springtails oot ;1‘:1”8 - 1SO 11267; 17512-2;
3 GC EPS1/RM/47;
Beetles Oxythyrea funesta I1SO 20963;
Bumble bees Bombus sp. OECD 246; 247;
Insects OECD 213; 214;
. . 237, 245;
Honeybees Apis mellifera EPA 850.3020;
850.3030; 850.3040;
Leaf cutter bees Megachile rotundata EPA 850.3040;
Sweat bees Nomia melanderi EPA 850.3040;
Flies Musca autumnalis OECD 228;

Scathophaga stercoraria

1 LE = life environment; 2 OT = organism type

In Europe, there is a widespread tendency to reduce as much as possible the use of assays that
involve the use of vertebrate organisms. Draft reports from EU REACH Implementation Project 3.3
recommend the use of vertebrates only if necessary. For example, in the aquatic ecotoxicity assessment,
the sequence of testing involves the use of simple organisms for first test, and assays on fish only if
necessary [3].

In conformity with this trend, in the present review, we used the term “SSRET organisms” for
organisms suitable for simple and rapid ecotoxicity testing. We considered as SSRET organisms those
organisms that are superior not from an evolutionary, taxonomical or complexity point of view, but
from the point of view of suitability for ecotoxicity assessment. This term was assigned to species
of plants (algae and vascular plants) and animals (only invertebrates) that are suitable due to their
mechanisms of reproduction, size, culture method and also the lack of a proper ethical regulation,
including only species that are not on the International Union for Conservation of Nature (IUCN) Red
List [5] or protected by law. Only ecotoxicity assays that use SSRET organisms were studied because
these give advantages like short culture period, are cheaper to maintain, need smaller laboratory space,
etc. The organisms used in standard guidelines for ecotoxicity testing also include SSRET organisms
from various categories such as those described in Figure 4.
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Table 3. Vertebrates used in standard ecotoxicity assays.

Organism Type Life Environment Common Name Standard Guidelines

OECD 203; 204; 210; 212; 215; 229; 230;
234; 236; 240; 305;
EPA 850.1075; 850.1400; 850.1730;
1SO 10229; 22082; 7346-1; 7346-2; 7346-3;
Aquatic fish 12890; 15088; 23893-1; 23893-2; 23893-3;
ASTM E1192-97; E729-96; E1241-05;
E1711-12;
GC EPS1/RM/09; EPS1/RM/10;
EPS1/RM/13; EPS1/RM/22; EPS1/RM/28;

OECD 231; 241;
amphibians 1SO 21427-1;
ASTM E1192-97; E2591-07; E729-96;

OECD 205; 206; 223;

Vertebrates

Terrestrial birds EPA 850.2100; 850.2200; 850.2300;
errestria ASTM E857-05;
EPA 850.2400;
mammals

ASTM E1163-10; E1619-11;

Algae

Organisms used

for ecotoxicity
testing

e

Plants

Plants
Aquatic Terrestrial
Snails o
Insects
Insects Nematodes
CIZIVES
Crustaceans y ] Oligochaetes
Springtails

Oligochaetes
Mites

Figure 4. Categories of organisms that are used in standard guidelines for ecotoxicity assessment,
several of the mentioned organisms being suitable for simple and rapid ecotoxicity testing (SSRET).

The assays that use vertebrates and other unsuitable animal species, including fish, amphibians,
reptiles, birds and mammals, that are subjected to ethical regulations and that are difficult to use in
ecotoxicity assays due to their larger size, longer reproduction cycles and difficult culture methods, were
excluded from our study. The assays conducted on vertebrates, even though they are needed in some
cases, present disadvantages like ethical problems, expensive culture methods, long testing periods.

1.2. Nanomaterials

“Nanomaterial” (NM) is a term that usually describes materials that have external dimensions
or internal structures measured in nanoscale. The materials exhibit additional or different unique
properties, than the same chemical substance in non-nano form (bulk material or pristine chemical),
such as optical, magnetic, conductive, mechanical and often biological properties [6]. The definition
of nanomaterials (NMs) according to the International Organization for Standardization (ISO) is: a
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nanomaterial is a material with any external dimension or internal structure or surface structure in the
nanoscale (1-100 nm) [3].

In this study the term “nanomaterial” is addressed to any chemical or mixture resulted after
a chemical reaction or a physical process and which have at least one dimension in nanorange.
Anthropogenic bionanomolecules are named bionanomaterials (BNMs) and natural biomacromolecules
(polymers such as proteins, polysaccharides, nucleic acids), which naturally possess at least one
nanodimension, are not named nanomaterials but pristine bionanomolecules (PBNMs).

To properly understand and appreciate the diversity of NMs, some form of classification is required:

e by dimension

zero-dimensional (0D)
one-dimensional (1D)
two-dimensional (2D)

O O O O

three-dimensional (3D)

e by composition

@) carbon based NMs
O organic based NMs
O inorganic-based NMs

] metal-based NMs
] metal oxide NMs

O composite-based NMs [6]

Nanomaterials with all dimensions (X, y, z) less than 100 nm and length equal to width are
zero-dimensional nanoparticles (0D-NPs). This class of NMs includes mostly spherical materials, but
cubes and polygonal shapes can also be found. Types of 0D-NPs are: molecules, particles, atomic
clusters and grains, for example silver and gold nanoparticles and quantum dots [6,7].

Nanomaterials with two dimensions (x, y) less than 100 nm and one dimension beyond the
nanoscale (> 100 nm) are 1D-NMs. Examples of 1D-NMs are nanotubes, nanowires, nanofilaments,
nanofibers, nanorods, nanowhiskers, etc. [6,7].

The materials that have three arbitrary dimensions beyond the nanoscale (> 100 nm) but have a
nanocrystalline structure or involve the presence of features at the nanoscale are 3D-NMs. Examples
of 3D-NMs include bulk materials composed of individual blocks, such as skeletons of fibers and
nanotubes, honeycombs, composites of layers, fullerites, etc. [6,7].

Nanomaterials can be classified into two main categories: natural NMs, which existed in
the environment long before the nanotechnology era started, and anthropogenic NMs. Airborne
nanocrystals of sea salts, soil colloids, fullerenes, carbon nanotubes, biogenic magnetite etc. are
some examples of natural NMs. Anthropogenic NMs can be further divided into two categories:
incidental and engineered/manufactured. Incidental NMs are produced unintentionally in manmade
processes (e.g., carbon nanotubes, carbon black and fullerenes, platinum and rhodium-containing
nanoparticles from combustion byproducts). Engineered/manufactured NMs are materials that are
produced intentionally due to their nanospecific properties [8].

The largest percentage of scientific articles on nanomaterials from the Web of Science Core
Collection (Web of Science, Clarivate Analytics) in 2010-2019 is observed in the case of carbon
nanotubes, followed by fullerene-based nanomaterials and those from gold and silver. The least
investigated are the nanomaterials from polyhydroxyalkanoates, polylactic acid, alginate and cerium
(Figure 5).
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Figure 5. Bibliometric analysis of research on various types of nanomaterials in 2010-2019 from Web of
Science Core Collection ( Web of Science, Clarivate Analytics), the search strategy used to retrieve the
data being: TS=(Nano* AND polyhydroxyalk*), TS=(Nano* AND polylact*), TS=(Nano* AND algin*),
TS=(Nano* AND cellulos*), TS=(Nano* AND Chitosan*) TS=(Nano* AND fuller*), TS=(Nano* AND
graphen*), TS=(Nanotub* AND carbon*), TS=(Nano* AND cerium*), TS=(Nano* AND cadmium?*),
TS=(Nano* AND platinum*), TS=(Nano* AND cobalt*), TS=(Nano* AND aluminum*), TS=(Nano* AND
zinc*), TS=(Nano* AND titanium*), TS=(Nano* AND copper*), TS=(Nano* AND iron*), TS=(Nano*
AND silver*) and TS=(Nano* AND gold*).

Nanotechnology is an interdisciplinary field with enormous potential in the fields of clean energy,
medicine, chemistry, physics, nano-electronics, agriculture, astronomy, and environmental remediation.
The physical, chemical, biological, catalytic and optical properties of materials become different from
their bulk counterparts when their size becomes nanoscale (1-100 nm) [9].

2. Ecotoxicity Assessment of Nanomaterials on SSRET Organisms

In recent years the manufacturing, production and use of engineered nanomaterials (ENMs) in a
wide range of products has increased. Releases of ENMs may occur during the use of nano-enabled
consumer and industrial products either by nonintentional releases, like weathering of products
containing NMs, intentional releases, like NMs used for environmental remediation, or accidental
releases, like accidental spills during production, transportation or disposal [10].

There is a trend to include the ecotoxicity tests as part of the safe-by-design concept of creation,
fabrication, utilization and disposal of ENMs.

Ecotoxicity assays can be either acute (short-term) or chronic (long-term). Acute assays are the
most common measurement of ecotoxicological effects and are frequently used first to evaluate the
survival of the organisms. Chronic tests are used when results from short-term tests combined with
large safety factors suggest that there may be risks to the environment. These assays evaluate the
sublethal effects on organism growth or reproduction [3].
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The assessment of ecotoxicological effects of previously untested substances, as in the case of
nanomaterials, is a challenging task. NMs are very rarely tested as potential pollutants, in contrast
with their large diffusion. The main difficulties in assessing toxicity are a consequence of their colloidal
nature and dynamics, as systems in which smaller or larger aggregates can form in poorly predictable
ways, making it difficult to measure shape, size and concentration in the final sample. A basic
requirement for good practice in toxicology laboratories is the use of approved or certified standards,
which seems far from fulfillment in the case of NMs. The organization of the dispersed nanophase, in
all naturally occurring systems like water, soil, air and their combinations, depends equally from the
physical chemistry of the ENMs and from that of the environment, as well as from the modalities of
suspension [11].

The assays selected for the ecotoxicity test battery for the assessment of the ecotoxicological
effects of nanomaterials must be suitable for NMs because these materials present specific properties,
different from their bulk materials, which may not be compatible with the assessment methods from
the standard guidelines. There are several aspects in which NMs could interfere with the testing
methods such as:

e agglomeration in test media during the procedures of test suspensions preparations;

e agglomeration, dissolution, and association with dissolved chemical species and
colloidal/particulate matter already present in the natural waters;

e sedimentation due to agglomeration in the water column;

e  chemical transformation processes such as sulphidation, hydroxylation;

e adhesion/deposition of nanomaterial onto soil minerals [10].

To our knowledge, there are not yet published articles or other documents stating that one or
more of the standardized ecotoxicity assays are not suitable for NMs. Furthermore, the conclusion of
the OECD Working Party on Manufactured Nanomaterials (WPMN) was that, in principle, the test
guidelines are considered to be suitable also for the testing of NMs, although some adaptations were
found to be necessary [12].

Since the assessment of ecotoxicity of NMs is imperative, the already developed and standardized
assays must be sorted and selected, in order to create an efficient and adapted ecotoxicity test battery
for NMs. Thus, we considered that an assay can be used to test NMs if the following conditions
(Figure 6) are met:

e minimum 10 articles have already been published with the assay applied and adapted to NMs;
e only SSRET organisms are used;

e  assessment period not longer than 30 days;

e no special apparatus or training needed;

e low testing costs;

e  high-throughput methods (if possible).

Even if the majority of the standard tests could be adaptable, we only considered those that
have already been published in minimum 10 scientific articles in which the assay was applied and
adapted to NMs. We chose this rule in order to ensure that the theoretical adaptability is proven by
research results.

Assays that have testing periods longer than 30 days were excluded because the ecotoxicity test
battery’s purpose is to make the testing easier and more relevant. Also, the companies that produce
NMs or products that contain NMs, want to test their materials as fast as they can to ensure their profit,
thus they cannot wait long periods of time for the results.
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Should be adaptable
for high throughput
screening

1. Researched
Minimum 10 articles
published on the
adapted assay

fi

ADAPTABLE
METHODS FOR
NMS SELECTION
CONDITIONS

5. Low cost
Must not have high

costs for testing and
cultivating organisms

2. SSRET Organisms
Only organisms suitable
for simple and rapid
ecotoxicity testing are used

4. NO special
equipment

No special equipment

or training is required

3. Short testing
period
Maximum 30 days

testing period

Figure 6. Condition for the selection of standard methods for ecotoxicity assessment that can be
adapted for nanomaterial.

The use of special apparatus and/or special training increases testing time by forcing the companies
to search for laboratories that have these specific apparatus and staff. These kinds of assays can also
increase the cost of testing since special reagents might be needed. The cost of the assessment is
important too, since the profit of a company that produce NMs or products that contain NMs depends
on the cost of testing.

An ideal ecotoxicity test battery should be easy and fast to apply, with specific tests for the
selected material, and, in this case NMs, give relevant data for the material’s safety for the environment.
From this point of view, high-throughput assays would be the best choice since these minimize the
time of the test, by conducting several tests at once, and reducing the quantities of reagents needed,
thus lowering the costs too. High-throughput screening (HTS) is an alternative technique to the
“classical” method for scientific experimentation that allows a researcher to quickly conduct several
tests concomitantly, by using, for example, a microtiter plate instead of test tubes.

An ideal ecotoxicity test should be predictive (the effect of NMs should be predictable outside the
range of tested concentration) and transferable (the effect of NMs should be the same or very similar
on non-tested organisms).

From the tests listed in Table 4, which contains assays with testing time less than 30 days, only the
tests that are compatible or adaptable for nanomaterials are selected and described. If a test is widely
used for nanomaterials (minimum 10 articles published) but the majority of the described adaptations
are only for the NM suspension preparation, it is still described if at least a few test adaptations are
mentioned. Also, the tests that cannot be made without special apparatus or training were eliminated
from the descriptions. The tests that were eliminated are listed below:

e the watermilfoil assays (sediment free toxicity assay and water-sediment toxicity assay) were
eliminated due to the restricted number of published articles; in the published articles there are
presented only the modification for the preparation of NM suspension, but not for the assay itself;

e the snail assays (on mud snail and on pond snail) were eliminated due to the restricted number
of published articles, because bioconcentration was primarily assessed which takes longer than
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30 days and because it involves the use of special apparatus like a flame atomic absorption
spectrometer or MC-ICP-MS (Multicollector-Inductively Coupled Plasma Mass Spectrometer);

e thebivalve, aquatic oligochaetes, mysid, penaeid, enchytraeid, mite, springtail and the bumblebee
assays were eliminated due to the restricted number of published articles; the published articles
present only the modification for the preparation of NM suspension, but not for the assay itself;

e the fly assay was eliminated because only a few articles were found for ecotoxicity assessment of
NMs; even if there are numerous ecotoxicity articles for NMs using as test organism Drosophila sp.,
these assays were not included in the description due to a lack of standardization.

Table 4. Analysis of ecotoxicity assays that correspond to the criteria described above. For simplification
of table only tests less than 30 days are showed.

LE! oT? Organism Test NMAP3  SAT* D>
Aloae Growth inhibition 4 X 72h
& Toxicity v X 96 h
Growth inhibition 4 X
Plants Duckweed Toxicity v X 7 days
Sediment free toxicity X X
ilfoi 14
Watermilfoil Water-sediment toxicity X X days
Mud snails Reproduction X X 28 days
Pond snails Reproduction X X 28 days
Bivalves Acute toxicity X X 4896 h
Oligochaetes Sediment-water toxicity X X 28 days
Aquatic : Acute toxicity v X 96 h
Amph:
mphipods Spiked whole sediment toxicity v X 10 days
Mysids Acute toxicity X X 96 h
Animal Penaeids Acute toxicity X X 96 h
nimais Acute immobilization v x 48h
Acute toxicity v X 48 h
Water fleas Chronic toxicity 4 X 21 days
Reproduction v X 21 days
Acute immobilization v X 48h
Chironomids Sedlmenf-water t.o xicity with v X 20-28 days
spiked sediment
Sedlment—water toxicity with v X 20-28 days
spiked water
Spiked whole sediment toxicity v X 10 days
Early seedling growth toxicity v X 14 days
Plants Angiosperms  Seedling emergence/Seedling v X 14-21 days
growth
Vegetative vigor v X 21-28 days
Nematodes Toxicity v X 9 h
Earth Acute toxicity (contact and soil) v X 14 days
arthworms Subchronic toxicity v X 28 days
Terrestrial Mites Reproduction X X 14 days
Springtails Reproduction X X 21-28 days
Bumbleb Acute contact toxicity X X 4896 h
Animals ~ WTPIERees Acute oral toxicity X X 48-96 h
Acute contact toxicity X X 4896 h
Acute oral toxicity X X 4896 h
Honeybees Chronic oral toxicity X X 10 days
Larval toxicity X X 7 days
Toxicity of residue on foliage X X 24h
Flies Developmental toxicity X X 18-23 days

1 LE = life environment; 2 OT = organism type; > NMAP = nanomaterial adaptation possibility; * SAT = special
apparatus and training; > TD = test duration.

Only eight standard assays were selected as being adaptable for NMs, five aquatic assays and

three terrestrial ones: the algae, duckweed, amphipods, daphnids, chironomids, terrestrial plants,
nematodes and earthworm assay (Figure 7).
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Duckweed

H Nematodes

Figure 7. Standard assays selected to be adaptable for NMs.

3. Description of Ecotoxicity Assays Suitable for Nanomaterials and the Necessary Adaptations

3.1. General Adaptations and Considerations

Multiple factors need to be taken into consideration when bioassays involving exposure to
suspended NMs are interpreted, such as: the relevance and the appropriateness for assessing the tested
NMs; the accuracy of the representation of the exposure, e.g., whether the frequency of characterization
measurements sufficient to capture changes in exposure during the bioassay; the consistency of
the exposure, such as stable concentration, agglomeration and dissolution; whether maintaining a
consistent exposure is possible in the bioassay method-specific test system; whether nanospecific
bioassay acceptability criteria, e.g., sufficiently consistent exposure concentration with respect to
agglomeration and dissolution, are met; and whether the characterization and monitoring data during
the bioassay are amenable to expressing data by an alternative dose metric [13].

3.1.1. Physico-Chemical Adaptations and Considerations

A wide range of dispersing techniques is used (application of solvents, dispersion or stabilizing
agents, bath or probe sonication, stirring, etc.) and the methods also vary with respect to applied
concentrations, time, etc. The NMs could be significantly altered by the preparation method, the used
solvents could interact producing toxic byproducts and the properties of the dispersions depend on the
dispersing method, and thus the ecotoxic effects of the NMs could be influenced and the comparability
between tests could be hampered [14].

As described by previous OECD documents for metal toxicity testing, such as algae testing, it is
important to exclude metal chelators such as ethylenediaminetetraacetic acid (EDTA) for NMs where
dissolved metal ions may impact the toxicity (e.g., ZnO ang Ag NPs). The interactions between the
chelators and the NM surface may influence the NM behaviors and transformations [13].
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3.1.2. Biological Adaptations and Considerations

It is important to ensure that only the portion of the contaminant that has actually accumulated is
considered when bioaccumulation, bioconcentration, bioamplification and trophic transfer factor (TTF)
are assessed in ecotoxicity studies. Only contaminants that are absorbed inside the organism must be
considered. The contaminants should not be considered if these are on the surface of the organism or if
these are ingested but can be eliminated by simple excretion. Thus, NMs that are trapped inside the
digestive tract and prevent normal exchanges such as nutrient uptake, which can result in physiological
impairments, should be considered as accumulated. To correctly consider a NM accumulated in the
digestive tract, the organisms should be rinsed and allowed to depurate (i.e., they should be placed
in a non-contaminated environment long enough for complete excretion to occur) so that only the
absorbed contaminant is left in the organism. Absorption of NMs by the organism can result from
several processes such as direct entrance in the cell (e.g., intestinal, skin or gill cells) or crossing of
epithelial barriers through intercellular junctions to enter the blood circulation and then be distributed
to the whole organism, without entering the cells [15].

3.2. Aquatic Plants Used for Ecotoxicity Testing of Nanomaterials

3.2.1. Algae

These organisms are used in ecotoxicity assessment through growth inhibition and toxicity assays.
These assays are regulated by several standard guidelines created by organizations like OECD [16],
EPA [17,18] and ISO [19,20].

The purpose of these assays is the determination of the ecotoxic effects of a substance on the
growth of freshwater microalgae and/or cyanobacteria (Figure 8). Test organisms that are in the
exponential growth phase are exposed to the test substances over a period of 72 hours (during which
effects over several generations can be assessed), which can be extended to 96 hours for the assessment
of toxicity by obtaining population growth data such as cell density [16,17].

e  Adaptations

O an EDTA-free version of the OECD medium for Raphidocelis subcapitata is recommended
for metallic NMs [12];

O by supplying iron as FeSO, instead of FeCls, the OECD medium permits a better growth
for the algae. With this medium the amount of phosphorus is also increased, as mono and
dibasic salts [12];

O a shacking procedure is recommended during the tests [21];

O the determination of algal biomass by cell counting with a hemocytometer is very laborious,
has a large variance and it may not reflect the true biomass if there are changes in the mean
size of the cells as a response to a toxicant or other condition. The interference caused by
NMs could be avoided by the determination of biomass by fluorometry followed by Chl a
extraction [12];

@) the determination of in vivo chlorophyll content could be realized in microtiter plates but
NMs might interfere with the measurements [21];

O the in vivo determination of fluorescence was found to be an unstable parameter; it depends
on the prior light exposure of the culture, since different results are obtained by the repeated
measurement of chlorophyll on the same sample [12];

O the most reliable quantification method of algal biomass for testing the effects of NMs has
been found to be the measurement of fluorescence of chlorophyll extracts. However the
background fluorescence of the NMs should be reduced as much as possible [21].
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e Uptake

O The uptake of NMs in bacteria or algae can’t take place without the attraction of the NMs
to a biofilm or their absorption to a substrate. The attachment of NMs to the cell membrane
is assumed to take place via electrostatic attraction, but there are other forces that could be
involved such as random collision. If no uptake is observed in microalgae it is possible
that the concentration of NMs was too low for attachment by collision to occur or that the
electrostatic attraction was too weak for adsorption to have taken place [22].

@) Released metal ions from metallic NMs may diffuse across cell membranes. For some
cyanobacteria (e.g., Anabaena flos-aquae), however, by the production of extracellular
polysaccharides the internalization of NMs could be avoided due to the electrostatic
interaction of these substances with NMs, which are entrapped outside the cell [22].

e  Advantages

short testing period of 72-96 hours;

high-throughput assay microplates can be used;
simple culture method;

simple quantification method: chlorophyll extraction;

O O O OO0

one of the most sensitive ecotoxicological assays [23].

e  Disadvantages

O fluorescence reader is necessary for optimal chlorophyll quantification;

@)

NM-algae aggregates may form: heteroaggregation of NM-algae was reported [21];

@) NMs may cause shading by scattering the light from reaching algal cells and thereby
reduce their growth rate, rather than or in addition to any toxic effect. Even if the algae can
temporarily overcome the shading from distant NMs, the adhesion of NMs to the algal
cells can result in permanent shading and limitation of nutrient availability [24];

O if optical density measurements are used, there could be interferences with the NMs [23].

Lt en"

(@) (b) (0) (d)

Figure 8. Examples of algae that can be used for ecotoxicity assessment: (a) cyanobacteria; (b) diatoms
and (c,d) green algae.

3.2.2. Duckweed

These organisms (Figure 9) are used in ecotoxicity assessment through growth inhibition and
toxicity assays. These assays are regulated by several standard guidelines formulated by organizations
like OECD [25], EPA [26] and ISO [27,28].
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Figure 9. Example of duckweed species recommended for ecotoxicity assessment by standard
guidelines: Lemna minor (common duckweed).

Exponentially growing duckweed cultures are grown as monocultures in test substances of
different concentrations over a period of seven days. The quantification of substance-related effects on
vegetative growth can be based on the assessment of different variables such as frond number, which is
the primary variable of measurement, and at least one other (e.g., total frond area, fresh or dry weight,
chlorophyll content). The endpoint of this assays is percent inhibition in average specific growth rate
and 50 percent inhibition (ICsp) [25].

e  Adaptations

O the careful stirring twice a day of the growth medium is recommended to minimize the
sedimentation of NMs [29];

@) it is recommended to wash the plant samples using EDTA-Na; (0.02 M, five times) and
distilled water (five times) to avoid the possible attachment of metallic NMs to the
samples [30].

e  Advantages

O simple cultivation method;

O can be grown indefinitely as genetically homogeneous clonal colonies due to their
predominantly vegetative reproduction [31];

O ready contact with substances dissolved in the culture medium is ensured by their high
surface-to-volume ratio and lack of cuticle on their surface in contact with water [31];

O some species of duckweed have a wide pH tolerance such as Spirodela polyrhiza [32].

e Disadvantages

O medium testing period: seven days;
O relatively large laboratory space necessary for testing of multiple experiments at once;
@) the actual environmental conditions, under which the test organisms live in nature, are not

accurately reflected by the standard experimental conditions employed in any standardized
duckweed toxicity test [31].

3.3. Aquatic Invertebrates Used for Ecotoxicity Testing of Nanomaterials

3.3.1. Amphipods

These organisms (Figure 10) are used in ecotoxicity assessment through acute toxicity and spiked
whole sediment toxicity assays. These assays are regulated by several standard guidelines formulated
by organizations like EPA [33-35] and ISO [36].
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Figure 10. Example of amphipod species that can be used for ecotoxicity assessment: Gammarus sp.

In the acute toxicity assay, young gammarid amphipods are exposed to the test substance and
to appropriate controls for 96 hours. Observations are made regarding the survival of the organisms
and other toxic effects. The relationship between aqueous concentrations of the test substance and
mortality of gammarids over the full concentration-response curve is determined by this assay [33].

The spiked whole sediment toxicity assay involves the monitoring of amphipods during the test for
sediment avoidance and other toxic effects observable without disturbing the sediment. The survival
and growth are determined at the termination of the test [34,35].

e  Adaptations

O only NM suspension preparation adaptations are specified.

e Advantages

O short testing period for the acute toxicity assay: 96 hours.

e Disadvantages

O relatively large laboratory space necessary for testing of multiple experiments at once.

3.3.2. Daphnia

These organisms (Figure 11) are used in ecotoxicity assessment through an acute toxicity
(immobilization) assay or a reproduction assay. Both assays are regulated by several standard
guidelines formulated by organizations like OECD [37,38], EPA [39,40] and ISO [41-43].

The acute toxicity assay involves the use of young daphnids (with age less than 24 hours at the
start of the test) and their exposure to the test substance at a range of concentrations for a period of 48
hours. The endpoint of this assay is immobilization (lack of motility) of daphnids, which is recorded at
24 hours and at 48 hours and compared with control values. The half maximal effective concentration
at 48 hours is calculated by analyzing the obtained results [37].

In the reproduction assay young female daphnids (aged less than 24 hours) are exposed to the test
substance (at a range of concentrations) added to water. The assessment of the effect of chemicals on
the reproductive output of daphnids is the primary objective of this assay. At the end of the test, after
21 days, the total number of living descendants produced is determined. Other ways can be also used
for the expression of the reproductive output of the parent animals but these should be reported in
addition to the total number of living offspring produced at the end of the test [38].
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Figure 11. Example of daphnia species recommended for ecotoxicity assessment by standard guidelines:
Daphnia magna.

NMs or NM-algae associations could be consumed by Daphnia magna. The water with the NMs
is funneled towards the daphnia’s mouth by its feeding appendages. In the gut lumen, the NMs are
accumulated after being compacted by the undigested food and other materials. The accumulation of
NMs in the gut lumen and their condensation into a tightly packed form was also observed in marine

copepods such as Tigriopus japonicus [22].

e  Adaptations

(@)

the use of a medium with a very low ionic strength, under which daphnids can grow
and reproduce normally, and which has a pH value where more stable dispersions can be
obtained is recommended [12];

NMs can be absorbed on the exoskeleton, cuticle and antenna of crustaceans like daphnids.
This influences the mobility, molting and swimming velocity of the tested crustaceans.
Thus, the inclusion of both lethality and immobilization assays is recommended. The use
of only immobility as endpoint, such as the OECD assay, may be problematic in cases
where immobility reflects physical impairment rather than toxicity [24];

to prevent the mechanical impairment of daphnids by absorbed NMs, a mesh could be
inserted at the bottom of the test vessel to prevent the contact of the daphnids with larger
clusters of NMs that accumulate at the bottom of the beaker [24];

greater water hardness is used for Daphnia magna growth and reproduction assays which
leads to a greater agglomeration rate of NMs for charge-stabilized NMs, resulting in less
consistent exposure. Thus, using daphnid species that are adapted for softer waters is
recommended (such as Daphnia pulex) [13];

to increase the contact between the daphnids and the NMs the use of shallow test vessels
or semi-static and flow-through systems is recommended [21];

the feeding of daphnids during the reproduction assay is not recommended. It was
observed that the outcome of the test is food quantity dependent, as the addition of higher
food levels resulted in higher animal survival, growth and reproduction compared to tests
with lower food levels. Also, the uptake of NMs is influenced by the presence of food.
This may influence the chronic effects found in long-term exposure tests. Furthermore,
the presence of food (algae) in daphnia reproduction test may affect the observed toxicity,
due to the interaction of NMs with algal exudates which affect the bioavailability of the
NMs [24].
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e Advantages

O short testing period for acute toxicity assay: 48 hours;
O daphnia are particle-feeding organisms, a relevant model for NMs [23];
O daphnids are one of the most sensitive organisms used in ecotoxicity assessment of

chemicals [37].

e Disadvantages

long testing period for reproduction and chronic assays: 21 days;

high sample volume is required (50 mL per concentration) [23];

test medium may induce agglomeration and sedimentation of NMs [44];

NMs may affect the movement of the daphnids by provoking physical effects on their
surface [21].

O O O O

3.3.3. Chironomids

These organisms (Figure 12) are used in ecotoxicity assessment through a sediment water toxicity
assay or a sediment water life cycle toxicity assay, using either spiked sediment or spiked water or an
acute immobilization assay. These assays are regulated by several standard guidelines formulated by
organizations like OECD [45-48] and EPA [34].

Figure 12. Example of chironomid that can be used for ecotoxicity assessment.

The sediment water toxicity assay with spiked sediment involves the exposure of first instar
chironomid larvae to a concentration range of the test chemical in sediment-water systems, where the
test substance is spiked into the sediment. The first instar larvae are subsequently introduced into test
beakers with stabilized sediment and water concentrations. At the end of the test the emergence and
development rate of chironomids are measured. If required, after ten days, the larval survival and
weight can be also measured [47].

The sediment water toxicity assay with spiked water involves the exposure of first instar
chironomid larvae to a concentration range of the test chemical in sediment-water systems, where the
test substance is spiked into the water. At the end of the test the emergence and development rate of
chironomids are measured [48].

The sediment water life cycle toxicity assay with spiked water or sediment involves the exposure
of first instar chironomid larvae to a concentration range of the test substance in a sediment-water
system. The first instar larvae (first generation) are placed into test beakers that contain the test
substance spiked into the sediment or water. At the end of the test the chironomid emergence, time
to emergence and sex ratio of the fully emerged and living midges are assessed. To facilitate the
swarming, mating and oviposition of the emerged adults, these are transferred to breeding cages and
the number of egg ropes produced is assessed. The second generation first instar larvae obtained from
these egg ropes are then placed into freshly prepared test beakers to determine their viability through
an assessment of their emergence, time to emergence and the sex ratio of the fully emerged and living
midges [46].

The acute immobilization assay involves the exposure of first instar Chironomus sp. larvae to arange
of concentrations of the test substance in water-only vessels for a period of 48 hours. The immobilization
of the chironomids is recorded both at 24 hours and at the end of the test, at 48 hours [45].
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e  Adaptations

O an additional parameter is recommended for the assessment of the toxic effects.
This parameter is represented by morphological malfunctions revealed by the analysis of
the mouthpart structures [49].

e Advantages
O short testing period for acute tests: 48 hours;
O chironomids have a widespread distribution. The aquatic sediment environment is strongly

influenced by them through processes such as sediment ingestion, digestion, resuspension,
excretion, and secretion, bioirrigation and bioturbation [50].

e Disadvantages

O long testing periods for the sediment—water system tests: 10-28 days.

3.4. Terrestrial Plants Used for Ecotoxicity Testing of Nanomaterials

These organisms (Figure 13) are used in ecotoxicity assessment through an early seedling growth
toxicity, a seedling emergence and seedling growth assay and a vegetative vigor assay. These assays are
regulated by several standard guidelines formulated by organizations like OECD [51,52], EPA [53-55]
and ISO [56-60].

(d) (e) ®)

Figure 13. Examples of terrestrial plant species recommended for ecotoxicity assessment by standard
guidelines: (a) Cucumis sativus (cucumber); (b) Trifolium pratense (red clover); (c) Lotus corniculatus
(common birdsfoot trefoil); (d) Phaseolus vulgaris (common bean); (e) Pisum sativum (pea) and
(f) Helianthus annuus (sunflower).
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The effect of a test substance applied to the roots or the leaves of several terrestrial plant species is
assessed thorough the early seedling growth toxicity assay. After germination of seeds planted in the
potting containers, seedlings are thinned (by pinching the stem at the support medium surface) to the
10 most uniform seedlings per pot to which the test substances are applied. The application of the test
substances can produce either a foliar exposure (by exposing the plants in a fumigation chamber to
gas or by spraying or dusting the foliage) or a root exposure (by nutrient solution or by sorption to
support media). Seedlings emerging after this time are also pinched off at the surface. After 14 days,
the plants are harvested, and their growth is analyzed by parameters such as observed phytotoxicity,
length or dry weigh of the shoot or the root, seedling survival, length and weight of whole plants [55].

The effects of a test substance dosed to soil are assessed on seedling emergence and early growth
of higher plants. The effects of the test substance on seeds are assessed after 14-21 days, after 50%
emergence of the seedlings in the control group. Visual assessment of seedling emergence, dry or fresh
shoot weight or height and visible detrimental effects on different parts of the plant are the measured
endpoint of this assays, which are compared to those of untreated control plants [51].

Following deposition of the test substance on the leaves and above-ground portions of plants,
the potential effects of those test substances are assessed through the vegetative vigor assay. The test
substance is sprayed on plants, grown from seed to the 2—4 leaf stage, and their leaf surfaces at different
concentrations. At various intervals through 21-28 days from treatment, the plants are evaluated for
effects on vigor and growth against untreated control. Shoot dry or fresh weight and height, and visible
detrimental effects on different parts of the plant are the assessed endpoints of this test [52].

e  Adaptations

@) to avoid NMs precipitation, which are poorly soluble in water, and to distribute NMs
evenly, the use of plant agar tests is recommended. In the preparation of the agar solutions,
to avoid the possible precipitation of NMs, the test plates were immediately hardened after
pouring in a freezer [61].

e Advantages

@) plants are critical to the function of ecosystems and the integrity of the food supply, thus
plants being an essential component of the environment [62];

O NMs are of an extensive interest for application on plants for uses in agriculture and
horticulture [63].

e Disadvantages
O long testing periods: 14-28 days;
O the analysis of NM content of plants may imply the use of special apparatus like ICP-MS [61];
O special techniques like the scanning electron microscopy-cathodoluminescence technique

may be used for the analysis of NM content of agar paste [61];
©) the biological effects determined could depend on the species selected for the assay [64].

3.5. Terrestrial Invertebrates Used for Ecotoxicity Testing of Nanomaterials

3.5.1. Nematodes

These organisms (Figure 14) are used in ecotoxicity assessment through a soil and sediment
toxicity test on growth, fertility and reproduction of Caenorhabditis elegans. This assay is regulated by
several standard guidelines formulated by organizations like ISO [65] and ASTM [66].
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Figure 14. Example of nematode that can be used for ecotoxicity assessment.

The soil and sediment toxicity test on growth, fertility and reproduction of Caenorhabditis elegans

involves the maintenance of nematode stock cultures grown on agar medium. For the aqueous assay,
the stock solutions are transferred to 12-well microplates, while for the soil and sediment assays, the
dry material is placed into test vessels and moistened with medium (to achieve 40% water content for
the artificial control sediment and the soil samples and original water content for natural sediment
samples). Escherichia coli suspended in medium is then mixed into the aqueous, sediment, and soil
samples as food supply. At the end of the test, after 96 hours, the worms are heat-killed and then
mixed with an aqueous solution of rose Bengal to stain them for easier counting [67].

e  Adaptations

(@)
(@]

the NM suspension can be prepared by sonication [68];
during the test, the testing plates can be shaken [68].

e Advantages

O
O
O

(@)

short testing period: 96 hours;

can be applied in microplates, thus it is a high throughput assay [68];

a major change in the abundance of soil invertebrates such as nematodes, which are key
organisms in soil, could have serious adverse effects on the entire terrestrial system [66];
due to its ability to grow and reproduce in both soil and aqueous environments,
Caenorhabditis elegans is a well suited organism for toxicity assessment [69].

e Disadvantages

(@)

O

NDMs can aggregate and may settle on the bottom of test vessels. This could potentially
increase the local concentration and exposure to the NMs and could also change the
exposure from NMs to NM aggregates [69];

the reproductive output could be decreased by the shacking of the test vessels [69];

3.5.2. Earthworms

These organisms (Figure 15) are used in ecotoxicity assessment through an acute toxicity assay,
and a subchronic toxicity assay. These assays are regulated by several standard guidelines formulated
by organizations like OECD [70], EPA [71] and ISO [72].
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Figure 15. Example of earthworm that can be used for ecotoxicity assessment.

The simple contact acute toxicity test involves the exposure of earthworms to test substances
on moist filter paper to identify potentially toxic chemicals to earthworms in soil. This test gives
reproducible results with the recommended species and it is easy to perform [70].

Data more representative of natural exposure of earthworms to chemicals can be obtained using
the artificial soil acute toxicity test. In this test earthworms are kept in samples of a precisely defined
artificial soil to which a range of concentrations of the test substance has been applied. Mortality is
assessed seven and 14 days after application [70].

The subchronic toxicity assay involves the placement of acclimated worms in test chambers that
contain artificial soil with the test substance. The earthworms ingest the soil mixture and at the end of
the test, after 28 days, their mortality and other effects are assessed [71].

e  Adaptations

@) the reduction of organic matter content of the standard OECD soil is recommended, due
to the reduction of bioavailability of NMs by artificial soil (the NMs are absorbed to soil
organic matter) [12];

@) it is recommended to dose the NMs by directly adding the dry nanopowder to the soil,
because it was observed that NMs agglomerate in water at the concentration needed for
the dosing of the soil [73];

O to ensure a continuous exposure even if the worms would attempt to escape into the added
food mixture, the food should also be dosed with NMs [73].

e  Advantages

O Eisenia fetida is a recommended species for ecotoxicity assays as it can be easily cultured in
the laboratory [74];
O earthworms represent 60-80% of the total soil biomass and have a wide range distribution

of soil, thus being an ideal organism for use in ecotoxicity assays, as these are also sensitive
organisms that are readily available. Furthermore, historical data are available for their
use in ecotoxicity assessment [74].

e Disadvantages
O long testing period: 14-28 days.

4. Ecotoxicity of Nanomaterials

Nanotechnology is slowly becoming an essential part of daily life in different forms, such as
pharmaceuticals, food packaging, biosensors, cosmetics etc., and thus it might present an unintended
risk to human health and the environment [9].
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The environment could be polluted intentionally or accidentally by large quantities of NMs due
to the increasing presence of these materials in commercial products. It is crucial that the potential
environmental and health impacts of NMs are assessed and the environment is protected to ensure a
sustainable nanotechnology industry [75].

Both the percentage of scientific articles on nanomaterials and the percentage of scientific articles
on the ecotoxicity of nanomaterials from the Web of Science Core Collection (Web of Science, Clarivate
Analytics) are increasing during 2010-2019 (Figure 16). This highlights directly the importance of
testing the ecotoxicity of nanomaterials, but also, indirectly, the importance of adapting standard
ecotoxicity tests to NMs.
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Figure 16. Bibliometric analysis of research on nanomaterials and their ecotoxicity from 2010 to 2019
from Web of Science Core Collection (Web of Science, Clarivate Analytics). The search strategy used to
retrieve the data was TS=(Nano*) and TS=(Ecotox* AND Nano*).

Both the highest percentage of scientific articles on nanomaterials, as well as the highest percentage
of scientific articles on the ecotoxicity of nanomaterials from the Web of Science Core Collection (Web of
Science, Clarivate Analytics) can be observed in the case of metallic nanomaterials, followed by those of
inorganic carbon. Only in the case of metallic nanomaterials, the percentage of scientific articles on the
ecotoxicity of the nanomaterials was higher than the percentage of scientific articles on nanomaterials,
percentages relative to the total scientific articles from 2010-2019 from the same topic (Figure 17).
This highlights the necessity of scientific research on the ecotoxicity of organic carbon nanomaterials.

The highest percentages of scientific articles on the ecotoxicity of different types of nanomaterials
during 2010-2019 from the Web of Science Core Collection (Web of Science, Clarivate Analytics) can be
observed in the case of titanium nanomaterials, carbon nanotubes and zinc nanomaterials. The lowest
percentages can be observed in the case of nanomaterials of polyhydroxyalkanoates, polylactic acid,
alginate, aluminum, platinum, chitosan and cobalt (Figure 18). This highlights the necessity of scientific
research on the ecotoxicity of the least researched nanomaterials.
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Figure 17. Bibliometric analysis of research on nanomaterials and their ecotoxicity by nanomaterial
category in 2010-2019 from Web of Science Core Collection (Web of Science, Clarivate Analytics), the
search strategy used to retrieve the data being: TS=(Nano* AND polyhydroxyalk*) AND TS=(Ecotox*),
TS=(Nano* AND polylact*) AND TS=(Ecotox*), TS=(Nano* AND algin*) AND TS=(Ecotox*), TS=(Nano*
AND aluminum*) AND TS=(Ecotox*), TS=(Nano* AND platinum*) AND TS=(Ecotox*), TS=(Nano*
AND Chitosan*) AND TS=(Ecotox*), TS=(Nano* AND cobalt*) AND TS=(Ecotox*), TS=(Nano*
AND cellulos*) AND TS=(Ecotox*), TS=(Nano* AND cerium*) AND TS=(Ecotox*), TS=(Nano*
AND cadmium®*) AND TS=(Ecotox*), TS=(Nano* AND graphen*) AND TS=(Ecotox*), TS=(Nano*
AND fuller*) AND TS=(Ecotox*), TS=(Nano* AND silver*) AND TS=(Ecotox*), TS=(Nano* AND
iron*) AND TS=(Ecotox*), TS=(Nano* AND gold*) AND TS=(Ecotox*), TS=(Nano* AND copper*)
AND TS=(Ecotox*), TS=(Nano* AND zinc*) AND TS=(Ecotox*), TS=(Nanotub* AND carbon*) AND
TS=(Ecotox*) and TS=(Nano* AND titanium*) AND TS=(Ecotox*).
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Figure 18. Bibliometric analysis of research on ecotoxicity of various types of nanomaterials in 2010-2019
from Web of Science Core Collection (Web of Science, Clarivate Analytics), the search strategy used
to retrieve the data being: sum of the codes for NMs from each category (metallic NMs: aluminum,
cadmium, cerium, cobalt, copper, gold, iron, platinum, silver, titanium and zinc; inorganic carbon
NMs: carbon nanotubes, fullerene and graphene; organic carbon NMs: alginate, cellulose, chitosan,
polyhydroxyalkanoates and polylactic acid).

164



Nanomaterials 2020, 10, 610

The conducting of risk assessment or the establishment of environmental quality standards and
guidelines is difficult due to the poorly understood toxic effects of NMs, especially on wildlife [3].

The use of NMs depends on testing their safety prior to their application due to their harmful
effects, even if nanotechnology also offers potential advantages and promises. The major hazards
of toxicity of NMs lie in their chemistry, composition, surface properties, size, shape, solubility,
nondegradable properties, routes of exposure, interactions with biological molecules, bioavailability,
tissue distribution and property to accumulate in routes of entry, tissues and cells [76].

e  Surface of NMs

@) control the distribution of materials in tissue;
O NMs undergo adsorption on macromolecules of the tested organism;
O ionic crystal NMs are observed to be accumulated in cytoplasm or body fluid

through circulation.

e  Size of NMs

O controls the distribution and penetration of tissue by NMs;

O reduction in size to nanoscale level leads to an increase of surface-to-volume ratio,
thereby increasing the number of chemical molecules on surface, leading to an increase in
intrinsic toxicity;

O the NMs size can control the dose-response relationship in relation to its solubility
and toxicity.

e  Shape of NMs
O plays an important role in determining the toxic nature of NMs, as high aspect ratio
NMs (with only one or two dimensions in nanoscale) like nanofibers (that are longer

than 10-20 um and thinner than 3 um) may remain in the pleural cavity, causing lung
inflammation and even cancer (for example asbestos and carbon nanotubes).

e  Aggregation of NMs

O NMs tend to form aggregates;

O the size of aggregates/agglomerates influences the residence time and reduces the potential
for a NM to be inhaled;
O the aggregation/agglomeration is controlled by external environment like air and

dispersion media;
O NMs may undergo disaggregation and disagglomeration within respiratory system, thereby
penetrating lung cells [76].

The ecotoxicity of NMs is usually expressed by different concentration values such as ECs (half
maximal effective concentration), ICs (half maximal inhibitory concentration), LOEC (lowest observed
effect concentration), NOEC (no observed effect concentration), etc. To emphasize the ecotoxicity
of these nanomaterials, biological and biochemical effects are presented on both SSRET organisms
and vertebrates and other unsuitable (non SSRET) organisms, if data is available. Biological effects
describe both anatomical and morphological aspects, as well as aspects related to body functions, such
as locomotion and digestion. Biochemical aspects describe the mechanisms of action of these materials,
such as interaction with metabolic pathways or certain molecules in the body, such as enzymes.

4.1. Ecotoxicity of Bionanomolecules

Both natural (pristine bionanomolecules) and engineered (bionanomaterials) bionanomolecules
have a wide range of applications, which increases their likelihood of reaching the environment. Thus,
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as potential pollutants, it is necessary to test their ecotoxicity as well as to elucidate the mechanisms by
which these nanomaterials affect the organisms.

Due to their applications in medicine and pharmacology, polymeric bionanomolecules, such as
chitosan, alginate, poly lactic acid, etc., have been in focus in recent years. These polymeric BNMs
can be synthetized by different methods, such as solvent evaporation, nanoprecipitation, interfacial
polymerization and controlled gelation [77].

Although these bionanomolecules are mostly biocompatible and biodegradable, they can still have
some ecotoxicological effects on some organisms. This is because biocompatibility tests are performed
at lower concentrations, which certainly do not cause toxic effects. But the purpose of ecotoxicity tests
is to determine the concentrations at which toxic effects occur, thus testing concentrations much higher
than those that would be used in vivo or that would occur in the environment in normal conditions.

4.1.1. Nanochitosan

Chitosan, obtained by the deacetylation of chitin, is a polysaccharide that has two monomer units,
N-acetyl-D-glucosamine and D-glucosamine (Figure 19). The many special properties of chitosan are
due to its cationic nature and functional groups like amine and hydroxyl [78].
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Figure 19. Structure of chitosan pristine bionanomolecules.

In nature, chitin, the source of chitosan, exists as long and straight microfibrils, that have an
indeterminate length and a diameter of 2.8 nm [79]. These molecules (chitin and chitosan) may be
considered as pristine bionanomolecules, as they have a dimension in nanoscale.

Chitosan bionanomaterials can be fabricated using different processes such as ionic gelation,
covalent crosslinking or self-assembly. The most common forms of chitosan BNMs are nanogels,
micelles, nanofibers, nanospheres and nanoparticles [80].

Chitosan BNMs and PBNMs are used as drug carriers, via various routes of administration such as
oral, nasal, ocular or intravenous. The drugs these nano-chitosans could deliver could be variate, such
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as genes, proteins or antibiotics [81]. Another potential application is the encapsulation of vitamins,
probiotics, phytochemicals, flavors, enzymes etc. [78]. In medicine, the most common applications are
in tissue engineering, wound healing, cancer diagnosis, etc. [82].

The number of published articles aimed at determining the ecotoxicological effects of chitosan
bionanomolecules is very low. Most published articles are in the field of medicine, chitosan BNMs
being used for bone tissue regeneration and in wound healing.

The scarce data on ecotoxic effects show that chitosan BNMs have an antifungal effect on species
like Fusarium oxysporum. The antifungal effects [83] include induction of morphological changes such
as abnormal shapes of hyphae and large vesicles in mycelium, and induction of irreversible membrane
damage, as well as mycelium surface damage, appearing as ruptures or holes. Cell disintegration
was also observed due to the increase of membrane permeability (Figure 20). Chitosan BNMs also
increased the reagent oxygen species (ROS) production in F. oxysporum, that can increase the oxidative
stress, even cause the release of cytochrome C, leading to apoptosis (Figure 21) [84].

Chitosan-silver composite NPs were tested on Danio rerio and Paratelphusa hydrodromous.
The predation of D. rerio larvae was not inhibited, it actually increased with approximately 19%.
The superoxide dismutase (SOD) activity from contaminated hepatopancreas tissue of fresh water crab,
P. hydrodromous, was stimulated. A possible explanation might be the enhancement of pre-existing
enzyme or the synthesis of new enzymes [85].

There is a knowledge gap in the ecotoxicity of chitosan based BNMs, as available research is
focused on applications, especially in medicine. There is data on the ecotoxicity of NMs capped with
chitosan, but the data is also scarce. The effects of chitosan capped poly(e-caprolactone) (CS-PCL)
NPs were tested on Daphnia similis. No acute toxicity was observed for the CS-PCL NPs, but these
could enhance the retention time of the NPs in the gut of the organism, prolonging the exposure to
substances that would be loaded into these NPs, which could potentially be toxic [86].

Chitosan capped Ag NPs, at concentrations above 5 mg/L, induced cell division in the root
meristem of Allium cepa. An increase in the total number of cells in prophase also occurred, which could
be associated with a violation of the supramolecular structure of the chromosomes. Other observed
effects were the presence of lagging chromosomes and the induction of polyploidy [87].

(@ (b)

Figure 20. Cont.
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Figure 20. Comparison of ultrastructural and cell permeability changes in F. oxysporum mycelium upon
chitosan bionanomaterial (BNM) exposure: (a) and (c) show ultrastructural changes determined by
SEM analysis of F. oxysporum mycelium of control (a) and chitosan BNMs (400 ug/mL) (c); (b) and (d)
show cell permeability analysis data by propidium iodide assay; (b) influx of control; (d) influx of
chitosan BNMs treatment (modified after [84]).

(@) (b)

Figure 21. Confocal laser scanning microscopy (CLSM) image of F. oxysporum mycelium showing
ROS production level upon exposure of chitosan BNMs. (a) control; (b) chitosan BNMs (400 pg/mL)
(modified after [84]).

The effects of PBNMs of chitosan on plants include chromatin alterations and DNA damage,
accumulation of hydrogen peroxide, synthesis of abscisic acid, increase in cytosolic Ca®*, oxidative
burst, etc. [88]. In worms (Tubifex tubifex), a weight loss was recorded after treatment. The levels
of metallothionein were significantly higher than in control. Glutathione, glutathione-S-transferase,
glutathione-reductase and catalase activities were also increased for the chitosan PBNM treatment [89]

4.1.2. Nanoalginic acid

Alginic acid is an anionic polysaccharide composed of two repeating units, forming a linear
polymer: D-mannuronate and L-guluronate (Figure 22). It is a linear binary copolymer with
homopolymeric blocks of either D-mannuronate, either L-guluronate, interspersed with alternating
monomers. Due to its low toxicity, biocompatibility, biodegradability and mild gelation at addition of
cation (ex. Ca®*), it is extensively investigated and used for many biomedical applications [77,90].
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Figure 22. Structure of alginic acid pristine bionanomolecules.

There is a lack of information regarding the ecotoxicity of both BNMs and PBNMs of alginate in
the literature. The research topics mainly covered are the use of alginate in medicine [91-94], and its
use in wastewater remediation [95-98].

There are articles that study alginate as PBNMs used in the reduction of ecotoxicity of other
NMs or as dispersant materials. For example, alginate was studied as a dispersant in ecotoxicity
of TiO, NMs on embryos of zebrafish (Danio rerio). Alginate, with a z-average diameter of 178 nm,
reduced the amount of TiO, stuck to the glass vials, thus reducing the loss of the tested NMs, not
by neutralizing the surface charge of nano-TiO; (both TiO, and alginate have negative charges), but
through steric hindrance [99]. Alginate PBNMs were also tested for the reduction of ecotoxicity of
TiO; NMs on Artemia franciscana and Phaeodactylum tricornutum. The growth of P. tricornutum was not
significantly affected by the presence of alginate in either the negative or positive control (the reference
toxicant was (K,Cr,Oy)) tests. The immobilization after 24 or 48 h of A. franciscana was not significantly
affected by the presence of alginate in the negative control, but it made a significant difference in the
positive control, where, at 24 h, alginate reduced the ecotoxicological effects of the reference toxicant
(CuSOy * 5H,0). Thus, alginate reduced the toxicity of CuSOy * 5H,O, but not of K,Cr,O7, acting as a
confounding factor. Alginate also reduced the bioavailability of TiO, NMs in the P. tricornutum assay, a
possible explanation being a capping or coating effect of the alginate. In the A. franciscana assay, no
significant differences were observed between the TiO, NMs with and without alginate [100].

One of the few data available on the ecotoxicity of alginate BNMs assesses the effects of
chitosan—-alginate nanoparticles on bullfrog (Lithobates catesbeianus) tadpoles, but not as its principal
objective. The BNMs ecotoxicity is compared to clomazone pestanal®in its free form and associated with
the chitosan—alginate nanoparticles. In all exposed groups (clomazone, BNMs and clomazone-BNMs)
there was a significant increase of melanomacrophage centers, triggering a hepatic response in the
tadpoles. Both groups exposed to BNMs presented hepatic sinusoids full of erythrocytes and abundant
melanomacrophage centers which reflect that the BNMs might be recognized as toxin by the tadpole
organism [101].

The ecotoxicity of alginate PBNM hydrogels was tested on two microalgae (Halamphora coffeaeformis
and Cylindrotheca closterium) in correlation with the jellifying agent used: calcium chloride, copper
sulfate or zinc acetate. All three metal ions caused an approximately 85% inhibition of algae adhesion,
while the growth reduction was the highest for Cu®*, followed by Zn2* [102].

The ecotoxicity of alginate PBNMS is indirectly assessed, not being the scope of the articles.
For example, in the case of rainbow trout, the nitrogen digestibility and dry matter content of the
feces were reduced, while the protein content, visceral and liver weights and the mortality were
not influenced by alginate as PBNMs [103]. In cats, the intraperitoneal injection of alginate caused
proteinuria and hematuria, the kidney tubules being occluded by erythrocytes. Both intravenous and
intraperitoneal administration caused renal tubular damage, necrosis and fragmentation of the liver
cells [104]. PBNMs of sodium alginate did not cause ecotoxic effects on Ceriodaphnia cornuta, as no
mortality was observed in an indirect assessment [105].
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4.1.3. Nanocellulose

Cellulose is the most abundant natural polymer found in nature and it is mainly extracted from
wood pulp [106,107]. It is a linear carbohydrate polymer, its monomeric units being p-D-glucopyranose
molecules with g (1—4) covalent linkage (Figure 23). The length of the biopolymer chains present
variations with the origin and treatment of the raw material. For example, in case of wood pulp, there
are 300-1700 anhydroglucose units (AGUs), while plant fibers such as cotton and bacterial cellulose
have 800-1000 AGUs. The numerous applications of cellulose and its derivatives, such as coatings,
films, membranes, pharmaceuticals, etc., are due to its distinct fiber morphology. Elementary fibrils
(1.5-3.5 nm lateral dimensions (LDs)), microfibrils (10-30 nm LDs) and microfibrillar bands (100 nm
LDs) define the morphological hierarchy of cellulose [107].
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Figure 23. Structure of cellulose pristine bionanomolecules.

Recently, considerable interest has been focused on finding new material applications for cellulose
such as development of cellulose nanocrystals. Nanocrystalline cellulose can readily be obtained
by subjecting native cellulose to strong acid hydrolysis, but the most common method of preparing
cellulose nanomaterials is aqueous and solvent solution casting [106].

Due to their excellent mechanical properties, good biocompatibility and its renewable nature,
cellulose BNMs are used in the fields of biomedical engineering and material science [108]. For example
cellulose BNMs, such as cellulose nanocrystals, nanowhiskers [109] and nanofibers, are of interest for
use in reinforcing fillers instead of cellulose fibers [106].

Since cellulose BNMs and PBNMs are biocompatible and biodegradable, their ecotoxicological
effects are questionable. For example, cellulose BNMs caused no decrease of nematode (C. elegans)
number [110]; caused mechanical inhibition of mobility in D. magna neonates [111]; had LCsy values
higher than 1 g/L for D. magna and O. mykiss, and 0.3 g/L for C. dubia [112]; induced relatively low
mortality or any other developmental impairment towards embryonic zebrafish [113]; etc. Cellulose
in PBNM form showed no toxic effects toward Pseudomonas putida, S. capricornutum, D. magna and
D. rerio [114]; showed toxicity to Toxoptera graminum [115]; etc.

4.1.4. Nano polyhydroxyalkanoates (PHA)

Polyhydroxyalkanoates (PHA) are linear polyesters of hydroxyalkanoates (Figure 24), with a
molecular weight in the range of 50-1000 kDa. All monomers units are in the D(-) configuration due to
the biosynthetic enzymes that are stereospecific. These polymers are synthesized by gram negative
and positive bacteria from at least 75 different genera, and are accumulated intracellularly, under
conditions of nutrient stress, to levels as high as 90% of the cells” dry weight, to act as carbon and
energy reserve [116].
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Figure 24. Structure of polyhydroxyalkanoate (PHA) pristine bionanomolecules.

PHA are biocompatible, nontoxic and biodegradable, which promotes their applications as plastic
replacement, in packaging, as chiral precursors for chemical synthesis of optically active compounds,
as biodegradable carriers for medicine, drugs, herbicides and insecticides, as osteosynthetic materials
for bone growth stimulations, etc. [116].

PHA nanomaterials are developed by bacterial direct synthesis, phase separation, as
nanobiocomposites, etc., for different applications such as in medicine. For example, PHA nanofibrous
matrices are developed for use as materials in cell growth supporting [117], or nanobeads of PHA
produced for use as biomaterial in various applications in medicine [118]. PHA nanogranules have
applications in fields such as drug delivery, bioseparation, enzyme immobilization, protein purification
and vaccines [119].

There is a knowledge gap in the ecotoxicity of PHAs as both bionanomaterials and pristine
bionanomolecules, highlighted by Hauser et al. in their environmental hazard assessment of polymeric
and inorganic nanomaterials used in drug delivery [120]. The data available shows that PHA nanofibers
are able to support the growth of rat neural stem cells [121]. Poly(3-hydroxybutirate) (P3HB) granules
showed a decrease in concentration after dispersion in different organs in rats [122]. The degradation
of PHAs in mammals happened gradually in six months or more, not causing weight loss in mice [123].

4.1.5. Nano polylactic acid (PLA)

Polylactic acid (PLA) is an aliphatic polyester with its monomer being exclusively lactic acid.
It is a biocompatible, bioresorbable and biodegradable polymer with high strength and thermoplastic
properties [124,125]. Applications of PLA are as packaging materials [125], biomedical materials for
implants, sutures, screws and plates, and in textile applications [124]. PLA is also used in tissue
engineering as fixation device materials [126] and in drug delivery [127].

PLA can be produced from renewable resources, its monomer being mainly synthesized by
bacteria from the genus Lactobacillus, through the Embden—-Meyerhof pathway, predominantly from
glucose (Figure 25). Some species synthesize the L(+)-isomer of lactic acid, such as L. amylophilus and
L. salivarius, while other species, like L. acidophilus and L. jensenii, yield the D isomer [125]. The synthesis
of PLA implies several steps, starting with the production of its monomer and ending with the
polymerization of lactic acid. The polymerization can follow three main routes: 1. condensation
polymerization; 2. azeotropic dehydrative condensation and 3. ring-opening polymerization [124].
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Figure 25. Structure of poly (L-lactic acid) (PLA) pristine bionanomolecules.
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Nanoparticles of PLA are used as delivery systems in medicine due to their low toxicity and
hydrolytic degradability [124].

Hauser et al. highlighted the lack of information available on the ecotoxicity of bionanomolecules
of polylactic acid [120]. The little available information reveals that PLA caused a slight increase in
mitochondrial activity in mouse fibroblasts with a significant decrease of DNA synthesis [128], but
it didn’t cause an acute or chronic inflammatory response in rats, with no polymer rejection by the
organism [129].

4.2. Ecotoxicity of Carbon-Based Nanomaterials

Carbon-based NMs are mainly composed of carbon. The most common forms are hollow spheres
and ellipsoids, referred to as fullerenes, or cylinders, known as carbon nanotubes (CNTs) [6].

4.2.1. Carbon Nanotubes

The most studied carbon-based NMs are carbon nanotubes. These are built from sp?-hybridized
carbon atoms assembled via very short s-bonds as aromatic rings. The rings are assembled according
to a planar periodic lattice looking like a single-atom-thick hexagonal pavement [130].

CNTs have a wide range of properties, such as morphological (length, diameter, bundling) and
structural (number of walls, metallic or semiconducting electrical behavior). CNTs, short or entangled,
may be readily taken up by cells in a passive way, such as passive diffusion or by piercing the cell
membrane, or in an active way through mechanisms like endocytosis or phagocytosis [130].

A production capacity that exceeds several thousand tons per year reflects a worldwide commercial
interest in carbon nanotubes. The use of the CNTs extends over various application areas such as
coatings and films (e.g., paints that reduce biofouling of ship hulls, thin-film heaters for the defrosting
of windows), composite materials (e.g., electrically conductive fillers or flame-retardant additives in
plastics), microelectronics (e.g., CNT thin-film transistors), energy storage (e.g., lithium ion batteries
for notebook computers and mobile phones), environment (e.g., water purification) and biotechnology
(e.g., biosensors, medical devices) [131].

The investigation of the potential impact of CNTs on the different environmental compartments
(soil, water) is very important because CNT-containing materials may not be properly disposed in
the absence of specific regulation. Initial studies on a single environment compartment revealed that
biological species, such as crustaceans, worms, amphibian larvae, all interact with CNTs, which transit,
without visible harm, through the gastrointestinal pathway. In most cases, at low concentration, less
than 10 mg/L in aquatic studies, no significant effect is observed. The actual CNT concentrations
in the environment are expected to be few orders of magnitude below this value of 10 mg/L, since
only available data are based on calculations, upon hypotheses on the transfer between air, soil, and
water. However, some toxicity is generally noticed at higher concentrations, which seems in most cases
possible to correlate with “mechanical” effects, such as perturbation of the digestion or the respiration
related more to the presence of large amount of foreign material in the body [130].

The dispersion of CNTs can be directly modified by organisms. Protozoan cells, such as
Tetrahymena thermophila and Stylonychia mutilus, that ingest multiwalled or single-walled carbon
nanotubes (MWCNTs or SWCNTs), without any discrimination of bacterial food, excrete these as
sedimented granules in micron size. Impaired ingestion of bacteria by phagocytosis (bacterivory)
and impaired regulation of bacterial growth can occur both for parental cells and to the two daughter
cells during cell division. Thus, the ingested CNT may affect protozoan food intake, and could be
transferred between generations and move up the food chain [132].

In algae, the toxic effects of CNTs are due to direct contact with the surface. Thus, CNT shading
and formation of algae-CNT agglomerates can inhibit algal growth, as studies on Pseudokirchneriella
subcapitata and Chlorella vulgaris suggest [132].

The bioaccumulation of environmental contaminants, such as hydrophobic organic contaminants
(HOC), can be influenced by the presence of CNTs. The bioaccumulation of HOC was significantly
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reduced in the presence of SWCNTs in Streblospio benedicti, a deposit/suspension feeding polychaete,
while in the deposit-feeding meiobentic copepod Amphiascus tenuiremis the HOC bioaccumulation was
less affected [132].

The food processing of Daphnia magna was affected by the CNTs aggregated in the gut in the
presence of food that contributed to the toxicity of the CNTs, which were, however, not able to cross
the gut lumen. The presence of food reduced the elimination time of MWCNTs from a day to a few
hours. The lipid coating of SWCNTs (that increase its water-solubility) was removed by the digestive
system of D. magna making the CNTs less water soluble and more prone to sedimentation [132].
At high concentrations, MWCNTs adhered to the external surface of daphnids, being absorbed, and
together with the ingestion of these materials, it was significant enough to cause sinking of daphnids
to the bottom of the test vessels by the prevention of mobility through the water column. At low
concentrations of MWCNTSs, only ingestion was observed as shown in (Figure 26) [75].

(@) (b) () (d)

Figure 26. The uptake and adsorption of multi-wall carbon nanotubes (MWCNTs) by Daphnia magna
after 48 h of exposure. (a) control; (b) 5 mg/L MWCNTs; (c¢) 50 mg/L MWCNTs and (d) 100 mg/L
MWCNTs. (Modified after [75]).

The bioaccumulation of HOC or perfluorochemicals (PFC) in benthic larvae of Chironomus plumosus
was reduced by the addition of MWCNTs [132].

In Arabidopsis sp. plants translation is affected by MWCNTs. The consequences are increased
colonization of bacteria in infections, stress indication and root hair development inhibition [76].

The bioaccumulation of pyrene in terrestrial oligochaete Eisenia foetida was reduced by the
presence of SWCNTs and MWCNTs in high concentrations, due to the increase of polycyclic aromatic
hydrocarbons (PAH) elimination and of uptake by CNTs [132].

4.2.2. Fullerenes

Fullerenes are a key topic nowadays in nanotechnology and industrial research due to their
excellent unique properties, such as high symmetry. Fullerenes have a hexagonal ground state with
sp? bonding. The most symmetric molecule, with the largest number of symmetry operations is
Buckminster C60 fullerene [6].

The use of the fullerenes extends over various application areas such as electronics (e.g., electrodes,
solar cells) [133] or biology and medicine (e.g., antioxidants, antiviral agents, drug and gene
delivery) [134]. The probability of environmental pollution with fullerenes increases due to the
increased production and commercial applications. Thus, there is a considerable interest in the effects
and behavior of carbon fullerenes in the environment [135].

The growth of the algae P. subcapitata was not inhibited by C60 fullerene, the ECsy being more
than 90 mg/L, while fullerol even had a beneficial effect at 1mg/L, thus being a ROS scavenger [22].

C60 fullerene causes clubbing and tentacle retraction in chronic exposure in Hydra attenuata [11].

In mussels, such as Mytilus edulis, the accumulation of C60 fullerene took place in the digestive
glands, followed by gills. At 0.1 and 1mg/L concentrations, several histopathological abnormalities
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were observed, such as necrosis in digestive tubules, hypoplasia in frontal and lateral cilia and atrophy
in adductor muscle myocytes [22].

The heart rate of D. magna was increased by exposure to C60, along with the amplification
of stereotypical movements in swimming and feeding and reduction of reproductive rates [11].
Acute exposure to C60 caused modulation of vertical position of daphnids over time and reduction
of their swimming velocity, while chronic exposure caused cellular damage to the alimentary canal,
delayed molting and inhibited reproduction [22].

In the nematode Caenorhabditis elegans hydroxylated fullerenes are able to induce apoptosis [136].

In higher organisms, such as fish and mammals, fullerenes can cross the membrane of eukaryote
cells, as well as the blood-brain barrier, and can accumulate lysosomes and mitochondria [11].

4.2.3. Graphene

Graphene is formed from strongly sp?>-bonded carbon atoms that are arranged in a planar
monolayer that forms a two-dimensional honeycomb lattice [137].

Graphene is used in various area such as field effects transistors, sensors, transparent conductive
films, clean energy devices, etc. [138].

In Euglena gracilis graphene oxide (GO) induced growth inhibition, decrease of chlorophyll a
content, but not of chlorophyll b and carotenoids. GO induced oxidative stress as the activities of
catalase (CAT) and superoxide dismutase (SOD) were increased in comparison with control. There were
no evident damages in the ultrastructure of the protozoa, however the cells were clearly covered with
a layer of GO [139].

Fifty percent growth inhibition was induced by GO in Raphidocelis subcapitata, along with
oxidative stress and membrane damage. GO also decreased the autofluorescence intensity, due to
oxidative stress and/or a shading effect due to the agglomeration of GO [140].

No toxicity was observed by the exposure of Artemia salina to graphene at maximum concentrations,
however the microscopical analysis showed the presence of pristine graphene monolayer flakes (PGMF)
and graphene nanopowder grade C1 (GNC1) in the gut of the crustaceans (Figure 27). An altered
pattern of oxidative stress biomarkers was observed at a 48-hour exposure. PGMF and GNC1 induced
an increase in catalase and glutathione peroxidase activities, as well as an increase in the level of lipid
peroxidation of membranes [141].

(@ (b) ()

Figure 27. Light microscope images of (a) control, (b) pristine graphene monolayer flake (PGMF) and
(c) graphene nanopowder grade C1 (GNCl1-)treated Artemia salina (24 h exposure, 1.25 mg/L. Arrows
indicate the presence of PGMF or GNC1 in the gut. (Modified after [141]).

Aftera 96-hour co-exposure to Cuand GO, the roots of duckweeds were covered with GO fragments
(Figure 28). GO significantly decreased the nutrient contents of L. minor only at concentrations of at
least 5 mg/L [86].

174



Nanomaterials 2020, 10, 610

@

(b)

Figure 28. Roots of Lemna minor in (a) control and (b) treatment with 5 mg/L graphene oxide (GO).
(Modified after [86]).

4.3. Ecotoxicity of Metallic Nanomaterials

The exposure of plants to metallic nanomaterials causes nanotoxicity at physiological level such
as root length inhibition, biomass decrease, altered transpiration rate, and plant developmental delays.
The NMs that enter plant tissue cause the disruption of chlorophyll synthesis in leaves. Evidence of
genotoxicity of metallic NMs to plants is provided by the analysis of the mitotic index, chromosomal
aberrations, and micronuclei induction [62].

4.3.1. Aluminum Nanomaterials

Aluminum based NMs have several industrial applications, such as absorbents, abrasives,
desiccants etc., due to their excellent dielectric and abrasive properties. These highly adsorptive
materials are, in contrast, chemically active and potentially hazardous to the environment [142].

It was observed that Al,O3 NMs decreased the viability of algal populations at short-term exposure,
while at a long term exposure a gradual recovery was observed [15]. The exposure of aluminum NMs
to Scenedesmus obliquus caused oxidative stress by altering the SOD activity and the concentrations of
glutathione and malondialdehyde [76].

The toxicity of Al;O3 NMs to D. magna is dose-dependent and it is higher than its bulk material’s.
The potential ecotoxicity and environmental health effect of these NMs cannot be neglected as these
are ingested by the daphnids [75].

The toxicity of aluminum NMs to plants is species dependent as these had no obvious effect on
cucumber, significantly retarded root elongation of ryegrass and lettuce and promoted the root growth
of radish and rape [143].

Ni/y-Al,O3 (NiNC) nanoceramics were analyzed by the AMPHITOX assay on the larvae of
the Rhinella arenarum toad. The sublethal effects were mainly hyperkinesia and reduced swimming
movements, an expression of behavioral alteration, as well as collapsed cavities, edema and axial
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flexure. The contents of Al and Ni were higher in heads than in tails, and these elements were found in
the oral disc [142].

4.3.2. Cerium Nanomaterials

Cerium oxide nanomaterials (CeO, NMs) have a wide range of applications in engineering and
biomedical manufacturing industries and have the ability to act as a redox catalyst, thus it may be able
to both induce or alleviate oxidative stress in organisms [144].

The potential toxicity of ceria NMs was assessed on the unicellular alga, Chlamydomonas reinhardtii,
by unbiased transcriptomics and metabolomics approaches to provide insight into molecular toxicity
pathways. Although the ceria NMs were internalized in C. reinhardtii into intracellular vesicles, no
significant toxicity was observed on the algal growth at any concentrations. The only effects, such as
downregulation of photosynthesis and carbon fixation with associated effects on energy metabolism,
were observed at ceria NM-concentrations higher than environmental levels [145].

Daphnia similis and Daphnia pulex were used for the assessment of toxicity of CeO, NMs. D. similis
was 350 times more sensitive to the ceria NMs than D. pulex in acute ecotoxicity assessment. The NMs
were absorbed on both species, but less strongly on D. pulex, and for both species the swimming
velocities (SV) were differently and significantly affected. The different toxicity for the two species
can be explained by the differences in morphology, such as the presence of reliefs on the cuticle and a
longer distal spine in D. similis acting as traps for the CeO, aggregates (Figure 29). D. similis also has
double swimming velocity than D. pulex, thus it can collide with twice as much NMs [146].

| Daphnia pulex | | Daphnia similis |

AT

Figure 29. Representative image of distal spine (ds) and ventral margin of the shield (vms) in Daphnia
pulex and D. simillis exposed to 10 mg/L of CeO2 NPs for 48 h. Note the accumulation of particles onto
the cuticle of D. simillis. (Modified after [146]).

The toxic effect on the nematode C. elegans was dose-dependent growth inhibition. Mildly altered
growth was observed for some metal and oxidative stress-sensitive mutant nematode strains in
comparison with the wild-type. C. elegans ingested CeO, NMs but these materials were not detected
inside the nematode cells. The aggregation of NMs around bacterial food and/or inside the gut tract
may cause, at least in part, the growth inhibition, due to the inhibition of feeding caused by these
aggregates (Figure 30) [144].
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Figure 30. Representative dark field image of (a) control wild-type nematode (green arrow indicates
the light scattered by tissue aggregates from nematode extraintestinal tissues) and of (b) a wild-type
nematode exposed to 12.5 mg/L CeO2 NPs for 24 h (green arrow indicates ingested CeO2 NPs).
(Modified after [144]).

4.3.3. Cadmium Nanomaterials

Cadmium based quantum dots (QDs), also called colloidal semiconductor nanocrystals, have
several uses in biomedical applications, such as fluorescent biosensors (used in the detection of proteins,
nucleic acids, etc.) and in bio-imaging (cellular or in vivo targeting and imaging) [147].

The effects of cadmium telluride quantum dots (CdTe QDs) were assessed on a microbial food
chain, composed of Escherichia coli as prey and Paramecium caudatum as predator. It was observed
that the QDs caused the loss of the bacterivory potential of paramecium, including an ~12 h delay
in doubling time. When paramecium was exposed to the QDs (25 mg/L at 24 h), these NMs were
bioaccumulated, as shown by the fluorescence based stoichiometric analysis (Figure 31) [148].

L-Cysteine-capped CdS NMs expressed a high uptake in the roots of Spirodela polyrhiza. This was
confirmed by epifluorescence microscopy where the presence of NMs was observed inside the root
tissues (as particles with different sizes in intracellular spaces), the NMs aggregates appearing as
optically dense signals under fluorescence (Figure 32). The entrance of NMs into roots is done through
intercellular plasmodesmata, capillary forces, osmotic pressure, pores in cell walls, or via the highly
regulated symplastic route [149].

(a) (b)

Figure 31. Cont.
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Figure 31. Fluorescence-based measurement of accumulation of cadmium telluride quantum dots (CT
QDs) in Paramecium cells. Superimposed (fluorescence and bright field) images of (a) and (b) control
Paramecium (exposed with E. coli) at (a) 1 and (b) 24 h; and (c) and (d) of treated Paramecium (E. coli +
QDs) at (¢) 1 h and (d) 24 h. (Modified after [148]).

(a)

(b)

Figure 32. Fluorescence microscopic images of roots of (a) control and (b) treated Spirodela polyrhiza
plant after four days of exposure to L-Cysteine-capped CdS NPs.(B) indicates the remarkable presence
of nanoparticle aggregates inside the root tissues (modified after [149]).

Cadmium telluride quantum dots (CdTe QDs) caused abnormal foraging behavior (related to
the altered function of the motor neurons) in C. elegans, at long-term early onset exposure. Thus, a
decrease in fluorescence of the motor neurons cell bodies was observed, indicating an alteration in their
development [136]. The main route of exposure of nematodes to QDs was determined, by fluorescence
microscopy, to be through the digestive tracts [150].
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4.3.4. Cobalt Nanomaterials

Cobalt NMs are of great interest in both life-sciences and industry, due to their wide range of
applications, such as in lithium-ion batteries, gas sensors or medicine [151].

Decline in the growth rate and reduction in biomass concentration of two cyanobacteria, Microcystis
and Oscillatoria, was observed at exposure to Co NMs. Other observed effects were the reduction of
carotenoid, protein and carbohydrates contents and the decrease of SOD activity with increase of NMs
concentration in the microalgae [152].

Allium cepa was used to investigate the effects of cobalt oxide NMs as an indicator organism.
The observed phytotoxic effect at root level was the inhibition of root elongation due to the massive
adsorption of NMs into the root system [153].

4.3.5. Copper Nanomaterials

Due to their potential applications in diverse fields, such as biomedicine, electronics, and optics,
copper NMs have been the focus of intensive study [154].

When present in high concentrations, copper is supposed to be highly toxic in aquatic systems,
causing irreversible damage [9]. Due to their antimicrobial and biocidal properties, copper oxide
(CuO) NMs are frequently used. These NMs may represent an important source of contamination in
the aquatic environment, due to their application in antifouling paints used on boats and immersed
structures [155].

The dissolution and adsorption of CuO NMs onto cell walls, of the prokaryotic alga Microcystis
aeruginosa, was observed to be enhanced by dissolved organic carbon (DOC). The cell walls were
crossed by the NMs through the cell wall pores and the cell plasma membrane was crossed via
endocytosis, thus the NMs reaching the thylakoids and granules [22]. In L. minor, the CuO NMs alter
the activity of antioxidative enzymes such as guaiacol peroxidase, glutathione reductase and ascorbate
peroxidase, increasing necrosis and bleaching [76].

A mesocosm that modeled tidal cycles was used for the assessment of CuO NMs toxicity on the
worm Hediste diversicolor and the clam Scrobicularia plana. In both organisms, the observed effects
were oxidative stress defense system responses (affected oxidative stress markers were: glutathione
S-transferase (GST) and catalase (CAT)) and induction of genotoxicity (comet assay was used to asses
DNA damage) [15].

The effects of Cu NMs were assessed on cowpea, Vigna unguiculata; specifically, how NMs affect
the ascorbate peroxidase (APX), catalase (CAT), superoxide dismutase (SOD), glutathione reductase
(GR) activities, lipid peroxidation, Cu uptake and bioaccumulation in roots, leaves and seeds [76].

4.3.6. Gold Nanomaterials

Due to their functions in medicine and therapeutics, in electronics, catalysis, cosmetic, and food
industries, gold NMs are of special interest [156].

The exposure of marine bivalves to Au NMs was assessed. In Scrobicularia plana, Au NMs
formed aggregates and gold was accumulated in the soft tissues of the clams. Biochemical effects
of NMs were metallothionein induction, increase in catalase, superoxide dismutase and glutathione
S-transferase activities (indicating defense against oxidative stress), while a behavioral effect was the
impairment of the burrowing behavior [156]. In Mytilus edulis, Au NMs enhanced stress parameters in
digestive glands, mantle and hematocytes, paradoxically protecting from the oxidative stress due to
menadione [11].

The vegetative uptake of gold NMs was assessed using as a model poplar plants Populus deltoides
x nigra. The Au NMs were observed in the cytoplasm and various organelles of root and leaf cells,
and these accumulated in the plasmodesma of the phloem complex in root cells suggesting that the
transport between cells and translocation throughout the whole plant were done with ease, inferring
the potential for entry and transfer in food webs [157].
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4.3.7. Iron Nanomaterials

Iron NMs have a wide range of applications such as magnetic, electrical, catalytic and biomedical
(e.g., MRI contrast enhancer) [158]. These NMs are also suitable for immobilization and degradation of
soil contaminants due to their high specific surface area and high reactivity. Thus, their use in soil
clean-up purposes could cause potential hazards to soil organisms and macrophytes [64].

Severe negative effects of nanosized zero valent iron (nZVI) were observed on Heterocypris
incongruens, an ostracod, and on Folsomia candida, a collembolan. The effects were observed after seven
days and prolonged exposure led to the oxidation of nZVI, reducing its toxicity [75].

A testbattery, composed from algae (Pseudokirchneriella subcapitata, Chlamydomonas sp.), crustaceans
(Daphnia magna), plants (Raphanus sativus, Lolium multiflorum) and worms (Eisenia fetida, Lumbriculus
variegatus), was used for the assessment of the effects of nZVI. The testing of the iron NMs was difficult
due to their turbidity, aggregation and sedimentation behavior in aqueous media, but nZVI proved to
be toxic. The observed effects for plants were the inhibition of root elongation in Raphanus sativus and
Lolium multiflorum [97].

The effects of iron-based NMs were tested on three plant species: Lepidium sativum, Sinapis alba
and Sorghum saccharatum. Microscopy images show that the NMs aggregated on the surface of the
plants, visible as black spots, sometimes even forming a coating. The accumulation of iron NMs inside
the tissue was observed in longitudinal sections of roots (Figure 33). However, the NMs did not enter
the palisade cells or the xylem, as shown in transverse sections [64].

(a) (b) (9)

Figure 33. Bright-field micrographs illustrating (a) root apex of Lepidium sativum and (b) and (c) root
longitudinal sections of (b) Sinapis alba and (c) Sorghum saccharatum treated with 992 mg/L of nFe for
72 h at 25 °C. White arrows indicate nFe aggregates, while yellow one shows root hairs. (modified
after [64]).

4.3.8. Platinum Nanomaterials

Platinum NMs have a wide range of applications in fields such as CO oxidation, hydrogen or
methanol fuel cells, electrochemical oxidation of ethanol or formic acid, oxygen reduction and glucose
detection [159].

Antioxidant effect of Pt NMs coated with polyvinylpyrrolidone was observed in larvae of C. elegans
(L4 development stage). The observed effects were counteraction of induction of oxidative stress
by paraquat (an intracellular free radical-generating compound) and prolongation of life span of
wild-type and short-living mutant mev-1 worms [11]. The life span of wild-type N2 nematodes was
also extended, regardless of thermotolerance or dietary restriction. The NMs reduced the accumulation
of lipofuscin (an endogenous autofluorescent marker that increases in concentration with oxidative
stress) and ROS induced by paraquat. The effects of Pt NMs were compared to EUK-8, a superoxide
dismutase (SOD)/catalase mimetic. The results showed similar results for the two tested substances,
suggesting that Pt NMs are a superoxide dismutase (SOD)/catalase mimetic [160].
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4.3.9. Silver Nanomaterials

The major applications of Ag NMs include their use as optical sensors, catalysts, in engineering,
optics, electronics, and, most importantly in the biomedical field, as a bactericidal and therapeutic
agent [161].

The effects of Ag NPs were tested on two microalgal species: Dunaliella tertiolecta and Chlorella
vulgaris. The observed effects were depletion of chlorophyll content, inhibition of photosystem II (PSII)
electron transport, membrane damage via lipid peroxidation possibly via ROS-mediated processes [22].

In adult Mytilus edulis, poly(allyl)amine (PAAm)-capped silver NPs caused the formation of a donut
shaped microstructures on the nacreous layer of the bivalve, which can be explained by the disturbance
of the shell calcification process. In the oyster Crassostrea virginica, Ag NPs caused the inhibition of
embryo development and the destabilization of the lysosomal membrane of hepatopancreas cells of
adults [22].

In D. magna, silver NPs accumulated in the gut, under the carapace, in the brood chamber and on
the antennae and body surface, affecting their swimming behavior [11,22].

The effects of silver NMs on the nematode C. elegans were neurotoxicity, reduction of velocity,
flex, amplitude, and wavelength of the body bend of exposed worms and reduction of survival and
reproductivity [136].

4.3.10. Titanium Nanomaterials

Titanium dioxide NMs are frequently used in the production of paper, plastics, paints, cosmetics
and welding rod coating material [162].

The effects of TiO, NMs on the algae P. subcapitata were light shading, interference on nutrient
uptake through adsorption onto the cell surfaces and production of ROS which cause lipid peroxidation
of cell membrane, leading to leaching of DNA from the algal cells. In Chlamydomonas reinhardtii,
TiO; NMs caused up-regulation of genes associated with antioxidant activities, such as superoxide
dismutase (SOD), glutathione peroxidase (GPX), catalase (CAT) and plastid terminal oxidase (ptox2),
but these did not alter the transcriptions of genes associated with photosynthesis and carotenoid
biosynthesis [22].

In D. magna TiO, NMs caused the reduction of brood size and body length, disruption of
digestive enzymes, such as amylase and esterase, affecting nutrient assimilation and energy allocation.
The increase of GST, GPX, and CAT activities demonstrate the induction of oxidative stress by titanium
NMs [22].

In C. elegans, it was found that proteins involved in oxidative stress protection and metal
elimination, such as SOD isoforms, metallothioneins and heat shock proteins, have a key role in
resistance to TiO, NPs. These NPs led to a substantial decrease in both head thrash or body bend in
nematode mutants (SOD-2, SOD-3, metallothionein-2 and heat shock protein-16.48) compared to the
wild type [136].

The symbiosis of Rhizobium leguminosarum bv. viciae 3841 on garden peas Pisum sativum was
affected by TiO, NMs by delaying root nodule formation and the onset of nitrogen fixation [76].

4.3.11. Zinc Nanomaterials

Zinc oxide NMs have been extensively used in products like coatings, paints and sunscreens due
to their chemical stability and strong adsorption ability. These also have a high inherent risk of water
contamination, being able to reach high concentrations in surface waters posing significant threat to
aquatic ecosystems [163].

The ZnO NMs at lower concentration cause toxic effects, such as decrease of cell viability (Figure 34)
due to compromised membrane integrity, on algae mainly due to the Zn ions. However, at higher
concentrations, the growth of algae less sensitive to Zn ions, such as Phaeodactylum tricornutum, was
inhibited, as the contact between algal cells and NM particles increased [22,163].
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(a) (b)

Figure 34. Confocal images of (a) untreated cell with intact membrane, preventing entry of PI
(propidium iodide) dye, resulting in unstained cells and (b) cells treated with 300 mg/L. ZnO NPs
(zinc oxide nanoparticles) for 72 h showing PI stained cells due to compromised membrane integrity.
(Modified after [163]).

The feeding and defecating rates of the snail Lymmnaea stagnalis were suppressed by ZnO NMs,
86% of the Zn being retained inside the organism. The reproduction and survival of copepods was also
altered by ZnO NMs, along with the impairment of their movement [15,22].

Genotoxicity and cytotoxicity were the effects of exposure of Allium cepa to ZnO NPs. The mitotic
index was inhibited in a concentration dependent way, indicating a mitodepressive effect of the
NPs, which may prevent several cells from entering the prophase and blocking the mitotic cycle
during interphase inhibiting DNA/protein synthesis (Figure 35). The presence of ZnO NP deposits
inside the cell matrix of A. cepa is shown in microscopy images confirming their internalization and
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Figure 35. Chromosomal aberrations observed in Allium cepa meristematic cells exposed to ZnO
NPs. (a) Normal cell in prophase; (b) binucleated cells at early telophase; (c) prophase nucleus with
micronucleus; (d) disturbed metaphase; (e) disturbed anaphase and (f) multipolar anaphase. (Modified
after [143]).

4.4. Comparison of Ecotoxicity of Described NMs Based on Their Half Maximal Effective Concentration Values

In order to compare the ecotoxicity of NMs and to classify these NMs into toxicity classes,
from published data, the half maximal effective concentrations (ECs)) were identified and analyzed.
The concentration values were taken into account only for the ecotoxicity tests selected as being
adaptable for nanomaterials. In order to be able to compare the concentrations of different types
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of nanomaterials, one model species was selected for each test, because the concentrations show
interspecific variations. The selected model species were:

e  Aquatic tests

@) algae assay—Raphidocelis subcapitata
@) duckweed assay—Lemna minor
O daphnid assay—Daphnia magna

e  Terrestrial tests

@) plant assay—Allium cepa
@) nematode assay—Caenorhabditis elegans
O earthworm assay—Eisenia foetida

In the ecotoxicity comparison tables (Table 6 and Table 9), for both the aquatic and terrestrial
environments, only nanomaterials that had ECs( values for at least one of the tests are presented, even
if these represent one of the mentioned special cases. The low number of nanomaterials described in
the comparison tables is due to the fact that some, although they are studied from an ecotoxicological
point of view, either do not present the results in the form of ECs, or they are realized on species other
than those chosen as a model.

Where EC5) values were presented for multiple NM types based on the same substance, which
might differ in shape and/or size, the mean value of all types of tested NMs was included in the
comparison table. The average ECs, values were calculated as a mean of the concentration of each
aquatic and terrestrial assay in order to compare the NMs, but only for those NMs that had available
data for all assays, for the rest of NMs “not applicable” (N/A) was entered in the table. The data that
was not an exact value but was represented as greater or smaller than a value, the value +1 and -1,
respectively, was taken into calculation.

4.4.1. Comparison of Ecotoxicity of NMs in the Aquatic Environment

The aquatic ecotoxicity of substances during short term exposure (acute toxicity), for all organisms
types (including algae, plants, invertebrates and fish) is divided into five toxicity categories (Table 5),
according to both U.S. Environmental Protection Agency [164] and United Nations [165].

Table 5. Toxicity categories for aquatic ecotoxicity.

Categories According to U.S. EPA [164]  Categories According to U.N. [165] ECs (mg/L)
Very highly toxic  (VHT) Acute 1.1 (AL1) <01
Highly toxic (HT) Acute 1.2 (Al.2) 0.1-1
Moderately toxic  (MT) Acute2 (A2) >1-10
Slightly toxic (ST) Acute3  (A3) > 10-100
Practically nontoxic  (PNT) Acute4 (A4) > 100

The ECs values for aquatic ecotoxicity assays suitable for NMs of some nanomaterials were compared (Table 6).

Only cadmium, copper, iron, silver and titanium-based NMs had available data regarding their
ECsp values for all the selected assays and model test species. By comparing the average ECs values
for all assays, silver NMs are the most toxic (VHT/A1.1), followed by the highly toxic (HT/A1.2) copper
NMs, the moderately toxic (MT/A2) cadmium-based NMs and the slightly toxic (ST/A3) iron and
titanium NMs. The order of their toxicity is: Ag NMs > Cu NMs > Cd NMs > Ti NMs > Fe NMs.

The most sensitive aquatic assay for NMs is the algae assay (according to data for Raphidocelis
subcapitata), while the least sensitive is the duckweed assay (according to data for Lemmna minor) as
shown by the average EC5) values per assay.
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Table 6. Comparison of EC5) values for some NMs and classification in aquatic toxicity categories.
The classification into toxicity categories is color-coded as follows: values that are in the VHT/A1.1
category have dark red shading, in HT/A1.2 have red shading, in MT/A2 have orange shading, in ST/A3
have yellow shading and in PNT/A4 have green shading.

ECs Value (mg/L) for Aquatic Organisms Tox. Cat. for Mean
NMs Based on:
Algae 72 h Test Duc(l;v;;e?lisltﬁs h Daphnid 48 h Test ECso for All Assays
Carbon NT 29.9 [166] NDA >100 [23] N/A
Fullerene NDA NDA 11 [167] N/A
Graphene 20 [140] NDA 20 [167] N/A
Cerium NDA NDA 52.42*  [168] N/A
Cadmium 550 (0] 1427

Copper
T Gd  EECCEEEEE DA >0 [ N/A
Iron >100 [173] 4341 [173] 48.16

Platinum N/A
Silver 0,03° [175] 0003 [ ] 0.012
Titanium 6.8 [23] >90 [176] 295 [176] 42433
Zinc [ o4 [ 1 | NDA 1.87  [23] N/A
AVERAGE ECs9 6.795 32.255 24.323

NDA=no data available; N/A not applicable; * if there was no data on EC5, the value of other concentrations, such
as ICsy or median lethal concentration (LCsp), were entered in the table; ** if there was no data regarding ECs at the
standard test time interval, the value of the concentrations at other time intervals were entered in the table;

The ECs5) values for aquatic ecotoxicity assays suitable for NMs of some nanomaterials were
classified into the five toxicity categories for the aquatic environment (Table 7).

Table 7. Classification of NMs into the five aquatic toxicity categories based on their ECs, values.

Toxicity Category ECsg (mg/L) Algae Assay Duckweed Assay Daphnid Assay
Very highly toxic <0.1 Ag, Au, Fe NMs Ag NMs Ag NMs
| Highly toxic | 0.1-1 Zn, Cu NMs Pt, Cd, Cu NMs Cd, Pt, Cu NMs
Moderately toxic >1-10 Cd, Ti NMs - Zn NMs
Slightly toxic > 10-100 Graphene, Carbon Ti NMs Fullerene,
NT graphene, Ti, Au,
Fe, Ce NMs
Practically nontoxic > 100 - Fe NMs Carbon NT

For algae, the most toxic NMs were those based on silver, gold and iron, and the least toxic were
the carbon nanotubes and graphene. The most toxic NMs to duckweed were silver and platinum
NMs, iron NMs being the least toxic. For daphnids, the highest toxicity was observed for silver NMs,
followed by cadmium and platinum NMs, the least toxic being cerium NMs and carbon nanotubes.

4.4.2. Comparison of Ecotoxicity of NMs in the Terrestrial Environment

The terrestrial ecotoxicity of substances during short term exposure (acute toxicity), for both plants
and soil dwelling invertebrates, is divided into three toxicity categories (Table 8), according to [177].

Table 8. Toxicity categories for terrestrial ecotoxicity.

Toxicity Categories ECs) (mg/kg Soil Dry Weight)
Very toxic (VT)/Acute 1 (A1) <10
Toxic (T)/Acute 2 (A2) >10-<100
Harmful (H)/Acute 3 (A3) > 100 - < 1000
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The EC5 values for terrestrial ecotoxicity assays suitable for NMs of some nanomaterials were
compared (Table 9).

Table 9. Comparison of EC5) values for some NMs and classification in terrestrial toxicity categories.
The classification into toxicity categories is color-coded as follows: values that are in the VT/A1 category
have red shading, in T/A2 have orange shading and in H/A3 have yellow shading.

ECs Value (mg/kg Soil Dry Weight) for Terrestrial Organisms

. Tox. Cat. for Mean
NMs Based on: Plants 72 h Test Nematodes 24 h Earthworms 28 d ECso for All Assays
Test Test
Cerium NDA NDA 2946 [178] N/A
Copper NDA NDA 197 [179] N/A
Silver 12.973 [180] _ 31*  [182] 15.508

Titanium NDA 18 [183] NDA N/A
Zinc NDA NDA 179 =+ [184] N/A

NDA=no data available; N/A not applicable; * if there was no data on ECsp, the value of other concentrations, such
as ICsg or LCs), were entered in the table; ** if there was no data regarding ECs at the standard test time interval,
the value of the concentrations at other time intervals were entered in the table; *** if there was no data regarding
ECsy for the selected model species, but there were values for species of the same genus, these values were entered
in the table.

Only silver NMs had available data regarding their ECs( values on all the selected assays and
model test species. The silver NMs were the most toxic towards nematodes, followed by plants and
earthworms. By considering the earthworm assay, where all NMs that were taken into account had
ECs values, the order of toxicity for the NMs is: Ag NMs > Zn NMs > Cu NMs > Ce NMs.

The most sensitive terrestrial assay, based on the scarce available data, was the nematode assay
(according to data for Caenorhabditis elegans), followed by the plant assay (according to data for Allium
cepa) and the earthworm assay (according to data for Eisenia foetida).

The ECs5¢ values for terrestrial ecotoxicity assays suitable for NMs of some nanomaterials were
classified into the three toxicity categories for the terrestrial environment (Table 10).

Table 10. Classification of NMs into the three terrestrial toxicity categories based on their ECs values.

C;};()e);(c)lrtiZs. ECs (mg/kg Soil Dw) Plant Assay Nematode Assay Earthworm Assay
[ Veytde <10 — AgNME —
Toxic >10-<100 Ag NMs Ti NMs Ag NMs
Harmful > 100 - < 1000 - - Zn, Cu, Ce NMs

For nematodes the most toxic NM was based on silver, and the least toxic on titanium.
For earthworms, the most toxic NM was based on silver as well, and the least toxic on cerium.

By comparing ECs) values of silver nanomaterials obtained in aquatic and terrestrial ecotoxicity
tests, it can be observed that aquatic tests are more sensitive than terrestrial ones.

5. Final Remarks

Bibliometric investigations revealed that the research on ecotoxicity, nanomaterials and the
ecotoxicity of nanomaterials increased during the period 2010-2019. This highlights the need for
further research into the ecotoxicity of nanomaterials.

The ecotoxicological effects of a potentially polluting substances such as nanomaterials can be
analyzed by applying ecotoxicity tests. Such tests have been developed over time, creating standard
test guides.

Although these standards use a wide range of organisms, from the simplest, such as algae and
invertebrates, to the most complex, such as higher plants and vertebrates, only the use of simple
organisms is recommended in the first phase, and of the most complex only in case of need.
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This trend has been applied by us as well, only SSRET (suitable for simple and rapid
ecotoxicity testing) organisms being considered and included in our study regarding the testing
of nanomaterial ecotoxicity.

Due to the special properties of nanomaterials with respect to their bulk material and their wide
range of applications, it is essential to test the ecotoxicity of NMs. The use of standard tests for testing
the ecotoxicity of nanomaterials is possible but requires some adaptation. We considered as adaptive
tests only those that use only SSRET organisms, are suitable for nanomaterials (i.e., were applied
and adapted to NMs in at least ten scientific articles), have a shorter duration than 30 days, do not
require special equipment or training and have low costs. Also, the possibility of these tests being high
throughput is an advantage.

The tests considered to be adaptable for nanomaterials are the algal, duckweed, amphipod,
daphnid and chironomid tests in the aquatic environment, and the terrestrial plants, nematodes and
earthworm tests in the terrestrial environment.

The adaptations of these tests to nanomaterials include the methods of preparing the material
solutions, as well as different methods of preparing the culture media, quantifying the number of
organisms, etc.

Analyzing the different effects of nanomaterials on SSRET and other organisms, it can be observed
that these effects are complex and are of different categories (Figure 36). NMs can physically affect
organisms, for example by blocking the digestive tract or by attaching to the surface of the body.
Also, they may have effects at the cellular level, by breaking the plasma membrane, at the molecular
level, by inducing the production of different enzymes, or at the genetic level, by altering the
chromosomes. The behavior of some organisms might also be affected, by inducing abnormal feeding

or swimming behaviors.

Genetic effects

EFFECTS OF

Behavioral

« Chromatin alteration
u e?ecm * DNA damage
2 t:re. - « Affected translation
Swimming *  Genotoxicity
* Feeding

* Inhibited mitotic index

* Defecating * Mitodepressive effect

* Burrowing
* Foraging
* Predation

Molecular effects
Increased activity of:

+ Catalase

* Superoxide dismutase
* Lipid peroxidase
Altered activity of:

Morphological
effects

+ Tentacleretraction

* Inhibited root

elongation " Cellular effects *  Guaiacol peroxidase
. ?\!:tcel;'eld digestive . Cymtoxi.city * Glutathione reductase
o Mebasical * Apoptosis * Ascorbate peroxidase
PAEERHIIR + Cell membrane
inhibition of damage
mobility * Necrosis
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Figure 36. Summary of effects of different categories that NMs can have on different types of organism.
The described effects can occur in all or only a few organism types.

Comparing the ECs( values of some nanomaterials obtained in aquatic and terrestrial ecotoxicity
tests, that were selected as conforming for nanomaterials and are conducted on selected model species,
it can be observed that such values are available mainly for aquatic ecotoxicity. It can also be observed
that from the three selected aquatic tests, the algae, duckweed and daphnids tests, the most sensitive
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was the algae test, while the least sensitive was the duckweed test. From the selected terrestrial tests,
the plant, nematode and earthworm tests, the most sensitive was the nematode test, the least sensitive
being the earthworm test.

It can also be observed that in aquatic tests only for nanomaterials based on cadmium, copper,
iron, silver and titanium ECs( values were described for all three selected tests. The toxicity order of
these four NMs was Ag > Cu > Cd > Ti > Fe. The most toxic NMs to algae were silver, gold and iron,
to duckweed and daphnids silver, while the least toxic to algae were graphene and carbon NTs, to
duckweed iron, and to daphnids carbon NT.

In the terrestrial tests only silver NMs had ECs values for all the selected assays. Comparing the
concentration for the earthworm assay, the toxicity order of NMs was possible: Ag > Zn > Cu > Ce.

In conclusion, the assessment of the ecotoxicity of nanomaterials and its mechanism are essential,
as well as the adaptation of the standard ecotoxicity testing methods for nanomaterials. There are still
difficulties regarding the testing of NMs, but these could be resolved by further research on this subject.
It is clear that the effects of nanomaterials on different types of organisms are complex, thus these must
be further analyzed.
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Abstract: The tremendous increase in the production and consumption of titanium dioxide (TiO,)
nanoparticles (NPs) in numerous industrial products and applications has augmented the need to
understand their role in wastewater treatment technologies. Likewise, the deleterious effects of
wastewater on the environment and natural resources have compelled researchers to find out most
suitable, economical and environment friendly approaches for its treatment. In this context, the use
of TiO, NPs as the representative of photocatalytic technology for industrial wastewater treatment
is coming to the horizon. For centuries, the use of industrial wastewater to feed agriculture land
has been a common practice across the globe and the sewage sludge generated from wastewater
treatment plants is also used as fertilizer in agricultural soils. Therefore, it is necessary to be
aware of possible exposure pathways of these NPs, especially in the perspective of wastewater
treatment and their impacts on the agro-environment. This review highlights the potential exposure
route of TiO, NPs from industrial applications to wastewater treatment and its impacts on the
agro-environment. Key elements of the review present the recent developments of TiO, NPs in two
main sectors including wastewater treatment and the agro-environment along with their potential
exposure pathways. Furthermore, the direct exposure routes of these NPs from production to end-user
consumption until their end phase needs to be studied in detail and optimization of their suitable
applications and controlled use to ensure environmental safety.

Keywords: TiO, NPs; applications; wastewater treatment; agro-environment; exposure pathways

1. Introduction

Nanotechnology has touched every field by its scientific novelties. Although the use of
nanotechnology is at the early stage, it appears to have significant effects in different areas. It offers great
potential for the use of nanomaterials (NMs) in various fields related to all public and industrial sectors,
including material, energy, agriculture, healthcare, communication, and information technologies.
NMs are the materials that have at least one dimension on the nanoscale [1]. Titanium dioxide
with formula TiO; is the most important binary metal oxide material which exists in three naturally
occurring solid phases; anatase (3.2 eV), rutile (3.0 eV), and brookite (3.2 eV) [2]. Anatase is mostly used
in photocatalysis and recognized as a major phase of commercial TiO,. Degussa P25 is widely used
commercial TiO, nanoparticles (NPs) with an anatase to rutile phase ratio of 4:1. It has always been a
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hot topic to attain high crystalline TiO, NPs with tunable functions by manipulating its morphology.
In this context, mesocrystal TiO; has gained much attention with remarkable photocatalytic activity
in several applications [3]. Moreover, TiO, NPs have unique characteristics of a very high refractive
index, whiteness, and opacity, efficiency, increased chemical stability, and minimum cost [4]. TiO; is
widely used as a flocculent, disperser, and whitening agent in the paints and coatings industry.
TiO, along with other colored pigments is used in several end-user products such as emulsion
paints, automotive coatings, aircraft coatings, etc. In automotive varnishes, the manufactured good
is employed as a dispersive agent in conjunction with the highest gloss retention and elevated chalk
resistance. These elements contributing to the automotive sector are supposed to have a definite
impact on the global market over the projected period. Overall, according to the global market report,
TiO, market is expected to increase from USD 15,405.5 million in 2017 to USD 20,530.1 million by
2024, with a compound annual growth rate (CAGR) of 4.2% [5]. Annually about 4 million tons of
TiO, produced globally, and about 3000 tons of that process in the nano-scale form [6]. Since 2005,
the number of products containing NPs available in commercial markets increased from 54 to 2850
in 2016. According to nano-databases, TiO, NPs are used in about 25% of the products including
paints [7], pigments, cosmetics, food processing and packaging (under E code number E171 as a food
colorant), nano-fertilizers or nano-pesticides, biomedicine and clean-energy appliances like solar cells
and also as part of pollutant removal from wastewater [8].

TiO, NPs are one of the most extensively used NPs in different sectors [9]. For example, TiO, NPs are
widely used in the agriculture sector for different purposes such as nano-pesticides and nano-fertilizers
to introduce sustainable agricultural practices [10]. The availability of these nano-based agrochemicals
in the market is expected to rise in near future [11]. Similarly, the use of TiO, NPs has also gained the
utmost importance in other fields, and eventually from different sources, the inevitable release of these
NPs into the environment is obvious either through a direct or indirect route. For example, in 2008, the first
evidence of TiO, NPs leaching (3.5 x 107 NPs per L) into the aquatic environment from facade paints was
reported [12]. In 2011, TiO, NPs were first detected in effluents of wastewater treatment plants, which were
discharged into freshwater bodies where these NPs can cause unknown ecological risks [13]. TiO, NPs
have also been observed to detach from some textiles and paints due to washing or weathering and to
run into wastewater treatment plants [14,15] and especially in sewage sludge reaching the approximate
concentration of 2 g-kg™! [16]. Sewage sludge is commonly employed as soil fertilizer in agriculture at
the rate of approximately 3 tons per hectare (on a dry weight basis) annually [17-19], and become an
ultimate source of TiO, NPs dissemination in agricultural soils. However, the overall concentration of
these NPs in the environment through direct exposure route will be much higher than the indirect release.
Interestingly, in both soil and water medium, TiO, NPs can be used for purification purposes due to their
unique characteristics of photocatalysis in the presence of ultraviolet (UV) light [20,21]. Figure 1 below
illustrates the brief overview of TiO, NPs applications, their role in wastewater treatment and their impacts
on agro-environment which we have focused on in this review.

Although, TiO, NPs offer several benefits, their hidden release into the environment poses potential
risks to the entire ecosystem. Increased production and consumption of these NPs indicate their
uncontrolled release into the environment, which raises serious environmental concerns that need to
be studied [22]. There are three main environmental compartments such as air, water, and soil that
provide prospective routes for NPs entrance. Plants also offer a potential route for the transfer of NPs
to the environment and ultimately pave the way for their bioaccumulation into the food chain. As the
environmental exposure of TiO, NPs is increasing, humans are also more susceptible to these NPs, and they
can easily enter the human body via various routes like oral, inhalation, and dermal contact [23,24].
Common people may be exposed to these NPs via drinking water, food ingestion, medications, and dermal
contact with consumer products containing NPs. There are three major possible exposure routes of TiO,
NPs such as occupational, consumer, and environmental exposure. The present review summarized
the recent developments of TiO, NPs in the field of wastewater treatment, and the agro-environment,
their environmental impacts along with an overview of their possible exposure routes. As nanotechnology
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is still in its infancy, so it is timely to consider the potential future problems it could cause before large
amounts of NMs/products reach the market, and inevitably reach the environment. In this way, we may
prevent undesirable large-scale effects through proactive approaches.

)

TIO, based
Wastewater
treatment

TiO, NPs
Applications

Paints and coatings
Plastics

Textile

Electronics

Energy

Biomedical
Agrochemicals
Food processing

NPs in Effluent Agro-environment

R N

Industries

Figure 1. Illustration of the wide range of TiO, NPs applications from industries, their release into the
wastewater, and their possible exposure routes towards the agro-environment.

2. Wastewater Treatments

With the onset of industrialization, there has been a steady increase in the types and amount of
pollutants released in the environment. These environmental problems have garnered much attention
on the global scale, especially water scarcity. Global water scarcity is a temporal and graphical mismatch
between freshwater resources and the world’s water demand. The increasing world population and
urban industrialization have made water scarcity more alarming as shown in Figure 2, predicting the
gap between supply (4200 billion m®) and demand (6900 billion m?) of freshwater in 2030. A major
proportion of this water is used for the agriculture sector and then for the industrial sector.

6,900
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Domestic 600 —m— 700 | Groundwater
Industry 800
4,500
Agriculture 3100 3500 | Surface water
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reliable,

sustainable
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Figure 2. Comparison of current and future water demand, Reproduced with permission from [25],
published by McKinsey & Company, New York, NY, USA, 2009.

With a growing world population, an ever-increasing demand for food production and potable
water is questionable. The agriculture sector requires a surplus amount of water for irrigation.
To avoid water scarcity issues, the reuse of wastewater is tremendously increasing across the planet.
Reusing wastewater is a sustainable strategy to manage natural water resources [26]. However, the use
of untreated wastewater for irrigation is a usual practice in developing countries causing serious
threats to the ecosystem as well as human health. Specifically, carcinogenic pollutants pose a solemn
threat to agricultural land, irrigated with industrial effluent without any treatment [27].

The whole world stands as a witness to unintended repercussions caused by rapid industrialization.
The wastewater generated from industrial sectors has pronounced effects on humans as well as landmass
fertility. Some industrial estates have operational wastewater treatment plants but unfortunately,
they cannot handle a large proportion of industrial effluent. To meet the international standards of
wastewater discharge, suitable technologies are required for wastewater treatment before discharging
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to streams. It could help to reduce the burden on freshwater resources by reusing treated water
in various industrial processes. Due to the widely used application of nanotechnology, challenges,
and opportunities of using engineered nanomaterials (ENMs) in wastewater treatment is a matter
of endless concern. Based on the wastewater standards, a technique using TiO, NPs for resilient
pollutants in the context of wastewater treatment has become popular in recent years. Up to date,
TiO, NPs have drawn attention over other photocatalysts in every field of life. Over the last few
decades, TiO, NPs with high photocatalytic efficacy has been tested to reduce the pollution load
from various industrial units. The conventional wastewater treatment methods mostly come up with
high costs as well as lower efficiencies. However, the advantages of the use of TiO, NPs (non-toxic,
inexpensive, stable, and reusable NPs) appeared as a promising strategy to save the environment
from pollution.

2.1. Slurry-Based Titanium Dioxide (TiO,) System

To date, a widely used photocatalyst in wastewater treatment is Degussa-P25, a trademark used
for commercial TiO, NPs. Very fine NPs of P25 TiO, have been used in the form of slurry as reference
material for comparison of photocatalytic degradation under various conditions. This is because in
slurry form, these commercial NPs are always linked with volumetric production of reactive oxygen
species (ROS) relative to active surface sites. TiO, NPs have also played their role in the treatment of
high strength industrial effluent (containing toxic organic and chlorinated compounds) generating
from paper and pulp industries. In the pulp industry, the biodegradability index of effluent is 0.02-0.07
during bleaching of pulp which requires further treatment of the biological process for complete
removal of these persistent pollutants [28]. Later in a study, where wastewater treatment was carried
out using TiO, NPs, the biodegradability index increased from 0.16 to 0.35 indicating the use of TiO,
NPs as an efficient pretreatment process before biological treatment step [29]. Some of the recent
applications of TiO, NPs in the form of a slurry, for wastewater treatment, are listed in Table 1.

Table 1. TiO, NPs applications for photocatalytic degradation of industrial wastewater treatment.

Experimental Conditions
Type of Pollutant Photo-Catalyst - Light Source Photocatalytic Activity Ref.
Catalyst Dose Contaminant Conc.

95.12% DMA removal

Dimethyl arsenic Mesoporous TiO, at pH 7.5 and further

acid (DMA) NPs 08 g/l 200 ug/L, 100 mL 300 W Xe-arc lamp increase was observed 1301
between pH 3-5

Methylene blue - 85% MB removal at pH

(MB)and Congo ~ TiO; NPs 25 mg/mL g“(‘ZLO i\n’m 80 mg/L), g‘f‘a’[‘ii‘%‘; amy  1125,997% CR [31]

red (CR) 8/ - removal at pH 5.40

Chemical Oxygen

Demand (COD) . 91.21% of COD and 86%

and SO,2 from  TiO, NPs 05-15 g/L 1 L real refinery I8W UV lamp 50,2~ removal after [32]
. ) effluent (A =400 nm) .

oil refinery 15 min

wastewater

S00W tungsten 98% degradation within

Rhodamine B Porous TiO, NPs  0.100 g/100 mL 400 mg/L filament 20 min [33]
solar lamp !
6 W low-pressure 32% Total Organic

Refinery TiO, NPs 100 mg/L 1SQ mL real A - CarbonA(TOC) and 67% [34]

wastewater refinery effluent 1 _ Total Nitrogen (TN)
amp (A = 254 nm) .

after 90 min
Solar radiations of o o 6
stewate! ery efflue 985 W/m? after
. y Visible light 65% Rhodamine

Rhodamine B TiO, NPs 20g/L 4 mg/L, 400 mL (A ~ 365 nm) B degradation [36]
1000 Wm™2 o o

1,4-dioxane Degussa P25-TiO, 124 g/L (2%)%' i? 1LO,0{)1§8 :‘f Xe lamp igér C6?1D and40%TOC 137)

8- ) (A = 315-400 nm)
. . Blue UV light 96% degradation in
P-;

Rhodamine B Degussa P25 TiO, 1.6 g/L 20 mg/L, 25 mL (\=390-410nm) 60 min [38]
400 W HP 100% degradation i

Acid Orange 7 Degussa P25 TiO, 0.5 g/L 40 mg/L, 800 mL Hg lamp o cegracation in [39]

120 min

(A =253.7 nm)

200



Nanomaterials 2020, 10, 1469

2.2. TiOy-Based Photocatalytic Reactors

One of the essential aspects after the use of slurry-based TiO, NPs is regeneration, which is an
important concern for the case of economically viable water-treatment technology. The regeneration
capability of nanomaterials might be reflected as an additional benefit for their attractiveness in
water-treatment technologies. Several techniques have been used to resolve the problem associated
with the additional cost of separating NPs from water including immobilization of NMs on adequate
substrates and the use of different separation methods. Regeneration of NPs can be achieved efficiently
using various photocatalytic reactors. Photocatalytic reactors are classified into two main configurations
based on the deployed state of TiO; NPs: (i) use of NPs in form of suspension and (ii) immobilization
of NPs on inert carrier [40]. Downstream separation is required in the first type of configurations
as compared to the other one which is a continuous operation. The various types of photoreactors,

catalyst employed, and their mode of application are described in Table 2.

Table 2. Overview of various types of reactors, the catalyst employed, and their application in

wastewater treatment.

Reactor Type Reactor Name with Photocatalyst Target Pollutant Conc. Findings Ref.
Baffled reactor using Degussa . Complete mineralization after )
P25-TiO, NPs Acid orange 52 (50 mg/L) 30 h at a flow rate of 14.4 L/h [41]
Submerged membrane 95% removal was observed at a
photocatalysis reactor (SMPR) Rhodamine B catalyst loading of 0.1 g/L under [42]
using UV/TiO, 3 ultraviolet (UV) ¢ lamps at pH 8
o A
. Dichlorophenol-indophenol 964% DCHP fiegrac%atlon
Slurry photoreactor having (DCPIP) dye (1 to occurred within 3 min at [43]
Suspended mesoporous TiO, NPs 4x10-4 m};l /L) 1 x 10~* mol/L concentration and
pH3
Phenazopyridine (10, 20,30,  90% decrease in TOC was "
Packed bed photoreactor 40 mg/L) observed after 150 min [44]
Photocatalytic drum reactor having ~ MB (10 uM) and Zi(/; ;\;13 ifé;afjrgg::lf:;:e? min [45]
TiO, NPs 4-Chlorophenol (100 uM) 90 min °
Rotating drum reactor having MB 98% of MB removal was observed [46]
Degussa P25-TiO; at 30 g/L TiO, after 60 min
RPN . 97% removal was observed at pH
T_hm-ﬁlm fixed bed reactor having Carmoisine dye (10 mg/L) 2 after 45 min at a flow rate of [47]
Ti0; NPs 0.25 L min~!
After 4 h, dye converted into
benzene annular compound,
Baffled reactor immobilized with Acid orange 52 (AO52) intermediates gradually decreased [41]
TiO, NPs (50 mg L") after 10 h and complete
mineralization into CO, and H,O
Immobilized in30h
‘mmobilize
Rotating disc photoreactor, 83% removal was observed at
TiO; (P25) immobilized on High p-nitrophenol (15 mg L pH 5 after 118 min at [48]
Density Polyethylene (HDPE) plate 800 mL volume
Rotatlng aluminum drum with Tetracycline (0.5, 1, 5, 10,30,  93% Tetracycline was observed
TiO;-coated corrugated N [49]
. 50, 60, and 80 ppm) after 20 min
aluminum drum
90% 4-t-OP degradation was
Spiral photoreactor system sintered  4-tert-octylphenol (4-t-OP) observed at 10 mg/L concentration 150]

with TiO; thin film

(2,5,8and 10mg L")

with single layer TiO, film
(13.6% TiO, precursor)

2.3. TiO,-Based Electrospun Nanofibers

Nowadays, TiO, assisted photoreactors have become unfavorable, owing to the proper
configuration and artificial light source which is associated with surplus use of electric power
as well as treatment costs. The limitations associated with the use of TiO, NPs in conventional ways
paved a path for the synthesis of TiO,-based nanofibers (a one-dimensional form of nanomaterial) by
electrospinning. One dimensional nanofibers are superior to NPs owing to intriguing characteristics
such as; excellent charge carrier mobility, larger surface area, electrode availability to hole-transporting
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materials due to pores, improved charge collection as well as transport, and capability to assemble as
free stand-alone membrane [51]. They can be synthesized in the form of thin mats and films with a
fixed substrate with no need to recover the NPs after treatment.

With the entry of nanotechnology in every field of science, functional NPs can be easily
immobilized/impregnated into polymer matrix for avoiding the costly downstream separation
step. Furthermore, it also offers an opportunity to fetch priority contaminants that come close
to the photocatalytic active sites for efficient utilization of short-lived reactive oxygen species (ROS),
commonly known as “bait-hook and destroy strategy” [52]. Polymeric nanofibers can serve as a
competent carrier of photocatalytic NPs for efficient industrial wastewater treatment. Photocatalytic
degradation of organic contaminants using nanofibers has garnered much attention in recent years.

In the past few decades, several researchers have been devoted to the fabrication and
characterization of electrospun TiO, nanofibers where the precursor solution (polymeric solution)
contains amorphous TiO; followed by calcination at 500 °C. After calcination, obtained TiO, nanofibers
are transformed into crystallized forms (rutile and anatase) for efficient photocatalytic activity.
TiO, nanofibers were also synthesized using titanium-tetraisopropoxide (TTIP) and tetrabutyl titanate
(Ti(OBu)y) as TiO, precursors [53,54]. The commercial-grade TiO, NPs Degussa (P25) has been
used directly with a polymer blend for the fabrication of TiO, nanofibers which did not require a
calcination step afterward [55]. TiO, NPs can easily be immobilized/supported on polymer nanofibers
(either directly in polymer solution or decorated on the surface of nanofibers) with the advantage of
efficient recovery after complete mineralization of pollutants [56,57]. Some of the studies on industrial
wastewater treatment using TiO, nanofibers are summarized in Table 3.

Table 3. Overview of various types of pollutants and TiO, based nanofiber photocatalysts employed
for wastewater treatment.

Experimental Conditions

Type of Pollutant Photo-Catalyst Light Source Photocatalytic Activity Ref.
Catalyst Dose Contaminant Conc.
At 4 mg dose,
94.98 + 0.02%
. . degradation was
MB Carbonized TiO, 2, 4and MB-blue 10mgr) ~ S0W observed after 120 min  [58]
nanofibers 6 mg/40 mL Xenon lamp .
which decreased up to
83.20 + 0.01% after
5th cycle
TiO, NPs supported 2';2?3135;2302
s o, .
MB on Polyethylene 0,011 g of PET MB (10 mg/L) 100 W 88% fiegradahon after 1571
terephthalate nanofibers in Xenon lamp 10 min
(PET) nanofibers 10 mL
97% MB adsorbed in
MB, Bisphenol A 45 em? MB (6.4 mg/L) 240 min and degraded
(BPA) and . . y ’ Six UV-A lamps completely in less than
. TiO, nanofibers rectangular BPA and EE2 5 ) [56]
17o-ethynylestradiol (A =365nm) 90 min, 96% removal for
(EE2) coupons/50 mb (Co=50mg/L) BPA and EE2 within 4 h
and 1.5 h, respectively
Polymethyl 3% 3 cm?
methacrylate 8WUV (A =254 20% degradation after
MB v rectangular MB (10 mg/L) oy ( 20% deg 1591
nanofibers coupons/50 mL
o ion W
v e S
Rhodamine B TiO; nanofibers 0.1g/100 mL Rhodamine B (5mg/L)  halogen lamp nanofibers calciged at [60]
(A ~ 420 nm) 00 °C
Porous TiO, UV irradiation in 76.56 wt%
CR nanofibers after 0.5 g/L CR (20 mg/L) a photochemical photocatalytic [61]
silica leaching reactor degradation after 1 h

Heterogeneous photocatalytic degradation using TiO, NPs has gained popularity as an effective
alternative environment-friendly water treatment approach for a variety of water pollutants including
organic and inorganic impurities in industrial effluent. Besides the tremendous use of TiO, NPs
in wastewater treatment, the inhibitory and biocidal effects of these NPs have been well known.
In this context, they have exhibited an excellent broad-spectrum antibacterial activity against various
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microorganisms especially the pathogenic bacteria [62]. Before discharging industrial effluent into the
agro-environment, TiO, NPs-based treatment technique can be used that could help to completely
mineralize water contaminants and eradicate the major concerns of the industrial wastewater treatment.
Subsequently, the use of TiO, NPs is highly anticipated for future studies owing to their effective
photocatalytic property, and photo-stability. According to a modeling approach, among the ENMs
released from wastewater treatment plants; the concentrations of TiO, NPs in biosolids constitute about
263-367 mg kg1, 273-342 mg kg~!, and 70-120 mg kg~! in London, New York City, and Shanghai [63].
The biosolids produced during wastewater treatment are utilized as fertilizers in agriculture [64].
The application of biosolids to agricultural land leads to an increase in the release of TiO, NPs in the
soil [65]. In this context, the potential impacts, fate, and behavior of these NPs need to be investigated
in the agro-environment.

3. Impacts of TiO, Nanoparticles (NPs) in the Agro-Environment

In agro-environment, soil is the main and complex matrix in which analyzing the fate of TiO, NPs
is a challenging task. Furthermore, the impacts of TiO, NPs are difficult to measure in the soil due to
the high geogenic background of Ti (x0.6% of the terrestrial crust). Up until now, modeling studies
had helped to estimate the approximate amount of TiO, NPs that is accumulating in the environment.
According to recent forecasts, TiO, NPs sludge treated soils (with 45,000 tons) were observed to
be the largest sink for NPs release among different environmental compartments [16]. The crop
plants served as an entry route for NPs” uptake into the food chain. Presently, there are limited data
available about these NPs interactions within the soil matrix. As nanotechnology is emerging in the
field of agriculture sector in terms of growing global food production, nutritional contents, quality,
food safety, and security [66]. Besides all these aspects, there are several other applications of NPs
in agro-environments as shown in Figure 3, such as food processing and production, nano-fertilizer,
nano-pesticides, etc. but the important concern arises here is the fate of these NPs.

@

-

Fate of NPs

Nano
Fertilizer

Food
Processing

Food
Production

Agro-environment

Nanoparticles
(NPs)

S ¥

Figure 3. Applications of NPs in agro-environments.

Scientists have investigated the effects of TiO, NPs on the soil-plant continuum and have observed
diverse impacts based on different characteristics of NPs, plant species, experimental conditions,
and exposure period. For example, Figure 4, shows the TiO, NPs effects on plants with respect to
different stages, concentration range, and exposure time. In a recent study, experiments were conducted
on growth-promoting rhizobacteria (PGPR) inoculation with and without TiO, NPs in peat soil under
the three stress situations. TiO, NPs were reported to enhance the performance of growth-promoting
rhizobacteria which further promotes the solubilization of insoluble phosphates [67]. A grassland soil
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was treated with TiO, NPs at the rate of 0, 500, 1000, and 2000 mg kg‘l of soil. These NPs were observed
to negatively affect the soil bacterial communities after 60 days of exposure [68]. TiO, NPs effects
on several bacterial taxa were also studied using incubated soil microcosms having concentrations
range of TiO, NPs 0, 0.5, 1.0, and 2.0 mg g™ soil. Of the identified taxa that exist in all samples, 9 taxa
were found to be positively correlated with TiO, NPs, 25 taxa were negatively correlated whereas
135 taxa were not affected by TiO, NPs [69]. In another study, TiO, NPs effects were investigated
at concentrations ranging from 0.05 to 500 mg kg~! dry soil on different bacterial communities.
The abundance of ammonia-oxidizing archaea was reported to decrease by 40% in response to TiO,
NPs whereas Nitrospira was not affected at all. Furthermore, the abundance of ammonia-oxidizing
bacteria and Nitrobacter were also reported to reduce due to TiO, NPs treatments [70].
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Figure 4. Effects of TiO, NPs on plants with respect to different stages, concentration range, and exposure
time. (a) represents the effects of TiO, NPs on germination % of fennel seeds after short term exposure
in a petri dish, the lowercase letters show the level of significance such as ‘a” represent significant
increase in germination percentage at Nano 60 treatment compared to control group. Adapted with
permission from [71], published by ELSEVIER, 2013, (b) shows the effects of TiO, NPs on plant length
after short-term exposure in soil Adapted with permission from [72], published by Society for the
Advancement of Agricultural Sciences Pakistan, 2015, (c) shows the effects of these NPs on lettuce
plants after long term exposure of 90 days in soil, Adapted with permission from [73], published by
American Chemical Society, 2015.

TiO, NPs (0, 5, 20, 40, 60, and 80 mg/kg) were used to study phytotoxicity and stimulatory
impacts on fennel after 14 days of exposure. The mean germination percentage was increased by 76%
at 60 mg L1, while the mean germination time was decreased by 31% at 40 mg L' [71]. Similarly,
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in another study, plant shoot-root length was increased by 49% and 62%, respectively at 100 mg kg™
of NPs treatment in lettuce after 14 days exposure in soil medium [72]. Another study was performed
using TiO, NPs treatments (0, 50-250 mg kg™!) in soil medium for a period of 90 days. The total
dry biomass was observed to increase 1.4-fold and phyto-available phosphorus (P) in soil by 2.2-fold,
respectively [73]. Table 4 enlists the recent studies conducted for the investigation of TiO, NPs effects
on different plants.

Table 4. TiO, NPs applications since 2010 on different plants and their impacts.

Experimental Conditions Plants Impacts of TiO, Ref.
gizo: IZ\IOI1530 m Plants cultivated in salt stress conditions were observed to
Treatments: 0, 50, 100 and 200 mg L™!) in Moldavian balm have improved physical traits and increased antioxidant [74]
the growth medium of cocopite and perlite enzyme activity in response to TiO, NPs treatment
Period: 60 days | compared to control.

TiO, NP No change in chlorophylls occurred.
Sizez' 50 jr\ 468 nm In leaves and roots, both ascorbate peroxidase and catalase
i ) . activities were improved by NPs.
;F(r)e:mlfnﬁ.olf(] g:;_‘sg ?E;gzs/;ion Cowpea TiO; NPs have the potential for soil nano-remediation and 731
Periogd' *?4 davs P could be an environmentally friendly option to tolerate
) ye soil Cd toxicity in cowpea plants.
TiO, NPs TiO, NPs without P fertilizer increased Ca (316%),
Size: 30 nm Wheat Cu (296%), Al (171%), and Mg (187%) contents in shoots at 1761
Treatments: 0, 30, 50 and 100 mg kg’l 50 mg kg’l TiO, NPs treatment which shows improved
Period: 60 days grain quality and crop growth.
TiO, NPs The foliar spray of TiO; NPs reduced the soil bioavailable
Treatments: 0, 5, 10, 15, and 20 mg L Cd by 10, 14, 28, and 32% in response to 5, 10, 20,
(foliar spray) Rice (Oryza sativa) and 30 mg/L NPs treatments compared to their control 1771
Medium: Soil values. These NPs also significantly decreased the Cd
Period: 55 days concentration in the shoot as well.
gizoez Ij}:(?nm Shoots and root lengths of wheat plants increased by16%
. . 1 . . and 4%, respectively.
’ﬁizt;:;r?t;‘o% 50, and 100/msg kg Wheat (Triticun: aestiourm) Phosphorus in shoots and roots was increased by 23.4% 78]
Period: 4'0 days and 17.9% at 50/mg kg™ of soil compare to control.
gi?ez ijg am TiO, NPs at the highest treatment level of 1000 mg kg™!,
Treatments: 0, 25, 50, 150, 250, 500, 750 and ~ Wheat (Triticum aestivum) plant growth, biomass. . [79]
1000 me L-! Phosphorus content along with other tested parameters
Me diur%\' Soil did not shown any improvement in the testing soils.
TiO, NPs
Treatments: 0, 100 and 500 mg kg™ L . No effect of phytotoxicity was observed in plant growth,
Medium: soil Wheat (Triticum aestivum) chlorophyll content, and biomass. 1501
Period: 60 days
Phosphorus concentration was increased in roots by
TiO, NPs 2.6-fold, shoots 2.4-fold, and grains 1.3-fold upon
Treatments: 0-750 mg kg™" . . 750 mg kg ™! of NPs treatment.
Medium: Soil Rice (Oryza sativa) Metabolomics study revealed that levels of amino acids, [81]
Period: 90 days glycerol content, and palmitic acid were also improved
in grains.
TiO, NPs No adverse effect on shoot growth.
Treatments: Barle Root growth inhibited as the concentration of TiO»
0, 100, 150, 200, 400, 600, and 1000 mg Lt (Hordeum vu}ll arel) NPs increases. [82]
Medium: Hydroponics & - No effect on chlorophyll a and b.
Period: 7 days No significant effect on biomass.
TiO; NPs NPs treatment at the rate of 20, 40, and 60 mg kg ™!
Treatments: 0-100 mg kg™ ” . increased plant growth and phosphorus uptake.
Medium: Soil Wheat (Triticum aestiourn) 32.3% of chlorophyll content increased at 60 mg kg™ 1831
Period: 60 days while 11.1% decrease at 100 mg kg™
Plant biomass and chlorophyll content decreased as the
TiO, NPs NPs treatment increase.
Size: >20 nm Higher concentrations of NPs improved root growth.
Treatments: S . NPs treatments from 100 to 1000 ug mL™" affect vitamin E y
0, 100, 250, 500 and 1000 mg L1 Arabidopsis thaliana (L) o1 ent in plants. 184
Medium: Soil Decrease in plant biomass by 3-fold in response to 500 and
Period: 5 weeks 1000 mg/mL NPs treatment, whereas, at 100 mg/mL,
the biomass decreases to half relative to control.
TiO, NPs The germination of cabbage significantly increased.
Treatments: Cabbagce),n?(;;cumber, In cucumber and onion, significant root elongation [85]
250 and 500 ug/mL was observed.
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Table 4. Cont.

Experimental Conditions Plants Impacts of TiOy Ref.
11;12052 21\;11_59 am, E171: 92 4+ 31nm TiO, NPs showed restricted mobility from soil to leachate.
Nor;-nal;omatelr ial Tib A 145 44 é m Wheat, Red clover No significant translocation of Ti was observed in both 186]
Treatments: 1, 10, 100 ﬁ][)O e ka1 . plant species, while average Ti content increased from 4 to
Period: 12 \'Ne,eks, ! 518 8 mg kg ! at the highest treatments.
TiO; NPs P .
Size: 22 and 25 nm Soya bean Ear\t grow‘;h slgl;mﬁcanttly (:gcrfased which corresponds to 1871
Period: 6 weeks e reduced carbon content in leaves.
TiO, NPs Alyssum homolocarpum, — TiO, NPs affected the germination and seedling vigor of
Treatments: 0, 10, 20, 40 and 80 mg L1 Salvia mirzayanii, 5 medlcuf\al plants. ) )
Medium: Petri dish Carum copticum, Appropriate concentration levels had improved the [88]
Period: 1‘0 days Sinapis alba, germination as well as the vigor index of the
eriod: ays and Nigella sativa subjected plant.
Significant increase in seedlings germination percentage,
germination rate index, shoot-root length, fresh biomass,
vigor index, and chlorophyll content.
TiO, NPs Parsley 30 mg mL~! was observed to be the optimum 89]
. 1 concentration of NPs.
Treatments: 0,10, 20, 30, and 40 mg mL. Increased germination percentage (92.46%) was observed
at40 mg mL~! treatment, relative to the lowest one
(44.97%) at control.
TiO, NPs Under the water-stressed conditions, the plant’s length,
Treatments: 0, 0.01%, 0.02%, and 0.03% Wheat (Triticun aestioum) biomass, and seed number along with the other tested 190]
Medium: Soil ea - traits like gluten and starch content were increased at
Period: 14 days 0.02% of NPs treatment.
NPs treatment improved root length.
NPs above 140 nm diameter are not accumulated in
wheat roots.
TiO, NPs Wheat (Triticum aestioun) NPs above 36 nm threshold diameter, can be accumulated 1]
Size: 14-655 nm : (at concentration 109 mg Ti/kg dry weight) in wheat root
parenchyma cells but are unable to translocate to the shoot.
Enhanced wheat root elongation was observed when
exposed to 14 and 22 nm TiO, NPs.
TiO, NPs Improved photosynthesis and growth in plants were
Sizez' 5nm reported. Generally, the absorption of light in chloroplast
Treatments: 0.25% NPs Arabidopsis thaliana ar?d hi;ht-cl'l\]aarvestmg corT\pfllex IInvl\;as sgpp&: ed tobe [92]
Medium: Hoagland nutritive fluid stimulated by TiO; NPs; thus, enhancing the
Period: 3‘5 dave transformation of light energy to electronic energy,
erod: ays the evolution of oxygen, and water photolysis.
TiO, NPs (43%) with sucrose coating Arabidopsis thaliana Results revealed that small NPs entered plant cells and got 193]
Size: >5 nm aop accumulated in distinct subcellular locations. h
THO, NPs TiO, NPs treatment significantly reduced the shoot,
Sizez' <100 nm root biomass, and chlorophyll contents of leaves in a
Trea‘tments‘ 0.5, 10 and 20 me L-1 Zea mays L. dose-dependent manner. Whereas positive effects were [94]
Period: 20 d i & reported on the N, P, K, Zn Mn, and Cu contents except
eriod: ays for Fe.
gi?ez ij 50 am TiO, NPs were reported to induce variations in a meiotic
Treatments: 15, 30, 60, 120 and 240 mg L1 Vicia faba activity which results in an increased number of [95]
Period: at diffe’ren’t tir’ne intervals up to a chromosomal abnormalities in the plant’s
maxirr{um of 82 days reproductive parts.
TiO, NPs
Size: <100 nm (tetragonal crystals), <10 nm Based on the characteristics of size and shape, TiO, NPs
(spherical shape) Vicia faba L. can induce different levels of toxicity in terms of seed vigor [96]
P P y 5

Treatments: 50 mg L1
Period: 3 days

index, aberration index and oxidative stress in plants.

Studies have shown the positive effects of TiO, NPs on the physiology of red bean plants,
leaving no negative biochemical impacts in plants [97]. Low concentrations of TiO; NPs were reported
with their positive effects on chickpea cells especially when they were exposed to cold stress. However,
TiO, NPs especially at 5 mg kg ™! concentration level was reported to reduce cold-induced damages in
sensitive and resistant chickpea genotypes. Such domino effects raised key questions regarding the
potential mechanisms. It was supposed that the activation of the defensive mechanisms in chickpea
seedlings after the absorption of TiO, NPs support the plants in cold stress. These results are quite
interesting for further practice in cases of environmentally stressed conditions. These new findings
could pave the way to increase the use of NPs especially to improve the cold stress tolerance in major
crops [98]. Furthermore, in future studies, TiO; NPs application in combination with fertilizers could
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be an effective option to search out a way for better application of these agrochemicals in a sustainable
way. We further need to explore the potential of nanotechnology by upscaling the present studies by
investigating the effects of NPs at different stages in the life cycle of plant species and understand their
mechanism of environmental exposure.

4. Understanding the Mechanism of Environmental Exposure of NPs

The increased use of NPs in different fields has raised a worldwide concern regarding their
release and impact on human health and the environment. For this reason, in the recent decade,
toxicological effects of NPs on human health and the environment also gained attention. The potential
for exposure to these NPs begins with the production of these materials until their associated life cycle
completion and release into the air, soil, and water [99] as shown in Figure 5.
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Figure 5. Probable routes of human and environmental exposure.

Among possible exposure routes of TiO, NPs, there are three major exposure routes including
occupational exposure, consumer exposure and environmental exposure.

4.1. Occupational Exposure via Industries

According to a Swiss survey report, the usage of TiO, NPs increased in amounts of approximately
more than 1000 kg per company annually [100]. Occupational exposure to NPs may occur through
dermal contact and dust inhalation at workplaces or industries; where these NPs are used or
manufactured. The National Institute for Occupational Safety and Health (NIOSH) reported that the
workers over the industrial units are at high risk of exposure to NPs due to unintentional hand-to-mouth
touch [101]. Usually, the materials at microscale levels are considered to be harmless, however recent
studies suggested that frequent inhalation of NPs could be dangerous [102]. The impact of NPs on
humans has been investigated using various rodent models through various exposure routes and
conditions. For example, inhalation of TiO, NPs was reported to cause lung damage in mice due to
inflammation, pulmonary fibrosis, and initiation of lung tumors [103]. In the human body, the liver
is the most susceptible organ targeted by NPs [104]. TiO, NPs have been reported to induce toxic
effects on the liver affecting its functions [105]. In China, a study regarding occupational exposure
to TiO, NPs was conducted in a packaging workshop. Workers were selected on the basis of age
(20 years or more) and employment (at least one year). Cardiopulmonary effects through possible
biomarkers and physical experiments were conducted to reveal TiO, NPs exposure. A pattern having
time (dose)-response was observed in exposed workers, suggesting that long-term exposure to TiO,
NPs cause serious threats through occupational exposure [106].

TiO, NPs have the ability to generate reactive oxidative species and oxidative stress even at lower
NPs concentration. In a recent study, an acute exposure of TiO, NPs to human lungs resulted in
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substantial modifications in gene expression along with long-term effects on progeny cells even after
multiple generations via transcriptional changes [107]. Similarly, genotoxicity and cytotoxicity of TiO,
NPs (having different shapes) in bronchial epithelial cells were studied. Genotoxicity was determined
on the basis of cellular-uptake as well as the ability of NPs to aggregate, whereas lesser cytotoxicity of
NPs was observed to be significantly influenced by irradiation time and the shape of TiO, NPs [108].
Another study reported that in case of acute exposure conditions, TiO, NPs did not cause cytotoxicity
in human alveolar A549 cells [109], but there is a lack of information related to the magnitude of NPs
released and exposed to organisms, which can be better interpreted in future studies [110].

4.2. Consumer Exposure

Consumer products available in markets including i.e., cosmetics, beverages and food, appliances,
health and fitness, gardens and homes, etc., contain NPs and are expected to have direct consumer
exposure [111]. TiO, NPs having different sizes were used to investigate their effects on a human
keratinocyte cell line (HaCaT) and reported that all the tested types of TiO, NPs increased the
superoxide production, and apoptosis in a dose-dependent manner [112]. Another study reported that
TiO, NPs at the half maximal effective concentration (ECsg) ranges from 10~ to 1072 mol L~! induced
cytotoxic effects on HaCaT cells [113]. Recently, in another study the authors investigated the TiO, NPs
in combination with the ingredients from modern lifestyle products like cosmetics, skin-care products,
and Henna tattoos. TiO, NPs alone were not reported to induce any damage in cell viability upon
application of 100 ug mL ™" up to 24 h [114]. Recently a social survey was conducted in USA regarding
the individual exposure to TiO, NPs used in personal care products. From these results, toothpaste and
sunscreen were considered as the major source of dermal exposure depending on their usage pattern
and amount of TiO, NPs in these products. It is estimated that a person can exposed to 2.8 to 21.4mg
TiO; per day through dermal exposure. Per day oral exposure is estimated from 0.15 to 3.9 mg TiO,
via toothpaste [115].

Over the course of history, TiO; has been considered to pose low toxicity both for humans and the
environment. Since ancient times, it has been the most widely used material as a coloring agent [116].
However, in 2018 the French national assembly revised the guidelines with the amendment to ban
the use, import, and sale of nano-scale TiO; as a food additive in any kind of food by 2020 [117].
Because of the fact that limited information is available on the safe usage of these NPs in consumer
products, their potential hazards for their users need to be assessed. There are several factors involved
in the assessment of the consumer exposure to these NPs that constrained due to the limited access of
information; (a) list of commercial products containing NPs, (b) amount of NPs used in such products,
and (c) behavior of the consumer towards them [118]. Most of the commercial products containing these
NPs do not enlist this information on their ingredient lists. Moreover, the number of consumers of such
products and industry-derived data are kept hidden from all stakeholders including the governments,
public, and private sectors which makes the consumer exposure situation more alarming [119].

4.3. Environmental Exposure

The term environmental exposure is based on the extent of NPs taken up by biota, either in
metabolized or degraded form, and their rates of excretion. This is where the least amount of data
is available, and particularly data that consider the modifying effects of the environments where
organisms live while they are exposed to NPs. In the product life cycle starting from manufacturing until
consumer usage, each stage for NPs could result in their release into the environment. The tendency
for physicochemical properties varies as these NPs move from different environmental compartments
such as water, soil, and air. Understanding the importance, their fate, transport, and transformation
need to be emphasized. However, little is known about what governs these processes for NPs in
general. So, we tried to summarize what is known about the environmental behavior of these NPs
which is as follows.
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Upon release into the environment, NPs usually act in one or more of the following ways: (1) stay
suspended as an individual particle; (2) form agglomerates (and potentially sorbed onto some surface
or experience facilitated transport); (3) dissolve in a liquid; and (4) transform chemically by reacting
with organic matter or other natural particles. The extent to which NPs’ behavior follows any of the
aforementioned patterns depends on their surrounding environment, and several biological, chemical,
and physical processes. Nanosize TiO, made them extremely mobile in the soil system, but their larger
surface areas (compared to their size) enhance their tendency to sorb onto the soil, which restricts
their movement or makes them immobile. For example, TiO, NPs considered as having low solubility,
remained in the soil for long periods which might create potential environmental risks for deeper
soil layers. Small-sized TiO, NPs (20 nm) were able to penetrate the plant cell wall and have been
reported to reduce wheat’s biomass [120]. Plants offered a potential route for the transmission of
NPs to the environment and ultimately paved the way for their bioaccumulation into the food chain.
Different studies have determined the response of NPs to plants growth and their possible mechanism.
Plant cell walls do not allow the smooth entrance of any external agent as well as NPs into the plant
cells. The screening property of the cell wall depends on the diameter of pores present in the cell wall
that mostly ranges from 5 to 20 nm [121]. Therefore, NPs and their accumulates within the stated range
could simply cross the cell membrane and transfer to the plant’s aerial parts. NPs might generate
various morphological changes in the root structures, which increases pore sizes or generates new
pores in the cell wall, which further enhances the uptake of NPs and their aggregates [122]. A recent
study reported that TiO; NPs from the environment undergoes the size selection process during the
foliar and root uptake mechanism in Dittrichia viscosa wild plants. The study reported that the TiO,
NPs having a size less than 50 nm were accumulated in plant’s leaves (53%), stems (90%), and roots
(88.5%) [123]. In another study, TiO, NPs of size 4 and 150 nm were reported to be internalized through
foliar uptake in lettuce plant leaves via stomata [124]. Another report stated that NPs accumulated
on photosynthetic surface-induced foliar heating that can alter the gaseous exchange due to stomatal
disturbance. Consequently, altering the different molecular and physiological functions of plants [125].
Therefore, the influence and translocation of different NPs within plants need to be investigated further
to understand the whole mechanism and their behavior in plants [126]. As the human food chain
instigated with plants, so it is critically important to understand how plants respond differently to
these NPs which are frequently concentrating in our ecosystem through various routes.

Aquatic systems are usually considered as the main recipient of NPs. As in the terrestrial environment,
transformation in the aquatic system includes several, physical (aggregation/agglomeration and deposition),
biological (interaction with macromolecules including polysaccharides, proteins, and surfactants) and
chemical processes (dissolution, sorption, and redox reactions). Aside from the intrinsic properties,
transformation, and toxicity of TiO, NPs also rely on various environmental factors such as temperature,
pH, light, and presence of natural organic matter [127]. In natural aquatic systems, many organisms are
sensitive to NPs’ exposure and exhibit pronounced toxic effects during their transport and transformation.
This might be because NPs have surface coatings that help to improve their solubility and suspension
and made them more mobile than the other large-sized particles. TiO, NPs have been reported to
induce a significant decrease in growth parameters of an aquatic plant Spirodela polyrrhiza, whereas the
increased concentration of TiO, NPs was observed to increase the photosynthetic pigmentation and the
peroxidase activity [128]. Overall, the negative effects of nanoparticles must not be ignored, especially on
human health and the environment, and must be studied in detail to make their use controlled and safe.
Table 5 below briefly enlists some studies of TiO, NPs on terrestrial and aquatic organisms.
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Table 5. TiO, NPs effects terrestrial and aquatic organisms.

Experimental Conditions Organisms Impacts of TiO, Ref.

Terrestrial Organisms

Increased generation of intracellular reactive
oxygen species.
Nematodes (C. elegans) Toxicity reduced and the lifespan of survived [129]
nematodes increased in response to
TiO; NPs exposure.

Lower glutathione/oxidized glutathione (GSH/GSSG)

TiO, NPs

Size: 25 nm

Treatments: 500 and 5000 mg kg™
Period: up to 48 days

TiO, NPs ratio and significant decrease in superoxide dismutase
Treatments: 0, 5, 50, and 500 mg kg’1 Earthworm (Eisenia fetida) S1g] P [130]
o | (SOD) activity was observed for 500 mg/kg
Period: 120 days . .
TiO, concentration.
TiO, NPs Unamended and earthworm—amended soil increased
Size: 50-100 nm Treatments: 0, 150 or Bacterial community and certain available bacterial groups such as Firmicutes [131]
300 mg kg’l of dry soil Eisenia fetida and Acetobacter whereas decreased Verrucomicrobia and N
Period: 15, 30, 60 and 90 days Pedobacter abundance.
TiO, NPs (anatase) Intestinal inflammation with lower body weight.
Treatments: 10, 50, and 100 nm Mice Mice with removed gut microbiota did not show [132]
Period: 2-3 months this phenomenon.
TiO, NPs
Size: 23 + 6.8 nm . . . . .
Treatments: 0.5,2.5, and 10 mg kg1 Sprague-Dawley rats Persistent inflammation of lung and liver genotoxicity. [133]
Period: 2 h and 35 days
Aquatic Organisms
TiO, NPs B . )
Treatments: 0.25, 0.5, and 1.0 mg L™ Daphnia magna Tio, W.lth 20% rutile and 80% anatase had a highest [134]
X mortality rate as compared to other crystalline forms.
Period: 21 days
Biosynthesized TiO, NPs Significant malformations such as tail curvature,
Size: 43-56 nm y S egg coagulation, bend the spine and delayed hatching
Treatments: 0, 2.5, 5, 10, 20, Zebrafish (Danio rerio) was observed at a concentration of 2.5 mg Lt during 8 [135]
and 40 mg L™! to 120 h post fertilized period.

TiO; NPs
Treatments: 25, 125, and 250/mg Lt
Period: 28/days

The mortality rate was observed to be 0, 3.3, and 10%
in response to 25, 125, and 250/mg L™! of [136]
TiO, NPs, respectively.

Red swamp crayfish
(Procambarus clarkia)

Acute exposure caused oxidative stress with a decrease

in catalase (60%), superoxide dismutase (27%),

and glutathione peroxidase (37%), while 14 days of

exposure elevated the catalase (61%), [137]
glutathione-S-transferase (54%),

glutathione peroxidase (32%), and glutathione

reductase (93%).

TiO, NPs
Treatments: 1.0 and 5.0 mg L™
Period: 4 and 14 days

Nile tilapia
(Oreochromis niloticus)

TiO, NPs

Treatments: 500, 1000, 1500,
and 2000 mg L™!

Period: 24 h

Mortality rate of 5, 20, 20, 53, and 57% was observed in
Brine shrimp (Artemia salina) response to 0, 500, 1000, 1500, and 2000 mg L [138]
TiO, NPs, respectively.

5. Conclusions and Future Perspectives

This review briefly discussed the recent developments of TiO, NPs in wastewater treatment
technologies and the agro-environment. The potential exposure pathways of these NPs and their
associated environmental risks were also highlighted. In fact, the use of TiO, NPs will further increase for
promising applications in the near future. In wastewater treatment technologies, downstream separation
of these NPs after photocatalytic degradation is still a matter of concern which can be minimized
by using TiO, in photocatalytic reactors either in slurry form or immobilized on a solid substrate.
Immobilization might result in loss of potential active sites which could be minimized by adding NMs
into the polymeric substrate. The polymer can provide firm anchoring to TiO; NPs, however, there is
still a chance of NPs leaching into the treated water and reaching the agricultural soils via irrigation.
Since the agriculture sector is the backbone of the economy in most countries, studies based on crop
improvement using TiO, NPs could help to overcome the burden of nutrient deficit in soils providing
better crop yield. Apart from the potential benefits of TiO, NPs there are also some limitations that
we could not ignore. At this stage, we could not claim with surety that the use of NPs is fully safe
for human health and the environment or if it is harmful. Risks associated with chronic exposure of
these NPs, interaction with flora and fauna, and their possible bioaccumulation effects have not been
fully considered yet. The other limitations include the lack of information about a safe range of NPs’
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concentration, scalability of research and development for prototypes, industrial production, and public
concern about health and safety issues. Detailed investigations are necessarily required to resolve
these concerns and provide conclusive statements. We need to optimize the useful concentration levels
of TiO, NPs for various applications and limit their usage for environmental safety.
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Abstract: This study examined the effect of Fe304 nanoparticles on boar semen. Beltsville
thawing solution without antibiotics was used to extend ejaculates from 5 boars (4 ejaculates/boar).
Semen samples of control group (C) and group with Fe3Oy (Fe; 0.192 mg/mL semen) were incubated
under routine boar semen storage temperature (17 °C) for 0.5 h and nanoparticles were removed
by a magnetic field. Before and after treatment, aliquots of all groups were cultured using
standard microbiological methods. The samples after treatment were stored (17 °C) for 48 h
and sperm parameters (computer-assisted sperm analyzer (CASA) variables; morphology; viability;
hypo-osmotic swelling test (HOST); DNA integrity) were evaluated at storage times 0, 24, 48 h.
Semen data were analyzed by a repeated measures mixed model and microbial data with Student’s
t-test for paired samples. Regarding CASA parameters, Fe group did not differ from C at any time
point. In group C, total motility after 24 h and progressive motility after 48 h of storage decreased
significantly compared to 0 h. In group Fe, linearity (LIN) after 48 h and head abnormalities after 24 h
of storage increased significantly compared to 0 h. The microbiological results revealed a significant
reduction of the bacterial load in group Fe compared to control at both 24 and 48 h. In conclusion,
the use of Fe3O4 nanoparticles during semen processing provided a slight anti-microbiological effect
with no adverse effects on sperm characteristics.

Keywords: bacterial resistance; boar; microbiological analyses; nanoparticles; semen

1. Introduction

The performance of artificial insemination (Al) is the most acknowledged method worldwide to
fertilize sows with liquid-extended boar semen. Bacterial contamination affects semen’s qualitative
characteristics and fertilizing capacity and induces a potential health risk to the females after Al
Previous studies reported that bacteriospermia results in higher estrus returns, early embryo death,
endometritis and specific infections in pigs [1-3]. Porcine semen usually contains two to three
species of bacteria, most commonly Staphylococci, Streptococci and Pseudomonas [4]. In this aspect,
the antibiotics have been main constituents of semen extenders to control the bacterial growth during
the storage time of boar liquid semen. However, Althouse and Lu [5] found bacterial occurrence
in one third of the produced boar sperm doses, with bacteria largely resistant to antibiotics such
as amoxycillin, gentamycin, lincomycin and tylosin. This fact has led the scientific community to
explore alternative strategies to minimize the development of antibiotic resistance. Thus, methods of
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physically removing bacteria by centrifugation in colloidal solutions [6] and the addition of natural
or synthetic peptides with antimicrobial activity to the diluents have been reported in boar semen
processing [7,8]. Nanoparticles (NPs) of size 40-60 nm, expressed significant antimicrobial capacity
against Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus [9]. Li et al. [10], investigating
the mechanism of action of Ag NPs, found that 10 ug Ag NPs/mL can completely restrain the growth of
107 cfu/mL of E. coli cells, by damaging cell membrane structure, limiting the activity of enzymes and
inducing bacterial death. The results of the study of Shahverdi et al. [11], where silver NPs significantly
increased the antimicrobial activity of vancomycin, amoxycillin and penicillin against S. aureus are
remarkable. Moreover, iron oxide magnetic NPs provided significant antibacterial properties against
p. aeruginosa and S. aureus, due to the reactive oxygen species (ROS) generation [12,13]. Although
the scientific community continuously seeks alternative approaches to the use of antibiotics in semen
processing, some studies have reported toxic effects of NPs on live cells. Sahu et al. [14] found that
nanotoxicity could be dependent on the type of the cell in terms of a different sensitivity response.
For this reason, our research team was the first to investigate the appropriate effective antibacterial
concentration and co-incubation time of silver Ag/Fe and Fe;O, NPs in semen [15]. In this study,
Ag/Fe NPs demonstrated a detrimental effect on boar spermatozoa. Conversely, Fe;04 NPs at a
minimum inhibitory concentration (0.192 mg/mL semen) had no negative effect on computer-assisted
sperm analyzer (CASA) motility parameters of boar sperm after 30 min of co-incubation [15]. Therefore,
further research on their application for semen handling is necessary. The aim of this research was to
extend our knowledge regarding an alternative methodology in order to control the microbial load of
boar semen without having detrimental effects on its quality, using iron oxide NPs.

2. Materials and Methods

The semen samples used in the present study were commercially available. No operations on
research animals were carried out and no approval by the Ethics Committee on Animal Use of Aristotle
University of Thessaloniki (Greece) was necessary.

2.1. Reagents and Media

All the reagents and chemicals used were purchased from Sigma Aldrich, Seelze, Germany,
unless otherwise stated. Semen samples were extended with laboratory-produced Beltsville thawing
solution (BTS: 205 mM glucose, 20.4 mM 112 sodium citrate, 10.0 mM KCl, 15.0 mM NaHCO3, 3.6 mM
ethylenediaminetetraacetic acid (EDTA); pH 7.2-7.4; 290-300 mOsmol/kg) without antibiotics.

2.2. Synthesis and Dispersions of Fe304 NPs

2.2.1. Synthesis

Magnetite nanoparticles were synthesized by the oxidative precipitation of FeSO, in an
ethanol/water mixture and NaNO3 and NaOH were added as mild oxidant and acidity controller,
respectively [16,17]. A solution of 1 M FeSO4-7H,O was prepared by the reagent’s dissolution in
350 mL of 0.01 M H,SO, solution. Another solution with dissolved NaNOj (0.25 M) and NaOH
(0.52 M) in a 30% ethanol mixture in distilled water was prepared to a total volume of 1400 mL. The two
solutions were mixed under intense stirring to form green rust. After agitating the mixture for 15 min,
it was transferred to a water bath regulated at 90 °C and allowed for 6 h to ageing of green rust and
to the formation of magnetite nanoparticles. When cooled to room temperature, the dispersion was
washed/centrifuged several times with distilled water to remove any residuals. The Fe304 NPs were
sterilized before co-incubation with semen by heating in an autoclave (steam sterilization, 121-124 °C,
3 atm, 20 min).
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2.2.2. Characterization

The identification of the structural phases appearing in the nanoparticles was carried out by
powder X-ray diffractometry (XRD) using an Ultima+ diffractometer, Rigaku, Sendagaya, Japan,
operating with CuKa radiation at 40 kV/30 mA, 0.05° for step size and 3 s as step time. The diffraction
diagrams were evaluated after comparison with the Powder Diffraction Files (PDF) database [18].
Scanning electron microscopy (SEM) images were taken by a Quanta 200 ESEM FEG instrument
(FEI, Hillsboro, OR, USA) with a field-emission gun adjusted to 30 kV. Magnetic measurements
of the nanoparticles were performed in a MPMS XL SQUID magnetometer (Quantum Design,
San Diego, CA, USA) at room temperature.

To determine the percentage of bivalent iron in the nanoparticles (Fe?+/Fe3+ ratio) as an indicator
of Fe30, formation, the dried sample (0.1 g) was digested in 50 mL 7 M H,SO,4 under heating and then,
titrated by a 0.05 M KMnOjy solution. The appearance of pink color signified the complete reduction of
MnO,~ ions and the end of the titration. The sum of iron in the sample was defined by graphite furnace
atomic absorption spectrophotometry (Perkin Elmer AAnalyst 800, Perkin Elmer, Waltham, MA, USA)
after dissolving a weighted quantity in HCI.

2.3. Animals, Semen Samples Collection and Dilution

The semen samples were collected from 5 crossbred boars (2-2.5 years of age) from a commercial
pig farm with capacity of 700 sows. In total, 20 ejaculates (4 ejaculates/boar) were collected by the gloved
hand technique and the gelatinous portion was discarded using a gauze. Two ejaculates were collected
on a weekly basis, pooled, and transported in an isothermal vessel (37 °C) to the farm laboratory.
The ejaculates were assessed for the basic quality parameters [volume, concentration (SDM1, Minitube®,
Tiefenbach, Germany) and motility (subjective microscopic evaluation by a phase contrast microscope,
Zeiss, Oberkochen, Germany)], and those with volume >200 mL, concentration >200 x 100 sperm/mL,
total number of spermatozoa/ejaculate >40 x 10?, and gross motility >70% were further processed.

Semen samples of good quality were extended in BTS without antibiotics (30 X 10° spermatozoa/mL)
and re-evaluated microscopically for motility. Extended pooled semen samples with motility >70% were
transported (17 °C) within 60 min into a portable semen storage unit (Minitube®, Tiefenbach, Germany)
to the Unit of Biotechnology of Reproduction, Clinic of Farm Animals, Faculty of Veterinary Medicine,
Aristotle University of Thessaloniki.

2.4. Experimental Design

2.4.1. Semen Processing with Nanoparticles (NPs)

Upon arrival at the Unit of Biotechnology of Reproduction, each semen sample was separated in
2 aliquots and the following two experimental groups were prepared: (1) control group (C): extended
semen without any treatment; (2) iron oxide group (Fe): extended semen with Fe3O4 NPs (0.192 mg
Fe3;04/mL semen).

2.4.2. Trial 1: Determination of Non-Detrimental Co-Incubation Time of Semen with NPs

The beneficial/detrimental co-incubation period and the appropriate antibacterial concentration
of iron oxide NPs for boar semen handling, was evaluated in a previous trial of our laboratory [15].
Briefly, semen samples were cultured for the detection of bacterial pathogens. Plates containing sheep
blood agar and plate count agar (PCA, Oxoid, Thermo Scientific, Lenexa, KS, USA) were inoculated
with 100 pL aliquot of extended semen without antibiotics and incubated at 37 °C to estimate the
microbial load and select strains for the antibacterial assay. Isolation and identification of picked
colonies from blood agar was performed after incubation in 10 mL of tryptone soya broth (TS broth,
Oxoid, Thermo Scientific, Lenexa, KS, USA), (37 °C for 24 h) and the conduction of conventional
laboratory procedures. Pseudomonas, Staphylococcus and Streptococcus strains were finally selected for
further investigation of the antimicrobial activity of nanoparticles. The selected strains were tested
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against several concentrations of the examined iron oxide NPs using a standard two-fold broth dilution
method [19]. Dilutions of the Fe304 NPs were prepared and dispensed in tubes. Each tube was
inoculated with the relevant microbial inoculum (adjusted to 0.5 McFarland scale) of each of the
selected strains. Tubes were incubated at 37 °C aerobically and 100 uL were spread on blood agar
at time 0, 30 min, 60 min and 24 h of incubation. The results demonstrated that the concentration
of iron oxide NPs that prevented the growth of the selected bacteria was different for each strain.
The minimum inhibitory concentration (MIC) of NPs for the bacterial growth was defined as the lowest
concentration of NPs, which inhibited bacterial growth.

Concentrations of iron oxide NPs were re-assessed and finally selected so as not to be harmful
for semen samples. Considering the MIC (0.192 mg/mL semen) of the examined NPs after in vitro
antimicrobial activity assessment, they were dissolved in distilled water to prepare a stock solution
of 19.2 mg Fe30O4 NPs/mL distilled water. A fresh stock solution of NPs was prepared every week.
Prior to its use, the NPs solution was sonicated for 20 min to improve its dispersion stability. The C
and NPs groups were incubated at 17 °C (appropriate storage temperature of extended boar semen)
for 30, 45 and 60 min and afterwards the NPs were removed with a magnetic field (as it is described
in Trial 2). Total motility and progressive movement spermatozoa were assessed by the CASA.
The incubation period of 45 and 60 min were excluded as the values of the examined CASA parameters
were significantly decreased in the NPs groups compared to the control group. The co-incubation
period of 30 min had no adverse effects on the evaluated CASA parameters and was selected for
further research.

2.4.3. Trial 2: Investigation of the Effect of Iron Oxide (Fe304) NPs on Boar Semen Quality

The C and Fe groups were incubated (17 °C) for 30 min after iron oxide NPs addition to group Fe.
Subsequently NPs were removed with the help of a magnetic field. To achieve that, the tubes were
placed in a plexiglass acrylic rack equipped with commercial NdFeB permanent magnets, remained in
vertical position for at least 5 min and the post-treated semen was transferred to a new tube, while the
NPs were discarded (Figure 1). Three repetitions of this process were applied to completely remove the
NPs. Then the control and the post-treatment NPs samples were stored at 17 °C for 48 h. Semen quality
and functionality as well as the microbiological tests were performed at 0 (time of NPs removal), 24 and
48 h post treatment.

Figure 1. Plexiglass acrylic rack with 6 Eppendorf tubes’ places, equipped with commercial NdFeB
permanent magnets.

2.5. Sperm Kinetics/Motility

The Sperm Class Analyser (SCA®, Microptic S.L., Barcelona, Spain) CASA system, a microscope
(AXIO Scope Al, Zeiss, Oberkochen, Germany) with a heating stage (37 °C) and a camera (Basler
scA780 54fc, Ahrensburg, Germany) were used for the evaluation of sperm motility and kinetics.
The analysis by SCA® software (v.6.3.) was performed with the following configurations: 46 fields
were recorded (x100) for each sample, >500 spermatozoa, 25 frames/s, region of particle control
10-18 microns, progressive movement of >45% of the parameter straightness (STR), circumferential
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movement <50% linearity (LIN), depth of field 10, and temperature of the microscope plate 37 °C.
The debris incorrectly classified as spermatozoa were manually deleted.

A semen sample volume of 10 uL was placed on Makler counting chamber (Makler®, 10 pm,
Sefi Medical Instruments, Haifa, Israel), which was preheated at 37 °C, and the following parameters
were evaluated: (1) total and progressive motility (%), (2) spermatozoa with slow/medium/rapid
movement (10 < slow < 25 < medium < 45 < rapid um/s; %), (3) straight line velocity (VSL;
umy/s), (4) curvilinear velocity (VCL; pum/s), (5) average path velocity (VAP; um/s), (6) linearity
(LIN; VSL/VCL x 100), (7) straightness (STR; VSL/VAP x 100), (8) wobble (WOB; VAP/VCL x 100),
(9) amplitude of lateral head displacement (ALH; um), (10) beat cross-frequency (BCF; Hz), and (11)
hyperactivation (LIN < 0.32, VSL > 97 um/s, ALH > 3.5 pm; %).

2.6. Sperm Viability

Sperm viability was evaluated applying the eosin-nigrosine staining protocol in one
step [20]. Two hundred spermatozoa were estimated in of an optical microscope (x1000; Zeiss,
Oberkochen, Germany), to calculate the ratio (%) of live-dead cells.

2.7. Sperm Morphology

According to the manufacturer’s instructions, the SpermBlue staining method (SpermBlue®,
Microptic S.L., Barcelona, Spain) was applied for the assessment of sperm morphology. For each
semen sample, 200 spermatozoa were counted microscopically (x400; Zeiss, Oberkochen, Germany)
and the results were described as percentage of spermatozoa with normal morphology or with
morphological abnormalities including head and integrity of acrosome membrane, midpiece, tail,
and cytoplasmic droplets.

2.8. Sperm Membrane Functionality

For the sperm membranes functionality, the hypo-osmotic swelling test (HOST) was applied
according to Vazquez etal. [21] after modification. The HOST solution was prepared (75 mmol/L fructose;
32 mmol/L sodium citrate) and the osmolarity was adjusted to 150 mosm/kg (OSMOMAT® 030,
Gonotec, Berlin, Germany). Briefly, for each group, a semen sample of 100 uL was mixed with 1 mL of
HOST solution and incubated (37 °C) for 1 h. Finally, 200 spermatozoa per sample were evaluated
microscopically (x400; Zeiss, Oberkochen, Germany) and the results were indicated as spermatozoa
with functional membrane that is with swollen tails (%).

2.9. Sperm DNA Integrity

Sperm DNA integrity was assessed by the acridine orange test [22], which quantifies the
metachromatic shift of acridine orange fluorescence [23]. Specifically, spermatozoa with compact
chromatin structure fluoresced green, while those with damaged chromatin integrity fluoresced red.
For each semen sample, 200 spermatozoa were counted under a fluorescence microscope (x1000; Zeiss,
Oberkochen, Germany) and the results were expressed as spermatozoa with damaged DNA (%).

2.10. Microbiological Analysis

Samples from C and Fe experimental groups were subjected to microbiological analysis for
bacterial counts and culture using standard protocols. Preparations of all culture media were made
according to the manufacturer’s recommendations. Samples were diluted up to 107 in 0.9% normal
saline and 100 pL of each dilution were spread into plate count agar (OXOID) and incubated at 37
°C. The plates were read after 24 and 48 h and the number of colonies formed was reported as colony
forming units per mL (cfu/mL). For the detection of frequently isolated bacteria in semen such as
Staphylococcus spp., Streptococcus spp., Enterobacter spp., Bacillus spp., Proteus spp., Escherichia coli,
Pseudomonas aeruginosa [4], 100 uL of each dilution was spread on sheep blood agar (OXOID), MacConkey

223



Nanomaterials 2020, 10, 1568

agar (OXOID), Baird Parker medium with egg yolk tellurite emulsion (OXOID), kanamycin aesculin
azide agar (OXOID) and incubated at 37 °C. Pseudomonas agar base containing CN selective supplement
(OXOID) plates were incubated at 25 °C. Growth of bacterial colonies on plates was monitored and
recorded after 24 and 48 h of incubation. Bacterial isolates were then identified using standard
microbiological procedures, considering production of haemolysin, culture and colonial characteristics,
Gram staining, oxidase- and catalase- reaction, coagulase testing and other conventional biochemical
tests when needed.

2.11. Statistical Analysis

Statistical Analysis Systems version 9.3 (SAS Institute Inc., 1996, Cary, NC, USA) was used for the
performance of the statistical analysis. The Shapiro-Wilk Test (PROC UNIVARIATE) was applied to
test the normality of the data. The parameters Head, Midpiece, Tail abnormalities and Cytoplasmic
droplets did not follow a normal distribution and were normalized by square root transformation.
For reasons of clarity, the means and SEM of the not transformed data are presented. To conduct
the statistical analysis a repeated measures mixed model (PROC MIXED) was applied. The model
included group, time and their interaction as fixed effects and boar as a random effect. Semen sample
was defined as the subject of the repeated observations. Covariance structure was chosen based on
the values of the Akaike information criterion (AIC). Six models were run with different structures
(variance components, compound symmetry, unstructured, first-order autoregressive, first-order ante
dependence and Toeplitz) and the model with the least AIC was chosen. Pairwise comparisons where
performed with the PDIFF command incorporating the Tukey adjustment. Regarding microbiological
data-paired differences between the control and Fe group were calculated for every variable and time
point by extracting the values of group Fe from control. The normality of the differences was tested
using the Shapiro-Wilk test and normality was evident in all cases. A paired t-test was applied to
examine the null hypothesis that the true mean was zero. Statistically significant difference was defined
as p <0.05.

3. Results

3.1. Nanoparticles” Characteristics

The obtained nanoparticles following the described methodology were identified to be iron oxides
with inverse spinel structure according to the XRD diagram (Figure 2). However, the saturation
magnetization value which approaches 90 emu/g, stands very close to the expected value for magnetite,
indicating Fe3Oy as the dominant phase (Figure 2b). In addition, chemical analysis and specifically
the determination of Fe?*/Fe3* ratio provides further evidence of the Fe30, presence, which was
roughly 43% with the ideal case of Fe3Oy stoichiometry being 50%. SEM imaging was used to find
the geometrical characteristics of the sample (Figure 2a). Nanoparticles appear to show a narrow size
distribution with the average diameter of the observed spheres estimated around 42 nm.
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Figure 2. X-ray diffraction (XRD) diagram of the synthesized Fe30, nanoparticles (a) and corresponding
magnetic hysteresis loop at room temperature (b).
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3.2. Efficiency of the Experimental Process

The efficiency of incubation procedure is illustrated by the attachment of magnetic nanoparticles
onto the semen. Figure 3b indicates a representative case were nanoparticles aggregates were located
in the tail of an isolated spermatozoon.

Figure 3. Scanning electron microscope (SEM) image of the synthesized Fe30O4 nanoparticles (a) and
representative picture of nanoparticles attachment on a spermatozoon after incubation (b).

3.3. Semen Variables’ Assessment

No differences (p > 0.05) were observed between the experimental groups in the mean values for
all the variables that were assessed in this experiment (Figures 4 and 5, Table 1). However, regarding
CASA motility and kinetic parameters, the percentage of total motility (p = 0.03) and progressive
movement spermatozoa (p = 0.03) were less after 24 and 48 h of storage post treatment (0 h) in group C,
respectively (Figure 4). For the same group, the percentage of slow movement spermatozoa increased
(p = 0.03) after 48 h of storage compared to 0 h (Figure 4). In the Fe group, only the LIN decreased
(p = 0.03) after 48 h of storage compared to 0 h (Figure 4). For the remaining sperm quality and
function variables (Table 1 and Figure 5), there were statistical differences only for sperm morphology.
Specifically, in the Fe group, the values of spermatozoa with normal morphology decreased (p = 0.0001)
along the storage period (Figure 5). Regarding the statistical analysis for each category of morphological
abnormalities, it was revealed that the deterioration of sperm morphology corresponds only to an
increase (p = 0.0001) of spermatozoa with head abnormalities in terms of acrosome reacted membrane
(Figure 5). Finally, regarding all samples the percentage of DNA fragmentation was 0-1% and no
differences were observed between treatments.
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3.4. Microbiological Results

Bacterial growth was present in all semen samples. However, the microbial load varied. The most
prevalent bacteria belonged to the Enterobacteriaceae family, Staphylococcus spp., Enterococcus spp.
and Pseudomonas spp. The latter was found not to be affected by the examined NPs when detected at
the specific concentration (data not shown). Total bacterial count in boar semen was respectively low
and the number of cfu/mL demonstrated a wide range of microbial load among samples (from 45 to
1855, min—max, respectively). Treatment with Fe304 NPs did not eliminate bacterial content (Figure 6).
However, a statistically significant reduction of the microbial load of semen was evident (p = 0.03)
(Table 2). Among the other detected bacteria staphylococci tended to be less on Fe group compared to
control, while Enterobacteriaceae (Enterobacter spp., E. coli, Proteus spp) and Enterococcus spp. had no
significant difference from the control group (Table 2).

Figure 6. Culture on sheep blood agar [a: control group (C), b: iron oxide group (Fe)]. Reduction of the
microbial load after 24 h of incubation (37 °C).

Table 2. Microorganisms (cfu/mL) isolated from boar semen samples 24 h and 48 h after incubation on
blood agar and selective culture media.

Variable Control Fe Difference (Control-Fe)  p-Value
Blood Agar 24 h 558 + 455 443 + 381 115+ 103 0.03
Blood Agar 48 h 779 + 651 616 + 515 164 + 150 0.03

Staphylococcus spp 314 + 411 251 + 380 63 +92 0.06
Enterococcus spp 54+76 45+87 09+79 0.72
Enterobacteriaceae  69.9 +106.6  60.1 + 86.5 9.8 £27.5 0.29

4. Discussion

Despite the potential biological benefits of NPs, nanotoxicity and its impact on cells” health is a
concern [14]. Previous studies reported that Fe3O4 NPs affect rainbow trout sperm [24], whilst titanium
dioxide TiO, NPs negatively affect mouse gene expression of Leydig cells, as well as semen quality
parameters [25]. No studies were found to report the effects of Fe304 NPs on boar semen. Thus, the first
aim of this study was to perform a full laboratory assessment of boar semen processing with iron oxide
NPs. This study was based on previous findings of our research team [15], that explored the minimum
inhibitory concentration of Fe3O4 NPs (0.192 mg/mL semen) and the appropriate co-incubation time
of semen with NPs (30 min). However, the present study assessed the full profile regarding boar
sperm characteristics.
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The process of fertilization is a complex of sequencing events, involving the normal movement
of the spermatozoa to reach the oviduct, the approach to oocyte, the sperm acrosome reaction,
the sperm penetration into the ooplasm, the merging of the gametes, the fusion of the pronuclei
and the intermingling of the paternal and maternal chromosomes. Low semen quality, as expressed
by variables from semen analysis, is a common cause of subfertility or infertility [24]. This study
provided a protocol for co-incubation of sperm with NPs, regarding both time and concentration,
which had no detrimental effect on semen parameters. No effects were observed regarding sperm
viability, morphology, membrane functionality, DNA integrity and CASA analyzed kinematics. This is
an important finding, as it realizes the use of Fe304 NPs in boar semen handling with no toxicity.
The sperm parameters analyzed in this study are of paramount importance for the fertilizing capacity
of boar semen. Many researchers highlighted that motility is better correlated to field fertility compared
to other kinetic parameters [26,27]. Moreover, Broekhuijse et al. [28,29] showed that CASA parameters,
like progressive motility, BCF and VCL, could be related to farrowing rate, while the total number of
born piglets could be affected by total motility, ALH, VSL and VAP [26,27]. In accordance with these
findings, Holt et al. [30] showed that the VSL could positively affect the litter size. In vitro fertility of
boar sperm has been positively correlated with progressive motility, VAP and VSL, and negatively
correlated with STR, LIN and ALH [31]. Also, it is well accepted that the more diagnostic tests
performed (such as the assessment of sperm morphology, motility and chromatin integrity), the better
the prediction of in vitro fertility that can be achieved [32,33]. None of the above-mentioned sperm
parameters were affected in our study. It seems that the restricted period of sperm co-incubation
with Fe3O4 NPs and the gentle removal of them with a magnetic field, protected boar spermatozoa
from NPs toxicity. This is in agreement with previous reports, that suggest a hypothesis that the time
of interaction between semen and NPs can be crucial regarding their potential toxic activity [34,35].
In accordance with this scientific hypothesis, a significant decrease of VCL, VSL and VAP was observed
after a prolonged (24 h) incubation of rainbow trout semen with Fe3O4 NPs [24].

In the Fe group, the value of spermatozoa with acrosome-reacted membrane was increased during
storage time, which was not the case for the control group. However, even if this effect was statistically
significant, the reported numerical values are not indicative of an important biological consequence.
This finding could be attributed to the presence of the examined NPs. It is known that NPs penetrate
the cells” membranes affecting their physiology [36]. Although it was not within the purposes of the
present study, according to the literature, the most prevalent mechanism of action of nanoparticles
is related to the induction of oxidative stress [37]. Subsequently, the increased production of ROS
can irreversibly affect the membranes of spermatozoa and can be involved in sperm capacitation [38],
leading to the perturbation of the acrosome membrane’s integrity [39]. Therefore, the reported increase
in spermatozoa with reacted acrosome membrane could be an undesirable characteristic for extended
liquid semen used in Al programs, but it could be a perspective for IVF protocols, in which the
induction of acrosome reaction is a prerequisite.

Semen extenders are cell culture media and thus an ideal environment for bacteria proliferation.
There are directives from the European Union [40] and from national governments that specify the
antibiotics’ category and dose as semen extenders’ additives. A variety of antibiotic compounds
have been used to control microbial contamination in extenders. In farm animals’ Al, including
boars, streptomycin and penicillin are the most widely used antibiotics [41]. Additionally, antibiotics,
like gentamicin, linco-spectin and clindamycin have been successfully implemented in different semen
extenders [42,43]. During the last decades, the bacterial resistance to antibiotics has been a serious
problem to humans’ as well as animals” health. Moreover, some antibiotics, at certain concentrations,
may have a direct detrimental effect on spermatozoa [44]. Contemporary studies have proved that
some antimicrobials may have a deleterious effect on bull [45] and equine [46] spermatozoa. In this
aspect, NPs have been an interesting alternative for the scientists. In the present study, the examined
iron oxide NPs had no toxic effect on boar spermatozoa and showed a slight antibacterial effect,
although not for all bacteria species. Boar semen contaminants were present in all samples of the
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study, but the microbial load varied between them. Total bacterial count for aerobic mesophiles
was up to 1.8 x 103, while Gaczarzewicz et al. [4] reported findings up to 360 x 10°. Despite the
different degrees of contamination, a significant reduction regarding the total microbial count was
observed in the presence of Fe304 NPs compared to control after 24 and 48 h of incubation. Given the
initial low microbial load, this reduction suggests a promising result for the use of Fe NPs in heavier
bacterial contaminations. After culture on selective media, the antimicrobial activity of Fe;04 NPs
demonstrated variation depending on the strain. The predominant bacteria on the samples were
Staphylococci and Enterobacteriaceae, similar to studies previously reported [4,47]. Treatment with
Fe304 NPs reduced the number of viable Staphylococci, though had a minimum effect on the Gram
negative Enterobacteriaceae. In this field, reports demonstrate the bactericidal properties of iron
oxide NPs (50 and 100 pg/mL) against Shigella dysentery and Escherichia coli [48] as well as their
antimicrobial effects on antibiotic-resistant strains of E. coli [49]. Others report that iron NPs have
only moderate antimicrobial action against Escherichia coli and Bacillus subtilis but remain potentially
useful for application in the pharmaceutical and biomedical industry [50]. Studies have reported
NPs to have excellent antimicrobial resistance properties and the ability to inhibit the formation of
bacterial biofilms [51,52], which favor their use in drug-delivery systems. Concerning their mechanism
of action, under specific conditions iron oxide nanoparticles may provide significant antimicrobial
activity in contact with common bacteria. The interaction is stronger when nanoparticles’ surface is
positively charged and when it involves the presence of both Fe?* and Fe®*. Both properties are met in
uncoated Fe304 nanoparticles distributed in the pH of biological environment. It has been reported that
positively-charged Fe3O4 nanoparticles indicate stronger interaction with bacteria while the addition
of surfactants counterbalances surface charge and limits such tendency [53]. An occurring mechanism
involves the attachment of Fe30, nanoparticles on the bacteria membrane, and the dissolution of Fe?*
and Fe?* at their interface which initiates the generation of reactive oxygen species. This triggers
hydrogen peroxide release and production of free radicals through a Fenton reaction:

Fe3* + Hy,O, — Fe?* + OH™ + OH®

Fe?* + H,O, — Fe®* + HO,® + H*

The presence of toxic free radicals on bacteria membrane causes its electrostatic modification
inducing chemical stress that causes the damage of the bacteria unit. The antimicrobial potential of
Fe304 nanoparticles is preserved until their surface gets fully oxidized to y-Fe, O3 Armijo et al. [54]
findings suggest that Fe3O, NPs are potential alternatives to silver NPs in several antibacterial
applications minimizing the cost and enhancing microbial inactivation and elimination. The results
of our research are aligned with these findings, reinforcing the future utilization of the antibacterial
activity of Fe304 NPs as a new perspective to prevent bacteria in semen.

In conclusion, the Fe304 NPs examined are a potential useful and effective semen supplementation
with antibacterial properties. Moreover, the combination of NPs with conventional antibiotics could
enhance their antibacterial action and thus reduce the dose demanded. It is suggested that further
studies regarding the oxidative status of boar semen treated with Fe3O4 NPs should be carried out to
investigate the mechanism of action on boar spermatozoa.

Author Contributions: Conceptualization, LA.T., T.S. and C.M.B.; methodology, L.A.T., T.S.,, CM.B. and G.T.;
formal analysis, G.T.; investigation, LA.T., T.S.,S.A., A.B.,, AN, 1M, KS., LK, G.T, M.A. and C.M.B.; data curation,
S.A., AB., AN, LM, KS. and LK,; writing—original draft preparation, LA.T.,S.A., K.S. and A.B.; writing—review
and editing, CM.B., T.S. and G.T.; visualization, I.A.T., G.T., S.A., A.B. and K.S.; supervision, CM.B., LA.T. and
T.S.; project administration, C.M.B.; funding acquisition, C.M.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was co-financed by Greece and the European Union (European Social Fund—ESF) through
the Operational Programme Human Resources Development, Education and Lifelong Learning 2014-2020 in
the context of the project “Investigation of nanotechnological applications on farm animals” semen processing
“(MIS 5004681)”. Part of the measurements received funding from the EU H2020 research and innovation

231



Nanomaterials 2020, 10, 1568

program under grant agreement No. 654360, having benefitted from the access provided by ICMAB-CSIC
and Universitat Autonoma de Barcelona in Bellaterra-Barcelona within the framework of the NFFA Europe
Transnational Access Activity.

Acknowledgments: The authors are grateful to “Karanikas farm” for kindly providing the semen samples
and to Theofanis Avramidis for his contribution to semen doses preparation. Also, authors would like to
thank Anna Esther Carrillo and Bernat Bozzo for the experimental assistance during SEM observations and
SQUID measurements.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Goldberg, A.M.; Argenti, L.E.; Faccin, ].E.; Linck, L.; Santi, M.; Bernardi, M.L.; Cardoso, M.R.L; Wentz, L;
Bortolozzo, EP. Risk factors for bacterial contamination during boar semen collection. Res. Vet. Sci. 2013, 95,
362-367. [CrossRef] [PubMed]

Kuster, C.E.; Althouse, G.C. The impact of bacteriospermia on boar sperm storage and reproductive
performance. Theriogenology 2016, 85, 21-26. [CrossRef] [PubMed]

Maes, D.; Nauwynck, H.; Rijsselaere, T.; Mateusen, B.; Vyt, P.; de Kruif, A.; Soom, A.V. Diseases in swine
transmitted by artificial insemination: An overview. Theriogenology 2008, 70, 1337-1345. [CrossRef]
Gaczarzewicz, D.; Udala, ].; Piasecka, M.; Blaszczyk, B.; Stankiewicz, T. Bacterial contamination of boar
semen and its relationship to sperm quality preserved in commercial extender containing gentamicin sulfate.
Pol. . Vet. Sci. 2016, 19, 451-459. [CrossRef] [PubMed]

Althouse, G.C.; Lu, K.G. Bacteriospermia in extended porcine semen. Theriogenology 2005, 63, 573-584.
[CrossRef] [PubMed]

Morrell, J.; Wallgren, M. Alternatives to antibiotics in semen extenders: A review. Pathogens 2014, 3, 934-946.
[CrossRef]

Schulze, M.; Dathe, M.; Waberski, D.; Miiller, K. Liquid storage of boar semen: Current and future perspectives
on the use of cationic antimicrobial peptides to replace antibiotics in semen extenders. Theriogenology 2016,
85, 39-46. [CrossRef]

Speck, S.; Courtiol, A.; Junkes, C.; Dathe, M.; Miiller, K.; Schulze, M. Cationic synthetic peptides: Assessment
of their antimicrobial potency in liquid preserved boar semen. PLoS ONE 2014, 9, €105949. [CrossRef]
Guzman, M.; Dille, J.; Godet, S. Synthesis and antibacterial activity of silver nanoparticles against
gram-positive and gram-negative bacteria. Nanomed. Nanotechnol. Biol. Med. 2012, 8, 37-45. [CrossRef]

Li, WR,; Xie, X.B.; Shi, Q.S.; Zeng, H.Y,; Ouyang, Y.S.; Chen, Y.B. Antibacterial activity and mechanism of
silver nanoparticles on Escherichia coli. Appl. Microbiol. Biotechnol. 2010, 85, 1115-1122. [CrossRef]
Shahverdi, A.R.; Fakhimi, A.; Shahverdi, H.R.; Minaian, S. Synthesis and effect of silver nanoparticles
on the antibacterial activity of different antibiotics against Staphylococcus aureus and Escherichia coli.
Nanomed. Nanotechnol. Biol. Med. 2007, 3, 168-171. [CrossRef] [PubMed]

Irshad, R.; Tahir, K.; Li, B.; Ahmad, A.R.; Siddiqui, A.; Nazir, S. Antibacterial activity of biochemically capped
iron oxide nanoparticles: A view towards green chemistry. J. Photochem. Photobiol. B Biol. 2017, 170, 241-246.
[CrossRef] [PubMed]

Toledo, L.D.A.S.; Rosseto, H.C.; Bruschi, M.L. Iron oxide magnetic nanoparticles as antimicrobials for
therapeutics. Pharmaceut. Dev. Technol. 2018, 23, 316-323. [CrossRef] [PubMed]

Sahu, D.; Kannan, G.M.; Tailang, M.; Vijayaraghavan, R. In vitro cytotoxicity of nanoparticles: A comparison
between particle size and cell type. J. Nanosci. 2016, 4023852. [CrossRef]

Basioura, A.; Michos, I.; Ntemka, A.; Karagiannis, I.; Boscos, C.M. Effect of iron oxide and silver nanoparticles
on boar semen CASA motility and kinetics. ]. Hellenic Vet. Med. Soc. 2020. accepted for publication.
Asimakidou, T.; Makridis, A.; Veintemillas-Verdaguer, S.; Morales, M.P,; Kellartzis, I.; Mitrakas, M.;
Vourlias, G.; Angelakeris, M.; Simeonidis, K. Continuous production of magnetic iron oxide nanocrystals by
oxidative precipitation. Chem. Eng. ]. 2020, 393, 124593. [CrossRef]

Luengo, Y.; Morales, M.P.; Gutiérrez, L.; Verdaguer, S.V. Counterion and solvent effects on the size of
magnetite nanocrystals obtained by oxidative precipitation. J. Mater. Chem. 2016, 4, 9482-9488. [CrossRef]
Powder Diffraction File; International Centre for Diffraction Data: Newtown Square, PA, USA, 2004; Joint center
for powder diffraction studies.

232



Nanomaterials 2020, 10, 1568

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

M100-525 Performance Standards for Antimicrobial Susceptibility Testing; Clinical and Laboratory Standards
Institute (CLSI): Wayne, PA, USA, 2015; Twenty-fifth informational supplement.

World Health Organization (WHO). Laboratory Manual for the Examination of Human Sperm and Semen-Cervical
Mucus Interaction, 5th ed.; WHO Press: Geneva, Switzerland, 2010.

Vazquez, ]. M.; Martinez, E.A; Martinez, P.; Artiga, C.G.; Roca, J. Hypoosmotic swelling of boar spermatozoa
compared to other methods for analysing the sperm membrane. Theriogenology 1997, 47, 913-922. [CrossRef]
Tsakmakidis, I.A.; Lymberopoulos, A.G.; Khalifa, T.A.A.; Boscos, C.M.; Saratsi, A.; Alexopoulos, C. Evaluation
of zearalenone and «-zearalenol toxicity on boar sperm DNA integrity. ]. Appl. Toxicol. 2008, 28, 681-688.
[CrossRef]

Silva, PEN.; Gadella, B.M. Detection of damage in mammalian sperm cells. Theriogenology 2006, 65, 958-978.
[CrossRef]

C)Zgijr, M.E; Ulu, A; Balciogly, S.; Ozcan, L; Koytepe, S.; Ates, B. The toxicity assessment of iron oxide
(Fe304) nanoparticles on physical and biochemical quality of rainbow trout spermatozoon. Toxics 2018, 6, 62.
[CrossRef] [PubMed]

Komatsu, T.; Tabata, M.; Irie, M.K.; Shimizu, T.; Suzuki, K.I.; Nihei, Y.; Takeda, K. The effects of nanoparticles
on mouse testis Leydig cells in vitro. Toxicol. Vitr. 2008, 22, 1825-1831. [CrossRef] [PubMed]

Blondin, P.; Beaulieu, M.; Fournier, V.; Morin, N.; Crawford, L.; Madan, P; King, W.A. Analysis of bovine
sexed sperm for IVF from sorting to the embryo. Theriogenology 2009, 71, 30-38. [CrossRef] [PubMed]
Tardif, S.; Laforest, ].P.; Cormier, N.; Bailey, J.L. The importance of porcine sperm parameters on fertility
in vivo. Theriogenology 1999, 52, 447-459. [CrossRef]

Broekhuijse, M.L.; Sostari¢, E.; Feitsma, H.; Gadella, B.M. Application of computer-assisted semen analysis
to explain variations in pig fertility. J. Anim. Sci. 2012, 90, 779-789. [CrossRef]

Broekhuijse, M.L.; Feitsma, H.; Gadella, B.M. Field data analysis of boar semen quality. Reprod. Domest.
Anim. 2011, 46, 59-63. [CrossRef]

Holt, C.; Holt, W.V.; Moore, H.D.M.; Reed, H.C.B.; Curnock, R.M. Objectivily measured boar sperm motility
parameters correlate with the outcomes of on-farm inseminations: Results of two fertility trials. J. Androl.
1997, 18, 312-323. [CrossRef]

Kathiravan, P; Kalatharan, J.; Karthikeya, G.; Rengarajan, K.; Kadirvel, G. Objective sperm motion analysis
to assess dairy bull fertility using computer-aided system-a review. Reprod. Domest. Anim. 2011, 46, 165-172.
[CrossRef]

Tsakmakidis, I.A.; Lymberopoulos, A.G.; Khalifa, T.A.A. Relationship between sperm quality traits and
field-fertility of porcine semen. . Vet. Sci. 2010, 11, 151-154. [CrossRef]

Gillan, L.; Kroetsch, T.; Chis Maxwell, W.M.; Evans, G. Assessment of in vitro sperm characteristics in relation
to fertility in dairy bulls. Anim. Reprod. Sci. 2008, 103, 201-214. [CrossRef]

Feugang, ] M.; Shengfa, F.L.; Crenshaw, M.A.; Clemente, H.; Willard, S.T.; Ryan, P.L. Lectin-functionalized
magnetic iron oxide nanoparticles for reproductive improvement. JFIV Reprod. Med. Genet. 2014, 03, 1-5.
[CrossRef]

Odhiambo, ].F,; DeJarnette, ]. M.; Geary, TW.; Kennedy, C.E.; Suarez, S.S.; Sutovsky, M.; Sutovsky, P. Increased
conception rates in beef cattle inseminated with nanopurified bull semenl. Biol. Reprod. 2014, 91, 1-10.
[CrossRef] [PubMed]

Brooking, J.; Davis, S.S.; Illum, L. Transport of nanoparticles across the rat nasal mucosa. J. Drug Target. 2001,
9,267-279. [CrossRef] [PubMed]

Wang, R.; Song, B.; Wu, J.; Zhang, Y.; Chen, A.; Shao, L. Potential adverse effects of nanoparticles on the
reproductive system. Int. |. Nanomed. 2018, 13, 8487-8506. [CrossRef]

Lamirande, E.D.; Tsai, C.; Harakat, A.; Gagnon, C. Involvement of reactive oxygen species in human sperm
arcosome reaction induced by A23187, lysophosphatidylcholine, and biological fluid ultrafiltrates. ]. Androl.
1998, 19, 585-594. [CrossRef]

Yoshida, Y.; Itoh, N.; Saito, Y.; Hayakawa, M.; Niki, E. Application of water-soluble radical initiator,
2,2"-azobis-[2-(2-imidazolin-2-yl)propane] dihydrochloride, to a study of oxidative stress. Free Radic. Res.
2004, 38, 375-384. [CrossRef]

Council Directive, European Union, 90/429/EEC. Available online: http://faolex.fao.org/docs/pdf/eur110397.
pdf (accessed on 28 October 2014).

Salamon, S.; Maxwell, WM. Storage of ram semen. Anim. Reprod. Sci. 2000, 62, 77-111. [CrossRef]

233



Nanomaterials 2020, 10, 1568

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Ahmad, K.; Foote, R.H.; Kaproth, M. Antibiotics for bull semen frozen in milk and egg yolk extenders.
J. Dairy Sci. 1987, 70, 2439-2443. [CrossRef]

Gadea, J. Review: Semen extenders used in the artificial inseminarion of swine. Span. J. Agric. Res. 2003, 1,
17. [CrossRef]

Lorton, S.P; Sullivan, ].J.; Bean, B.; Kaproth, M.; Kellgren, H.; Marshall, C. A new antibiotic combination for
frozen bovine semen. 2. Evaluation of seminal quality. Theriogenology 1988, 29, 593-607. [CrossRef]

Azawi, O.L; Ismaeel, M.A. Influence of addition of different antibiotics in semen diluent on viable bacterial
count and spermatozoal viability of awassi ram semen. Vet. World 2012, 5, 75-79. [CrossRef]

Varner, D.D_; Scanlan, C.M.; Thompson, J.A.; Brumbaugh, G.W.; Blanchard, T.L.; Carlton, C.M.; Johnson, L.
Bacteriology of preserved stallion semen and antibiotics in semen extenders. Theriogenology 1998, 50, 559-573.
[CrossRef]

Oehler, C.; Janett, F.; Schmitt, S.; Malama, E.; Bollwein, H. Development of a flow cytometric assay to assess
the bacterial count in boar semen. Theriogenology 2019, 133, 125-134. [CrossRef] [PubMed]

Saqib, S.; Munis, M.EH.; Zaman, W.; Ullah, E; Shah, SN.; Ayaz, A.; Farooq, M.; Bahadur, S. Synthesis,
characterization and use of iron oxide nano particles for antibacterial activity. Microsc. Res. Tech. 2019, 82,
415-420. [CrossRef]

Gabrielyan, L.; Hakobyan, L.; Hovhannisyan, A.; Trchounian, A. Effects of iron oxide (Fe30,4) nanoparticles
on Escherichia coli antibiotic-resistant strains. J. Appl. Microbiol. 2019, 126, 1108-1116. [CrossRef] [PubMed]
Margabandhu, M.; Sendhilnathan, S.; Maragathavalli, S.; Karthikeyan, V.; Annadurai, B. Synthesis
characterization and antibacterial activity of iron oxide nanoparticles. Global. |. Biosci. Biotechnol. 2015, 4,
335-341.

Wang, L.; Hu, C; Shao, L. The antimicrobial activity of nanoparticles: Present situation and prospects for the
future. Int. J. Nanomed. 2017, 12, 1227-1249. [CrossRef]

Ramos, M.A.D.S; Silva, P.B.D.; Spésito, L.; Toledo, L.G.D.; Bonifacio, B.V.; Rodero, C.E; Santos, K.C.D.;
Chorilli, M.; Bauab, T.M. Nanotechnology-based drug delivery systems for control of microbial biofilms:
A review. Int. ]. Nanomed. 2018, 13, 1179-1213. [CrossRef]

Arakha, M.; Pal, S.; Samantarrai, D.; Panigrahi, TK.; Mallick, B.C.; Pramanik, K.; Mallick, B.; Jha, S.
Antimicrobial activity of iron oxide nanoparticle upon modulation of nanoparticle-bacteria interface. Sci. Rep.
2015, 5, 14813. [CrossRef]

Armijo, L.M.; Wawrzyniec, S.J.; Kopciuch, M.; Brandt, Y.I; Rivera, A.C.; Withers, N.J.; Cook, N.C.; Huber, D.L.;
Monson, T.C.; Smyth, H.D.C ; etal. Antibacterial activity of iron oxide, iron nitride, and tobramycin conjugated
nanoparticles against pseudomonas aeruginosa biofilms. J. Nanobiotechnol. 2020, 18, 35. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

234



- . K\
@ nanomaterials MD\Py

Article

Bio-Mediated Synthesis of Reduced Graphene Oxide
Nanoparticles from Chenopodium album: Their
Antimicrobial and Anticancer Activities

Mohammad Faisal Umar !, Faizan Ahmad 2, Haris Saeed 3, Saad Ali Usmani 2,
Mohammad Owais 3 and Mohd Rafatullah 1-*

1 School of Industrial Technology, Universiti Sains Malaysia, Penang 11800, Malaysia;

faisalumar@student.usm.my
Department of Post Harvest Engineering and Technology, Faculty of Agricultural Sciences,
Aligarh Muslim University, Aligarh 202002, India; faizan.phe@amu.ac.in (FA.);
sausmani@myamu.ac.in (S.A.U.)
Molecular Immunology Lab, Interdisciplinary Biotechnology Unit, Aligarh Muslim University,
Aligarh 202002, India; haris6229@gmail.com (H.S.); owais_lakhnawi@yahoo.com (M.O.)
*  Correspondence: mohd_rafatullah@yahoo.co.in or mrafatullah@usm.my;

Tel.: +60-465-321-11; Fax: +60-465-6375

Received: 3 May 2020; Accepted: 28 May 2020; Published: 1 June 2020

Abstract: A novel method of preparing reduced graphene oxide (RGOX) from graphene oxide (GOX)
was developed employing vegetable extract, Chenopodium album, as a reducing and stabilizing agent.
Chenopodium album is a green leafy vegetable with a low shelf life, fresh leaves of this vegetable
are encouraged to be used due to high water content. The previously modified "'Hummers method”
has been in practice for the preparation of GOX by using precursor graphite powder. In this study,
green synthesis of RGOX was functionally verified by employing FTIR and UV-visible spectroscopy,
along with SEM and TEM. Our results demonstrated typical morphology of RGOX stacked in layers
that appeared as silky, transparent, and rippled. The antibacterial activity was shown by analyzing
minimal inhibitory concentration values, agar diffusion assay, fluorescence techniques. It showed
enhanced antibacterial activity against Gram-positive and Gram-negative bacteria in comparison to
GOKX. It has also been shown that the synthesized compound exhibited enhanced antibiofilm activity
as compared to its parent compound. The efficacy of RGOX and GOX has been demonstrated on a
human breast cancer cell line, which suggested RGOX as a potential anticancer agent.

Keywords: graphite powder; graphene oxide; reduced graphene oxide; Chenopodium album; anticancer;
antimicrobial

1. Introduction

Ever rising consciousness about human health, the addition of fruits and vegetables are gaining
importance in their regular diet [1]. It has been reported that 39% of food waste occurs in the food
production industry, and overall waste was approximately 126.2 million tons in 2020 [2]. Some parts of
agricultural waste can effectively be utilized for the synthesis of graphene, and the same can also be
used to obtain reduced graphene oxide (RGOX) from graphene oxide (GOX) [3].

Chenopodium album is also known as ‘bathua’, a leafy vegetable having a low shelf life due to its high
moisture content [4]. It cannot be preserved for a longer duration, and it goes as a waste product, so liquid
extraction of Chenopodium album can be stored and used as a reducing agent as well as a stabilizing agent.
Chenopodium album is an excellent source of high-grade vitamins, proteins, nutrients and antioxidant
predominantly retinol and ascorbic acid. The other health benefits of fiber rich Chenopodium album leaves
include its laxative properties helpful in curing constipation, which in turn are useful in the treatment of
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piles. Furthermore, it improves the hemoglobin level, appetite, and purifies blood, which is beneficial
for the human heart [5].

It was reported that graphene oxide nanosheets with enhanced peroxidize like activity used for
electrochemical cancer cell detection and targeted therapeutics [6]. Furthermore, there were many
reports which show the efficacy of graphene oxide-graphene quantum dots on cancerous cells [7].
The researchers used ascorbic acid, amino acids, reducing sugars, and protein bovine serum albumin
as reducing as well as stabilizing agents [8]. The reducing chemicals are highly toxic, hazardous
and may introduce impurities into RGOX, which is harmful to the environment and may impart
adverse effects on its biological applications [9,10]. It was also reported that graphene oxide with
silver nanocomposites exhibits excellent anticancer properties [11]. Guo and Mei reported that the
graphene oxide with silver nanocomposites have bactericidal activity against E. coli through disrupting
the integrity of the bacterial cell wall and showed a bacteriostatic effect on S. aureus cell division [12].
Another report demonstrated that GOX could be used in biomedical applications such as targeted
drug delivery to the lung. Additionally, properties such as significant retention, better accumulation,
remarkable pathological changes make GOX an efficient drug [13,14]. Contrary to the above facts,
GOX is also reported to be involved in oxidative stress formation and induces cell cytotoxicity at high
concentrations [15].

The formation of RGOX by different methods such as thermal [16], electrochemical [17], or
chemical reductions process [18,19] has been reported in various research. In this study, graphite was
oxidized to GOX, while conversion of graphene oxide (GOX) to RGOX was assigned to the reduction
method with different strong reducing agents such as hydrazine (N,H;) [20] and sodium hydride
(NaH) [21]. These reducing agents are highly toxic, hazardous, and pose a serious threat to our
environment as well as an effect on biological activities. The assessment consequently attained an
existent preparation of RGOX linked by preceding work conveyed designed for a diverse natural
reducing agent such as lemon juice [22], tea leaves extract [23], fresh carrots [24], glycylglycine [25],
Euphorbia wallichi leaf [26], Abelmoschus esculentus [27] and L-valine [28]. One of the studies showed
that Olax scandens leaf extract bio-mediated conversion of silver and copper salts to a nanocomposite
structure [29]. Similarly, the novel biological synthesis of RGOX was prepared by graphene oxide with
plant extract Chenopodium album as a reducing agent. This biological synthesis of RGOX from GOX
involving of Chenopodium album is cost-effective and less toxic as compared to synthesis by chemical
reducing agents. The reduction parameters were investigated by UV-visible spectroscopy, FTIR, SEM
and TEM. Moreover, antibacterial and anticancer activities of the synthesized RGOX and GOX activity
have been evaluated. RGOX showed promising antibacterial and anticancer activities on breast cancer
cell lines, ensuring a promising approach for its future treatment.

2. Materials and Methods

2.1. Chemicals and Reagents

All the chemicals and reagents utilized in the experiment were AR (analytical reagent) grade.
Natural graphite fine powder which was used was from the CDH company, concentrated sulfuric acid
(H2504) and potassium permanganate (KMnO,) were from the BDH company, hydrogen peroxide
(30% Hy0,), and NaNOj (Laboratory reagent) were from qualikems and concentrated HCl was from
Loba Chemie Laboratory reagents and fine chemicals, New delhi, India. Phosphate buffer saline (PBS)
(pH = 7.4), 3-(4, 5-dimethylthiazol-2-y1)-2, 5-diphenyl-tetrazoliumbromide) MTT dye, Roswell Park
Memorial Institute (RPMI) media were purchased from Sigma-Aldrich and Invitrogen (New Delhi,
India). Fluorescein isothiocyanate (FITC) dye for fluorescence microscopy was purchased from Sigma
Aldrich. Bacterial culture media Agar, Brain Heart Infusion (BHI), and Luria Bertani (LB) were procured
from Himedia Laboratories Pvt. Ltd. (New Delhi, India). The bacterial strains used were Gram-negative
Escherichia coli (ATCC-25922), Gram-positive Staphylococcus aureus (ATCC-25923), and fungal strain
Candida albicans (MTCC-183) was also used. All the chemicals were used as received without any further
treatment. Deionized or doubly distilled water (DDW) was used throughout the experiments.
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2.2. Preparation of Reduced Graphene Oxide (RGOX)

Initially, graphene oxide was prepared from graphite powder using the Hummers method in
which 4 g of graphite were taken with sodium nitrate and concentrated sulfuric acid mixed in a round
bottom flask is kept on a magnetic stirrer for 30 min [27,30]. After that, 12 g of potassium permanganate
was added slowly while stirring the reaction mixture continuously under ice cooling with fast stirring
keeping the temperature at 20 °C. At the end of 30 min, instead of the ice bath, the blends were kept
inside an oven at 35 °C for 2 h followed by magnetic stirring. Afterward, 200 mL of deionized water
was poured into the flask leading to the appearance of the brownish solution. At the end of 15 min, a
mixture of 30% of hydrogen peroxide and toasty DMW was included continuously until the brownish
color solution changed into a yellowish-brown color solution. Finally, the product of the solution
was filtered by Whatman filter paper and washed with hydrochloric acid and double-distilled water.
The obtained brown powdered graphite oxide was kept dry in an oven at 50 °C overnight and then
the yielded graphene oxide (100 mg) was suspended in 100 mL of double-distilled water using an
ultrasonicator. The supernatant of graphene oxide was obtained by centrifugation and then stored for
experimental use. While the synthesis of reduced graphene oxide (RGOX) used a seasonal plant fresh
Chenopodium album. Firstly, 500 g of vegetable was added into the distilled water followed by boiling
for about 15 min until a green color was obtained and vegetable waste was eliminated using Whatman
filter paper. Eventually, the suspension of 500 mg graphene oxide in 500 mL DDW was added into the
extract of Chenopodium album, then the blend was kept on reflux for 12 h at 100 °C for reduction. After
filtration, bio-mediated reduction of graphene oxide turned from a brownish solution into a black
colored solution, which was further heated to a fine powder of RGOX. It was then washed with DMW
thoroughly and thus finally filtered to obtain reduced graphene oxide. Furthermore, the synthesized
reduce graphene oxide was further characterized by different techniques.

2.3. Characterization of Graphene Oxide (GOX) and Reduced Graphene Oxide (RGOX)

Four characterization techniques were used for the confirmation of GOX and RGOX. UV-visible
spectroscopy (Hitachi-F-2500-, Tokyo, Japan). and Fourier Transforms Infrared Spectroscopy (FTIR)
(PerkinElmer, Spectrum-BX, Norwalk, CT, USA). were used for the confirmation of the formation
of GOX and RGOX. Superficial framework and magnitude of GOX and RGOX were confirmed by
Scanning electron microscopy (SEM) and Transmission Electron Microscopy (TEM), respectively.
The absorbance range of the FTIR spectroscopy technique was 400 to 4000 cm™!. SEM images were
taken using a (JSM-6510LV, Jeol, Tokyo, Japan) while an advanced JEOL 6510LV model was used to
obtain higher resolution images. The SEM was operated with a working energy of 7 keV, a beam size at
a value of 3, and a working distance of 10 mm. TEM analysis was performed employing a (JEM 2100,
JEOL, Tokyo, Japan) model with a potential of 200 kV FE (Field Emission). Powder X-ray diffraction
(XRD) patterns were characterized using XRD on a Bruker D8 Advance with Cu K« radiation in a
scanning range of 5-60 (2 theta) with a scan rate of 12°/min.

2.4. Determination of Minimum Inhibitory Concentration (MIC)

The minimum inhibitory concentration (MIC) value of in situ synthesized RGOX was calculated
by the micro-dilution method. MIC is the minimum concentration of synthesized compounds that
inhibit the visible growth of microorganisms after a given time. Bacterial and fungal strains such as
Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC-25922), and Candida albicans (MTCC-183)
were tested against synthesized compounds GOX and RGOX. The significant values were obtained on
the basis of the visibility test conducted in 96-well microdilution plates, as described previously [31].
Positive controls were prepared without compounds and only cells, while negative control was
prepared without compound and cells.
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2.5. Antimicrobial Activity Determination by Agar Well Diffusion Assay

The antimicrobial activity of GOX and RGOX was determined by agar well diffusion assay against
Staphylococcus aureus, Escherichia coli, and Candida albicans. An aliquot of 100 puL of cells was taken from
a stock of 10° CFU/mL of different microbial strains that were spread on agar plates and incubated
at 37 °C for a stipulated time period. The wells were punched into the agar plates with the help of
sterile yellow tips, and 50 uL of synthesized compounds were loaded and incubated overnight at
37 °C. The zone of inhibition of GOX and RGOX and standard drugs (like ampicillin for bacteria and
amphotericin B for fungus) was measured after overnight incubation. The readings were taken in
triplicates to reduce deviations, and calculation should be done after taking an average of triplicates.

% activity index = zone of inhibition by test compound (diameter)/zone of inhibition on by
standard (diameter) x 100%

2.6. Biofilm Inhibition Employing Fluorescence Microscopy

Staphylococcus aureus (ATCC-25923) was cultured overnight in Brain Heart Infusion (BHI) broth.
It was then dispended (10° CFU/mL) on a sterile coverslip in a six-well culture plate (Eppendorf India
Limited). Then the cells were incubated for 24 h at 37 °C for the growth of biofilm. After incubation,
washing with PBS was done to remove non-adherent cells and then treated with GOX and RGOX.
After a stipulated time period, the plates were washed with PBS, and coverslips were fixed with 4%
paraformaldehyde followed by washing and staining with FITC dye. After 30 min, stained coverslips
were washed with PBS and analyzed under a fluorescence microscope (100x magnification) [32].

2.7. XTT Biofilm Assay

2,3-bis(2-methoxy-4-nitro-sulfophenyl)-5-[ (phenylamino)carbonyl]-2H-tetrazolium hydroxide
(XTT) biofilm assay was performed to analyze the behavior of GOX and RGOX according to a previously
published protocol [33]. Briefly, mature biofilms were grown on cover slides, and non-adherent cells
were washed thoroughly with sterile phosphate saline buffer (PBS). Then mature biofilm was exposed
to increasing concentrations of GOX and RGOX incubated for 48 h. After incubation, XTT solution in
PBS was added. Previously prepared 2 uL menadione solutions (0.4 mM) were added in each well and
incubated at 37 °C in the dark for 4 h. The colorimetric variation was assessed by a micro titer plate
reader (BIO-RAD) at 490 nm.

2.8. Cell Cytotoxicity Assay

3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) assay was performed on
MCE-7 to determine the effect of GOX and RGOX compounds. Cells were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented with 10% heat-inactivated fetal calf serum,
10 mmol/L glutamine, and 50 pug/mL each of streptomycin and penicillin. The cells were seeded in 96
well plates with a density of 1 x 10 cells and incubated at 37 °C. GOX and RGOX solutions were freshly
prepared for the exposure to cells, and increasing concentration of both compounds (0-250 M) was
added to the cells. After overnight incubation, the cells were washed with PBS, and 0.5% MTT solution
(5 mg/mL in PBS) was added in each well. After 4 h incubation, formazan crystals were formed, which
gives purple color by adding 0.1% DMSO solution. This colored complex was measured by Microplate
Reader (Genetix Biotech Asia Pvt. Ltd., New Delhi, India) at 570 nm. Cisplatin was taken as a control in
the experiment.

3. Results and Discussion

3.1. Ultraviolet-Visible Spectroscopy (UV-Vis) Analysis

The confirmation of synthesized GOX and then reduction of GOX into RGOX by extract vegetables
were investigated through UV visible spectroscopy, as shown in Figure 1a,b. The absorbance peak of
GOX due to the m—7* transition of aromatic C=C at 230 nm, However the hump of GOX alongside
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298 nm was observed and assigned as the nonbonding between the 7 antibonding transition of the
carbonyl group [27,34]. Eventually, the reduction of GOX formed RGOX that shows the absorbance
peak at 263 nm, while the hump of GOX disappeared. Finally, complete removal of oxygen functional
groups in the GOX confirmed the formation of RGOX, and the resultant reduce graphene oxide by
the network of 7-conjugation of graphite [35]. One more superior distinguishing feature of GOX and
RGOX, the appearance of a shoulder peak around 230 nm due to the transition of aromatic compound
C-C bonds which resemble sp® hybridization, on the other hand after conversion of GOX into RGOX
by reduction of vegetable extract which observed a clear peak at 263 nm through sp? hybridization.
Extract of the Chenopodium album consists of many antioxidants such as vitamin A, vitamin C, vitamin
B, flavonoids, etc. In this work, the conversion of graphene oxide into reduces graphene oxide was
probably achieved due to the reducing nature of vitamin C and other antioxidants present in the extract
of the Chenopodium album. Some of the studies have also highlighted the green, reducing nature of
these antioxidants [36,37].
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Figure 1. Ultraviolet-visible spectra analysis (a) GOX and (b) RGOX.
3.2. Fourier Transforms Infrared Spectroscopy (FTIR) Analysis

FTIR spectroscopy was used to verify the synthesis of graphene oxide and material RGOX. FTIR
spectrum confirmed of GOX was obtained by complete oxidation of graphite and also confirmed RGOX,
as shown in Figure 2. The GOX spectrum displays a broad peak at 3430 cm ™! [38], while a number of
strong band absorptions at 1010, 1170, 1370, 1580, 1730, 2850 and 2920 cm™!, were observed. The broad
absorption peak and 1370 cm™! are attributed to the C-H group, while the peak about 1010 cm™
corresponds to the C-O-C bond of the alkoxy or epoxy group. The IR peak is attributed to 2920, 2850,
and 1580 cm™~! due to the asymmetric CHp, symmetric CH; stretching of GOX, and C=C bond stretches
without an oxidized graphitic domain respectively [11,39]. The peak around at 1170 cm™ is due to
C-OH bonds, and 1730 cm ™! is associated with the C=O stretch of carbonyl group [40]. In GOX, the
functional group-containing oxygen was probably reduced due to the presence of antioxidants such
as vitamin C, ascorbic acid present in Chenopodium album as shown in Figure 2. The FTIR peak of
RGOX at 1570 cm™! is related to elongating of C=C, besides the broad peak at 1170 cm~!, which is
assigned to the C—C stretching. The spectra of RGOX as compared to GOX, the band at 1730 cm™!
(associated with C=0 in carbonyl group), and 1010 cm™! (associated with C-O-C in the epoxy group)
disappeared; this indication confirmed that GOX was reduced to RGOX. Eventually, some strong
peaks associated with oxygen-containing functional groups decreased for reduced graphene oxide as
compared to graphene oxide.
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Figure 2. Fourier transforms infrared analysis (a) GOX and (b) RGOX.
3.3. X-Ray Diffraction (XRD) Analysis.

XRD configuration of GOX and RGOX is depicted in Figure 3a,b. The spectra observed for GOX
and RGOX were crystalline and amorphous in nature. However, GOX shows, with respect to its
characteristics, a band at 26 = 12.50° (002) as shown in Figure 3a, after oxidation of graphite that
suggests water molecules were inserted into the crystal lattice layer and different functional groups of
oxygen were produced between the graphite layers [41]. Thus, after the reduction of GO from vitamin
C, most oxygen functional groups (C-OH, C-O and C=0) were removed where a sharp peak at 20
=12.50° was extinct. In addition, XRD of RGOX, a diffused peak band appeared at 26 = 22.50° and
corresponded to diffraction (222), as depicted in Figure 3b [42].
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Figure 3. XRD graph of (a) GOX and (b) RGOX.
3.4. Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) Analysis

The morphology of the scanning electron micrograph shows the two types of GOX sheets,
independent flat GOX mass with crumples and intact as shown in Figure 4. In Figure 4a at 10,000
times magnification, you can see folding and overlapping and there is a large interspace between the
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thinner edges of graphene oxide. It is clear from the micrograph that the differential thermal factors
amongst graphene sheets and the substrate shrunk throughout the practice formed by annealing [43].
While in Figure 4b at 30,000 times magnification, the GOX sheets overlapped as same, but they were
slippery, and there was no interspace between the thinner edges of graphene oxide. Additional SEM
examination indicates that the full information on distinct RGOX flecks of layers and edge layers had
a distribution of shady graphene flecks. At 3000 times magnification, the entire sheet of RGOX was
visible exposed as assigned in Figure 4c. However, at 30,000 times magnification, RGOX overlaid
descriptive characteristics of graphene structures and crimped fragments were well scattered and
linked with each other as shown in Figure 4d. The number of films can be seen by the distinct contrast
obtained in the SEM images. TEM morphology of graphene oxide and reduce graphene oxide are
depicted in Figure 5. The surface study of graphene oxide manifested a single layer, without wrinkles,
with an irregular pattern meant an amorphous nature and flaw structure. Thus, in the TEM images of
RGOX many more wrinkle shapes can be observed with multiple layers stacked on each other. It is
signified that the scrolled shape and lateral corrugations investigated by TEM [44].

v

Figure 4. Scanning electron microscopy images at different magnifications (a) GOX at 10 K, (b) GOX at
30K, (¢) RGOX at 3 K and (d) RGOX at 30 K.

Figure 5. Transmission electron microscopy images of (a) GOX and (b) RGOX.
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3.5. Minimal Inhibitory Concentration of GOX and RGOX against Bacterial and Fungal Isolates

MIC values were determined by the microdilution method in 96-well plates on the basis of a
viability test, as previously described [29,45]. Both bacterial and fungal cultures were adjusted to 1 x 10°
colony-forming unit (CFU)/mL with their respective media. The stock sample of the formulations
was then serially diluted in the 96-well plate. Furthermore, both positive and negative controls were
taken without compound, and without compound and organisms, respectively. The plate was then
incubated overnight at 37 °C. On the next day, the turbidity of the cells in wells was checked as an
indicator of microbial growth. Therefore, the well which showed no growth of microbes was the
minimum inhibitory concentration of RGOX and GOX.

The antibacterial potential of GOX and RGOX nanocomposite was determined against Gram-positive
and Gram-negative bacteria. Ampicillin has been taken as a control antibiotic. The MIC value of GOX
against Staphylococcus aureus and Escherichia coli was 250 ug/mL, whereas RGOX had a MIC value of
125 pg/mL against both strains. The control ampicillin had MIC values of 4 and 2 pg/mL for Staphylococcus
aureus and Escherichia coli, respectively. Similarly, the MIC values of GOX and RGOX were calculated
against Candida albicans and found to be 500 pug/mL and 500 pug/mL, respectively, in which amphotericin
B was taken as a control.

3.6. Agar Diffusion Assay

The antibacterial efficacy of GOX and RGOX was determined by agar diffusion assay. The formation
of a zone of inhibition by these compounds suggested the bactericidal activity of nanocomposites
against different bacterial strains. The bactericidal effect was conducted against E. coli, S. aureus, and
C. albicans on a nutrient agar plate containing different concentrations of various formulations. It was
observed that only the bacterial strains were sensitive to RGOX and GOX while fungal strain was
insensitive towards these compounds. The zones of inhibition recorded against these are reported in
Table 1. The zones of inhibition of S. aureus and E. coli increased in RGOX as compared to GOX, while
both compounds did not show any effect on C. albicans. Furthermore, our results were in concordance
with Shen et al., who investigated the antibacterial activity of an Ag-CCG composite against Colibacillus,
Staphylococcus aureus and Canidia albicans bacteria [46]. As suggested by the results, Chenopodium album
synthesized RGOX with considerably better antibacterial activity compared to its parent compound
GOX. RGOX and GOX did not show antifungal activity on fungus Candida albicans.

Table 1. Zones of inhibition observed (in mm units) against microbial strains.

Bacterial Strains GOX RGOX
S. aureus 6.6 +2.0 8.6 +3.2
E. coli 63+2 7.6 £2.0
Fungal strain GOX RGOX
C. albicans 14+24 2.3 +2.09

3.7. Antibiofilm Activity Revealed by Fluorescence Microscopy by GOX and RGOX

GOX and RGOX showed inhibition of biofilm formation, Figure 6. As compared to the control, in
which no compound was used, the results of GOX and RGOX showed enhanced antibiofilm potential
by successfully disrupting Staphylococcus aureus biofilm. The FITC labeled fluorescence images (100x)
showed the disruptions of Staphylococcus aureus biofilm in RGOX and GOX; the panel revealed the
antibiofilm activity.

3.8. XTT Assay Employing to Determine Anti-Biofilm Potential of GOX and RGOX

The antibiofilm nature of GOX and synthesized RGOX has been investigated against S. aureus
with vancomycin antibiotic as a control. The formation of biofilm depends on numerous factors, such
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as extracellular binding proteins, polysaccharides, etc. The inhibitory action of RGOX on biofilm is
caused due to the internal metabolic system, which disrupts the formation of extracellular protein
factors responsible for the formation of biofilm. In the present study, S. aureus was cultured in a 96-well
plate and treated with varying doses of compounds. The dose-dependent effect of GOX and RGOX
was found to exhibit antibiofilm activity by employing XTT assay on an S. aureus strain. A significant
decrease in the bacterial numbers (p-value < 0.05 * and < 0.01 **) was found in both treated groups as
compared to vancomycin treatment. This observation is in agreement with the zone of inhibition assay.
As the dose of the compound increased, the percentage of biofilm decreased, as shown in Figure 7.
Growth inhibition was calculated by comparing the relative metabolic activity (RMA) obtained by
taking the untreated control as 100% by XTT.

Control GOX

RGOX

A

Figure 6. Inhibition of S. aureus biofilm by synthesized compounds: (A) shows fluorescence microscopic
images while (B) shows bright-field microscopic images, the three panel shows untreated control image
of S. aureus biofilm, biofilm treated with GOX, biofilm exposed to RGOX as revealed by fluorescence
microscopy (100x magnification).
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Figure 7. GOX and RGOX effect against S. aureus biofilm development. An increasing concentration of
compounds decreases the percentage of biofilm formation. Vancomycin served as a control (p-value <
0.05%, < 0.01 ** and < 0.001 ***).
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3.9. Cytotoxicity of GOX and RGOX Towards MCF-7 Cells

In this study, we evaluated the cytotoxicity of RGOX towards MCF-7 (human breast cancer cell
line) by employing an MTT assay. The fluorinated graphene oxide showed no cytotoxicity towards
breast cancer cells at a concentration of 576 ug/mL [47] Moreover, graphene oxide showed cytotoxicity
in HBL.F3 human neuronic cells and BEAS-2B human lung cells at a dose-dependent concentration of
10-100 pg/mL [48]. In most of the previous studies, it was seen that graphene oxide shows a cytotoxic
effect on breast carcinoma at a very high concentration above 500 pg/mL.

According to Liao et al., the cytotoxicity of skin fibroblasts enhanced with the increase in the
concentration of graphene oxide [49]. In addition to that, an increasing concentration of GOX amplified
the cytotoxic effect on HepG2 cells [50]. In one of the studies, it was observed that the synergistic
effects of RGOX and ZnO nanorods produced excellent cytotoxic effects in human embryonic kidney
cells (HEK293) with the help of enhanced antioxidant properties. This is because zinc ions attached
to RGOX sheets contacted with HEK293 cells and cause dthe disruption of cells [51]. In one of the
dose-dependent studies, an increasing dose of GO-FA-ZnO from 0 to 100 pg/mL reduced cell viability
up to 19% as compared to a control [52]. Previously, it was shown that the GO-Ag toxicity towards
breast cancer cells may be synergistic. Breast cancer cells were treated with different concentrations of
GO-Ag nanocomposite in a dose-dependent manner (10-100 pg/mL), which decreased cell viability [53].
As compared to earlier studies, the bio-mimetically synthesized RGOX was used to determine its effect
on the viability of breast cancer cells. In a dose-dependent study, it was found that the Chenopodium
album synthesized RGOX showed decreased cell viability from 90% to 35% towards MCF-7 cells at a
concentration from 1 to 250 ug/mL. Furthermore, the Chenopodium album synthesized RGOX compound
was found to be more cytotoxic as compared to the control GOX. Figure 8 shows clearly the loss of cell
viability when the concentration increased gradually (in a dose-dependent manner). Therefore, the
toxicity of bio-mimetically synthesized RGOX towards breast cancer cells may be synergistic, which
disrupted the interaction between cancerous cells.

B GOX
B RGOX
80+ Il Cisplatin

100+

60+

40

%Cell Viability

20+

\}
,f:

O A B O AN D D 5

Concentration(pg/ml)

Figure 8. Cytotoxicity assay of MCF-7 cancer cells with increasing concentrations (0-250 pg/mL) of
Cisplatin, GOX, and RGOX (p-value < 0.05 *, < 0.01 ** and < 0.001 ***).

4. Conclusions

Graphene oxide (GOX) was successfully prepared using graphite powder by a modified ‘Hummers
method’. GOX was satisfactorily reduced to RGOX in the presence of Chenopodium album leaves
extract. The present study is the first to report this green, simple, facile and cost-effective procedure
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for direct reduction of GOX using Chenopodium album leaves extract. The obtained GOX and RGOX
were characterized using UV and FTIR techniques, which show the negligible presence of oxygen
functional groups in GOX during the reduction process. Chenopodium album is a good source of vitamin
C, casein, caffeic acid, and polyphenols, which together provide reducing ambiance. UV, FTIR, SEM,
and TEM analysis confirmed the formation of RGOX from graphene oxide using Chenopodium album
leaves extract. The overall results of the experiments prove that C. album leaves extract is an important
alternative to the traditional chemical reduction method to avoid chemical intervention. The activity
of GOX and RGOX against bacteria and fungi has been demonstrated. It was found that RGOX
showed an increased antibacterial (Gram-positive and Gram-negative) and antibiofilm activity as
compared to GOX. The antifungal activity could not be ascertained using the synthesized compound.
Upon evaluation of the anticancer activity of RGOX, it was found that it showed better anti-breast
cancer activity than its parent compound GOX. The results of RGOX against MCF-7 cells will pave
the way for a new approach for the prevention of breast cancer. RGOX obtained in this work can be
further utilized in several potential applications in various fields such as drug delivery, anticancer,
antifungal, antibacterial (Gram-positive and Gram-negative), DNA binding interaction, generation of
bio-composites and biosensors.
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Abstract: Resin-modified glass ionomer cement (RMGIC) has important properties. However,
like other restorative materials, it has limitations such as decreased biocompatibility. The incorporation
of nanoparticles (NP) in the RMGIC resulted in improvements in some of its properties. The aim
of this study was to evaluate the physical-biological properties of RMGIC with the addition of
nanohydroxyapatite (HANP). Material and Methods: Vitremer RMGIC was used, incorporating
HANP by amalgamator, vortex and manual techniques, totaling ten experimental groups.
The distribution and dispersion of the HANP were evaluated qualitatively by field emission scanning
electron microscope (SEM-FEG). The evaluation of image porosity (SEM-FEG) with the help of image].
Cell viability 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazoline bromide (MTT) and cell morphology
analyses were performed on MDPC-23 odontoblastoid cells at 24 and 72 h. Results: It was possible
to observe good dispersion and distribution of HANP in the samples in all experimental groups.
The incorporation of 5% HANP into the vortex stirred RMGIC resulted in fewer pores. The increase
in the concentration of HANP was directly proportional to the decrease in cytotoxicity. Conclusions:
It is concluded that the use of a vortex with the incorporation of 5% HANP is the most appropriate
mixing technique when considering the smallest number of pores inside the material. A higher
concentration of HANP resulted in better cell viability, suggesting that this association is promising
for future studies of new restorative materials.

Keywords: scanning electron microscopy; porosity; glass ionomer cement; cytotoxicity

1. Introduction

Glass ionomer cement (GIC) is a dental material that contains fluoraluminosilicate glass in
its powder composition of calcium, basic silicon oxide, aluminum oxide and calcium, magnesium,
and sodium fluoride. The liquid is an aqueous solution of polyacrylic acid, tartaric acid, and itaconic
acid, which has biological compatibility [1], adherence to the tooth structure [2], and antibacterial
properties [3], among other desirable properties. Even so, its u se as restorative material is still limited
due to its brittleness and low compressive strength [4] when compared to other restorative materials.
In order to overcome these limitations, the resin-modified GIC (RMGIC) was developed. In addition to
the acid-base reaction, RMGICs have a polymerization reaction as they have resin monomers in their
composition [5,6]. In most cases, this polymerization is photo-initiated.

Recently, the incorporation of hydroxyapatite nanoparticles (HANP) to RMGIC has shown
promising results such as the increase in adhesive strength to dentin [7]. In addition, it has been
shown to favor increased enamel remineralization [8]. Nanoparticles show good results when added
to restorative materials [9].

Nanomaterials 2020, 10, 1412; d0i:10.3390/nano10071412 249 www.mdpi.com/journal/nanomaterials
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The incorporation of HANP to the conventional GIC at 12% concentration showed improvement
in microhardness, resistance to compression, and diametrical traction [10]. Concentrations of 2% and
8% also provided improvements in fracture resistance [7]. Thus, when using RMGIC, the addition
of HANP could improve its biological properties, since in vitro tests demonstrate that the cytotoxic
effects of RMGIC are more evident when compared to conventional GIC [11,12].

Del Angel-Mosqueda et al. [13] (2018) carried out a cytotoxicity study analyzing gingival fibroblasts,
where the photopolymerized medium was treated with 100 mg/mL of hydroxyapatite of lyophilized
bone for 24 h at room temperature in response to Vitrebond RMGIC and found that there was an
increase in cell viability, suggesting that HA plays a protective role, decreasing the cytotoxic effect.

Studies on the association of NPs and GIC show promising results [7,14,15], however, few have
performed cytotoxicity tests [16], which are fundamental and precede the application of the material
to the oral cavity. It is known that the American Dental Association (ADA) and the American
National Standards Institute (ANSI-ISO-10993) recommend preclinical tests such as cytotoxicity assays
developed in cell culture, laboratory animal tests, and finally used on humans [17,18].

The effect of adding NPs depends on its proper distribution and dispersion in the restorative
material and there is no research related to different techniques for incorporating NP into the GIC,
a technical step that certainly influences the properties of this material, so it is important to conduct
research with this theme. We observed studies analyzing only GIC encapsulated in the powder/liquid
mixing method using mechanical manipulators in different potentials [19]. The properties of the material
are also strongly related to its microstructure, which in turn depends on the size and homogeneous
distribution of its particles [20], which result in the quality of its mechanical resistance [21].

The analysis of different methods of incorporation of NP into the GIC is innovative and important,
since it will contribute to adjust the conditions of homogeneity of NP distribution and dispersion
within the material.

According to Moshaverinia et al. [7], the concentration of 2% HANP added to the GIC demonstrated
improvements in its physical and mechanical properties. Additionally, the 5% and 10% concentrations
are new to be tested. Thus, these concentrations were chosen to be used in the tests proposed in this
study. The development of research on this subject may, in the near future, improve the properties of
the material, facilitate clinical procedures, and make them more effective and long lasting.

In this way, it is essential to carry out studies that, aside from evaluating the physical, chemical,
and mechanical properties of the association of NPs to the RMGIC, also evaluate biological properties,
making it safe and effective for clinical application.

The objective of this work was to evaluate the effect of different techniques of the incorporation of
HANP in different concentrations to the RMGIC regarding the distribution and dispersion, porosity,
and cytotoxicity.

The null hypothesis of this study is that there is no improvement in the physical-biological
properties of glass ionomer cement after the addition of HANP.

2. Materials and Methods

2.1. Preparation of Test Specimens

In the present work, portions of RMGIC powder from Vitremer (3M-ESPE Dental Products,
St. Paul, MN, USA). With the portions of HANP (Sigma-Aldrich, ref. 677418-10g, batch MKBW9108V,
St. Louis, MO, USA), both were weighed with the aid of an analytical balance (Gehaka Ltda-model
BG 440).

The amount of each material was established so that, upon mixing thereof, the RMGIC associated
with 2%, 5%, and 10% by weight HANP could be obtained. This material was stored individually in
Eppendorf tubes for the preparation of each test specimen. Afterward, the materials were mixed and
the mixing techniques are explained below.

Eight samples were used and the established groups are shown in Table 1.

250



Nanomaterials 2020, 10, 1412

Table 1. Groups established according to the technique of manipulation and concentration of
nanohydroxyapatite and glass ionomer cement modified by resin.

Mixing Technique HANTP (%) Groups

Control 0 C
Amalgamator 2 A2
(A) 5 A5

10 A10

Vortex 2 v2

V) 5 V5

10 V10

Manual 2 M2
™) 5 M5

10 M10

2.2. Mixing Techniques

We mixed the powdered materials according to the techniques below:

Amalgamator. The powder (RMGIC + HANP) was inserted into amalgam capsules. These were
submitted to the action of the amalgamator (Ultramat-SDI Brasil Industria e Comercio Ltd., Sao Paulo,
Brazil) with vibration for six seconds.

Vortex. The Eppendorf-packed powder (RMGIC + HANP) was placed in vortex (Vortex Phoenix,
Ref. 12446, Phoenix Ind. and Com. De Equips Scientists Ltd., Araraquara, Sao Paulo, Brazil) for
vigorous mixing for one minute.

Manual. The powder (RMGIC + HANP) was manipulated and mixed in a spatula block using a
plastic spatula in all directions for one minute.

After obtaining the HANP-associated GIC (2%, 5%, or 10% by weight), a drop of liquid present in
the RMGIC kit was added to the powder portion and spatulation was performed as recommended by
the manufacturer. This material was inserted into a silicone matrix that was 3 mm high by 6 mm in
diameter, with the aid of a Centrix syringe (DFL and Trade S.A. Rio de Janeiro, R], Brazil) to obtain the
specimens. A polyester strip with a 1 mm thick glass slide and a weight of 100 g for 30 s.

Then, the photoactivation was performed with the aid of the light curing agent Radii Cal (SDI Brasil
Industria e Comercio Ltda., Sao Paulo, SP, Brazil) for one minute with an intensity of 1200 mW/cm?2.
These specimens were stored at 100% humidity in an appropriate container.

2.3. Distribution and Dispersion of Nanohydroxyapatite

The distribution assessment after 24 h of sample preparation was performed by scanning electron
microscopy (SEM-FEG) (SM-300, Topcon, Tokyo, Japan). The samples were fractured with a surgical
hammer and chisel, using a channel made in the center to direct the fracture. The analyzed fragments
had a dimension of 2 mm by 2 mm, were coated with a gold—-palladium alloy under high vacuum and
taken to 500 and 20,000 SEM-FEG magnification for imaging. X-ray spectroscopy was also performed
by dispersing energy to identify its chemical elements (EDX) (Shimadzu Corporation, Kyoto, Japan).

2.4. Porosity

The specimens were fractured using a surgical hammer and chisel from a channel made in its
center for fracture targeting. The analyzed fragments had a dimension of 2 mm by 2 mm, were coated
with a gold—palladium alloy under high vacuum and taken to the 100-fold magnification SEM-FEG
for imaging, which were analyzed using the Image] program (Rasband WS, Image]J; U.S. National
Institutes of Health, Bethesda, MD, USA). All the pores present in the analyzed sample were selected
and the total pore area was computed, then this data were analyzed by statistical analysis. All the
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images obtained were subdivided into quadrants, the area of the first quadrant being analyzed, to
avoid a tendency in the results.

2.5. Cell Viability Analysis

The MDPC-23 odontoblast cell was used for feasibility analysis. MDPC-23 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Grand Island, NY, USA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS; GIBCO, Grand Island, NY, USA), 100 IU/mL, and 100 mg/mL,
respectively, of penicillin and streptomycin and 2 mmol/L of glutamine (GIBCO, Grand Island, N,
USA) in a humidified atmosphere containing 5% CO; at 37 °C. The cells were subcultured every
three days until the number of cells needed to perform the study were obtained using a density of
3% 10* cells/em?.

The specimens were placed individually in pre-cultured MDPC-23 cells and incubated for 24 h
and 72 h. After this period, the extracts were aspirated and the cell viability analysis was performed
for the samples. The control group was represented by MDPC-23 cells maintained only in DMEM.
The experiment was carried out in duplicate. The samples were stored in an oven at 37 °C with
relative humidity.

The cells were incubated for 4 h at 37 °C and 5% CO, with the 3-(4,5-dimethylthiazol-2yl)-2,5-
diphenyl tetrazoline bromide (MTT) solution (Sigma-Aldrich Corp., St. Louis, MO, USA) diluted
in DMEM (1:10). The formazan crystals that formed in viable cells were then dissolved in acidified
isopropanol and the absorbance of the resulting solution was read at 570 nm (Synergy H1, BioTek,
Winooski, VT, USA). The mean absorbance of the positive control group was considered to be 100% of
cell viability, and the percentage values for the experimental groups were calculated based on this
parameter [12].

2.6. Analysis of Cell Morphology

In order to perform the cell morphology analysis, the cells were seeded on glass slides placed
at the bottom of 24-well plates. In each time interval of analysis (n = 2), the cells were fixed in 2.5%
glutaraldehyde (Sigma Chemical Co.), and then post-fixed in 1% osmium tetroxide (Sigma Chemical
Co.), dehydrated in increasing concentrations of alcohol (30, 50, 70, 90, and 100%) and submitted to
chemical drying in HMDS (1,1,1,3,3,3-hexamethyldisilazane; Sigma Chemical Co.). Finally, the slides
with the cells were fixed on metal stubs, kept in a desiccator for 72 h, sputter-coated with gold, and
finally analyzed by scanning electron microscopy (SEM-FEG) (SM-300, Topcon, Tokyo, Japan).

2.7. Statistical Analysis

The data were analyzed by analysis of variance (ANOVA) with fixed criteria. The Tukey test was
applied to the pore area data, and the Kruskal-Wallis and Mann-Whitney tests to the cell viability
data. The distribution of values and the homogeneity of the data were previously tested. A descriptive
analysis was carried out for cell distribution, dispersion, and morphology. For all tests, the level of
significance was 5%.

3. Results

It can be seen that there was a good distribution of HANP within the RMGIC, regardless of the
concentration and manipulation technique, as demonstrated in Figure 1.

There was no difference between the distribution of the HANP among the experimental groups.
This demonstrates that regardless of the technique for incorporating HANP into the RMGIC, there was
good distribution within the material.

X-ray dispersive energy spectroscopy (Figure 2) demonstrates the chemical components of HANP,
RMGIC, and the experimental groups HANP + RMGIC, which had the same spectrum. It can be seen
that HANP was rich in Ca and P ions, while RMGIC had a greater amount of Al and Si ions.
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Figure 1. Distribution of nanohydroxyapatite within glass ionomer cement modified by resin. Legend:
The white arrows indicate the HANP and the yellow arrows indicate the particles of the RMGIC.
(A) Microscopic image of spherical HANP structures with magnification x 500. (B) Microscopic image
in group C with magnification x 500. (C) Microscopic image of group A2 with X 20,000 magnification.
(D) Microscopic image of the V5 group with a magnification of x 20,000. (E) Microscopic image of the
M10 group with a magnification of x 20,000.
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Figure 2. X-ray dispersive energy spectroscopy of the experimental groups. Legend: (A) Chemical
composition of HANP by means of x-ray dispersive energy spectroscopy. (B) Chemical composition
of the control group by means of x-ray dispersive energy spectroscopy. (C) Chemical composition of
groups containing 2%, 5%, and 10% HANP + RMGIC by means of x-ray dispersive energy spectroscopy.

Data related to the number and area occupied by the pores as a function of the HANP concentration
incorporated into the RMGIC powder and the mixing technique are shown in Figures 3-5.
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Figure 3. Number of pores of the experimental groups. Legend: Number of pores of the experimental
groups. The columns represent averages and the bars represent standard deviations. The columns
identified with the same letter do not differ statistically (Tukey, p 0.061).
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Figure 4. Pore area of experimental groups. Legend: Pore area of experimental groups. The columns
represent averages and the bars represent standard deviations. The columns identified with the same
letter do not differ statistically (Tukey, p 0.068).
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Figure 5. Distribution of the pores of the experimental groups inside the material. Legend:
(A) Distribution of the pores of the control group. (B) Distribution of pores in group V5. (C) Distribution
of pores in the M5 group. (D) Pore distribution in the A10 group.

It can be seen that all groups incorporated with 10% HANP had a number of pores similar to the
control. Meanwhile, a significantly smaller number of pores was found for the other groups compared
to the control. Groups V5 or M5 resulted in a smaller number of pores than the number observed in
group C. None of the groups differed from C in relation to the area occupied by the pores, however,
a smaller value was observed among the groups submitted to the vortex.

The evaluation of cytotoxicity was performed in two moments, described in Figures 6 and 7.
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Figure 6. Cellular viability at 24 h and 72 h. Legend: Cell viability after contact of specimens with
MDPC-23 cells for 24 and 72 h. No statistical difference between time periods (Kruskal-Wallis and
Mann-Whitney tests, p 0.67).

There was no statistical difference between the 24 and 72 h periods. However, it can be analyzed
that the higher the concentration of HANP incorporated into RMGIC, the greater the cell viability.
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Figure 7. Cell morphology after 24 h and 72 h viability analysis. Legend: (A) Group C cell morphology
after 24 h. (B) Cell morphology of group C after 72 h. (C) Cell morphology of the groups with addition
of 2% HANP after 24 h. (D) Cell morphology of the groups with addition of 2% HANP after 72 h.
(E) Cell morphology of the groups with addition of 5% HANP after 24 h. (F) Cell morphology of the
groups with addition of 5% HANP after 72 h. (G) Cell morphology of the groups with the addition of
10% HANP after 24 h. (H) Cell morphology of the groups with the addition of 10% HANP after 72 h.

4. Discussion

RMGIC has greater mechanical resistance and better physical properties, but it has clinical
limitations such as decreased biocompatibility [22-24] due to the presence of the 2-hydroxyethyl
methacrylate (HEMA) monomer, which is considered cytotoxic in contact with the pulp tissue,
thus limiting its use in deep cavities. This monomer is capable of inducing apoptosis by increasing
oxidative stress induced by an excess of reactive oxygen species, damage to DNA, and suppression of
cell proliferation [25].
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The addition of HANP to the GIC has shown good results [10,11,21,22,25,26]. However, it is
extremely important to be careful with the manipulation technique during the incorporation of HANP
into the material, since improper mixing can affect its properties such as mechanical resistance [10].
Thus, the microstructural analysis of the GIC associated to NP as well as the observation of the
distribution and dispersion of the same, is fundamental. From this form, three forms of manipulation
of the HANP + RMGIC were defined (Table 1).

This study used SEM-FEG, which is widely used for the investigation of the surface microstructures
of materials, also making possible the chemical analysis of the sample under observation [22].
In addition, this analytical method provides precision, accuracy, sensitivity, and preservation of
the sample.

In all experimental groups, regardless of the technique of concentration or manipulation of the
HANP, good distribution and dispersion of it was observed in the RMGIC. Due to the size of the
nanomaterial, the NP can occupy small spaces, resulting in greater homogeneity of the surface and
wide distribution within the material [23]. The control group and the experimental groups with the
incorporation of HANP + RMGIC are shown in Figure 1.

The interaction of the chemical components of HANP + RMGIC can also be observed by x-ray
dispersive energy spectroscopy, as shown in Figure 2, which shows a large amount of phosphorus (P)
and calcium (Ca) in HANP (Figure 2A) compared to RMGIC alone (Figure 2B). After the incorporation
of HANP into RMGIC, the chemical components were mixed (Figure 2C).

The good distribution of the NPs allows for an increase in the mechanical resistance as it promotes
high density and narrowing among the particles within the ionomeric matrix [3]. Gu et al. [10] (2005)
observed good distribution and dispersion of NPs within the ionomeric matrix by adding 4% or 12%
HA to an encapsulated RMGIC. The authors reported the low tendency to form agglomerates, ensuring
uniform distribution of NP and improvement of the mechanical properties of the material.

The porosity of the material is also an important property to be evaluated as it is related to the
degree of dissolution and, consequently, to the resistance of the restorative material, which can alter its
clinical durability. The increase in porosity also results in increased material roughness and greater
adhesion of microorganisms [24].

In the present study, it can be seen that all groups incorporated with 10% HANP (A10, V10,
and M10), regardless of the mixing mode, presented a number of pores similar to the control, so a viable
explanation could be that the GIC liquid was unable to bathe all HANP as they have a larger surface
area due to their nanometric size, thus making the connections insufficient to reduce the porosity of
the material.

A significantly smaller number of pores was found for the other groups compared to the control
(Figure 3). Groups V5 or M5 resulted in a smaller number of pores than the number observed in
Group C. It is possible that the vortex and the manual technique incorporated less air compared to
the technique using the amalgamator; in addition, the 5% concentration of HANP provided better
chemical bonds with the GIC, resulting in less pores inside the new material. This comparison can be
seen in Figure 5.

None of the groups differed from C in relation to the area occupied by the pores (Figure 4).
However, a lower value was observed among the groups submitted to the vortex, indicating that,
for this mixing technique, smaller pores were formed. This fact is important due to the longevity of the
restorations [10,24].

The large number and area occupied by porosities can result in cracks and fractures of the
material [10], and these failures can be minimized by the incorporation of 5% HANP with the help
of vortex.

In addition to the physical and mechanical properties of materials, extreme importance represents
cytotoxicity for the viability of a restorative material. Regardless of the incorporation technique,
there was an improvement in cell viability directly proportional to the increase in the concentration of
HANP (Figure 6).
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Several in vitro studies have evaluated the cytotoxicity of conventional and resin-modified GICs
and found that the leachable components present in the GIC were responsible for adverse effects on
cell culture [8,27,28].

The isolated Vitremer showed higher cytotoxic effects compared to the groups containing HANP
(Figure 6). Costa et al. (2003) [28], when evaluating five different GICs, also observed higher
Vitremer cytotoxicity in MDPC-23 cells, suggesting that HEMA is the main component that contributes
significantly to the cytotoxicity of this material.

Thus, the addition of HANP has shown promising results [7,10,11,15]. Pagano et al. (2019) [29]
evaluated the addition of 4% HANP to a GIC and observed a significant reduction in the cytotoxicity of
the material. The authors reported that this occurrence most likely occurred because HA has excellent
biological behavior due to its chemical composition and crystalline structure, similar to apatite in the
human skeletal system [15].

GICs are said to have low toxicity of dental pulp in clinical use. These cements exhibit cytotoxicity
in the recently established state, but decrease substantially and depend on time [13], as observed in
Figures 6 and 7. Additionally, the addition of HANP to RMGIC may have decreased cytotoxicity due to
chemical interaction, since HANP has a large amount of calcium and phosphorus (Figure 2). Noorani
et al. [30], when analyzing the cytotoxicity of nanohydroxyapatite-silica, found that GIC interacted
with HANP through the carboxylate groups in the polyacid [30], which can decrease the cytotoxicity
of the material.

5. Conclusions

The HANP added to the RMGIC should be the subject of further studies as it has been shown to
have good distribution and dispersion within the material. The use of vortex was the most indicated
mixing method and the incorporation of 5% HANP resulted in fewer pores inside the material. Greater
cell viability with the addition of higher HANP concentration could also be observed.
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Abstract: For stem cell-based therapies, the fate and distribution of stem cells should be traced
using non-invasive or histological methods and a nanomaterial-based labelling agent. However,
evaluation of the biophysical effects and related biological functions of nanomaterials in stem
cells remains challenging. Here, we aimed to investigate the biophysical effects of nanomaterials
on stem cells, including those on membrane fluidity, using total internal reflection fluorescence
microscopy, and traction force, using micropillars of human bone marrow-derived mesenchymal
stem cells (hBM-MSCs) labelled with silica-coated magnetic nanoparticles incorporating rhodamine
B isothiocyanate (MNPs@SiO;(RITC)). Furthermore, to evaluate the biological functions related
to these biophysical changes, we assessed the cell viability, reactive oxygen species (ROS) generation,
intracellular cytoskeleton, and the migratory activity of MNPs@SiO,(RITC)-treated hBM-MSCs.
Compared to that in the control, cell viability decreased by 10% and intracellular ROS increased
by 2-fold due to the induction of 20% higher peroxidized lipid in hBM-MSCs treated with
1.0 pg/uL MNPs@SiO,(RITC). Membrane fluidity was reduced by MNPs@SiO,(RITC)-induced
lipid oxidation in a concentration-dependent manner. In addition, cell shrinkage with abnormal
formation of focal adhesions and ~30% decreased total traction force were observed in cells treated
with 1.0 pg/uL MNPs@SiO,(RITC) without specific interaction between MNPs@SiO,(RITC) and
cytoskeletal proteins. Furthermore, the migratory activity of hBM-MSCs, which was highly related
to membrane fluidity and cytoskeletal abnormality, decreased significantly after MNPs@SiO,(RITC)
treatment. These observations indicated that the migratory activity of hBM-MSCs was impaired
by MNPs@SiO,(RITC) treatment due to changes in stem-cell biophysical properties and related
biological functions, highlighting the important mechanisms via which nanoparticles impair migration
of hBM-MSCs. Our findings indicate that nanoparticles used for stem cell trafficking or clinical
applications should be labelled using optimal nanoparticle concentrations to preserve hBM-MSC
migratory activity and ensure successful outcomes following stem cell localisation.

Keywords: magnetic nanoparticles; human bone marrow-derived mesenchymal stem cells;
membrane fluidity; focal adhesion; cytoskeletal abnormality
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1. Introduction

Nanoparticles are being increasingly used for disease diagnosis and therapy and cell tracing [1-3].
Among nanoparticles, magnetic nanoparticles (MNPs) and MNPs coated with biocompatible polymers
and silica for safety are used for in vitro cell labelling, fluorescence-based in vivo cell tracking,
and magnetic resonance imaging (MRI)-based stem cell-labelled in vivo tracing [4-7]. However,
detailed information regarding the biophysical effects of nanoparticles at the cellular level is still limited.

Mesenchymal stem cells (MSCs) are used in biomedical applications (cytotherapy) for multiple
sclerosis and for cardiovascular, ischemic, and neurodegenerative disorders [8-12]. In particular,
bone marrow-derived MSCs (BM-MSCs) possess useful characteristics, including high degree of plasticity,
trophic factor secretion, and immune response suppression capability [13-15]. Thus, human BM-MSCs
(hBM-MSCs) are considered promising therapeutic candidates for clinical application [12,16-18].
For successful cytotherapeutic outcomes using stem cells [19,20], nanoparticle-based methods for tracking
the localization of transplanted cells in the body are essential to ensure their distribution in the impaired
tissue [21]. However, nanoparticle-induced biophysical disturbances caused by reactive oxygen species
(ROS) generation, which result in changes in normal physiological redox-regulated functions and cellular
alteration, are matters of concern [22]. For example, silica-coated magnetic nanoparticles incorporating
rhodamine B isothiocyanate (MNPs@SiO,(RITC)) induce ROS production, leading to endoplasmic
reticulum (ER) stress, reduced proteasome activity, and altered cellular metabolism [23-25].

Nanoparticle-induced ROS oxidize proteins to generate protein radicals [22] and induce lipid
peroxidation [26], which impairs the functions of the plasma membrane [27,28]. These oxidative
cleavage events deplete unsaturated phospholipids and cholesterol in the cell membrane, leading to
loss of the fluidity and permeability of the membrane and, thereby, affecting its physiological
functions [29-31]. Several studies have reported that lipid peroxidation decreases membrane fluidity,
indicating that the membrane fluidity of nanoparticle treated-cells can change due to oxidative
stress-induced membrane damage [30,32]. However, the relationship between nanoparticle-induced
lipid peroxidation and membrane fluidity remains unclear.

The membrane and the cytoskeleton are tightly linked via phosphoinositides, especially via focal
adhesion and actin assembly [33-35]. Therefore, membrane damage, caused by nanoparticle-induced
oxidative stress, is highly related to the cytoskeleton. Cell morphology is determined by the balance
between adhesion and tension. Nanoparticles disrupt the cytoskeleton to affect focal adhesion
proteins and, thus, adhesion [36] initiated by the lamellipodia (branched actin filaments) and filopodia
(extended finger-like protrusions) as focal complexes [37]. During cell death; membrane repair;
and osmotic-, oxidative-, and heat stress; these structures are abolished, such that cells display
a rounded and shrunken morphology [38,39]. However, studies on the effect of nanoparticles on cell
adhesion and tension are limited.

The focal adhesion of hBM-MSCs is strongly associated with changes in cellular traction forces [40].
Elastomeric pillar arrays are considered excellent for measuring cellular traction force by calculating
the nanometric level of pillar deflection [41,42]. In addition, sub-micron pillar arrays have been shown
to mimic continuous substrates of specific rigidity [43]. Thus, biophysical changes in nanoparticle-treated
cells have been quantitatively studied using elastomeric submicron pillars [41,43].

In this study, we aimed to investigate the biophysical properties of MNPs@SiO, (RITC)-treated
hBM-MSCs, such as membrane fluidity (using total internal reflection fluorescence microscopy
(TIRFM)), traction force (using micropillars), cytoskeletal characteristics, and migratory activity.
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2. Materials and Methods

2.1. MNPs@SiO,(RITC) and Silica Nanoparticles (NPs)

MNPs@SiO, (RITC) particles, composed of a ~9 nm cobalt ferrite core (CoFe;O3) chemically bonded
torhodamine isothiocyanate dye (RITC) and coated by a silica shell [4], were purchased from BITERIALS
(Seoul, Korea). Previously, these nanoparticles have been characterized for confirming their quality [44].
Size distribution and morphology are important factors determining the uniformity of nanoparticles
and were analyzed using electron and atomic microscopy [44]. Hydrodynamic size, polydispersity,
and surface charge were determined using dynamic light scattering [45]. The purity and contents
of nanoparticles are usually analyzed using an X-ray based technique [44]. In this study, X-ray diffraction
(XRD) analysis using a high-power X-Ray diffractometer (Ultima III, Rigaku, Japan) confirmed
the structure of MNPs@SiO,(RITC) (data not shown). The silica NPs were composed of identical
materials and were of a similar size as the MNPs@SiO,(RITC) shell, and their biological effects were
similar to those of MNPs@SiO, (RITC) [23,24,46,47]. The diameters of the MNPs@SiO,(RITC) and
silica NPs were 50 nm, and the zeta potential of MNPs@SiO,(RITC) was between —40 to —30 mV [4,46].
A previous study determined ~10° particles of MNPs@SiO, (RITC) per cell in MNPs@SiO, (RITC)-treated
MCE-7 cells using inductively coupled plasma atomic emission spectrometry [4]. Furthermore,
in previous reports, the dosage was determined by measuring the fluorescence intensity of HEK293
cells treated with MNPs@SiO,(RITC) at concentrations ranging from 0.01 to 2.0 pg/uL for 12 h.
The optimal concentration of MNPs@SiO,(RITC) was 0.1 ug/uL for in vitro use, whereas 1.0 pg/uL was
the plateau concentration for cellular uptake [24]. Furthermore, MNPs@SiO,(RITC) concentrations
ranging from 0 to 1.0 pg/uL have been used for MRI contrasting without toxicological effects on
human cord blood-derived MSCs [48], and caused changes in gene expression and metabolic profiles
similar to those of the control HEK293 cells at 0.1 ug/uL [24]. In addition, the uptake efficiency
of MNPs@SiO,(RITC) almost plateaued at 1.0 ug/uL in HEK293 cells [24,25]. The dose-dependent
fluorescence intensity of MNPs@SiO,(RITC)-labelled hBM-MSCs was similar to those of labelled
HEK?293 cells. In addition, the viability of human cord blood-derived MSCs was determined to assess
the cytotoxic effect of MNPs@SiO,(RITC) after 24, 48, and 72 h of treatment with 0-1.0 pg/uL
MNPs@SiO, (RITC); compared to the control group, no significant cytotoxic effect was observed [48].
Therefore, in this study, hBM-MSCs were treated with 0.1 pug/uL (low dose) MNPs@SiO,(RITC)or
1.0 pg/uL (high dose), similarly to previous reports [23,24,47].

2.2. Cell Culture

hBM-MSCs were purchased from PromoCell (Heidelberg, Germany) and were cultured as
described in previous studies [49,50]. Briefly, the cells were rinsed with phosphate buffered saline
(PBS), resuspended, cultured in Dulbecco’s low-glucose modified Eagle’s medium (DMEM, Gibco,
Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA),
100 units/mL penicillin, and 100 ug/mL streptomycin (Gibco, USA), and incubated in a 5% humidified
CO;, chamber at 37 °C. The hBM-MSC surface markers, CD73 and CD105, and negative markers
of hBM-MSCs, namely, CD34 and CD45, were analyzed and maintained (data not shown).

2.3. Morphological Analysis of hRBM-MSCs

To evaluate the MNPs@SiO,(RITC)-induced morphological changes, hBM-MSCs were treated
with 0.1 and 1.0 pg/uL of MNPs@SiO, (RITC) for 12 h. Images were acquired with an Axio Vert 200M
fluorescence microscope (Zeiss, Jena, Germany). The excitation wavelength for MNPs@SiO, (RITC)
was 530 nm.

2.4. Cell Viability Assay

For analysis of cell viability, the CellTiter 96-cell proliferation assay kit (MTS, Promega,
Madison, WI, USA) was used, according to the manufacturer’s instructions. Briefly, 2 x 10* hBM-MSCs
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were seeded on 96-well assay plates. After 16 h, the hBM-MSCs were washed with PBS and treated
with MNPs@SiO,(RITC) for 12 h. The hBM-MSCs were then washed with PBS to remove excess
MNPs@SiO,(RITC), and MTS solution was added to each well (1/10 volume of media). Subsequently,
the plate was incubated for 1 h in a 5% CO, chamber maintained at 37 °C. The absorbance of the soluble
formazan was measured using a plate reader (Molecular Devices, San Jose, CA, USA) at 490 nm.
Values were normalized relative to the protein absorbance value for each corresponding group.

2.5. Evaluation of Intracellular ROS Levels in hBM-MSCs

Intracellular ROS levels in hBM-MSCs were evaluated using DCFH-DA staining (Cell Biolabs,
San Diego, CA, USA) according to the manufacturer’s protocol. Briefly, control and MNPs@SiO, (RITC)
-treated hBM-MSCs were resuspended in 10 pM DCFH-DA and incubated in a 5% CO,, 37 °C chamber
for 1 h. The hBM-MSCs were washed twice with PBS, and DCF fluorescence was measured using
a fluorescence microplate reader (Gemini EM, Molecular Devices, Sunnyvale, CA, USA) at 480 nm
excitation and 530 nm emission wavelengths.

2.6. Evaluation of Lipid Peroxidation

Peroxidized lipids in control and MNPs@SiO,(RITC)-treated hBM-MSCs were quantified using
a lipid peroxidation kit (Cayman Chemical, Ann Arbor, MI, USA) according to the manufacturer’s
instructions. Briefly, hBM-MSCs were treated with MNPs@SiO,(RITC) for 12 h. Subsequently,
hBM-MSCs were trypsinized and washed twice with PBS. The hBM-MSCs were transferred to glass
tubes, and the lipids were extracted in crystalline solid-saturated methanol and cold chloroform.
The mixture was centrifuged (1500x g, 0 °C, 5 times) to form two layers, and the bottom chloroform
layer was collected. The samples were mixed with 2.25 mM ferrous sulphate, 0.1 M hydrochloric
acid, and 1.5% ammonium thiocyanate in methanol at a 9:1 ratio. Next, the mixtures were incubated
at room temperature for 5 min. Ferric ions were produced in the reaction, and the level of peroxidized
unsaturated lipids was evaluated using thiocyanate as a chromogen. Absorbance was measured
at 500 nm using a quartz cuvette and microplate reader (Molecular Devices, San Jose, CA, USA).

2.7. Measurement of Membrane Fluidity

Membrane fluidity of hBM-MSCs was measured using a homemade combined differential
interference contrast (DIC)-total internal reflection fluorescence microscopy (TIRFM) experimental
system [49,51]. The procedure was based on a previously described protocol [52,53]. Briefly,
hBM-MSCs were cultured on 0.13-0.16 mm thick cover slips and treated with MNPs@SiO,(RITC)
for 12 h. The hBM-MSCs were incubated with media containing 10 uM Laurdan in a 5% CO,, 37 °C
chamber for 2 h. The hBM-MSCs were washed twice with PBS and incubated with fixation buffer
(Cytofix; BD, San Jose, CA, USA). Subsequently, the hBM-MSC-containing cover slips were mounted
onto 0.13-0.16 mm thick cover slips with mounting medium (Prolong Gold antifade; Molecular Probes,
Eugene, OR, USA). Laurdan fluorescence was observed with a 100x objective lens (oil-type, Olympus
UPLFL 1.3N.A., W.D. 0.1 mm) and an A CCD camera (QuantEM 512SC, Photometrics, Tucson, AZ, USA).
The fluorescence intensity was measured using an excitation wavelength of 405 nm, and emission
fluorescence was detected using 420 nm and 473 nm bandpass filter (resolution: +5 nm). As a parameter
of membrane fluidity, the generalized polarizations (GP) = (fluorescence intensity at 420 nm—fluorescence
intensity at 473 nm)/(fluorescence intensity at 420 nm + fluorescence intensity at 473 nm) was calculated,
and pseudo-colored GP value images were generated using the Image J 1.48v software (NIH, Bethesda,
MD, USA) [54]. Gauss distributions were generated using the nonlinear fitting algorithm in Sigma Plot
10.0 (Systat Software Inc., San Jose, CA, USA).

2.8. Immunocytochemistry

hBM-MSCs were seeded on cover slips and treated with 0.1 pg/uL and 1.0 pg/uL MNPs@SiO, (RITC)
for 12 h. The cells were, then, fixed in Cytofix buffer (BD, San Jose, CA, USA). To reduce non-specific
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binding, the cover slips were blocked with PBS containing 2% bovine serum albumin (BSA) and 0.1%
Triton-X100 (Sigma-Aldrich, St Louis, MO, USA). For actin labelling, hBM-MSCs were then incubated
with Alexa Fluor 488-conjugated phalloidin (Molecular Probe, Carlsbad, CA, USA, 1:200), diluted in
blocking buffer, for 1 h at room temperature. For 3-tubulin and vinculin labelling, hBM-MSCs were
incubated with anti-3-tubulin mouse polyclonal antibody (Molecular Probes, Carlsbad, CA, USA, 1:200)
or anti-vinculin rabbit monoclonal antibody (Becton Dickinson, Franklin Lakes, NJ, USA, 1:200) diluted
in blocking bulffer, for 12 h at 4 °C. Following three times rinsing in PBS containing 0.1% Triton-X100,
the cells were incubated with Alexa Fluor 488-conjugated anti-mouse goat polyclonal antibody or Alexa
Fluor 647-conjugated anti-rabbit goat polyclonal antibody for 1 h at room temperature. The labelled
cells were washed thrice with PBS containing 0.1% Triton-X100 and incubated with PBS containing
10 pg/mL Hoechst 33342 for 10 min at room temperature to label the nuclei. After washing three
times with PBS, cover slips were mounted onto slides using Prolong Gold antifade mounting medium
(Molecular Probes). Fluorescent images were acquired using confocal laser scanning microscopy
(LSM710, Carl Zeiss Microscopy GmbH, Jena, Germany). The excitation wavelengths for Alexa Fluor
488, Hoechst 33342, and MNPs@SiO,(RITC) were 488, 405, and 530 nm, respectively. The attached
hBM-MSCs areas were analyzed using the Image J software.

2.9. Western Blotting

hBM-MSCs were seeded at a density of 2 x 105 cells/well in 6-well plates and cultured
for 36 h. hBM-MSCs were treated with 0.1 or 1.0 pg/uL MNPs@SiO,(RITC) for 12 h and lysed
in radioimmunoprecipitation assay (RIPA) buffer. The lysates were vortexed and incubated at 4 °C
for 1 h. Then, the lysates were centrifuged at 14,000x g for 15 min at 4 °C, and the supernatants
were collected. Next, 40 pg protein was subjected to sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes. The membranes
were blocked with 3% non-fat milk for 1 h at room temperature and incubated with primary
antibody overnight at 4 °C. The following primary antibodies were used: t-c-SRC (1:2000, Santa Cruz
Technologies, Santa Cruz, CA, USA), p-c-SRC (1:2000, Santa Cruz Technologies, Santa Cruz, CA, USA),
t-FAK (1:2000, Santa Cruz Technologies, Santa Cruz, CA, USA), p-FAK (1:2000, Santa Cruz Technologies,
Santa Cruz, CA, USA), and p-actin (1:5000, Cell Signaling, La Jolla, CA, USA). Secondary antibodies
were used at a dilution of 1:2000 (Santa Cruz Technologies, USA). The blots were developed using
enhanced chemiluminescence solution (ECL, Thermo Scientific, Waltham, MA, USA), and luminescence
was captured on medical blue X-ray film (AGFA, Mortsel, Belgium) in a dark room.

2.10. Microfabrication of Pillar Arrays

A standard photolithograph was used to fabricate a mold with arrays of holes over a silicon
wafer [55]. To fabricate pillar arrays, Polydimethylsiloxane (PDMS) was mixed at 10:1 ratio with its
curing agent (Sylgard 184; Dow Corning, Midland, MI, USA) and degassed for 15 min. Next, it was
spin-coated over the mold, degassed again for 30 min to remove trapped air bubbles within the mixture,
and cured at 80 °C for 4 h and 30 min until the Young modulus of the PDMS reached 2 + 0.1 MPa.
Subsequently, the cured pillar array was carefully removed from the mold. In the case of micron
scale pillars, cellular contractions occurred around individual pillars (diameter 2 pm) [43,56]. Thus,
we generated linearly arranged pillar arrays of 900 nm diameter, 1 um height, and a pillar diameter two
times the center-to-center distance between pillars. The bending stiffness of the pillar was calculated
based on Euler-Bernoulli beam theory [57]:

3 _.Dpt
k= aﬂE L_3
where D is the diameter, L is the length, and E is the Young modulus of the pillar [43]. The bending
stiffness (k) of the pillar arrays used in this study was 28.8 nN/um.
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2.11. Measurement of Traction Force

Images of pillars in hBM-MSCs were captured using a live cell chamber at 1 Hz in a fluorescence
microscope (Deltavision, GE Healthcare, Chicago, IL, USA) equipped with a camera (CoolSNAP HQ?,
Photometrics) at 37 °C and 5% humidity. The place of each pillar in each frame was determined
using the pillar tracking plugin (PillarTracker 1.1.3 version) of the Image J software. PillarTracker
uses the pillar reconstruction algorithm to establish an exact grid of the pillar arrays, thus allowing
users to automatically detect and track the locations of the pillars. Throughout this study, pillars with
no cell contact were used as reference pillars. To account for stage drift, the average displacement
of the reference pillars was deducted from the displacement data of pillars deflected by hBM-MSCs.
To avoid unwanted displacement of pillars by MNPs@SiO, (RITC), MNPs@SiO, (RITC)-treated cells were
washed five times using Dulbecco’s phosphate buffered saline (DPBS) before seeding on a pillar array.
The displacement of each pillar was multiplied by its bending stiffness to calculate the traction force.

2.12. Wound Healing Assay

hBM-MSCs were seeded and grown to 100% confluence in 6-well plates, followed by washing
in PBS. Cell monolayers were wounded with a 200-uL. micropipette tip in two different places
in each well, treated with MNPs@SiO,(RITC) in serum-free media, and allowed to migrate for 16 h.
Images of the wounded areas were captured under an Axio Vert 200M fluorescence microscope
(Zeiss, Jena, Germany) at 0 and 16 h. The excitation wavelength for MNPs@SiO,(RITC) was 530 nm.
Migration activity was quantified by analyzing the cell number.

2.13. Invasion Assay

Invasion assays of h(BM-MSCs were performed using an 8-um pore size transwell polycarbonate
membrane (Corning, Corning, NY, USA). The upper side of the membrane was coated with Matrigel
(1:10 dilution in 0.01 M Tris pH 8.0, 0.7% NaCl) for 2 h at 37 °C. hBM-MSCs were treated with
MNPs@SiO»(RITC) for 12 h. Next, 2.5 x 10* hBM-MSCs were transferred to the upper chamber
of the transwell in serum-free media, and 10% FBS containing medium was added to the lower chamber
as a chemoattractant. The cells were incubated for 12 h at 37 °C. Subsequently, the cells on the upper
side of the membrane were removed with a cotton swab, and the invading cells on the lower side
of the membrane were fixed in Cytofix buffer (BD, San Jose, CA, USA) and stained with Hoechst
33342. Images were acquired using an Axio Vert 200M fluorescence microscope (Zeiss, Jena, Germany).
The excitation wavelengths for MNPs@SiO,(RITC) and Hoechst 33342 were 530 nm and 405 nm,
respectively. The number of invading cells was counted using the Image J software.

2.14. Statistical Analysis and Error Correction

The results were analyzed using one-way analysis of variance (ANOVA) with Bonferroni’s
multiple-comparison test of the IBM-SPSS software (IBM Corp., Armonk, NY, USA). Differences were
considered significant for p values < 0.05. In the micropillar experiments, errors of the pillar deflections
were corrected by reducing the average deflection of pillars outside the cell.

3. Results

3.1. Decrease in Cell Viability and ROS Generation of MNPs@SiO,(RITC)-Treated hBM-MSCs

To evaluate the viability of and ROS generation in MNPs@SiO,(RITC)-treated hBM-MSCs,
hBM-MSCs were treated with MNPs@SiO,(RITC) for 12 h before analysis (Figure 1a). A monolayer
of hBM-MSCs was clearly observed for the non-treated control cells, while the monolayer was
disintegrated for the MNPs@SiO,(RITC)-treated hBM-MSCs (Figure 1b). Furthermore, compared to
that in the non-treated control, the viability of hBM-MSCs decreased by ~10% upon treatment
with 0.1 and 1.0 pg/uL MNPs@SiO,(RITC) (Figure 1c). However, the viability of cells treated
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with 0.1 pg/ul. MNPs@SiO,(RITC) was not statistically significantly different from that of cells
treated with 1.0 pg/uL MNPs@SiO,(RITC). Intracellular ROS generation was evaluated using
2’,7’-dichlorodihydrofluorescin diacetate (DCFH-DA) staining in MNPs@SiO, (RITC)-treated hBM-MSCs.
Treatment with MNPs@SiO,(RITC) and 50 nm-sized silica NPs increased intracellular ROS levels
(Figure 1d,e). In particular, compared to that in non-treated control cells and cells treated with 0.1 pg/uL
NPs, intracellular ROS levels increased by more than 50% in cells treated with 1.0 pug/uL. MNPs@SiO, (RITC)
and silica-NPs. Furthermore, the level of ROS-induced peroxidized lipids increased by ~30% in hBM-MSCs
treated with 1.0 pg/uL MNPs@SiO,(RITC) (Figure 1f).
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Figure 1. Intracellular reactive oxygen species (ROS) generation and lipid peroxidation in
MNPs@SiO; (RITC)-treated hBM-MSCs. (a) Schematic showing MNPs@SiO,(RITC) composition.
(b) Morphological analysis of non-treated control and MNPs@SiO,(RITC)-treated hBM-MSCs.
Scale bar = 50 um (c) Cell viability assay with hBM-MSCs treated with MNPs@SiO,(RITC) for 12 h.
Evaluation of intracellular ROS generation using DCFH-DA for 12 h in HEK293 cells treated with
(d) MNPs@SiO,(RITC) and (e) silica NPs. The non-oxidized DCFH-DA was used as the blank.
(f) Evaluation of peroxidized lipids using ferrous thiocyanate. Ferrous thiocyanate was used as
the blank. Data represent mean + SD of three independent experiments. * p < 0.05 vs. non-treated
control, # p < 0.05 for the comparison between 0.1 and 1.0 jtg/uL. MNPs@SiO, (RITC) or silica NP-treated
cells. Data represent mean + SD of three independent experiments.

3.2. Reduction in Membrane Fluidity of hBM-MSCs after MNPs@SiO,(RITC) Treatment

To analyze changes in membrane fluidity due to peroxidation of lipids, the MNPs@SiO,(RITC)
-treated hBM-MSCs were stained with Laurdan and generalized polarization (GP) values were calculated
using TIRFM (Figure 2a). The number of high-GP areas on the hBM-MSC surface—Corresponding
to rigid domains—Increased upon MNPs@SiO,(RITC) treatment. In particular, the abundantly
distributed region of MNPs@SiO,(RITC) majorly co-localized with the high GP-distribution region
in a GP scale of —1.0 to 1.0 (Figure 2b). GP frequency distribution values of MNPs@SiO,(RITC)
treated-hBM-MSCs were subtracted from the corresponding values of the non-treated control
hBM-MSCs to obtain frequency difference curves (Figure 2c) and total mean GP values (Figure 2d).
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Figure 2. Laurdan generalized polarizations (GP) images and GP frequency distributions of hBM-MSCs
treated with MNPs@SiO,(RITC) for 12 h. (a) Schematic of Laurdan for measuring membrane GP
value. (b) Merged differential interference contrast (DIC) and total internal reflection fluorescence
microscopy (TIREM) images of human bone marrow-derived mesenchymal stem cells (hBM-MSCs)
in each upper panel. Distributions of magnetic nanoparticles incorporating rhodamine B isothiocyanate
(MNPs@SiO,(RITC)) are indicated in each lower panel. GP distributions ranged from —1.0 to 1.0.
Scale bar = 2.5 um. (¢) GP frequency distributions of cells. GP values of each pixel are represented as
dots and were fitted to Gaussian distributions. (d) Total GP values. Data represent mean =+ SD of three
independent experiments (1 = 10). * p < 0.05 vs. non-treated control, # p < 0.05 for the comparison
between cells treated with 0.1 and 1.0 ug/uL of MNPs@SiO, (RITC).

3.3. Cytoskeletal Abnormality in MNPs@SiO,(RITC)-Treated hBM-MSCs

We investigated the changes in cell morphology and focal adhesion in MNPs@SiO, (RITC)-treated
hBM-MSCs. As shown in Figure 2, cell shrinkage was observed with reduction in the attached
area of MNPs@SiO,(RITC)-treated hBM-MSCs, indicating cytoskeletal changes and abnormal
adhesion, which are followed by reduced membrane fluidity due to lipid peroxidation. Furthermore,
immunocytochemical analysis of 3-tubulin, a major cytoskeletal protein, showed shrinkage of the cell
and B-tubulin structure, although interaction between MNPs@SiO,(RITC) and -tubulin was not
detected (Figure 3).

Immunocytochemical analysis of F-actin, a major cytoskeletal protein, co-stained with vinculin,
a focal adhesion marker, showed that unlike that in non-treated control hBM-MSCs, lamellipodia and
filopodia disappeared, and vinculin was abnormally congregated in the central region of hBM-MSCs
treated with 1.0 ug/uL MNPs@SiO,(RITC) (Figure 4a). However, specific interaction between
MNPs@SiO,(RITC) and F-actin or vinculin was not detected. Furthermore, compared to that
in the non-treated control, the attached relative cell area was reduced in 0.1 and 1.0 pg/uL
MNPs@SiO, (RITC)-treated hBM-MSCs (Figure 4b). Levels of phosphorylated proto-oncogene
tyrosine-protein kinase SRC (c-SRC) and focal adhesion kinase (FAK), which are activated forms
of the focal adhesion proteins SRC and FAK, respectively, were reduced in cells treated with 1.0 pg/uL
MNPs@SiO,(RITC) (Figure 4c).
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Figure 3. Tubulin-based analysis of the cytoskeleton of hBM-MSCs treated with MNPs@SiO,(RITC)
for 12 h. 3-Tubulin stained images of hBM-MSCs treated with MNPs@SiO,(RITC). Blue, Hoechst 33342;
Green, B-tubulin; red, MNPs@SiO,(RITC). Scale bar = 10 um.
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Figure 4. Shrinkage and abnormal focal adhesion of hBM-MSCs treated with MNPs@SiO,(RITC).
(a) Images of F-actin based cytoskeleton and focal adhesion in MNPs@SiO, (RITC)-treated HEK293
cells. Green, F-actin; red, vinculin; white, MNPs@SiO, (RITC); blue, Hoechst 33342. Scale bar = 20 pm.
(b) Relative attached area of MNPs@SiO,(RITC)-treated hBM-MSCs compared to non-treated control.
Data represent mean + SD (1 > 30). * p < 0.05 vs. non-treated control. # p < 0.05 for the comparison
between 0.1 and 1.0 pg/uL MNPs@SiO, (RITC)-treated cells. (c) Immunoblotting analysis associated
with focal adhesion. p-, phosphorylated protein; t, total protein. 3-Actin was used as an internal control.
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3.4. Reduction in Traction Force of hBM-MSCs after MNPs@SiO,(RITC) Treatment

To analyze, in detail, the parameters of cell adhesion, cell spread areas were measured using
images of MNPs@SiO,(RITC)-treated hBM-MSCs and submicron pillars at 12 h after cell seeding
(Figure 5a). Compared to that in the non-treated control cells, cell spreading of hBM-MSCs treated
with 0.1 and 1.0 pug/uL MNPs@SiO,(RITC) decreased (Figure 5b). Furthermore, the spread areas
of hBM-MSCs treated with 0.1 and 1.0 pg/uL. MNPs@SiO, (RITC) were significantly smaller than those
of the non-treated control cells (Figure 5c).
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Figure 5. Change in pillar deflection, traction force, aspect ratio, and surface area of hBM-MSCs
treated with MNPs@SiO,(RITC). (a) Schematic of traction force measurement using a micropillar.
F = traction force; E = Young modulus of the pillar; D = diameter of pillar; L = length of pillar;
Ax = pillar displacement. (b) Representative images showing the concentration of MNPs@SiO, (RITC)
inside the cell, pillar deflections, and magnified pillar deflections at the edge of the cell (left to right).
The red arrow represents 356 nm of deflection and the white bar represents 8 um. The yellow
line indicates the approximate cell boundary. The direction and length of the red arrow indicate
the magnitude and direction of pillar deflection, respectively. (c) Displaced pillar number of pillar
array (d) Average displacement of each pillar under the cell. (e) Average traction force of each pillar
under the cell and (f) total traction force of pillars beneath the cell. Data represent mean + SD (1 = 21).
* p < 0.05 vs. non-treated control.

The pillar deflection in the magnified images was used to measure pillar displacement (Figure 5d)
and calculate traction forces (Figure 5e,f). To calculate the traction force of a pillar, displacement of each
pillar was multiplied by the bending stiffness of the pillar [43]. There were no significant changes in pillar
displacement and the average traction force of MNPs@SiO,(RITC)-treated hBM-MSCs. However,
the total traction force of hBM-MSCs treated with 1.0 ng/uL MNPs@SiO, (RITC) was significantly lower
than those of hBM-MSCs treated with 0.1 pg/uL MNPs@SiO,(RITC) and non-treated control hBM-MSCs.
The results showed that cell attachment was impaired after treatment with 1.0 ug/uL MNPs@SiO, (RITC).
Taken together with the spread area and traction force data, this result implies that the decrease in total
traction force of hBM-MSCs results from cell shrinkage upon MNPs@SiO,(RITC) treatment.

3.5. Reduction in Migratory Activity of hBM-MSCs after MNPs@SiO,(RITC) Treatment

To evaluate membrane fluidity and adhesion-related biological functions, we assessed the effect
of treatment with 0.1 or 1.0 ug/uL MNPs@SiO,(RITC) on the migratory activity of hBM-MSCs
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using wound healing and invasion assays. Compared to those of non-treated controls and cells
treated with 0.1 pug/uL MNPs@SiO,(RITC), the migratory ability of hBM-MSCs treated with 1.0 pg/uL
MNPs@SiO, (RITC) was seen to be significantly impaired through the wound healing assay (Figure 6a).
Results of the invasion assay showed that compared to that of the non-treated controls, the invasion
ability of hBM-MSCs was significantly impaired by MNPs@SiO, (RITC) treatment in a dose-dependent
manner (Figure 6b).
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Figure 6. Migratory activity of hBM-MSCs treated with MNPs@SiO,(RITC). (a) Representative
images of wound healing assay and quantitative image analysis. Images of the initial wounded
(0 h) layer are shown the upper panels. Images of cells after MNPs@SiO, (RITC) treatment for 16 h
are shown in the lower panels. Scale bar = 100 um. Quantitative image analysis of migrated cells
in MNPs@SiO, (RITC)-treated hBM-MSCs are shown in the bar graph. (b) Representative images
of hBM-MSCs and quantitative image analysis of the invasion assay results after MNPs@SiO,(RITC)
treatment for 12 h. Red, MNPs@SiO,(RITC); blue, Hoechst 33342. Scale bar = 20 pum. Quantitative
image analysis of invaded cells in MNPs@SiO, (RITC)-treated hBM-MSCs are shown in the bar graph.
Data represent mean + SD of three independent experiments. Data represent mean + SD of three
independent experiments. * p < 0.05 vs. non-treated control, * p < 0.05 for the comparison between
cells treated with 0.1 and 1.0 pg/uL of MNPs@SiO, (RITC).

4. Discussion

This study used molecular cellular biology tests, TIRFM measurement of membrane fluidity,
micropillar measurement of traction force, and invasion and migration analyses to evaluate
the biophysical effects of MNPs@SiO,(RITC) treatment in hBM-MSCs. Our results indicated that
MNPs@SiO,(RITC) usage should be minimized in cell labelling to preserve the biophysical effect
of hBM-MSCs.

Reduction in cell viability and ROS generation have been reported in MSCs treated with
nanoparticles of various types and sizes [58-60]. In this study, cell viability decreased slightly by about
10% in hBM-MSCs treated with both 0.1 and 1.0 pg/uL. MNPs@SiO,(RITC) and silica nanoparticles.
This result is consistent with that of a previous study on 0-1.0 ug/uL. MNPs@SiO, (RITC)-treated human
cord blood—derived MSCs [48]. However, the viability of HEK293 cells treated with MNPs@SiO, (RITC)
has been shown to decrease by about 1%-3% [24]. These discrepancies may be related to the cell-specific
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characteristics, as MSCs are more sensitive to excessive ROS induced by nanoparticles than differentiated
cell lines [61].

We analyzed the biophysical changes and membrane fluidity in MNPs@SiO,(RITC)-treated
hBM-MSCs, the effects of lipid peroxidation by MNPs@SiO,(RITC)-induced ROS, and the physical
interaction between the cell membrane and MNPs@SiO,(RITC). Our results suggested that cell
membrane damage induced by MNPs@SiO, (RITC) can occur via direct interaction between membrane
lipids and nanoparticles [62] and that lipid peroxidation in nanoparticle-treated hBM-MSCs can induce
oxidative membrane damage, resulting in biological alterations [63,64]. In addition, the biological
effects of MNPs@SiO,(RITC) were caused by their silica shell rather than the cobalt ferrite core
compounds, as reported previously [23,24].

We also observed that MNPs@SiO, (RITC)-treated hBM-MSCs showed a rounded and shrunken
morphology with disrupted cytoskeletal structure. ~However, specific interactions between
MNPs@SiO;(RITC) and actin or tubulin were not observed. Generally, the cytoskeleton is tightly linked
to the membrane via phosphoinositides and linker proteins, such as spectrin, Ezrin/radixin/moesin (ERM),
and myosin-1[33,34,65]. Thus, biophysical changes in the membrane are reflected as cytoskeletal changes
in hMSCs [65]. Based on the relationship between the cytoskeleton and ROS, high ROS levels have been
shown to induce microtubule dysfunction and sever F-actin structure [35]. Furthermore, endocytosis
is another potential mechanism underlying cytoskeletal changes. During endocytosis, cells undergo
reorganization of the cytoskeleton and the membrane [66]. Thus, the cytoskeletal rearrangement may
be caused by ROS generation and bulk endocytosis post-MNPs@SiO,(RITC) treatment.

Previous studies have suggested that the major mechanism underlying nanoparticle-induced
cell shrinkage and abnormal formation of focal adhesions involves cytoskeletal depolymerization
and an increase in cellular traction force [67-69]. We observed that the lamellipodia and filopodia
structures of MNPs@SiO, (RITC)-treated hBM-MSCs were disrupted and the phosphorylation of FAK
and c-SRC, which are markers of focal adhesion formation, was reduced. However, there were no
changes in the traction forces, although the total traction force was reduced. These results indicated
that MNPs@SiO,(RITC)-induced reduction of FAK and ¢-SRC phosphorylation corresponded with
the reduction in the attached area of cells and the number of focal adhesions during cell shrinkage and
cytoskeletal structure disruption after MNPs@SiO, (RITC) treatment.

We observed that the changes in biophysical properties, such as reduced membrane
fluidity, cell shrinkage with disrupted cytoskeletal structure, and reduced total traction force
in MNPs@SiO, (RITC)-treated hBM-MSCs, were tightly linked to each other and contributed to the reduction
in the migratory activity of hBM-MSCs. These findings are supported by two previous findings: (i) Actin
assembly-based protrusions and generation of traction forces are key processes in cell migration [70].
Furthermore, migratory activity is highly related to cellular biophysical properties, such as membrane
fluidity and traction force [71,72]. (ii) Condensation of the cytoskeleton due to MNPs@SiO,(RITC) treatment
increases cell stiffness, which impedes cellular movement in the contractile machinery (shrinkage) [71].

Evaluation of the migratory activity is a major requirement for hBM-MSC applications and
for successful outcome of stem cell therapy and tracking studies [66]. In addition, appropriate localization
of hBM-MSCs in damaged tissues is important for the therapeutic effect of trophic factors and cytokines
secreted by hBM-MSCs [73]. Previously, we have showed that PKH-26, a red fluorescent cell labelling dye,
labelled hBM-MSCs in a localized, spotted-like pattern, implying secretion of the red dye outside the cell,
in the border region of a lesion in a rat model of ischemic stroke [50]. However, MNPs@SiO, (RITC)-labelled
human umbilical cord blood-derived MSCs in vivo rarely appeared as spotted particles in a mouse model,
suggesting retention of MNPs@SiO, (RITC) in the cell for good tracking efficacy [48]. Hence, we believe
that MNPs@SiO, (RITC) is better than the PKH-26 dye for hBM-MSC tracing. Further studies are required
(i.e., in vivo experiment) for tracking MNPs@SiO, (RITC)-treated hBM-MSCs.

Based on our analysis of the effect of MNPs@SiO,(RITC) treatment on the biophysical and
biological functions of hBM-MSCs, we suggest the mechanism of action of MNPs@SiO,(RITC) as
follows: (i) MNPs@SiO,(RITC) are internalized into hBM-MSCs; (ii) intracellular ROS are generated
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by the internalized MNPs@SiO,(RITC); (iii) the ROS induces peroxidation of lipids, which are major
components of the cell membrane; (iv) peroxidation decreases membrane fluidity; (v) cell shrinkage
is induced by the reduction in membrane fluidity; (vi) owing to the cell shrinkage, abnormality in
adhesion and reduction in total traction force are induced; (vii) owing to the reduction in membrane
fluidity and abnormality in adhesion, fundamentally induced by intracellular ROS, the migratory
activity of MNPs@SiO, (RITC)-treated hBM-MSCs decreases. The effect of this treatment on other cell
functions will be addressed in future investigations.

In conclusion, our findings suggest that high-dose MNPs@SiO,(RITC) can alter biophysical
properties and reduce the migratory activity of MNPs@SiO,(RITC)-treated hBM-MSCs. Thus,
nanoparticles used for stem cell trafficking or clinical applications should be labelled using optimal
nanoparticle concentrations to preserve hBM-MSC migratory activity and ensure successful outcomes
following stem cell localization.
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Abstract: To improve the solubility of the drug nifedipine (NI), NI-encapsulated lipid-based
nanoparticles (NI-LNs) have been prepared from neutral hydrogenated soybean phosphatidylcholine
and negatively charged dipalmitoylphosphatidylglycerol at a molar ratio of 5/1 using by roll
grinding and high-pressure homogenization. The NI-LNs exhibited high entrapment efficiency,
long-term stability, and enhanced NI bioavailability. To better understand their structures, cryo
transmission electron microscopy and atomic force microscopy were performed in the present
study. Imaging from both instruments revealed that the NI-LNs were bicelles. Structures
prepared with a different drug (phenytoin) or with phospholipids (dimyristoylphosphatidylcholine,
dipalmitoylphosphatidylcholine, and distearoylphosphatidylcholine) were also bicelles. Long-term
storage, freeze-drying, and high-pressure homogenization did not affect the structures; however,
different lipid ratios, or the presence of cholesterol, did result in liposomes (5/0) or micelles (0/5)
with different physicochemical properties and stabilities. Considering the result of long-term stability,
standard NI-LN bicelles (5/1) showed the most long-term stabilities, providing a useful preparation
method for stable bicelles for drug delivery.

Keywords: lipid nanoparticles; cryo transmission electron microscopy; atomic force microscopy;
bicelle; micelle; liposome

1. Introduction

About 40% of marketed drugs and 70% or more of drug candidates have exhibited poor
water solubility [1]. These drugs also have problems such as non-constant absorption in vivo
and low bioavailability (BA) [2]. Approaches to improve solubility and absorption include drug
miniaturization [3-5], amorphization [6-8], and solid dispersion [9-11]. In particular, nanoparticle
formulations have been useful in drug delivery [12]. As the particle size decreases, the dissolution
rate increases because of the increased surface area, according to the Noyes-Whitney equation [13,14];
and solubility increases according to the Ostwald-Freundlich equation [15]. In addition, nanoparticle
formulations can pass through mucosal layers that can be a barrier to drug absorption, resulting in
enhanced oral BA [16,17]. Ideal drug carriers are composed of biocompatible and biodegradable
materials with a small size, a high drug-loading capacity, high stability, and easily modified
surfaces. They include emulsions [18], liposomes [19], micelles [20], lipid nanoparticles [21], polymer
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nanoparticles [22], hydrogels [23], and carbon nanotubes [24]. Lipid nanoparticles for drug delivery
systems (DDS) have been used for various dosage preparations such as oral, parenteral, dermal,
pulmonary, rectal, and ocular [25].

Previously, we reported that the water solubility of nifedipine (NI, class II in the
biopharmaceutics classification system [26]) was increased by encapsulation in lipid-based
nanoparticle (NI-LN) suspensions. = These were fabricated with a neutral phospholipid
(hydrogenated soybean phosphatidylcholine, HSPC), and a negatively charged phospholipid
(dipalmitoylphosphatidylglycerol, DPPG), using co-grinding by roll milling and subsequent
high-pressure homogenization [27]. The mean particle size was 50 nm, with a narrow particle
distribution (polydispersity index: PDI) of less than 0.3. In addition, they were stable for four months
in cool, dark storage [28]. To test long-term stability, freeze-drying with sugar was performed; the
mean particle size was maintained after reconstitution [28]. Furthermore, when NI-LN suspensions
were administrated orally to rats, the area under the curve increased fourfold relative to that for
NI suspensions, and the oral BA of NI (59%) was higher than that of NI bulk (50%) [29]. This LN
preparation could increase the solubility of other water-insoluble drugs as well, regardless of the drug
structure. Compared with other reported lipid nanoparticles, they had superior long-term stability
without water-dispersible stabilizers, and high entrapment efficiency (EE) for many drugs [30-34].

Here, cryo transmission electron microscopy (cryo-TEM) and atomic force microscopy (AFM)
imaging revealed that the NI-LNs were found to be bicelles, which are flat, disk-like lipid bilayers.
Generally, bicelles are usually prepared from two phospholipids having different alkyl chain lengths
(bilayers from long-chain lipids and edges from short-chain lipids) that are dissolved in organic
solvent, evaporated, and hydrated [35,36]. Here, the NI-LNs used HSPC and DPPG that have similar
acyl chain lengths, and were prepared without organic solvents via a combination of co-grinding
with a roll mill and high-pressure homogenization. According to the structural analysis of lipid
nanoparticles prepared under various conditions, the lipid ratios strongly affected the structures. The
simple preparation for stable bicelles will be potentially useful for future DDS.

2. Materials and Methods

2.1. Materials

HSPC (COATSOME® NC-21), and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC,
COATSOME® MC-8080) were provided by Nippon Fine Chemical Co., Ltd. (Osaka, Japan). DPPG,
sodium salt (COATSOME® MG-6060LS), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC,
COATSOME® MC-4040), and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, COATSOME®
MC-6060) were purchased from Nippon Oil and Fats Co., Ltd. (Tokyo, Japan). NI (Japanese
Pharmacopeia XVII) and cholesterol (Chol) were purchased by Sigma-Aldrich, Co. (St. Louis, MO,
USA). Methanol (HPLC grade), formic acid (HPLC grade), and sucrose were purchased from Wako
Pure Chemical Industries, Ltd (Osaka, Japan). The membrane filters (pore size: 0.20-um) were
purchased from Toyo Roshi Kaisha Ltd. (Tokyo, Japan). Phenytoin (PHT, Japanese Pharmacopeia XVII)
was purchased from Sumitomo Dainippon Pharma Co., Ltd. (Osaka, Japan). All of the reagents were
of the highest grade commercially available, and all of the solutions were prepared using deionized
distilled water.

2.2. Preparation of Drug—Lipid Nanoparticle Suspensions

The drug (NI or PHT)-lipid nanoparticle suspensions were prepared as described previously
with a slight modification [27]. Briefly, 40 mg of NI or PHT and 1000 mg of lipid (HSPC/DPPG
(5/1) for standard NI-LNs, or (5/0), (5/0.5), and (0/5) molar ratios), were added to a mortar and
physically mixed with a pestle. The mixture was then co-ground for five minutes with a roll mill
(Model: R3-1R, Kodaira Seisakusho Co., Ltd., Tokyo, Japan) having three grinding rollers rotating at
velocity ratios of 1/2.5/5.8. The sample mostly adhered to the rollers, but the mill was stopped every
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30 seconds to collect fallen samples. The co-grinding cycle was repeated 10 times, and the mixture
was then dispersed in 200 mL of distilled water and premixed with a Speed Stabilizer® (Kinematica
Co., Luzern, Switzerland) at 9000 rpm for 10 min. The suspension was then subjected to high-pressure
homogenization (Microfluidizer®, M110-E/H; Microfluidics, Co., Newton, MA, USA) with a pass
cycle of 100 at 175 MPa. The NI-LN suspension was filtered by suction aspirator with a 0.20-um
polytetrafluoroethylene or cellulose acetate membrane filter (Toyo Roshi Kaisha Ltd., Tokyo, Japan) to
remove the particles whose size was over 200 nm. LNs with no drug loading were prepared in the
same way.

2.3. Freeze-Drying and Reconstitution of NI-Lipid Nanoparticles

Freeze-drying was performed with two mL of the NI-LN suspensions placed in a vial containing
100 mg of sucrose (5%, w/v) as a cryoprotectant. Sucrose was selected based on previous reports [28,37].
The vial was frozen at —70 °C overnight and then freeze-dried in a glass chamber for 48 h with a
vacuum pump equipped with a vapor condenser (—20 °C, 0.0225 Torr). Reconstitution was performed
immediately after the freeze-drying; two mL of deionized distilled water was added to the vial, and
the sample was rehydrated via vortex agitation.

2.4. Measurement of Mean Particle Size and Zeta Potential

The mean particle size and the zeta potential of LN suspensions were measured with dynamic
light scattering (DLS) (Zetasizer nano ZS, Malvern Instruments Ltd., Worcestershire, UK) at a scattering
angle of 90° at room temperature (25 °C). Mean particle sizes were based on the scattering intensity,
while the zeta potential was based on electrophoretic mobility. Since the values of mean count rate
of the samples were 200-500 kcps, which are suitable for this measurement, intact samples without
dilution were used in this measurement. We repeated measurement three times per sample.

2.5. Measurement of the Concentration and the Entrapment Efficiency of Drugs in Drug—Lipid
Nanoparticle Suspensions

The filtered lipid nanoparticles were defined as the soluble state, and the NI concentration was
determined as follows. Aliquots of 200-uL. NI-LN suspensions were dissolved and diluted with
methanol and then analyzed with high-pressure liquid chromatography (HPLC, LC-20AT; Shimadzu,
Kyoto, Japan). The analytical column was a three-um Cadenza CD-C18 (4.6 mm x 150 mm, Imtakt
Corp., Kyoto, Japan). The detector used a 236-nm ultraviolet (UV) source, the column temperature was
40 °C, the mobile phase was methanol/water, 0.2% formic acid (60/40, v/v), 60-90% methanol/10 min,
the flow rate was 0.45 mL/min, and the injection volume was two puL. For PHT concentrations, the UV
source was 213 nm, the column temperature was 40 °C, the mobile phase was methanol/water, 0.2%
formic acid (70/30, v/v), 70-95% methanol /10 min, the flow rate was 0.40 mL/min, and the injection
volume was five pL.

The drug entrapment efficiency (EE) of the LNs was determined by the amount of free drug
after ultrafiltration. Drug-LN suspensions (500-puL) were placed on an ultrafilter in a centrifuge
tube (Amicon® Ultra-0.5 Centrifugal Filter Devices, 10 K device 10,000 MNWL; Merck Millipore Ltd.,
Billerica, MA, USA) and centrifuged at 10,000 rpm at 4 °C for 10 min. This was repeated after 500 uL
of water was added. The ultrafiltrate containing the free drug was analyzed by HPLC. The entrapment
efficiency was thus:

Entrapment efficiency (%) = (total drug content — free drug content)/total drug content x 100

2.6. Structural Analysis of Lipid Nanoparticles

Cryo-TEM images were acquired on a JEM-2100F microscope (JEOL Co., Ltd., Tokyo, Japan).
Hydrophilic treatment of a 200-mesh copper grid covered with a perforated polymer film (Nisshin EM
Co. Ltd., Tokyo, Japan) was performed for 60 s using an HDT-400 device (JEOL Co., Ltd. Tokyo, Japan).
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A two-uL aliquot of each lipid nanoparticle suspension was then applied to the hydrophilic grid.
The grid was then blotted with filter paper for three seconds and immediately vitrified in liquid ethane
cooled with liquid nitrogen, using a Leica EM CPC cryofixation system (Leica Microsystems GmbH,
Wetzlar, Germany). Frozen samples were maintained at —170 °C, using a Gatan 626 cryo-holder (Gatan,
Inc., Pleasanton, CA, USA). The cryo-TEM was operated at 120 kV and a provided a magnification
of x50,000.

AFM imaging in alternating tapping mode was outperformed with an MFP-3D
microscope (Asylum Research, Santa Barbara, CA, USA), equipped with a silicon nitride
cantilever OMCL-TR400PSA (Olympus Co., Ltd., Tokyo, Japan). Mica modified with
3-(aminopropyl)triethoxysilane (APTES) was prepared by exposing freshly cleaved mica to
an APTES atmosphere for one hour at room temperature. This strengthened the weak binding of the
lipid nanoparticles to the surface in an aqueous environment. The lipid nanoparticle suspensions were
diluted 300 times with deionized distilled water, and then deposited onto the APTES-modified mica
surfaces. After incubation for one minute at room temperature, excess nanoparticles were removed
by flushing with deionized distilled water. All of the 1024 x 128-pixel AFM images with areas of
2 x 2 um? were recorded at a scan speed of 0.50 Hz at 20 + 2 °C. The height and diameter of each lipid
nanoparticle was analyzed by the MFP-3D program, written in IGOR-PRO software (Wavemetrics,
Portland, OR, USA).

3. Results
3.1. Stractural Feature of Standard NI-LNs

3.1.1. Cryo-TEM Images of Standard NI-LNs

Cryo-TEM provided images of the suspensions directly without negative staining or drying, and
the sample stage could be tilted for imaging at various angles [38]. Figure 1 shows cryo-TEM images
of NI-LNs prepared with HSPC/DPPG (5/1) before and after tilting the sample stage by 20 degrees.
The shape of most particles changed after the tilting. For example, the rod-like particle before tilting
(circled in Figure 1A) became circular (Figure 1B); whereas, the opposite occurred for the particles
indicated by arrows. These changes indicated flat particles, as previously reported [39]. There were
also small micelles about 10 nm in diameter, as indicated by arrowheads. Thus, flat particles and
micelles coexisted in standard NI-LN suspensions.

A B
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Figure 1. Cryo transmission electron microscopy (cryo-TEM) images of standard
nifedipine-encapsulated lipid-based nanoparticles (NI-LNs) prepared with hydrogenated soybean
phosphatidylcholine (HSPC) and dipalmitoylphosphatidylglycerol (DPPG) (5/1). (A) Before sample
stage tilting, and (B) after tilting 20 degrees.
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3.1.2. AFM Images of Standard NI-LNs

AFM provides three-dimensional images. Figure 2A shows AFM images of standard NI-LNs,
and Figure 2B exhibits the cross-sectional profile taken along the red line in Figure 2A, where the blue
point corresponds to zero in the profile. The NI-LNs were five-nm high and about 50 nm in diameter
(Figure 2B), which was consistent with the cryo-TEM images. The thickness of a lipid bilayer is four
to six nm [40,41]; thus, the NI-LNs were a single lipid bilayer. Spherical vesicles such as liposomes
sometimes strongly adsorbed onto the substrate, resulting in heights over 10 nm that indicated double
lipid bilayers [42]. The phospholipids used here were saturated and relatively rigid, and would be
difficult to deform during adsorption. Therefore, the images suggested that the standard NI-LNs seem
to be disk-like bicelles (Figure 3).

A B

1.0 50
0 nm 50 nm

’ 10 60 >
0.6 5 4.0
04 0 2.0 S nm
0.2 500

-10 0 200 400 600 800

0.0 am

00 02 04 06 08 1.0
um

nm
nm

Figure 2. Atomic force microscopy (AFM) imaging of standard NI-LNs. (A) AFM image and (B)
cross-sectional profile.
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Figure 3. Schematic of an NI-LN bicelle.

3.2. Effect of Long-Term Storage and Stabilization on LN Structure

The mean particle size and drug concentration without stabilizers did not changed for four
months when NI-LNs were stored in a cool, dark place [28]. There was no aggregation of particles or
drug leakage, indicating that the NI-LNs had long-term stability. However, it was unclear whether the
bicelle structure was maintained, considering that the lipids in the plane and in the edges area were
miscible and could coalescence into unilamellar vesicles [43]. However, NI-LNs stored for four months
maintained their mean particle size and structure (Figure 4A), and remained dispersed because of
the electrostatic repulsion of the negatively-charged DPPG. Hence, the bicelle structure may have
increased the LN stability. In addition, cryo-TEM images of NI-LNs that were freeze-dried with sucrose
(5 w/v%) for 48 h and then re-hydrated in distilled water are shown in Figure 4B. The particle size
looked slightly bigger after freeze-drying, but the bicelle structure was preserved. Thus, freeze-drying
and the addition of a lyophilization stabilizer did not affect the NI-LN structure.

As for determination of the mean particle size, the following two ways were used; one is by
cryo-TEM images (Table 1), and the other is by zetasizer using DLS (Table 2). Especially, because
bicelles and micelles coexisted in NI-LNs, analysis of the mean particle size for each particle would be
useful by cryo-TEM images, and 100 particles in cryo-TEM images printed on paper were measured
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with a ruler (Table 1). The ratio of bicelle/micelle in NI-LNs just after preparation was about 8/2,
and the mean particle size of bicelles was 26.8 nm. On the other hand, the data by DLS showed
the value of total particles, including bicelles and micelles, as 47.5 nm. These results suggested
that the mean particle size obtained from the cryo-TEM images (Table 1) was smaller than that
obtained from DLS (Table 2). Cryo-TEM and DLS data were based on the number reference and on
scattering intensity from Brownian motion, respectively. Previously, it was reported that DLS tends
to overestimate the hydrodynamic diameter because large particles strongly influences scattering
intensity [44]. In addition, DLS furnished the hydrodynamic diameter depending on the assumption
that the particles are spherical [45], but the bicelles in this study were not spherical. Therefore, the
difference of measurement principle would be involved in the differences of particle size.

A B

100 nm
I

Figure 4. Cryo-TEM images of NI-LNs (A) stored for four months in a cold, dark place, and (B)
re-hydrated after freeze-drying with sucrose.

Table 1. Effect of long-term storage and freeze-drying on mean particle size measured by
cryo-TEM images.

Formulation Bicelle (nm) Micelle (nm) Mean Particle Size (nm)
Just after preparation 26.8 +8.4 (n=81) 80+17(n=19) 23.2 +10.6 (n = 100)
Stored for four months at a cold dark place 23.4 +10.9 (n =59) 7.6+ 1.8 (n=41) 17.0 £ 11.5 (n = 100)
Re-hydrated after freeze-drying with sucrose ~ 39.7 4 12.1 (n = 91) 111 +1.0(n=9) 37.1 + 14.2 (n = 100)

Data obtained by cryo-TEM images are average values of particle length (mean + S.D.).

Table 2. Effect of long-term storage and freeze-drying on physiochemical properties of NI-LNs by
dynamic light scattering (DLS) and high-pressure liquid chromatography (HPLC) measurements. EE:
entrapment efficiency, PDI: polydispersity index.

Formulation Meén Particle PDI Zeta Potential ~ Drug Concentration EE (%)
Size (nm) (mV) (ug/mL)
Just after preparation 475+29 0.307 + 0.027 —46.8 £9.6 67.3 £11.3 971+ 1.6
Stored for four months at a cold dark place 463 £1.0 0.310 + 0.033 —521+28 674462 98.1+0.3
Re-hydrated after freeze-drying with sucrose 63.7 +1.2 0.351 4 0.007 —47.0+4.1 307 +7.6 97.8 +£0.5

After re-hydration, PDI increased as well as mean particle size (Table 2), so particle size
distribution was broader to the bigger value. In addition, drug concentration was decreased to
half (30.7 pg/mL) after re-hydration (Table 2). Freeze-drying with cryoprotectant has been reported
to cause leakage of the encapsulated drug [46], suggesting that the insertion of sucrose molecules
in the phospholipid molecules of the lipid bilayer might be involved in the drug leakage without
any significant structural change. Furthermore, the mean particle size was 70.1 nm one month after
re-hydration (data not shown), and it exhibited good redispersibility. Therefore, freeze-drying was
useful to give long-term stability to LNs.
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3.3. Effect of Encapsulated Drugs on LN Structure

Next, to determine the effect of encapsulated drugs on the LN structure, LNs without any
drugs or with other water-insoluble drugs was prepared. A preliminary study demonstrated that
eight water-insoluble drugs encapsulated in LNs (e.g., ibuprofen and indomethacin) improved their
solubility (100 ug/mL drugs), while PHT-encapsulated LNs (PHT-LNs) had only a 35 ug/mL drug
concentration, suggesting that different structures might be observed, and PHT was chosen as the
other drug.

Figure 5 shows cryo-TEM images of LNs (5A) and PHT-LNSs (5B) where bicelles and micelles
coexisted in both suspensions, with no difference in each structure or mean particle size compared
with that of standard NI-LNs (Table 3). Furthermore, AFM images of LNs revealed low heights with
respect their size (Figure 5C,D), indicating bicelle structures. The increase in PDI of LNs might result
from the increase in the ratio of micelle (Tables 3 and 4). The PHT-LNs had physicochemical properties
that differed most from those of the standard NI-LNs, but they still had bicelle structures. Therefore,
the other drug-encapsulated LNs were probably bicelles as well. The PHT-LN preparation replicated
the physicochemical properties, indicating lower drug concentrations relative to NI. A lower EE meant
that the PHT was difficult to encapsulate, and there was much free PHT (Table 4); however, the results
here suggested that the structure of the particles was unchanged with or without encapsulated drugs,
irrespective of the drugs.
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Figure 5. Structural analysis of LNs and phenytoin (PHT)-LNs. Cryo-TEM image of (A) LNs and (B)
PHT-LNs. (C) AFM image of LNs and (D) the cross-sectional profile.

Table 3. Effect of encapsulated drug on mean particle size measured by cryo-TEM images.

Model Drug Bicelle (nm) Micelle (nm) Mean Particle Size (nm)
NI 26.8 + 8.4 (n =81) 80+1.7(n=19) 23.2 +10.6 (n = 100)
None 21.1 + 5.6 (1 = 68) 6.1+21(n=32) 16.3 £+ 8.7 (n = 100)
PHT 26.5+9.3 (n=281) 81+16mn=19) 23.0 + 11.1 (n = 100)

Data obtained by cryo-TEM images are average values of particle length (mean & S.D.).
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Table 4. Effect of encapsulated drug on physiochemical properties of LNs by DLS and
HPLC measurements.

Mean Particle Zeta Potential  Drug Concentration o
Model Drug Size (nm) PDI (@V) (ug/mL) EE(%)
NI 475+29 0.307 £ 0.027 —46.8 +9.6 673+ 11.3 971+ 16
None 433 +£0.7 0.357 £ 0.086 —55.6 4.2 - -
PHT 46.0 - 4.4 0.267 + 0.003 —30.7 + 64 305428 59.44+76

3.4. Effect of Lipid Composition Ratio on LN Structure

NI-LNs were prepared with HSPC/DPPG ratios of (5/0), (5/0.5), (5/1), and (0/5), and LNs
(no drug loading) was with HSPC/DPPG (5/0), (5/1), and (0/5). Figure 6 shows cryo-TEM images,
and Table 5 lists the physicochemical properties of each lipid nanoparticle. The shapes of NI-LNs
prepared with HSPC/DPPG (5/0) did not change markedly when the sample stage was rotated by 20
degrees (Figure 6A,B). Thus, the particles were not flat, and could have been polygonal liposomes [47].
Additionally, a week after preparation, slight aggregation occurred because there was little electrostatic
repulsion for lack of DPPG. The DLS mean particle size was about 350 nm two weeks after preparation
(data not shown), which was more than three times that just after preparation. The NI concentration
was low (2.9 ug/mL) (Table 6), because NI might exist in only the lipid bilayer area of liposomes.
Furthermore, as for HSPC/DPPG (5/0), the appearance of LNs suspensions just after 100-pass
high-pressure homogenization was still cloudy, indicating that it was difficult to make a particle
made from only HSPC smaller, so big particles were trapped by a 200-nm filter membrane. In fact,
lipid concentration pass through filter membrane was low (data not shown). So, NI concentration
would be low. There was no difference in structure for the no-drug LNs prepared with HSPC/DPPG
(5/0) (Figure 6C), relative to that for the NI-LNs. They could not be prepared reproducibly, which
indicated large S.D. values of their mean particle size, and their zeta potentials were almost neutral
because of lacking DPPG (Table 6). NI-LNs prepared with (5/0.5) (Figure 6D) exhibited morphologies
that were between liposomes (5/0) and bicelles (5/1) that corresponded to the DPPG ratio, and the
ratio of bicelle/micelle/liposome was about 7/2/1 (Table 5), suggesting that because the amount
of DPPG was not enough to form bicelles, the liposomes derived from HSPC still existed. NI-LNs
prepared with (0/5) (Figure 6E) were only micelles with a few nanometers in size; there were no
bicelles or liposomes, indicating that there were no micelles in the lipid nanoparticle suspensions
without DPPG. For HSPC/DPPG (0/5) (Figure 6F), there was no difference in the micellar structure
between NI-LNs and LNs. Therefore, the encapsulated drugs did not affect the particle structures.
Although big differences in the mean particle size of HSPC/DPPG (0/5) between Tables 5 and 6
were seen, large particles were not observed in cryo-TEM images, and the value in Table 5 might be
more accurate, because DLS is commonly influenced by fewer large particles. Moreover, the highest
NI concentration (98.0 pg/mL) (Table 6) was reduced almost by half three weeks after preparation
(data not shown), and crystalline NI was observed, suggesting an instability of micelles. Therefore,
standard NI-LNs had high NI concentrations and good stability. These results suggested that the lipid
composition ratio dramatically affected the structure, the physicochemical properties, and the stability
of lipid nanoparticles.
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Figure 6. Cryo-TEM images of NI-LNs and LNs structures made with different HSPC/DPPG
ratios. HSPC/DPPG (5/0) NI-LNs with the sample stage tilted 20 degrees (A) before and (B) after.
(C) HSPC/DPPG (5/0) LNs. NI-LNs made from (D) HSPC/DPPG (5/0.5) and (E) HSPC/DPPG (0/5).
(F) HSPC/DPPG (0/5) LNs.

Table 5. Effect of HSPC/DPPG molar ratio on mean particle size measured by cryo-TEM images.

HSPC/DPPG . . . Mean Particle Size
(Molar Ratio) Bicelle (nm) Micelle (nm) Liposome (nm) (am)

(5/0) - - 774 +£315(n=100) 774+ 315 (1 =100)

NLINe (/09 241£94(=71)  90£21(n=22)  439+101(n=7)  222+120(2=100)

UNS U 5/1)  268+£84(n=81) 8.0+17(n=19) - 232 + 10.6 (n = 100)
(0/5) - 8.6 + 2.4 (n = 100) - 8.6 + 2.4 (1 = 100)

(5/0) - - 80.5 £ 40.6 (n = 20) 80.5 £ 40.6 (n =20)

LNs (5/1) 211+56(m=68) 61+21(n=32) - 16.3 + 8.7 (n = 100)
(0/5) - 10.9 + 1.7 (n = 100) - 10.9 £ 1.7 (n = 100)

Data obtained by cryo-TEM images are average values of particle length (mean + S.D.).

Table 6. Effect of HSPC/DPPG molar ratio on physiochemical properties on LNs by DLS and HPLC
measurements. PDI: polydispersity index.

HSPC/DPPG Mean Particle PDI Zeta Potential ~ Drug Concentration EE (%)
(Molar Ratio) Size (nm) (mV) (ug/mL) ?
(5/0) 93.1+£1024  0.443 +0.049 -55+9.1 29+25 63.4 £55.1
NLLN. (5/0.5) 50.7 £3.1 0.294 £ 0.025 —43.6+79 58.0 +£25.8 970+ 1.8
NS (5/1) 475429 0.307 £ 0.027 —46.8 £9.6 673+ 11.3 971+ 1.6
(0/5) 54.5+28.4 0.793 £ 0.210 —49.9 +£3.7 98.0 +24.2 993+ 0.1
(5/0) 217.7 £135.1  0.238 £ 0.026 -135+04 - -
LNs 5/1) 48.7+9.4 0.357 & 0.086 —55.6 4+ 4.2 - -

0/5) 92.4 +10.3 0.540 + 0.029 —554 +£54 - -

3.5. Effect of Phosphatidylcholine Acyl Chain Length on LN Structure

HSPC is a mixture of phosphatidylcholines with different acyl chain lengths (C12-20).
Thus, to assess chain-length effects, DPPG (C16) was used as a phosphatidylglycerol and the
phosphatidylcholine (PC) chain length was varied. NI-LNs using DMPC (C14), DPPC (C16), and
DSPC (C18) were prepared with the ratio PC/DPPG (5/1). In Figure 7, cryo-TEM images of each
NI-LN showed that the structure of all the particles made from each PC were bicelles, although the
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particle sizes of the bicelles were different, while that of the micelles was same between all of the PCs
(Table 7). Hence, the PC acyl chain length did not affect the bicelle structure through just changing the
particle sizes.

Figure 7.  Cryo-TEM images of NI-LN structures having various alkyl chain lengths.
(A) HSPC/DPPG (5/1), (B) 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)/DPPG
(5/1), (C) 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)/DPPG (5/1) and (D)
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)/DPPG (5/1).

Table 7. Effect of different alkyl chain lengths on mean particle size measured by cryo-TEM images.

Formulation Bicelle (nm) Micelle (nm) Mean Particle Size (nm)
HSPC/DPPG (5/1) 26.8 8.4 (n=81) 80+17(n=19) 23.2 £ 10.6 (n = 100)
DMPC/DPPG (5/1) 15.6 + 3.3 (n = 40) 6.7 +1.0(n=15) 132+ 4.9 (n=55)
DPPC/DPPG (5/1) 25.7 £ 11.3 (n = 82) 72+ 14(n=18) 22.4 £+ 12.5 (n = 100)
DSPC/DPPG (5/1) 264 +8.8(n=77) 6.1 £0.6 (n=23) 21.7 £ 11.5 (n = 100)

Data obtained by TEM images are average values of particle length (mean + S.D.).

NI-LNs made with DMPC had substantially smaller mean particle size and bigger PDI relative
to other the particles (Table 8). Previously, it was reported that the size distribution had bimodal
peaks, and that NI crystal precipitated one month after preparation [48]; thus, NI-LNs using DMPC
had different properties from the other particles. Longer alkyl chain lengths result in higher phase
transition temperatures and stronger van der Waals interactions. Therefore, the pressure-induced

unstable lipid bilayers (electrostatic repulsion from polar head groups) made it difficult to form stable
particles with DMPC.
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Table 8. Effect of different alkyl chain lengths on physiochemical properties of NI-LNs by DLS and
HPLC measurements.

Formulation Mea_m Particle PDI Zeta Potential  Drug Concentration EE (%)
Size (nm) (mV) (ug/mL)
HSPC/DPPG (5/1) 475+29 0.307 + 0.027 —46.8 +£9.6 67.3 +£11.3 971+ 16
DMPC/DPPG (5/1) 3444172 0.668 + 0.194 —35.1 £ 10.0 61.0 +19.0 989 +£0.2
DPPC/DPPG (5/1) 504 4+ 11.1 0.361 + 0.086 —531+18 61.5+19.6 979 +19
DSPC/DPPG (5/1) 62.5+£59 0.285 + 0.041 —47.6 +£ 3.7 59.1 +£17.9 977 +£23

3.6. Effect of High-Pressure Homogenization on LN Structure

Cryo-TEM images in Figure 8 show NI-LNs prepared under different high-pressure
homogenization conditions. For a 100-MPa/100 pass under reduced pressure, there were bicelles
and micelles similar to standard NI-LNs, but some particles remained large because of the weaker
applied shearing force (Figure 8A, Table 9). There were variations that suggested Ostwald ripening.
In this case, the stability was inferior to that of NI-LNs prepared under standard conditions. Low NI
concentration (Table 10) resulted from the particles having a large size, which were removed by the
200-nm filter membrane. For a 175 MPa /150 pass under increased the pass number, the size became
smaller than that of NI-LNs prepared under standard conditions (175 MPa/100 pass). It was possible
to observe bicelles that had different widths (Figure 8B). When the pass number increased, the particles
had smaller absolute value of zeta potentials and low NI concentration (Table 10). This might be due
to the adhesion of the sample (especially DPPG) to the flow path of Microfluidizer®. Therefore, the
standard condition was the most efficient method. These results suggested that the high-pressure
homogenization conditions did not affect the structure, but did affect the size and entrapped drug
concentration of the lipid nanoparticles.
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Figure 8. Cryo-TEM images of NI-LN structures made from HSPC/DPPG (5/1) under different
high-pressure homogenization conditions. (A) 100 MPa/100 pass and (B) 175 MPa/150 pass.

Table 9. Effect of different conditions of high-pressure homogenization on mean particle size measured
by cryo-TEM images.

Conditions Bicelle (nm) Micelle (nm) Mean Particle Size (nm)
175 MPa/100 pass 26.8 £ 8.4 (n=81) 80+17(n=19) 23.2 +10.6 (n = 100)
100 MPa/100 pass 47.0 £ 21.5 (n = 84) 94+13(n=16) 41.0 4+ 24.0 (n = 100)
175 MPa/150 pass 23.1 £6.0(n=49) 104+19n=11) 20.7 + 7.3 (n = 60)

Data obtained by cryo-TEM images are average values of particle length (mean + S.D.).
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Table 10. Effect of different conditions of high-pressure homogenization on physiochemical properties
of NI-LNs by DLS and HPLC measurements.

Conditions Mea}n Particle PDI Zeta Potential ~ Drug Concentration EE (%)
Size (nm) (mV) (ug/mL)
175 MPa/100 pass 475+29 0.307 + 0.027 —46.8 £9.6 67.3 +11.3 971+ 1.6
100 MPa/100 pass 67.9 + 8.5 0.251 + 0.004 —412+19.7 24.6 +6.7 98.7 + 0.6
175 MPa/150 pass 39.1+144 0.264 + 0.004 —28.1£31.1 370+£3.3 992+ 04

3.7. Effect of Cholesterol on LN Structure

As discussed above, lipid nanoparticles prepared with HSPC/DPPG (5/0) were polygonal and
thought to be liposomes (Figure 5A,E). Cholesterol (Chol) inserts into PC liposomes and increases
the packing between the lipids, which decreases membrane permeability [49]. Some liposomes with
Chol had smoother and rounder surfaces relative to those without Chol [47]. Here, Chol was added to
NI-LNs prepared with HSPC/DPPG (5/0) to form liposomes, and it was added to standard NI-LNs to
compare structural and physicochemical properties.

Cryo-TEM images in Figure 9 revealed NI-LNs prepared from HSPC/DPPG/Chol (5/0/0) and
(5/1/0), as well as from HSPC/DPPG/Chol (5/0/2) and (5/1/2). For HSPC/DPPG/Chol (5/0/2),
the surface asperities disappeared, and the particles became smooth (Figure 9B). Since there was no
difference in the widths of identical particles before and after sample stage rotation, the structures
were spherical. Thus, lipid nanoparticles prepared from HSPC/DPPG/Chol (5/0/0) were liposomes.
NI-LNs prepared with HSPC/DPPG/Chol (5/1/2) were bicelles and micelles, similar to standard
NI-LNs, but liposomes were also present (Figure 9D). It was reported that when the Chol content
was 20 mol% or less in liposomes, there were two phases: a miscible phase composed of Chol and
lipids, and a lipid phase composed only of lipids [50]. For a Chol concentration of more than 20 mol%,
there were spherical liposomes formed by the miscible phase, and micelles and bicelles formed by the
lipid phase.

As for physicochemical properties (Tables 11 and 12), NI-LNs prepared with (5/0/0) had almost
neutral potential, but the zeta potential increased when prepared with (5/0/2) (Table 12). Furthermore,
NI-LNs prepared with (5/1/2) had negative charge, so DPPG had a larger contribution to zeta potential
than Chol. NI-LNs prepared with (5/1/2) had bigger PDI values because of the mixture of three
structures (Tables 11 and 12). Moreover, NI-LNs with Chol had increased mean particle sizes and
slightly higher NI concentrations (Table 12). Standard NI-LNs stayed dispersed for four months, while
aggregation was observed in NI-LNs with Chol two months after preparation (data not shown). This
suggested that fluidity was enhanced and that particle-to-particle adsorptions were easier with Chol
in the membrane. Robust and stable lipid membranes could be formed without Chol, and NI-LNs
had highly stable EE values. This was because the difference in curvature in inside and outside small
unilamellar vesicles disordered the lipid molecules and affected their permeability. However, the edge
curvature in bicelles was large, while the plane curvature was almost zero. The lipids in the latter
were packed by high pressure and shearing forces during preparation. Therefore, NI-LNs had good
properties without Chol.
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100 nm

Figure 9. Cryo-TEM images of NI-LNs structures with/without cholesterol (Chol).
(A) HSPC/DPPG/Chol (5/0/0), (B) HSPC/DPPG/Chol (5/0/2), (C) HSPC/DPPG/Chol (5/1/0) and
(D) HSPC/DPPG/Chol (5/1/2).

Table 11. Effect of cholesterol on mean particle size measured by cryo-TEM images.

Formulation Bicelle (nm) Micelle (nm) Liposome (nm) Mean Particle Size

(nm)
HSPC/DPPG/Chol (5/0/0) - - 77443150 =100) 77.4 + 315 (n =100)
HSPC/DPPG/Chol (5/0/2) - - 463+9.6(n=100)  46.3 + 9.6 (n = 100)

HSPC/DPPG/Chol (5/1/0) 268+ 84 (n=81) 8.0+ 17 (n=19) - 232+ 10.6 (1 = 100)
HSPC/DPPG/Chol (5/1/2) 228 +£82(n=60) 7.6+ 10 (n=232) 347 4+89(n=8) 25.8 + 8.8 (1 = 100)

Data obtained by cryo-TEM images are average values of particle length (mean + S.D.).

Table 12. Effect of cholesterol on physiochemical properties of LNs by DLS and HPLC measurements.

Mean Particle Zeta Potential ~ Drug Concentration

HSPC/DPPG/Chol Size (nm) PDI (mV) (ug/mL) EE (%)
(5/0/0) 93.1 4+ 102.4 0.443 + 0.049 —55+9.1 29425 63.4 4 55.1
(5/0/2) 69.2+6.2 0.368 + 0.004 440+ 1.6 126 £1.0 98.8 + 0.6
(5/1/0) 47.5+29 0.307 £ 0.027 —46.8 £ 9.6 673+ 113 971+ 1.6
(5/1/2) 80.0 +21.3 0.468 + 0.004 =552+ 1.1 109.2 £17.1 98.2 + 1.5

4. Discussion

NI-LNs had shown improved solubility, high EE, long-term stability, and good redispersibility.
To the best of our knowledge, other lipid nanoparticles having these all properties have not been
reported yet, suggesting the possibility that NI-LNs might have unique structural features from other
lipid nanoparticles. In this study, the structure of the particles was focused on, and cryo-TEM and
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AFM analyses were performed. From a series of experiments, the structure of NI-LNs was found to
be bicelles.

In bicelles, long-chain lipids (C16-20) generally form the planar area, and short-chain lipids
(C6-8) form the edge area [51,52]. Diheptanoylphosphatidylcholine (DHPC, C6) is usually used
as short-chain lipids forming the edge area, but there are some examples except for short-chain
lipids; e.g., dimyristoylphosphoethanolamine (C14) introduced by lanthanide to the head group [53],
n-dodecylphosphocholine (C12) that had one alkyl chain [54], and ceramide (C16) bound to
polyethylene glycol (PEG)-5000 [55]. As the feature of these materials, they had large head areas. It
was reported that hydrophilic surfaces with high curvature can be formed by anionic lipids because
the head volume is expanded by strong electrostatic repulsion in low ionic strength media [56]. In the
present study, the bicelles formed here used phospholipids with similar alkyl chain lengths: HSPC
(C12-20) and DPPG (C16). However, anionic DPPG might have a large head area, because there
were micelles when only DPPG was contained in the formulation in cryo-TEM images and PG with a
negatively charged head group could be self-assembled at high curvatures. Therefore, we speculated
that DPPG was localized in the edge area, and HSPC was in the flat area to form bicelles (Figure 3).

It was reported that spherical liposomes were prepared using PC and PG by other methods [57,58].
The general preparation method of bicelles [54,59] is quite different from our method using the roll
mill and microfluidizer. Nevertheless, the disk structure was formed in this work, and this may
be explained by the following two reasons: one is a high shearing force, and the other is heating
by microfluidization. First, the drugs, PC and PG, were miscible by roll milling, and liposome-like
particles assembled in distilled water during pre-dispersion were collapsed by the high shearing force
during microfluidizer miniaturization. The PG was subsequently assembled along the edge as a cap
for the flat lipid bilayer, forming the disk-like particle. In addition, it was reported that thermosensitive
liposomes containing micelle-forming components such as distearoylphosphoethanolamine-PEG2000
or lysolipids changed to bilayer discs after a repeated cycling through the phase transition temperature
(Tc) [60]. Therefore, the spherical particles may have changed to be bicelles, because of the heating
caused by the miniaturization process.

In addition to temperature, the determining factors for whether lipid assembly forms bicelle are
lipid concentration and the molar ratio of two phospholipids. Lipid concentration (20% or more) is
necessary to form bicelles. It has been reported that when the DMPC/DHPC bicellar system was
diluted to 0.07%, the disk form changed to be vesicle [61]. This transformation mechanism was that
DHPC, having a relatively high solubility, was separated from the edge of the disk; then, some bilayers
integrated, and the size became bigger, resulting in the growing and unstable bilayers transform vesicle.
To protect this transformation of bicelles under dilute conditions, bicelle-encapsulated liposomes
named “bicosomes” were developed [62]. However, our bicelles can form disk structures at low lipid
concentration (0.5% lipid concentration) and be stable for four months without any significant change
of the structure (Figure 4A). We speculated that due to the strong hydrophobic interaction between
HSPC and the longer acyl chain of DPPG in this work, DPPG might strongly cap the lipid bilayer of
HSPC and prevent the leakage of encapsulated drug, giving the relatively long-term stability, contrary
to previously reported DMPC/DHPC bicelles. In addition, the concentrated bicelles by centrifugation
can also maintain their disk structure, suggesting that our methodology can prepare bicelles with
arbitrary concentrations. Furthermore, it is suggested that our bicelles can maintain their disk structure
even when intravitally administrated in vivo, where a high amount of liquid exists.

As for the molar ratio of two phospholipids, when the ratio of long-chain to short-chain (the ratio
q) fatty acids is 2.5 or less, the bicelles are isotropic; while, when the ratio of q is 3.0 or more, the bicelles
are anisotropic in the magnetic field [63], indicating that the particle size of bicelles is small and big,
respectively. In our case, when assumed with HSPC as the long chain and DPPG as the short chain, the
ratio of q made with HSPC/DPPG (5/1, for standard) and (5/0.5) is 5.0 and 10, respectively, and no
significant differences in mean particle size between them are seen (Table 6). Therefore, when the ratio
of q is changed to be smaller, bicelles with smaller mean particle size would be obtained. There are
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some reports about bicelles for the DDS field. For example, Barbosa-Barros reported that bicelles have
been used for drug penetration carrier through skin [64]. In addition, organic-inorganic hybrid bicelles
named “cerasomes” were also developed [65]. These hybrid bicelles were reported to show a unique
drug release profile under an acidic pH environment. However, the amount of published literatures is
small. For our bicelles, although the drug release study, membrane permeation study using caco-2,
in vivo biocompatibility, and pharmacokinetic study should be determined, further applications using
our stable bicelles are also expected for the DDS field. In addition, the differences between our bicelles
and other bicelles prepared with general materials using general methods would be necessary to
compare in the future.

5. Conclusions

Roll-mill grinding and high-pressure homogenization were used to prepare lipid nanoparticles
from a neutral PC lipid and a negatively charged PG lipid under various conditions. Standard NI-LNs
with HSPC/DPPG (5/1) were disk-like bicelles. No changes were observed after long-term storage,
and NI-LNs freeze-dried with sucrose and re-hydration. Liposomes were formed for HSPC/DPPG
(5/0), and micelles were formed for HSPC/DPPG (0/5). The addition of Chol created smooth particle
surfaces for HSPC/DPPG (5/0/2). A serious of experiments and results demonstrated that the
standard NI-LN bicelles have the best physicochemical properties, and further DDS study would be
desired using these stable bicelles.
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Abbreviations

AFM Atomic force microscopy

APTES 3-Aminopropyltriethoxysilane

Chol Cholesterol

Cprp Critical packing parameter

Cryo-TEM Cryo transmission electron microscopy
DDS Drug delivery system

DLS Dynamic light scattering

DHPC Diheptanoylphosphatidylcholine
DMPC Dimyristoylphosphatidylcholine

DPPC Dipalmitoylphosphatidylcholine

DPPG Dipalmitoylphosphatidylglycerol

DSPC Distearoylphosphatidylcholine

EE Entrapment efficiency

HSPC Hydrogenated soybean phosphatidylcholine
LNs Lipid-based nanoparticles

NI Nifedipine

NI-LNs Nifedipine-encapsulated lipid nanoparticles
PC Phosphatidylcholine

PDI Polydispersity index

PEG Polyethylene glycol

PG Phosphatidylglycerol

PTFE Polytetrafluoroethylene

PHT Phenytoin

PHT-LNs  Phenytoin-encapsulated lipid nanoparticles
Tc Phase transition temperature
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Abstract: Nanoemulsions are pharmaceutical formulations composed of particles within a nanometer
range. They possess the capacity to encapsulate drugs that are poorly water soluble due to their
hydrophobic core nature. Additionally, they are also composed of safe gradient excipients, which
makes them a stable and safe option to deliver drugs. Cancer therapy has been an issue for several
decades. Drugs developed to treat this disease are not always successful or end up failing, mainly
due to low solubility, multidrug resistance (MDR), and unspecific toxicity. Nanoemulsions might
be the solution to achieve efficient and safe tumor treatment. These formulations not only solve
water-solubility problems but also provide specific targeting to cancer cells and might even be
designed to overcome MDR. Nanoemulsions can be modified using ligands of different natures to
target components present in tumor cells surface or to escape MDR mechanisms. Multifunctional
nanoemulsions are being studied by a wide variety of researchers in different research areas mainly
for the treatment of different types of cancer. All of these studies demonstrate that nanoemulsions are
efficiently taken by the tumoral cells, reduce tumor growth, eliminate toxicity to healthy cells, and
decrease migration of cancer cells to other organs.

Keywords: multifunctional nanoemulsions; targeted delivery; cancer

1. Introduction

Nanoemulsions are colloidal dispersions that can be used as drug vehicles mainly used for
molecules with low water solubility constituted of safe grade excipients [1,2]. This dosage form is
composed of a heterogeneous dispersion of a nanometer droplet in another liquid, which leads to high
stability and solubility [3]. The encapsulation protects the drug from degradation and increases its
half-life in the plasma [4].

Nanomaterials 2019, 9, 821; doi:10.3390/nan09060821 299 www.mdpi.com/journal/nanomaterials
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To disperse the droplets in an aqueous phase, emulsifying agents are used to stabilize the system.
Emulsifying agents are compounds with an amphiphilic profile that reduce the interfacial tension
between two immiscible phases as they are constituted of hydrophobic bicarbonate tails that tend
to place themselves in non-polar liquids and a polar head that usually places itself in polar liquids
(Figure 1) [5].

Drug (hydrophobic)

0il droplet Surfactant

Figure 1. Nanoemulsions structure (based on [5]).

The research in cancer therapy has become more focused on nanoemulsions since they hold
characteristics essential to achieve an efficient therapeutic effect: large surface area, superficial charge,
elevated half-life of circulation, specific targeting, and the imaging capacity of the formulation. Since
cancer cells are surrounded by vascularized tissues, nanoemulsions can easily accumulate in these
tissues with their size as an advantage for passing through barriers. Above all this, they can also be
designed to define their function, encapsulate distinct types of drugs, and select specific targets [6].

The tumor microenvironment is composed of extracellular matrix (ECM), fibroblasts, epithelial
cells, immune cells, pericytes, adipocytes, glial cells (present only in the nervous system), proteins,
vascular cells, and lymphatic cells [7]. ECM is essential in processes of growth, structure, migration,
invasion, and metastasis of the tumor cells which have specific surface markers that can be targeted by
drugs. The delivery of oxygen and nutrients to the tumor is achieved by simple diffusion, but when
the tumor becomes larger than 2.0 mm3, the oxygen levels decrease, leading to hypoxia conditions and
angiogenic development of new blood vessels [8]. Therefore, by inhibiting the angiogenic process,
cell growth can also decrease. In recent years many anti-angiogenic drugs have been developed:
bevacizumab (vascular endothelial growth factor, VEGF-neutralizing antibody), sorafenib (VEGF
signaling pathway blockers), sunitinib, and pazopanib. However, these inhibitors of angiogenesis
are characterized by marked toxicity, enhanced resistance, and barriers to delivery of compounds [9].
Nanoemulsions can be used to encapsulate the drug inside its core, reducing toxicity and enhancing
payload delivery.

Cancer cells get their energy balance using glycolysis. Nonetheless, as a consequence of hypoxia
conditions, the final metabolite, pyruvate, is transformed into lactate which is eliminated by a
monocarboxilate transporter using H* and generating tumor acidification. The hypoxia environment
also increases the expression of carbonic anhydrase IX, resulting in the production of bicarbonate from
carbon dioxide (CO,) which ends up in the uptake process of the weakly-basic tumor cells, leading to
a gradient between the extracellular and intracellular milieu of the tumor. This way, pH-responsive
lipids might play an interesting role since they are stable at a pH of 7.4 but can change their chemical
behavior when settled in an acidic pH, with further release of the therapeutic load [1].

The disordered and heterogeneous profile of tumors stroma leads to fluctuations in the presence
of oxygen, drugs, and essential molecules in the tumor microenvironment [10]. This results in the
previously referenced hypoxia and neovascularization leading to metastasis. However, the instability
of lymphatic vessels might enhance the retention time of drugs since their clearance rate decreases.
This set of effects result in high vascular permeability and low lymphatic drainage, named Enhanced
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Permeability and Retention (EPR) [11]. Macromolecular and hydrophobic drugs can take advantage of
EPR. This therapeutic method is called Passive Targeting [4]. Nanoemulsions with sizes between 20
and 100 nm can be encapsulated and accumulated in tumor tissues, being small enough to pass through
blood vessels but big enough to avoid fast renal clearance. Nevertheless, with this range of sizes, the
probability of opsonization by the Mononuclear Phagocytic System (MPS) increases [12]. Coating the
nanoemulsions with hydrophilic polymers can avoid this problem [13]. Positively charged particles are
more likely to be retained through longer periods of time by cancer cells, due to a negatively charged
molecule in the tumor cell surface, phosphatidyl-serine [14]. Passive targeting is, however, unable to
differentiate healthy tissues from cancerous ones [15]. Active targeting is known as the process through
which ligands are associated with the surface of nanoemulsions becoming able to recognize a certain
molecule on the tumor tissue. It also takes advantage of the environment surrounding the tumor.
What makes it more efficient than passive targeting is the fact that it also generates a new strategy to
deliver the drug specifically to cancer cells and, within those, to specific types of cancer cells [16]. The
established bond can be of distinct types such as ligand—receptor and antigen—antibody [17]. Active
targeting moieties connect to over-expressed receptors in cancer cells like folate [18], transferrin [19],
epidermal growth factor (EFGR) [20], or prostate-specific membrane antigen (PSMA) [21]. The targeted
delivery causes a specific toxicity in tumor cells and diminished side effects, and is also capable of
resorting to surface changes in order to enhance sensitivity to stimuli [22].

The chief mechanisms of multidrug resistance (MDR) are a consequence of the overexpression of
multidrug transporters and modifications in the course of apoptosis [23]. Transporter-dependent MDR
originates from an overexpression of drug-efflux pumps of the ATP-binding cassette (ABC) family that
exports drugs from the cell, removing several anti-cancer drugs. P-glycoprotein (P-gp) encoded by the
ABC1 gene was the first ABC transporter identified. It can pump vinblastine, colchicine, etoposide,
and paclitaxel (PCX) from the cell [24,25]. Moreover, MDR related with the apoptotic pathway is
responsible for enhancing expression of anti-apoptotic genes, such as Bcl-2 and nuclear factor kappa B
(NF-kB) [26]. Among other strategies, MDR can be reduced with P-gp inhibitors, with diminishment
of Bcl-2 and NF-kB expression, and with nanocarriers (passive or active targeting) [2]. Moreover, more
ABC transporters have been described for the resistance of several drugs. In humans, it was estimated
that there are 49 ABCs which are ubiquitously distributed in the central nervous system, lung, liver,
pancreas, stomach, intestine, and kidney and several anatomical cellular barriers [27].

Small interfering RNA (siRNA) molecules were developed as auxiliary chemotherapy by reducing
MDR proteins expression or downregulating anti-apoptotic genes. The problem is that there are few
suitable vectors to co-deliver siRNA and drugs. Nanoemulsions might be the solution to this issue,
since their combined use with P-gp modulators or Bcl-2 inhibitors can surpass MDR [28]. Ceramides
are a family of apoptotic molecules produced in environmental stress situations and they play the role
of programmed cell death messenger. There are MDR cells able to avoid apoptosis by over expressing
glucosylceramide, responsible for transforming ceramide into its inactive glycosylated form. Ceramide
can be delivered by a nanoemulsion with a targeted purpose, increasing apoptotic effects in the tumor
tissue [2].

Nanoemulsions can be conjugated with antibodies (Abs) or their fragments for targeting purposes,
which is most valuable since antigen—Ab binding is specific and selective. Several studies indicate
that this conjugation leads to internalization by cancer cells and successful delivery of drug loaded
nanoemulsions. The nanocarrier—-Ab complex can be stimuli responsive to make it even more specific
to cancer tissues [29]. A process called SELEX provides a library of ssDNA and ssRNA that can
be selected to form DNA or RNA oligonucleotides, resulting in aptamers [30]. In comparison to
Abs, aptamers have smaller size, no immunogenicity, easy production, and fast penetration. They
efficiently bind to the compound of interest and fold into secondary and tertiary DNA/RNA structures.
SELEX also allows the selection of aptamers selective for tumor cells based on receptor and biomarker
recognition [31]. Folic acid and folate receptors have a large affinity for one another, making folic acid
an ideal targeting moiety [32]. Cancers in the brain, lung, pancreas, breast, ovary, cervix, endometrium,
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prostate, and colon have high folate receptor expression [33], while in normal tissues it is only located
on polarized epithelia in the apical surface [34]. Studies indicate that, as cancer progresses, so does the
number of folate receptors [35]. Folic acid is not expensive, not toxic, not immunogenic, easy to pair
with nanocarriers, and possesses a high binding affinity, being stable both in circulation and storage [36].
Nanoemulsions can also be conjugated with oligonucleotides. However, oligonucleotides are unstable,
have a very short half-life in biological fluids, and weak intracellular penetration, making them a rare
choice for conjugation with nanoemulsions. Changing phosphodiester to phosphorothionate can raise
defenses against enzymatic degradation [37]. Conjugation with polyethylene glycol (PEG) [38], cationic
liposomes [39], micelle polyelectrolyte complex (PEC) [40], lipidic and plasmidic DNA complexes [41],
and pH-sensitive nanocarriers [42] may help with the remaining problems, enhancing the success of
cancer therapy.

The monitoring procedures in cancer treatment with none or very little invasion and tissue damage
are possible due to the improvement of imaging techniques. These techniques are often based on the
conjugation of nanoemulsions with fluorophores and, seldom, radioisotopes since they can be toxic to
humans [2].

2. Nanoemulsions—A Brief Overview

2.1. Composition of the Nanoemulsions

Nanoemulsions are colloidal dispersions consisting of oil, surfactant, and an aqueous phase.
The nanoemulsion core will have an impact on the therapeutic payload of the drug, physico-chemical
properties, particle size, and stability [43,44]. The formulation can be formed by long chain triglycerides
(LCT) which create larger sized particles, with a diameter of 120 nm, or short chain triglycerides
(SCT) leading to smaller particles, around 40 nm. Regarding LCT, soybean oil is very often used
due to its high content of essential C18 fatty acids like linoleic acid. Medium chain triglycerides,
usually from coconut oil, could be also used alone or in a mixture with LCT to overcome their possible
immunosuppressive actions and inhibition of lymphocytes [44,45].

The size of the particles will impact the final aspect of the formulation. In general, the smaller the
particle, the higher the stability of the formulation. This particular issue is useful against flocculation,
gravitational force, and Brownian motion. However, SCT oils are very soluble in water, facilitating
Ostwald'’s ripening [46].

The ideal emulsifying agent should reduce interfacial tension, be rapidly adsorbed at the interface,
and stabilize the surface by electrostatic or stearic interactions. An emulsifier is an amphiphilic
molecule such as surfactants (Tween® 80), amphiphilic proteins (caseinate), phospholipids (soy lecithin),
polysaccharides (modified starch), or polymers (PEG) [46]. PEG-modified nanoemulsions are used
to enable specific targeting and longer circulation time [18]. Texture modifiers, weighting agents or
ripening retarders can also be used [47,48]. Sorbitan fatty acid esters such as Spans® could also be
used as non-ionic surfactants [49].

Nanoemulsions responsive to external stimuli can also be developed using temperature and
pH-sensible materials aiming the induction of a conformational change in the formulation which
furthers the release of the payload [50,51].

2.2. Physical and Chemical Characterization of Nanoemulsions

Several physical and chemical properties can influence the behavior of nanoemulsions. Average
size is one of the crucial parameters regarding this system [52]. Also, size distribution measured as
polydispersity index (PDI), is of extreme relevance since the range of nanoemulsion size should be
known to evaluate further biological responses [52]. Both parameters could be measured by dynamic
light scattering (DLS) which makes use of the Brownian motion of colloidal particles—since they scatter
the light to find the diffusion coefficient of the particle [1].
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Moreover, modifications of the cellular response due to surface charge is also a known
phenomena [52]. Therefore, surface charge of the nanoemulsions should be characterized. The charge
of the system’s surface influences stability and electrostatic interactions and its measurement demands
the presence of a magnetic field. The particles’ electrophoretic movement follows Henry’s equation
(Equation (1)).

. ZSC;](IW) M
where p is the electrophoretic mobility, ¢ the dielectric constant, C the zeta potential (ZP), f(ka) the
Henry’s function and ) the viscosity.

The morphology of the oil droplet is essential in the future definition of the stability of the
formulation. The lipophilic-hydrophilic behavior of the nanoemulsion also has significant impact on
drug loading, directly influencing the success of drug encapsulation [1]. Optical microscopy, even
using differential interference contrast or other phase contrast methods, is generally not a viable
method for examining nanoemulsions [33]. However, microscopic techniques are essential in order to
obtain reliable data about the actual morphology of the system. In this sense, transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) had proven to be useful in order to observe
the structure of the nanoemulsions [53]. In addition, SEM gives a three-dimensional image of the
droplets [33].

The amount of drug loaded into nanoemulsions constitutes a critical parameter of the formulations
aimed to deliver the drug to a target tumoral tissue. In this sense, different approaches in order
to carry out the measurement have been performed. It could be measured by separating the free
drug from the encapsulated drug and, in this sense, either the free drug could be measured (indirect
entrapment efficiency) or the drug encapsulated into the nanoemulsions could be measured by
previously dissolving the nanoemulsions core using suitable organic solvents [54]. The separation of
the non encapsulated drug from the nanoemulsion could be carried out using a filtration procedure,
filtration—centrifugation device, an ultracentrifuge, or dialysis membrane [55,56]. The amount of
loaded drug can be measured as the percentage (entrapment efficiency, EE) or as the concentration of
drug per nanoemulsion droplet.

2.3. Stability Studies

Stability studies are mandatory to characterize the nanoemulsions. An accelerated stability
study can be performed by centrifugation of nanoemulsions in such way that the creaming process
is accelerated. The traditional approach used to measure the stability of the formulations by is their
storage at 4.0 and 25.0 °C for a period of three to six months. Sample characteristics such as average
size, polydispersity index, surface charge, and efficiency of encapsulation are usually analyzed once a
month. No significant modifications of the nanoemulsion parameters should be measured in order to
confirm that the nanometric emulsion is stable under the storing conditions. Moreover, the Food and
Drug Administration (FDA) states that stability should be evaluated over long term, intermediate, and
accelerated times. The peroxide value (PV), anisidine value (AV) and Total Oxidation Value (TOTOX)
are used to assess degradation products and, therefore, the stability of each formulation. The pH value
can be modified by oil oxidation processes quantified by the parameters mentioned [1].

2.4. Nanoemulsion Drug Release

Drug release process is responsible for drugs bioavailability, absorption, and kinetics. Its evaluation
is usually carried out using either Franz diffusion cells or using the dialysis bag method. The latter
consists of placing the sample in a dialysis bag and the sample is dialyzed using a buffer in the sink
receiver compartment, under stirring conditions at 37 °C [57]. In Franz diffusion cells the nanoemulsion
is placed on the donor compartment and it is separated from a receptor chamber (usually filled with
phosphate buffer) by a dialysis membrane. The amount of drug that is released from the nanoemulsions
to the receptor chamber is analyzed at different time points, obtaining the drug release profile [34].
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2.5. Nanoemulsion Production

The two phases of nanoemulsion production are the heated and mixed phases (with controlled
temperature and agitation) so that the dispersion becomes as homogeneous as possible. Then, the
emulsion goes through a process of shear force homogenization to achieve minimal particle size. In
the end, particles will have a layer of emulsifiers separating the lipophilic interior from the aqueous
phase. This specific layer is a barrier and displays repulsive forces (electrostatic, steric, or electrosteric,
depending on the emulsifier) to stabilize the formulation [1].

High shear methods use high pressure homogenizers, microfluidizers, and ultrasonicators [58].
The size of the particle is associated with the instruments and variables like energy, time, temperature,
and formulation composition. High energy operations have the plus side of potentially being scaled-up,
but they might be inappropriate for certain heat sensitive drugs. In this case, low energy and
temperature methods must be used like self-emulsification phase transition and phase inversion [59].

2.5.1. High Pressure Homogenization

This technique makes use of a high-pressure homogenizer/piston homogenizer to produce
nanoemulsions (Figure 2). In the High Pressure Homogenization (HPH) method, an aqueous
phase containing the emulsifier is added to an organic phase and ultraturrax is used to form an
emulsion. Afterwards, the emulsion is added to the HPH in order to reduce droplet size [60]. Several
homogenization cycles and pressures can be applied to obtain the desired nanoemulsion parameters.
Therefore, this technique is able to produce small sized particles. Over the course of HPH, a variety of
forces contribute to get to a small size of particle: hydraulic, turbulence, and cavitation [1].

The main advantage of this method is that it can be applied several times in order to obtain a
suitable droplet size [32,33,59].
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Figure 2. High pressure homogenization technique.

2.5.2. Microfluidization

The microfluidization process requires a microfluidizer instrument [61]. This instrument is
patented and consists of a high-pressure positive displacement pump (500-20,000 psi) that makes the
product go through the interaction chamber, consisting of small channels (Figure 3). The product
flows through the micro-channels on to an impingement area resulting in very fine particles of a
submicron range. The two solutions (aqueous phase and oily phase) are combined together [33].
The coarse emulsion is introduced into a microfluidizer where it is further processed to obtain a stable
nanoemulsion. The coarse emulsion is passed through the interaction chamber of the microfluidizer
repeatedly until the desired particle size is obtained. The bulk emulsion is then filtered through a filter
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under nitrogen to remove large droplets resulting in a uniform nanoemulsion. This technique can be
used in order to produce nanoemulsions at the industrial scale [33].
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Figure 3. Microfluidification technique.

2.5.3. Phase Inversion Temperature Technique

The phase inversion temperature (PIT) method has highlighted a relationship between minimum
droplet size and complete solubilization of the oil in a microemulsion bicontinuous phase independently
of whether the initial phase equilibrium is single or multiphase.

Due to their small droplet size, nanoemulsions possess stability against sedimentation or creaming
with Ostwald ripening forming the main mechanism of nanoemulsion breakdown [7]. Phase inversion
in emulsions can be one of two types: transitional inversion induced by changing factors which affect
the hydrophile-lipophile balance (HLB) of the system, e.g., temperature and/or electrolyte concentration,
and catastrophic inversion, which can also be induced by changing the HLB number of the surfactant
at a constant temperature using surfactant mixtures.

The PIT method employs temperature-dependent solubility of nonionic surfactants, such as
polyethoxylated surfactants, to modify their affinities for water and oil as a function of the temperature
(Figure 4) [62]. It has been observed that polyethoxylated surfactants tend to become lipophilic on
heating owing to the dehydration of polyoxyethylene groups. This phenomenon forms the basis of
nanoemulsion fabrication using the PIT method. In the PIT method, oil, water, and nonionic surfactants
are mixed together at room temperature. This mixture typically comprises o/w microemulsions
coexisting with excess oil, and the surfactant monolayer exhibits a positive curvature. When this
macroemulsion is heated gradually, the polyethoxylated surfactant becomes lipophilic and at higher
temperatures, the surfactant gets completely solubilized in the oily phase and the initial o/w emulsion
undergoes phase inversion to w/o emulsion. The surfactant monolayer has a negative curvature at
this stage. This method involves heating of the components and it may be difficult to incorporate
thermolabile drugs, such as tretinoin and peptides, without affecting their stability. It may be
possible to reduce the PIT of the dispersion using a mixture of components (surfactants) with suitable
characteristics, in order to minimize degradation of thermolabile drugs [33].
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2.5.4. Solvent Displacement Method

The solvent displacement method for spontaneous fabrication of nanoemulsions has been adopted
from the nanoprecipitation method used for polymeric nanoparticles (Figure 5A).

In this method, the oily phase is dissolved in water-miscible organic solvents, such as acetone,
ethanol, and ethyl methyl ketone. The organic phase is poured into an aqueous phase containing
surfactant to yield spontaneous nanoemulsions by rapid diffusion of organic solvent [63]. The organic
solvent is removed from the nanoemulsions by a suitable means, such as vacuum evaporation.

Solvent displacement methods can yield nanoemulsions at room temperature and require simple
stirring for the fabrication. Hence, researchers in pharmaceutical sciences are employing this technique
for fabricating nanoemulsions mainly for parenteral use. However, the major drawback of this method
is the use of organic solvents, such as acetone, which require additional inputs for their removal from
the nanoemulsion. Furthermore, a high ratio of solvent to oil is required to obtain a nanoemulsion
with a desirable droplet size. This may be a limiting factor in certain cases. In addition, the process of
solvent removal may appear simple at the laboratory scale but can pose several difficulties during
scale-up [33]. Therefore, reproducibility and scale-up are the major drawbacks of this method.

2.5.5. Phase Inversion Composition Method (Self-Nanoemulsification Method)

This method generates nanoemulsions at room temperature without the use of organic solvents
and without increasing temperature.

Kinetically stable nanoemulsions with small droplet sizes (~50 nm) can be generated by the
addition of a water phase into a solution of surfactant in oil, with gentle stirring and at a constant
temperature (Figure 5B) [64]. The spontaneous nanoemulsification has been related to the phase
transitions during the emulsification process and involves lamellar liquid crystalline phases or D-type
bicontinuous microemulsion during the process. Nanoemulsions obtained from the spontaneous
nanoemulsification process are not thermodynamically stable, although they might have high kinetic
energy and long-term colloidal stability [33].

306



Nanomaterials 2019, 9, 821

A) Dropwise addition

Nanoemulsion

Oil phase Aqueous phase

Lipids under stirring

Polymers Surfactants

Organic solvents Evaporation of

Drugs organic solvents
B)

Water addition

Aqueous phase Oil phase Nanoemulsion
under gentle stirring
Lipids
Surfactants
Drugs

Figure 5. (A) The solvent displacement method, and (B) the phase inversion composition method.
2.6. Metabolism

Upon systemic administration, the nanoemulsions have to escape from the mononuclear
phagocitiyc system (MPS) and the renal clearance pathway in order to reach the tumor tissue [65]. The
MPS constitutes a biological barrier made by phagocytic cells that could capture nanoemulsions [65].

The nanoemulsion in the bloodstream interacts with erythrocytes, opsonins, monocytes, platelets,
leukocytes, dendritic cells, tissue macrophages, Kupffer cells of the liver, lymph nodes, and B cells
of the spleen. The formulation is very likely to interact with erythrocytes since they represent the
largest fraction of blood cells, resulting in possible hemolysis and removal by macrophages [66]. The
extended half-life of this type of formulation increases the chance of interaction with blood cells and,
therefore, events of thrombogenicity can occur resulting in blood vessel occlusion [67]. Opsonins
can be adsorbed to the surface of nanoemulsions, facilitating the uptake by macrophages, which
reduces the drug delivery to the desired place. This activation of immune cells can also result in
anaphylactic, allergic, and hypersensitivity reactions [66]. Size, charge, and surface properties of the
nanoformulation also influence erythrocytes. Large cationic or anionic particles have a higher tendency
to go through phagocytosis. In addition, cationic surfaces are more likely to damage erythrocytes
and cause hemolysis [67,68]. Opsonization can be reduced by adding PEG [68], poloxamer [69],
or poloxamine [70] to the surface of the nanoemulsion as they create a “steric shield” around the
formulation. Cell uptake of nanoparticles is attained through phagocytosis, macropinocytosis, or
endocytosis, accumulating in lysosomes, vacuoles, or the cytoplasm [1]. For the formulations aimed
to treat brain tumors, the brain-blood barrier (BBB) stands as a great obstacle to drug delivery that
can be surpassed with the use of nanoemulsions targeted to reach receptors expressed in the place of
action [71].
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The main problem in the metabolism of nanoemulsions is the hepatic clearance [72]. Those
nanoparticles taken by hepatocytes are eliminated by the biliary system and the ones taken by Kupffer
cells are subjected to phagocytosis, degradation, and further elimination. Renal clearance represents
an eminent portion of metabolism of nanoemulsions. Glomerural filtration depends on the particle
size; particles smaller than 6 nm are filtered in the kidney and the larger ones return to systemic
circulation [73].

3. Nanoemulsions Applied to Cancer Therapy

3.1. Nanoemulsions as a Strategy to Overcome MDR

MDR tumors are a major barrier to effective cancer therapy and, along with metastasis, are
estimated to be major contributors to death by cancer. The expression of multifunctional efflux
transporters from the ABC gene family have been known to play a crucial role in MDR of tumor
cells [25].

ABCs are responsible for the efflux of various endogenous ligands such as proteins, lipids,
metabolic products, and drugs such as cytotoxic antibiotics by using energy produced from the
hydrolysis of ATP [27].

There are several transporters expressed by the ABC family causing MDR of different antitumoral
drugs. P-gp also referred as MDR-1 or ABCB-1, encoded by the ABC1 gene was the first ABC
transporter identified and it can pump vinblastine, colchicine, etoposide, and paclitaxel [25,27].
In addition, there are other relevant MDR transporters such as ABCA2 encoded by the ABCA2
gene, which is for estramustine resistance. MRP1 encoded by ABCC1 is responsible for doxorubicin,
vincristine, etoposide, colchicine, campothethin, and methotrexate resistance and it is one of the most
widely expressed transporters in tumoral cells. MRP2 is another transporter of this family and it
is responsible for vinblastine, cisplatin, doxorubicin, and methotrexate resistance. It is located on
the cell membrane of polarized cells such as kidney, liver, and intestinal epithelium [25,27]. MRP3
encoded by ABCC3 is responsible for the transportation of organic anions and pumps antitumoral
drugs such as methotrexate and etoposide [25,27]. MRP4 encoded by ABCC4 pumps methotrexate,
6-mercaptopurine, 6-TG 6-thioguanine. In some cases one drug can be the substrate of more than
one ABC transporter such as 6-mercaptopurine and 6-TG 6-thioguanine which are also pumped by
MRPS5 and etoposide which is pumped by MRP6 in addition to MRP1 and MRP3. MRP8 is encoded by
ARCC11 genes and pumps 5-fluorouracil whereas MXR/BCRP (multixenobiotic resistance and breast
cancer resistance proteins, respectively) encoded by ABCG2 genes causes mitoxantrone, topotecan,
doxorubicin, daunorubicin, CPT-11, imatinib, and methotrexate resistance [25].

As these data highlight, in oncology, the search for new compounds for the inhibition of these
hyperactive ABC pumps is a growing interest in order to increase chemotherapeutic effects. In this
sense, several ABC pump inhibitor/modulators functionalizing nanoemulsions have been explored to
address the cancer associated MDR [27].

Ganta and colleagues developed nanoemulsions functionalized with folate in order to efficiently
deliver docetaxel to ovarian cancer cells overcoming docetaxel MDR [74]. The nanoemulsions were
targeted with folate because the folate receptor is poorly expressed the majority of normal tissues.
However, it is overexpressed in many cancers especially in epithelial ovarian cancer. In addition, the
author’s evaluated P-gp expression and demonstrate that folate receptor mediated endocytosis is
capable of bypassing MDR present in ovarian cancer cell lines. Therefore, the nanoemulsions targeted
with folate were able to successfully deliver docetaxel by receptor mediated endocytosis that showed
enhanced cytotoxicity capable of overcoming ABC transporter mediated taxane resistance [74]. In recent
years the taxanes, such as paclitaxel and docetaxel, have emerged as fundamental drugs in the treatment
of breast cancer although overcoming MDR is a major issue [75]. In order to overcome this obstacle,
Meng and colleagues used baicalein in order to inhibit P-gp and also to increase oxidative stress [76].
Increasing oxidative stress is claimed as a suitable strategy to improve cell sensitivity to paclitaxel due
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to the fact that cellular reactive oxygen species (ROS) and gluthatione are extremely important for
cellular redox reactions. Using this strategy, the author’s co-encapsulate paclitaxel and baicalein in
nanoemulsions in order to treat breast cancer. The developed nanoemulsions were able to increase
ROS, decrease cellular GSH and enhance caspase-3 activity in MCF-7/Tax cells. More importantly,
an in vivo antitumor study demonstrated that baicalein—paclitaxel nanoemulsions exhibited a much
higher antitumor efficacy than other paclitaxel formulations. These findings suggest that co-delivery
of paclitaxel and baicalein in nanoemulsions might be a potential combined therapeutic strategy
for overcoming MDR [76]. A different strategy to overcome MDR of paclitaxel was used by Zheng
and colleagues [77]. They aimed to prepare nanoemulsions able to alter the levels of Bax and Bcl-2
expression and also inhibit the P-gp transport function [77]. In order to achieve this goal, they used
a vitamin E derivative. Vitamin E is an antioxidant and its mechanisms consist of reducing peroxyl
radicals and eliminating the chain reaction of fatty acid radical propagation [77]. It has also been
demonstrated that the vitamin E derivative used in this study, TPGS, is one of the most potent and
commercially available surfactants that serves as a P-gp inhibitor, and it can reverse MDR in cancer [78].
Vitamin E can disrupt Bcl-xL-Bax interactions, activates Bax, and thus mediates mitochondrial-centered
apoptotic cell death. Therefore, vitamin E based nanoemulsions containing paclitaxel were suitable for
study of paclitaxel-resistant human ovarian carcinoma cell lines [77].

3.2. Nanoemulsions for Different Types of Cancer

3.2.1. Nanoemulsions for Cancer Treatment

Nanotechnology has been shown to be a suitable strategy for cancer treatment and, therefore,
researchers focused their efforts on the treatment of several types of cancer. The following section
summarizes the most recent advances regarding the most common forms of cancer which can also be
observed in Table 1.

3.2.2. Nanoemulsion for Colon Cancer Therapy

Colon cancer represents a large portion of cancer related deaths in the world [79]. Within this
category, the subclassification includes familial adenomatous polyposis, hereditary nonpolyposis
colorectal cancer, sporadic colon cancer, and colitis-associated cancer [80]. Operation combined with
herbs, immunotherapy, radiotherapy, and/or chemotherapy tend to be the choices in colon cancer
treatment. Still, survival rate decreases about five years after surgery due to metastasis and recurrence,
which means the main cause of death is not the tumor itself [81]. Cancer invasion and migration is
possible due to epithelial mesenchymal transition (EMT), a mechanism where epithelial cells transform
into mesenchymal cells, changing cell structure and increasing adhesion and migration [82].

Lycopene (LP), present in tomatoes, has several functional features—protection against chronic
diseases, anti-proliferation activity against leukemia, and colon cancer cells and further triggering of
cell cycle arrest on some tumor cells [83]—and its mechanism could be of use in cancer therapy, if
it was not for its low stability and bioavailability [84]. The described study focused on developing
a nanoemulsion with LP, in order to find a solution for the presented problem. The nanoemulsion
formulation also encapsulates gold nanoparticles (AN). AN act only as a drug carrier but is also
available to be incorporated with cell receptor ligands contributed for specific cell targeting [85].
However, AN can become toxic in high doses by promotion of human fibroblast cell migration [86].
This effect can be reduced by incorporating liposomes, polymeric substances, or other lipid-based
assemblies, such as LP-derived compounds [87].

In this specific formulation, the oil phase is oil with LP, the water phase is an aqueous AN solution,
and the emulsifier is Tween 80®. It can be used in a human colon cancer line, HT-29. The evaluation of
AN alone, LP alone, and the combination of AN and LP effects on the cell line proves the formulation
efficiency [79].

309



Nanomaterials 2019, 9, 821

The size of AN impacts toxicity; the lower the size, the stronger the effect on HT-29 cells. The
enhancement of the volume of LP incorporated can increase the presence of early apoptotic cells.
Both the combined treatment and nanoemulsion increase the levels of early apoptotic, late apoptotic,
and necrotic cells. Nevertheless, treatment with nanoemulsions induces apoptotic and necrotic cells.
The emulsifier does not impact cells in a significant way, only contributing to nanoemulsion stability.
Treatment with nanoemulsions with low AN and LP doses results in low expression of procaspases
3 and 8, and Bcl-2 (tumoral markers), while enhancing Bax and PARP-1 expression, with apoptotic
effects on cells [79].

3.2.3. Nanoemulsions for Ovarian Cancer Therapy

Platinum (Pt) chemotherapeutics are used in a vast array of cancer treatments. Carboplatin
and cisplatin—molecules containing Pt in their composition—increase survival better than any other
ovarian cancer treatment [88]. Pt compounds form intra-strand and inter-strand cross links, shattering
DNA structure [89]. The problem with Pt action is related to its effects on cells other than cancer cells, as
it also ends up killing healthy cells. Furthermore, cancer cells can develop resistance mechanisms to Pt,
like promoting membrane pump presence, or inducing enzymes or DNA repair pathways. Therefore,
therapeutics in ovarian cancer always consider whether the tumor is Pt-sensitive or Pt-resistant [90].

Nanomedicinal evolution allowed the design of formulations to overcome toxicity and resistance
problems. However, the process is not easy due to Pt properties, particularly due to its lipophilicity [91].
Nanoemulsions can improve delivery and efficiency of Pt-related drugs, since they are able to
incorporate enormous amounts of hydrophobic drugs and add specific ligands to their surface in
order to achieve a targeted delivery [92]. A nanoemulsion encapsulating myrisplastin (novel platinum
Pt-based drug) and Cé-ceramide (pro-apoptotic substance) with a surface ligand EGFR-binding peptide
and gadolinium (imaging agent) was developed in this study to understand its effect in the following
ovarian cancer cells: SKOV3, A2780, and A2780CP [90].

A cytotoxicity screening revealed that SKOV3 cells, expressing epidermal growth factor receptor
(EGFR), were resistant to cisplastin presenting an inhibitory concentration, ICsy, of 18 uM. By
encapsulating myrisplatin instead, cytotoxicity increased in a very significant way, both in targeted and
non-targeted nanoemulsions. The targeted nanoemulsions possess 2-fold more toxicity in comparison
to non-targeted formulations. The biggest change in cytotoxicity occurs when ceramide is also
encapsulated, with the combination confirming its synergistic behavior. The targeted nanoemulsion
containing ceramide and myrisplatin is 50.5-fold more effective than cisplastin. A2780 and A2780CP
(not expressing EGFR) presented more toxic effects with myrisplatin than with cisplatin [90].

Zeng and colleagues developed vitamin E nanoemulsions containing paclitaxel able to modulate
the levels of Bac and BCL-2 expression (related to tumor drug resistance) and inhibit the P-gp transport.
They assessed their effect in paclitaxel-resistant human ovarian carcinoma cell line A2780. Taxol
enhanced the antiproliferation effect and decreased the mitochondrial potential. The authors claim that
the association of anticancer drugs with vitamin E derivative multifunctional nanoemulsions could be
a suitable solution for cancer multidrug resistance [93].

3.2.4. Nanoemulsion for Prostate Cancer Therapy

The number of deaths related to prostate cancer (PrC) has grown in the last decade with 70%
of treated patients facing recurrence and transition to an untreatable state [94]. Cancer stem cells
(CSCs) or tumor initiating cells (TICs) are the root of cancer development, metastasis, and resistance
to therapies [77]. Studies show that cancer cells expressing CSC markers, specially CD133 and CD4,
are not only associated with drug resistance, but also proliferate after therapy [95]. Drug resistance
in CSCs might be due to up-regulation of drug efflux transporters, activation of anti-apoptotic
pathways, inactivation of apoptotic mechanisms, and more efficient response to DNA damage and
repair processes [96].
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The problem with prostate cancer therapy is that it targets populations of fast-growing cancer cells
but not subpopulations like CSCs. Also, anti-prostate cancer drug development resorts to cell lines
with high passage numbers for preclinical studies to evaluate anti-cancer agents. These cell lines end
up acquiring genomic and epigenomic properties with low or no match with the original tumor [97].
The research team responsible for this study uses a cell line (PPT2), derived from a prostate cancer
patient, with a very low passage number and, by this way, immaturity and stem-like properties are
kept. PPT2 cells have genes associated with anti-apoptotic signaling and resistance to drugs, being a
perfect model for CSC-targeted therapy studies [98].

One drug that is often used in prostate cancer treatment is Abraxane®. Abraxane® is a paclitaxel
pro-drug, developed to increase its solubility with human serum albumin-bound nanoparticle
formulation. However, paclitaxel has shown problems with MDR cancer cells [96]. A new generation
taxoid, SBT-1214, is efficient against drug-resistance. This agent can be conjugated with docosahexaenoic
acid (DHA), a natural polyunsaturated fatty acid (PUFA) with high affinity for its main bloodstream
transporter (human serum albumin) that helps direct toxicity to cancer. Combination of DHA with
paclitaxel resulted in a weak decrease in P-gp and ABC transporters [99]. The DHA-SBT-1214
nanoemulsion formulation developed in this study includes phospholipids and fish oil. The affinity
of the drug to fish oil will improve drug encapsulation. It is theorized that the nanoemulsion will
act on the CSC-initiated PPT2 cell line, taking advantage of EPR effect and resulting in cancer cell
apoptosis [96].

The use of patient-derived CSC enriched PPT2 cells can help in the development of drugs that
target cells specific for tumor initiation. Combining DHA with SBT-1214 allows the formulation
more time in blood circulation. Encapsulating the conjugated hydrophobic drug in a nanoemulsion
formulation results in effective delivery. Thus, surface modification with PEG also enhances the time
of drug circulation, which increases accumulation due to the EPR effect. The successful cellular uptake
means that the nanoemulsion formulation can deliver its payload more efficiently than the drug
solution [96].

3.2.5. Nanoemulsions for Leukemia

Cancer is among the leading causes of death worldwide and leukemia is the most the leading cause
of cancer-related death in children. In this context, nanoemulsions have been used as biocompatible
systems in order to encapsulate drugs and increase the therapeutic effects by decreasing toxic
adverse effects.

Lipid nanoemulsions have been used by several authors as a suitable strategy for drug
encapsulation for cancer treatment. Moura and colleagues developed lipid nanoemulsions, able
to bind to LDL receptors, with the aim of concentrating the chemotherapeutic agents in tissues with
low-density lipoprotein receptor overexpression such as tumoral tissues. The authors encapsulate
methothraxete for leukemia treatment and assess them in vitro, as the uptake of the nanoemulsions is
significantly higher than the free drug increasing the toxicity against tumoral cells [100].

Winter and colleagues develop nanoemulsions encapsulating chalcones for leukemia and assess
them in vitro and in vivo. The authors demonstrate that the developed nanoemulsions cause apoptosis
of the cancer cells in vitro showing similar anti-leukemic effects both for the free chalcones and
nanoemulsion. However, free chalcones induced higher toxicity in VERO cells than chalcones-loaded
nanoemulsions. Similar results were observed in vivo. Free chalcones induced a reduction in weight
gain and liver injuries, evidenced by oxidative stress, as well as an inflammatory response [101].

3.2.6. Nanoemulsions for Breast Cancer

Breast cancer accounts for 23% of all newly occurring cancers in women worldwide and represents
13.7% of all cancer deaths. Available chemotherapeutic agents are limited mainly due to the low
accumulation of chemotherapeutics at the tumors relative to their accumulation at other organs thus
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leading to increased toxicities. Several strategies have been developed in order to improve the treatment
of this in patients.

Nanoemulsions based on natural compounds could constitute a suitable strategy for breast cancer
such as the nanoemulsion developed by Periasamy and colleagues using the essential oil of Nigella
sativa L [102]. This nanoemulsion shows anti-cancer properties in vitro in MCF-7 breast cancer cells by
inducing their apoptosis. This nanoemulsion could be useful for the entrapment of active drugs in
order to treat breast cancer [102].

Local administration in addition to C6 ceramide nanoemulsion development has also been used
as strategy for breast cancer treatment. The authors target cancers and pre-tumor lesions locally by
reducing systemic adverse effects using both nanoemulsion drug delivery and local administration.
They developed bioadhesive ceramide loaded nanoemulsions and modified their surface with chitosan.
The C6 ceramide concentration necessary to reduce MCE-7 cell viability to 50% (EC50) decreased
by 4.5-fold with its nanoencapsulation compared to it in solution; a further decrease (2.6-fold) was
observed when tributyrin (a pro-drug of butyric acid) was part of the oil phase of the nanoemulsion.
Intraductal administration of the nanoemulsion prolonged drug localization for more than 120 h in the
mammary tissue compared to its solution [103]. Natesan and colleagues also used chitosan in order
to develop nanoemulsions [104]. They encapsulate camptothecin in nanoemulsions and assess them
in vitro and in vivo showing the efficacy of the formulations compared to the free drug [104].

3.2.7. Nanoemulsions for Melanoma

Melanoma is the most serious form of skin cancer causing more than 80% of skin cancer-related
deaths. The main problem associated with the treatment of melanoma is low response rate to the
existing treatment modalities, which in turn is due to the incomplete response by chemotherapeutic
agents and inherent resistance of melanoma cells. Standard treatments for late-stage melanoma and
metastatic melanoma usually present poor results, leading to life-threatening side effects and low
overall survival. For this reason, newer combinations of anti-melanoma drugs and newer strategies
utilizing nanotechnology are being studied, such as the use of nanoemulsions.

Kretxer and colleagues developed lipid nanoemulsions encapsulating paclitaxel that are able
to bind to bind to low-density lipoprotein (LDL) receptors, decreasing drug associated toxicity and
increasing antitumoral action. Moreover, simvastatin association was also assessed in melanoma bearing
mice, demonstrating that this drug associated with paclitaxel nanoemulsions increased antitumoral
activity, but not with free paclitaxel. This might due to the fact that statins increase LDL receptor
expression and these receptors are responsible for the lipid nanoemulsion internalization [105]. Other
authors encapsulated cholesterol derivatives, such as 7-ketocholesterol, into lipid core nanoemulsions
and assess them in vivo in a murine melanoma cell line where it was demonstrated that the
nanoemulsion decreases the tumor size more than 50%, enlarged the necrotic area, and reduced
intratumoral vasculature. The in vitro uptake into tumor cells was LDL-receptor-mediated cell
internalization and demonstrated that a single dose of the cholesterol nanoemulsions killed 10% of
melanoma cells [106].

A different approach was used by Monge-Fuentes and colleagues, such as the photodynamic
therapy using acai oil in nanoemulsion. They used this nanoemulsion as a photosensitizer in vitro and
in vivo. NIH/3T3 normal cells and B16F10 melanoma cell lines were treated and presented 85% cell
death for melanoma cells, while maintaining high viability in normal cells. Tumor bearing C57BL/6
mice treated with acai oil nanoemulsion showed tumor volume reduction of 82% [107].

3.2.8. Nanoemulsion for Lung Cancer Therapy

Paclitaxel (PTX) is an anticancer drug often used to treat lung, breast, pancreatic, and ovarian
cancer. It has the ability to interfere with the breakdown of microtubules during cellular division,
leading to apoptosis, mitotic arrest, and inhibition of cell functions [108]. PTX has very low water
solubility, which is why many formulations, like Taxol® containing Cremophor-EL® and ethanol, have
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been developed. However, Cremophor-EL® is known for its toxicity, demanding the investigation of
targeting molecules for this formulation [109].

Hyaluronic acid (HA) has been investigated for its use in the active delivery of PTX to cancer
cells. It is negatively charged, binding specifically to the cluster of differentiation 44 (CD44), a
highly expressed tumor cell marker [110]. The development of a nanoemulsion carrier for PTX
and HA—HA-complexed PTX nanoemulsion (HPNs)—has the goal of testing the efficiency of the
formulation against tumors expressing CD44 in a non-small lung carcinoma cell line (NCI-H460) [111].

HPN demonstrated great physical-chemical particle properties, with a size that allows a long
half-life and zeta potential that is suited to stabilize the formulation, a low polydispersity index
confirming homogeneity of the formulation, and the desired spherical morphology. Evaluation of
tumor weight showed that both PTX nanoemulsions and HPN reduced tumor growth, however the
targeted moiety of HPN, HA, enhances the therapeutic efficiency. Results on body weight reveal no
significant changes in groups treated with PTX nanoemulsions and HPN, confirming these therapies
are less toxic for healthy tissues [111].

Chang and colleagues study the anticancer activity of the curcuminoid extracts of Curcuma longa
Linnaeus. They prepared nanoemulsions and explored the inhibition mechanism implicated for the
anticancer activity against lung cancer cells. The cell cycle of lung cancer cells was retarded at G2/M for
both the curcuminoid extract and nanoemulsion treatments, though the cellular pathway may differ.
Among different cancer cell lines, H460 cells show an increased susceptibility to apoptosis compared
to A549 cells for both curcuminoid extract and nanoemulsion treatments [112].

3.3. Nanoemulsions for Nanotheragnostics

Nanotheragnostics in a new strategy consisting of using the power of nanotechnology for imaging
and diagnosis purposes. The aim of this strategy is to produce nanoscale agents affording both
therapeutic and diagnostic functions [113].

This strategy is associated with different nanotechnological approaches such as nanoemulsions
and researchers have focused with special emphasis on cancer treatment/diagnosis [113]. The recent
advancements in this field have enabled the characterization of individual tumors, prediction
of nanoemulsions—tumor interactions, and the creation of nanomedicines for individualized
treatment [113].

In this sense, Fernandes and colleagues developed perfluorohexane nanoemulsions as novel
drug-delivery vehicles and contrast agents for ultrasound and photoacoustic imaging of cancer in vivo,
offering higher spatial resolution and deeper penetration of tissue when compared to conventional
optical techniques. This NE provides a non-invasive cancer imaging and therapy alternative for
patients [56].

Wu and colleagues used a similar strategy, developing magnetic nanoemulsions hydrogels
inducing magnetic tumor regression based on a ferrofluid-based magnetic hyperthermia of cancers [114].
Moreover, Niravkumar et al. developed nanoemulsions encapsulating three difatty acid platins,
dimyrisplatin, dipalmiplatin, and distearyplatin. They developed fatty acid nanoemulsions that
selectively bind the folate receptor « (FR-«) and utilize receptor mediated endocytosis to deliver Pt
past cell surface resistance mechanisms (FR-« is overexpressed in a number of oncological conditions
including ovarian cancer) [115]. Roberts and colleagues used sonophore molecules for multi-spectral
optoacoustic tomography (MSOT) of tumors. They combined near-infrared and highly absorbing dyes
loaded into nanoemulsions, enabling the non-invasive in vivo MSOT detection of tumors.
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3.4. Clinical Trials

Nanoemulsions could constitute a suitable alternative to ensure a better treatment for cancer
patients. However, as can be observed in Table 2, just a few clinical trials have been reported using
these colloidal carriers [121].

Nanoemulsions have been used for superficial basal cancer cell photodynamic therapy in an
on-going clinical trial [122]. It compares three photosensitizers using randomized prospective double
blinded design (phase 2). The photodynamic therapy is combined with methylaminolevulinate
(MAL/Metvix®) or with hexylaminolevulinate (HAL/Hexvix®) and aminolevulinic acid nanoemulsion
(BF-200 ALA/Ameluz®) in superficially growing basal cell carcinomas. BF-200 ALA nanoemulsion
contains 7.8% of 5-aminolevulinic acid, the first compound in the porphyrin synthesis pathway. It has
been formulated with soy phosphatidylcholine and propylene glycol to increase its affinity with
epidermal tissue [123]. This formulation has been employed in several clinical trials for the treatment
of lentigo maligna (ClinicalTrials.gov ID: NCT02685592), multiple actinic keratosis (ClinicalTrials.gov
ID: NCT01893203) and actinic keratosis (ClinicalTrials.gov ID: NCT01966120 and NCT02799069).

As reported earlier, curcumin has been extensively studied for cancer. Curcumin is a natural
polyphenolic compound extracted from the rhizomes of Curcuma longa and shows different biological
activities in an antioxidant and anti-inflammatory capacity, among others [124]. To date, no clinical
trial aimed directly to cancer therapy has been undertaken. Instead, curcumin loaded nanoemulsions
are being assessed in a randomized, double blinded phase 1 controlled study (ClinicalTrial.gov ID:
NCT03865992) [125]. Curcumin nanoemulsions aim to reduce the joint pain in breast cancer survivors
with aromatase inhibitor-induced joint disease. Curcumin nanoemulsions will be administered orally to
women who have primary invasive adenocarcinoma of the breast taking a third-generation aromatase
inhibitor. This anticancer drug has a wide incidence of skeletal adverse events such as bone loss and
arthralgia [126].

A second clinical trial using curcumin nanoemulsions has been described for the treatment of
women with obesity and high risk for breast cancer (ClinicalTrial.gov ID: NCT01975363). This constitutes
a randomized pilot study aimed to determine the tolerability, adherence, and safety of different doses
(50 or 100 mg) of nanoemulsion curcumin in obese women at high risk for developing breast cancer.
Due to the anti-inflammatory activity of curcumin in breast tissue and fat, the risk of developing breast
cancer may be reduced [127].
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4. Nanoemulsions in the Drug Delivery Field

Nanotechnology has notably improved safety and effectiveness of cancer therapy by developing
drug delivery systems such as nanocarriers. Due to their nanometric size, they are suitable for
chemotherapeutic passive targeting via the enhanced permeability retention (EPR) effects. Moreover, it
can achieve active targeting by receptor-mediated uptake to specific cell types and host tissues [128].
Besides this, it provides a controlled release, an increase of drug stability, and solves water solubility
problems related to hydrophobic drugs [129]. Among these nanostructured systems, polymeric
nanoparticles, nanostructured lipid carriers, liposomes, and nanoemulsions have shown to be a
great approach to achieve drug delivery for cancer treatment [128]. Despite the decades of research
about the medical use of inorganic nanoparticles, they have demonstrated a lack of safety and
biocompatibility [130]. There are some recently investigations in which overcome this drawback by
modifying the particle surface with biocompatible molecules; nevertheless, it needs more research for
developing more effective coatings and drug delivery strategies [131]. In contrast, the main advantages
of nanoemulsion are its composition. It is formulated using biocompatible components and generally
recognized as safe (GRAS) and its easy to scale-up and manufacture [132]. In addition to the advantages
mentioned above, common with most nanosystems, nanoemulsions possess a high encapsulation
capacity for hydrophobic drugs, great physicochemical stability, potentially improved bioavailability,
and the drug pharmacokinetics show lower inter- and intra-individual variability [104,133-135].
This system is available for many administration routes. By oral administration, nanoemulsions
could protect drug molecules from gastric and gut wall degradation and avoid first-pass metabolism.
Nanoemulsions possess a stability similar to liposomes, ethosomes, or microspheres but they possess
the advantage of enhanced solubility and absorption of poorly bioavailable molecules [136]. An in vivo
study which compared the accumulation in the brain of lipid nanoparticles and nanoemulsions
showed that nanoemulsions enhanced the retention time in a significant manner compared to
lipid nanoparticles [137]. Moreover, comparative studies about the effect on skin permeation
between liposomes, solid lipid nanoparticles, and nanoemulsions have demonstrated that solid lipid
nanoparticles tend to release the drug in superficial skin layers, while liposomes and nanoemulsions
are able to permeate to deeper skin layers. However, the encapsulation into nanostructure lipid carriers
offers increased protection for photosensitive drug than nanoemulsions [138]. In the same way, a
nebulized lipid-based nanoemulsion for lung cancer treatment was carried out to explore the possibility
of dissolving a large amount of hydrophobic drugs and to increase the resistance towards hydrolysis
and enzymatic degradation [139].

5. Limitations of Nanoemulsions

Nanoemulsions can be of great utility in the delivery of drugs to cancer cells due to the fact that
these systems have been demonstrated to be safe and able to deliver the drug to the target tissue,
increasing drug effects and avoiding toxicity. To the present, no formulation of this type has been
approved by the FDA. A variety of concepts are decisive since they can limit the success of a system [2].

The production of this formulation might involve high temperature and pressure conditions,
depending on the drug and excipients. Therefore, not all types of starting materials are suitable for
some particular manufacturing processes. When this happens, the design of an appropriate production
method, or even optimization of an already existing one, might be necessary and take a great deal
of time. It is crucial to guarantee that labile drugs are viable and can be produced at a larger scale.
Conceiving multifunctional nanoemulsions in large scale production might be particularly hard as
there is a fair number of variables to consider [2]. To investigate a suitable method for a particular
nanoformulation, the material safety, scale-up, and all parameters of quality control need to be taken
into account [1].

The system of nanoemulsion and its moieties” behavior and even its in vivo metabolism need to
be carefully evaluated [2]. Every substance behaves in a unique way and so does the metabolism.
Absorption, distribution, and excretion can affect parameters like efficiency and safety of drugs and
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need to be in continuous evaluation [2]. In this sense, targeting nanoemulsions is a major issue for
cancer drug delivery since it has been reported that only 0.7% of the drug dose using nanotechnological
based strategies is found to be delivered to the solid tumor [65]. In this sense, metabolism is a crucial
factor since only the nanoemulsions able to escape from the MPS and renal clearance biological barriers
have the opportunity to interact with the tumor tissue [65].

Every time a new material is considered in a formulation, its long-term stability and safety have
to be studied. The problem is related to the fact that models used to evaluate toxicity are frequently
questionable since results might not be valid due to the absence of real dynamic interactions, normally
acting in real human tissues, in a real human body. Research often begins with cellular models or
animal species with characteristics and metabolisms that differ from the human body in very important
aspects. Also, the way in which an organism behaves varies from person to person and within the
person’s state, depending on sex, race, age, environmental features, and a lot of other conditions. All of
this complicates the translation from in vitro/in vivo to real-life treatment [1].

Due to these fact, the main limitation of nanoemulsions for cancer drug delivery relies on the low
clinical translation of the formulations [65].

6. Future Perspectives

Nanoemulsions are drug delivery systems able to encapsulate hydrophilic and hydrophobic
molecules designed in order to satisfy a variety of requests [2].

The main challenge of nanoemulsions in future developments is to keep finding mechanisms
to improve nanoemulsion efficiency, differentiating them from other formulations. This continuous
process of research has to keep in mind the interactions of the drug with the other components in the
system, the impacts of the manufacturing mechanism, and drug stability. Along with production, the
interaction of nanoemulsions with target cells is also a main study point in future drug development,
exploring different ways to induce drug release and uptake. Different routes of administration for
nanoemulsions carrying cancer drugs can also be investigated. The key thinking is to come up with
new insights on nanoformulation, creating new opportunities for anticancer drug delivery.

The use of nanoemulsions as imaging agents is emerging, as it provides real time monitoring
of cancer with minimum destruction and invasion. Traditional imaging techniques involve X-ray
tomography, magnetic resonance, and ultrasound and they are all based on marking a targeting
nanoemulsion with a radioactive isotope or a fluorophore [1].

Also, in late development are vaccine carriers in nanoemulsion formulations to target tumors.
Nanoemulsions, as previously described here, are able to deliver macromolecules, such as antigens
which can lead to a useful antigen specific response from the immune system. Nanoemulsions allow a
long circulation time and uptake by cells with the specific antibody on their surface for that antigen, or
vice-versa, resulting in a highly specific interaction [2].

7. Conclusions

Nanoemulsions represent a new and promising strategy in cancer therapy. The employment of a
hydrophobic core allows the encapsulation of lipophilic drugs, coming up with a solution for one of
the main problems related to cancer treatment drugs. The presence of an emulsifying agent and GRAS
excipients allow the engineering of a stable and safe alternative. They are composed by small sized
particles, allowing them to be retained for a long time in circulation.

The main advantage of nanoemulsions, in relation to other drug carriers, is that they can be
designed to target tumor cells and avoid MDR. This is a significant development in cancer therapy,
since its major problem remains in the fact that most anti-cancer drugs fail due to their marked toxicity
in healthy cells/tissues or even because cancer cells end up developing mechanisms to resist treatment.

Passive targeting delivery takes advantage of the ERP effect, typical in tumor tissues. However,
active targeting might bring even more positive features to the formulation, as it uses not only the
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EPR effect but also specific targeting moieties for cancer cells. Multifunctional nanoemulsions can
co-encapsulate, or bind to their surface, compounds that fight MDR mechanisms.

The examples described in this paper demonstrate diverse methodologies through which
nanoemulsions can be designed to achieve successful therapeutic outcomes in several types of cancer.

All of these positive features are useless if the manufacturing process and the metabolism of the
drug and excipients are not carefully evaluated. These two parameters represent the chief barriers in
nanoemulsion development. To achieve this type of formulation, go through every phase of clinical
trials, and be approved, all variables must be considered and innovative solutions have to be studied in
order to create anticancer drugs that are safe and efficient. The development of this type of formulation
is critical in cancer therapy as this multifactorial illness results in a sizable portion of deaths and no
completely viable therapy has been found to this day.
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