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Abstract: Research on carbon-based nanomaterials (CBNMs) and their development is one of the major scientific

disciplines of the last century. This is mainly because of their unique properties which can lead to improvements
in industrial technology or new medical applications. Therefore, it is necessary to examine their properties such
as shape, size, chemical composition, density, toxicity, etc. This article focuses on the general characteristics of
nanomaterials (NMs) and their behavior when entering the environment (water and soil). In addition, it presents
individual members of the graphene family including porous ecological carbon (biochar). The article mainly
deals with the new potential technologies of CBNMs considering their possible toxic and genotoxic effects.
This review also highlights the latest developments in the application of self-propelled micromotors for green
chemistry applications. Finally, it points to the potential biomedical applications of CBNMs.
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Introduction

With the intensive use of nanoparticles, it has
been shown that many of them may have negative
effect on human health and the environment.
Manufactured nanoparticles are likely to be more
damaging than particulate matter of the same
materials but with conventional size as they, for
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example, penetrate deeper into the lungs due to
their ‘nano’ size (Liu et al., 2014). There is still
a lack of information about the interactions of
nanoparticles with biological systems; therefore,
the research in this field is essential (Bakand et
al., 2012).

NMs are an innovative science discipline that has
grown steadily and has gained interest of the general
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Fig. 1. Potential applications of carbon-based nanomaterials (Garcia, 2017).
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public due to various reasons such as the high
number of new materials produced by synthesis,
improved techniques for their characterization
and diverse applications across a wide range of
disciplines (Fig. 1).

This article describes the members of the graphene
family and provides their brief characteristics.
It also deals with new potential applications of
CBNMs, such as graphene oxide (GO), graphene,
and their other hybrid modifications with other
materials — biochar, composites/oxides of metals
etc. The review highlights the last development in
the application of self-propelled micromotors and
the treatment of cancer considering toxicity and
genotoxicity of graphene nanoparticles.

Characteristics of NMs and CBNMs

Nanoparticles and their general characteristics

Each type of nanoparticle, in addition to its di-

mension within 1 to 100 nm, can be described by

the following characteristics (Ju, 2018):

e chemical composition,

* functional groups on the surface (hydrophilicity,
lipophilicity),

* shape,

e distribution layout of particles,

* density,

* crystalline structure,

* zeta potential,

e ability of aggregation, agglomeration, and sedi-
mentation (Terrones et al., 2012).

With these properties they enter the external envi-

ronment (Loureiro et al., 2018). In air, the so-called

abiotic impact factor takes effect; it may comprise
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temperature, humidity, salinity, solar radiation,
smog, pollutants of inorganic and organic origin
etc. In an aqueous medium, physico-chemical
characteristics of the aqueous phase have to be con-
sidered: ground water, surface water, river and sea
water, temperature, pH, ionic strength, concentra-
tion ions, concentration of natural organic matter,
and composition of the sediment (Terrones et al.,

2012).

Surface water may be considered as one of the main

points of entry, facilitating dispersion of NMs in the

environment and establishing a link to other parts
of environment such as soil, sediment, and biota.

Factors influencing the fate of nanoparticles in an

aqueous medium are (Baun et al., 2017; Freixa et

al., 2018):

¢ surface hydrophilicity (water solubility),

* hydrolysis, redox reactions,

* adsorption (plays an important role in C-nano-
particles) (Kyzas et al., 2014),

e aggregation,

* hetero-aggregation,

» presence of aquatic organisms (bacteria, algae,
protozoa, plankton, larvae, fish, etc.),

¢ sedimentation rate,

* composition of sediment and its reactivity (ad-
sorption, reduction by phytoextracts and bio-
logical material, presence of soil organic mat-
ter, presence of polyaromatic hydrocarbons
pollutants, hetero-aggregation, etc.) (Kyzas et
al., 2014) see Figure 2.

Also in soil, the physico-chemical characteristics

have to be taken into account. The solid phase con-

tains minerals of different grains (considering the
content of the 0.01 mm fraction) and organic soil
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Fig. 2. Effect of biochar in soil.
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components (Theng and Yuan, 2008). The basis
of this matter are humic substances, i.e. mixtures
of polydisperse compounds with high molecular
weight and aromatic and aliphatic parts with func-
tional groups —COOH, —OH, phenolic —OH,
—NH,, N-heterocycles, etc. (Theng and Yuan,
2008). Basic partitioning of humic substances is
according to solubility in relation to pH: fulvic
acids are soluble in water, humic acids in alkaline
environment, and humine is insoluble (Theng and
Yuan, 2008). Soil water, also known as the soil solu-
tion, can contain fulminic acids, phytoextracts and
substances with polyphenol structures, glycides,
ions etc. Thanks to the soil solution, the influence
caused by nanoparticles is similar as in case of an
aqueous medium.

Main factors influencing the fate of nanoparticles

in the soil environment are (Loureiro et al., 2018;

Freixa et al., 2018):

 surface hydrophilicity and lipophilicity,

e hydrolysis,

* reduction (green reduction by substances from
phytoextracts),

* hetero-aggregation (clay soils),

e presence of soil micro-organisms and animals
(bacteria, larvae, earthworms, etc.),

 adsorption (rm-binding interactions, hydrogen
bonds, electrostatic interaction, acid-base inter-
action).

Environmental behavior and effects of CBNMs in

natural aquatic systems are related to their ability to

interact and aggregate, creating clusters exhibiting
colloidal behavior. Despite the virtual water insolu-
bility of individual CNM molecules, the formed
aggregates are stable under certain environmental
conditions. To put it simply, transport and fate of
carbon nanoparticles can be divided into three
main possible effects that can exist independently,
intermingle or coexist in synergy (Freixa et al.,

2018):

» modification of nanoparticles (adsorption plays
the main role here),

* change in the composition of nanoparticles (mu-
tual reaction of functional groups with organic
or inorganic substances),

¢ degradation of nanoparticles (physical, chemi-
cal, or biological) (Zhao et al., 2014).

The question remains as to how the future fate,

transport, and mainly toxicity of these nanopar-

ticles changes after degradation or the change of
functional groups on their modified surface. One
of the least inert NMs to the environment seems
to be graphene oxide (Zhao et al., 2014). Its strong
adsorption capacity, propensity to biological reduc-
tion, reactivity of its functional groups on the car-
bon skeleton (Park and Yan, 2013; Shanmugharaj et

al., 2013), and lastly the ease of photochemical de-
gradation (Shanmugharaj et al., 2013) have already
been described. Interaction of GO and graphene
with cell membrane can lead to indirect toxicity,
i.e. blocking of ions and gases exchange. Their
internalization into cells can cause oxidative stress,
DNA damage as well as mitochondrial malfunction
(Zhao et al., 2014).

Graphene based NMs

Graphite is a natural laminated compound with sp®
hybridization and the distance between the layers
of 338 pm (Seabra et al., 2014; Lin et al., 2016).
The plane graphite layer is formed by six-C-cycles;
among other things, it is possible to prepare a se-
ries of compounds with carbon skeleton from this
natural compound. Graphite can be intercalated,
fluorinated, oxidized or exfoliated. Intercalation
allows the formation of an inter-layer space, into
which, e.g. alkali metals or volatile halogens can be
intercalated. The interchange force is the exchange
of electrons between the carbon layer and the inter-
calated substance (Lin et al., 2016). The so-called
graphene family includes: fluorine graphite (CF),
GO, reduced graphene oxide (rGO), graphene,
multilayer graphene, single and multi-walled
carbon nanotubes (SWCNT, MWCNT), fullerenes
(ex. Cg), carbon quantum dots (CQDs) and porous
carbon (biochar). Graphite exfoliation (spherical
grinding, sonication, dynamic fluid shear forces)
results in the formation of graphene (one plane
carbon layer) with a honeycomb structure: -C- hexa-
gons in a plane (Zhao et al., 2014). Under certain
conditions it can be doped, and therefore it is pos-
sible to partially replace carbon for N, S, B, or P
(Hu and Sun, (2013).

GO is prepared by graphite oxidation by strong
oxidizing reagents; it serves as a precursor for the
chemical preparation of graphene (Zhang et al.,
2011). Its carbon skeleton contains the main func-
tional groups such as carboxyl-, carbonyl-, epoxide-,
etheric- and hydroxy-groups. Using the func-
tional groups, GO functionalization can be realized
chemically e.g. by amidation, esterification, or sub-
stitution (Kyzas et al., 2014). GO can also be non-
covalently functionalized e.g. with biomolecules,
where n-m, cation-n, anion-n, and hydrogen bridges
interactions are formed. It also serves as a deposit
for nanoparticles of metals and their oxides (Kyzas
et al., 2014). It can be applied as a composite in a
series of polymers. All of this affects its application
options. Non-covalent interactions are used in the
preparation of composite biopolymers (Yoo et al.,
2014) using the adsorption and absorptive ability of
GO (Kyzas et al. 2014; Chabot et al., 2014; Fakhri,
2017). Graphene oxide has unique characteristics
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such as electronic, magnetic, optical, and thermal
(Xu et al., 2013; Paulchamy et al., 2015), it is also
an electrical insulation material, hygroscopic and
dispersible (Paulchamy et al., 2015). By selecting a
processing technology, various modifications of GO
in suspension can be obtained, such as quantum
dots (Chien et al., 2012) or films applied in biology
(Paredes et al., 2013), electrical applications (Zhu et
al., 2012) optics (Xu et al., 2013) and biomedicine
(Fernandez-Merino et al., 2010; Sanchez et al.,
2012); Zhang et al., 2016), as well as fibers (Shahil
and Balandin, 2012). Graphene-based NMs also
belong to the one of the most promising modifica-
tions of electrode surfaces resulting in impressive
properties of advanced electrochemical sensors
in biomedical application (Stankovic et al., 2017;
Svitkova et al., 2016).

The publications concerning the oxidation of
graphite with a view to obtain GO mostly state that
a method was used bearing the names of particular
authors: Hofmann (HNO,, KCIO,), Tour (P,O;,
KMnO,), Hummers (NaNO,, KMnO,) (Seabra et
al., 2014). In all these methods the reactive environ-
ment is concentrated sulphuric acid (Chng and
Pumera, 2013).

After oxidation, GO has on its carbon skeleton the
above mentioned oxygen functional groups that
can be reduced by a number of agents (methods)
affecting the C/O ratio and the diversity in reduced
groups; e.g. hydrazine reduces preferably epoxy
groups, NaBH, reduces —C=0O and —COOH.
The most commonly used reducing agents are
NH,NH, (Ramesha et al., 2011), NaBH, (Chua
and Pumera 2013), metal-acid (Agharkar et al.
2014), HI, polyphenols (chinons), polysaccharides,
“green” reduction — plant extracts (Agharkar et al.
2014; Roupcova and Klouda, 2017), ascorbic acid
(Paredes et al., 2013), FeSO,, bacteria (Wang et al.,
2011); the methods used include: thermal, hydro-
thermal and electrochemical reduction (Chua and
Pumera, 2013). Partially reduced graphene oxide
is marked rGO and is used in a variety of applica-
tions, mostly as the combination of GO/rGO. Total
reduction of oxygen-containing groups provides
graphene (Chng and Pumera, 2013).

Current publications include articles describing
common oxidation of graphite with fullerene (Cgy),
CF, or biochar to create a unique hybrid product
with different weight ratios (Roupcova et al., 2017,
Zhang et al., 2009). In addition, these syntheses
have been enriched with the combined oxidation
of graphite with MWCNT (Roupcova and Klouda,
2017).

Fullerenes are wide closed-cage carbon clusters
with extraordinary properties (Notariani et. al.,
2016). They were discovered in 1985 and belong to

the group of carbon allotropes (3™) after graphite
(1) and diamond (2"Y). Fullerene Cg, (so far the
most stable form) named after Buchmister Fuller,
who built buildings in the shape of domes resem-
bling a soccer ball (bucky ball) (Sharma et al., 2015).
Many techniques to synthesize fullerenes have been
introduced: laser ablation of graphite + He; AC arc
discharge of graphite + gas (He, Ar), combustion of
benzene (O,), chemical synthesis and introduction
of dopants inside the structure (Lee et. al, 2002;
Saunders et al., 1994).
Fullerenes possess excellent stability, large specific
surface area, superior electrical conductivity, and
individual three-dimensional structure. One of the
major applications of fullerenes is photocatalysts
(pollutants degradation, production of hydrogen,
antibacterial, water disinfection) (Pan et. al., 2020).
From the biomedical applications, fullerenes are
known as antioxidants, drug delivery and antiviral
agents (against flu viruses, herpes simplex virus
(HSV), human immunodeficiency virus (HIV) and
cytomegalovirus (CMV)) (Pochkaeva et. al., 2020).
The structure, shape and the emergence of carbon
nanotubes (CNT) can be pictured as a graphene
plane rolled in the direction of two possible vectors.
This will arrange the tubes with mutual arrange-
ments of six-member-C-circles into the structure of:
chair, zigzag, or chiral. According to the number of
layers, the carbon tubes can be divided into single-
walled and multi-walled types (Lee et al., 2012).
The basic preparation consists of the deposition
of chemical vapor using the CVD method at high
temperatures (500—900 °C), depending on the
organic material and the catalysis by various metals
(Lee et al., 2012). Rolling of the carbon plates can
also be carried out under normal laboratory con-
ditions from graphene oxide in a strongly acidic
environment and in the presence of ferrocene alde-
hyde (Calvaresi et al., 2013). The surface of carbon
nanotubes can be functionalized to form covalent
bonds between the surface of the nanotubes and
the substituent, non-covalent ones by modification
with a macromolecule (hybrid, composite), or by
physical adsorption of molecules on the surface of
the nanotube (Calvaresi et al., 2013). Reactions that
allow covalent bonding on the nanotube include:

* oxidation (in solution, gaseous phase, plasma),

* halogenation (iodination, bromination, chlo-
rination, fluorination by reaction with BrFj,
XeF,),

e reaction with diazonium salts (ArN?*) (Calvaresi
etal., 2013).

Non-covalent modification of nanotubes is pre-

dominantly provided by n-n interactions, mn-stack-

ing, electron transfer, hydrophobic interaction
with pyrene derivatives, polymer composites, or

80 Roupcova P et al., Carbon family nanomaterials — new applications and technologies.



composites with biological molecules, DNA, pro-
teins, etc. This type of reaction may include gra-
phene rGO-MWCNT composites. Published
preparations of these composites comprise mixing
of graphene oxide and MWCNT in a certain
weight ratio; sonication and subsequent reduction
by hydrazine (Woo et al., 2012), ferrous sulfate

(Kabiri et al., 2014), ascorbic acid (Chartar-

rayawadee et al., 2013), or i-propanol under y-radi-

ation ®°Co (Sun et al., 2014).

The thus-prepared composites, rGO-MWCNT, can

be used in super-capacitors (Sun et al., 2014) or, after

morphological treatment, as an ideal adsorbent for
organic substances, especially oils (Kabiri et al.,

2014). Modern applications of carbon nanotubes

utilize their ability to behave as a unique nano-reac-

tor. In such nano-reactor, i.e. within the carbon na-
notubes, the concentration of chemical reactants in-
creases thereby increasing the reaction rate; the
charge transfer effects are reflected in the reduction
of free activation energy, and the arrangement of
the molecules allows the reaction to be directed in
the desired direction (Miners et al., 2016). Electron
transmission also affects catalytic activity. Metal na-
noparticles of Ni, Fe, Pd, Pt, Ru, Co, and Cu (Miners
et al., 2016; Wang et al., 2012) are often used as cata-
lysts, adsorbed on the carbon surface (Miners et al.,

2016). Several hydrogenation reactions, synthetic gas

conversions, ammonia synthesis or decomposition,

oxidation reaction, etc. (Miners et al., 2016) have
been realized in this way.

GO, graphene, hybrid compounds, composites, and

porous carbon (biochar) have the following applica-

tions:

* adsorption materials (absorbents) for metal
ions, organic pollutants in waste water treatment
plants (WWTP) (Gopalakrishnan et al., 2018;
Wei et al., 2018),

» sensors (of gases, metals, biomolecules) (Ju,
2018),

e energy accumulation — electrode material for
super-capacitors, Li-ion batteries, solar collec-
tors,

* hybrid compounds and composites — magnetic
composites, ternary composites,

e C-catalysts,

* C-M, C-MO,-catalysts,

* photochemical catalysts (C-TiO,),

* environmental applications (Oladipo and Ife-
bajo, 2018),

* construction, diagnostics (Roupcova, 2017).

CQDs belong to nanostructures consisting of C-

atoms and their size is below 10 nm (Molaei, 2019a,

2019b). They are functionalized with biomolecules
or organic substances (Molaei, 2020) and they are

characterized by (Lim et al., 2015; Zuo et al., 2016):

¢ fluorescence emission,

e solubility in water,

e preparation simplicity,

* low toxicity,

* biocompatibility,

¢ chemical inertness,

¢ functionalization.

CQDs have found many applications in various
areas such as bioimaging (both in vivo/vitro)
(Jamieson et al., 2007), drug and gene delivery,
solar energy, sensors, solar energy conversion, pho-
toelectrochemical (PEC) cells, solar cells, etc. They
can be considered as a substituent for semiconduc-
tior quantum dots (QDTs) due to the characteristics
mentioned above as in comparison to semiconduc-
tor quantum dots (QDs), they can be considered as
alternatives in solar energy conversion applications
(Molaei, 2020).

Biochar

Biochar is also ranked among carbon NMs because
it is a porous carbonaceous material. Biochar, or
bio-charcoal, is the product of waste pyrolysis after
biomass fermentation (Zhu et al., 2012; Weber and
Quicker, 2018). Biomass or wastes, from which
biochar is most often produced, can come from
various sources, such as cow and pig manure, straw,
fruit skins, rice, peanuts, maize, soy, wood waste,
sludge from WWTP etc. (see Figure 3). After the
biomass fermentation process, which aims to pro-
duce biogas, so called digestate remains, mostly
containing a solid portion and a liquid portion, is
left (Zhu et al., 2012; Weber and Quicker, 2018).
The separated solid material can be treated by
pyrolysis at 300—600 °C with restricted air access
or without it. Decomposition temperature can be
reduced by hydrothermal pyrolysis (wet pyrolysis),
where the main ongoing reaction is hydrolysis of
hemicellulose, cellulose and lignin and subsequent
decarboxylation, dehydrogenation, aromatization
and condensation (Zhu et al., 2012). Pyrolysis or
hydrothermal pyrolysis yields a porous carbona-
ceous material with a compact hydrophobic core of
a predominantly aromatic structure and a shell ex-
hibiting hydrophilic and chemically active proper-
ties (surface groups —OH, —C=0, —C—O—C—,
—COOH) (Wei et al., 2018). Surface of biochar
can be reduced (ascorbic acid), oxidized (hydrogen
peroxide) or further modified, and thereby its
properties can be altered (Roupcova, 2017).

The Biochar Journal (Schmidt and Wilson, 2014)
published 55 examples of biochar application with a
precondition for commercialization. In addition to
its specific use (Yao and Wu, 2015; Zhang et al., 2014),
such as a heterogeneous catalyst with wide applica-
tion and energy conversion/storage as a super-
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Fig. 3. Most common substrates for biochar production.

capacitor or Li-batteries, the main application of bio-

char is in soil engineering and as an adsorbent for

various inorganic and organic pollutants, both in

water and soil — see below. In relation to agriculture

(soil), biochar provides the following benefits

(Krishnakumar et al., 2014; Roupcova et al., 2017):

* increased water capacity of soil;

* increased biomass production;

* increased pH of soil;

* reduced toxicity of aluminium;

* reduces tensile strength of soil;

* changed (supported) microbial activity;

¢ reduced emissions of CO,, N,O, CH, from
soil, absorbs organic and inorganic compounds
(Krishnakumar et al., 2014; Roupcova et al.,
2017).

Applications of biochar are very diverse, ranging

from heat and power production, flue gas cleaning,

metallurgical applications, agriculture and animal

husbandry, building material, to medical use. In an

attempt to reduce greenhouse gas emissions, it has

gained increasing popularity in the last years as a

replacement for fossil carbon carriers in several of

these applications (Weber and Quicker, 2018) due

to its ability to absorb both inorganic substances

(ions of heavy metals) and organic contaminants

in an aqueous medium and in soil preventing or

reducing the entry of undesirable substances in the

plants (Krishnakumar et al., 2014).

NM:s toxicity and genotoxicity

The science which deals with toxicity and effects
of artificially created nano-structures and mecha-
nisms to living organisms is called nano-toxicology
(Durnev and Lapitskaya, 2013). Toxicity of nano-
particles is affected by several factors such as the

quantity and size of particles, their concentration,
specific surface, charge, shape, structure, reactivity,
or solubility; therefore, their physical and chemical
properties should be considered in the analysis of
nanoparticles (Freixa et al., 2018; Borm et al., 2006).
It is rather complicated to examine the toxicity of
NMs because they behave differently in various
environments and change their structure and
composition. Therefore, to determine their toxicity,
various studies have to be conducted to examine
their contact with organisms (dermal, oral, or other
means), and their effects (Freixa et al., 2018). To
examine the toxicity, various analytical techniques
are needed; it is not possible to analyze it only by
one single analytical technique.

Various methods are used to determine the toxicity

of NMs: cell toxicity (Tabei et al., 2019), genotoxicity

(Martinez-Paz et al., 2019), toxicity of microorgan-

isms (Chen et. al, 2019), test on larvae (Moon et. al,

2019). Standardized methods of NMs ecotoxicity

include tests on:

* higher green plants — e.g. Sinapis Alba L. (white
mustard) (OECD 208/1984) Terrestrial plants,
growth test, methodical instruction of the De-
partment of Waste of the Ministry of the Envi-
ronment of the Czech Republic to determine the
ecotoxicity of waste,

* invertebrates — e.g. Daphnia manga (pearl mus-
sel) (Gao et al., 2018),

* vertebrates — e.g. Brachydario rerio (Striped
Danio) (Jia et al., 2019),
e autotrophic unicellular green algae — e.g.

Desmodesmus subspicatus (Nam et al., 2018).
Another reason why their toxicity is relatively un-
explored is that most of the analytical methods are
destructive, and so it is not possible to re-use the
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samples (Brandeburova et al., 2017, Mackulak et
al., 2016; Tiede et al., 2008). Particles are made of
the same material but their toxicity varies with dif-
ferent sizes. The material in form of nanoparticles
is more toxic than the larger particles that can still
be breathed in. Nanoparticles can be moved from
the place of accumulation via nasal vessels up to the
brain and gain access to blood and other organs;
phagocytosis is not able to stop them. Nanoparti-
cles of very small dimensions, smaller than some
molecules, can bind to larger molecules and then
modify the protein structures (Donaldson et al.,
2004; Ghika et al., 2018). In addition to the size of
nanoparticles and their surface, an important fac-
tor in their toxicity is also oxidative stress causing
inflammation and genotoxicity (Ghika et al., 2018;
Hussain et al., 2009).

Ecotoxicity of NMs of the graphene family
A whole series of specialized studies has been devoted
to the toxic effects of NMs from the graphene group.
Detailed research studies (Seabra et al., 2014; Guo
and Mei, 2014; Jastrebska et al., 2012) summarize the
contemporary findings concerning the toxic effects
and possible mechanisms of toxicity. While their
conclusions agree that graphene, graphene oxide,
and reduced graphene oxide have toxic effects both
in the in vitroand in the in vivotests (Roupcova, 2017),
the interpreted toxicity results vary and depend on
many factors, such as the physical form of the tested
substance, method of its preparation (contamination
during chemical preparation or during reduction),
environment where the toxicity test was carried
out, or biological system the tests were performed
on (bacteria, green algae, nematodes, crustaceans,
mammalian cells, etc.) (Roupcova, 2017). For exam-
ple, the following data have been published concern-
ing GO toxicity in an aqueous medium (Roupcova et
al., 2016):
* toxicity to crustaceans Amphibalanus Amphitrite
(Mesaric et al., 2013),
* toxicity to microbiological community in efflu-
ents (Ahmed and Rodrigues, 2013),
* non-toxicity against bacterium Shewanella onei-
densis (Wang et al., 2011),
* slight toxicity to embryos of Zebra Danio (Danio
rerio) (Chen et al., 2012),
* non-toxicity to embryos of Zebra Danio (Danio
rerio) (Zhou et al., 2012),
« either toxic or non-toxic to field bean seeds (Vicia
faba) (Anjum et al., 2014).
From this summary, the disunity of results can be
seen. The interaction with live systems is influenced
by both the concentration of the test substance and
the functional groups on its surface, particle size,
exposure time, type of exposed cells (Seabra et al.,

2014), and, in our opinion, also purity of the test
substance. All these variables affect the results of
the toxicity tests.

For example, phytotoxicity of graphene and GO was
analyzed by tests carried out with seeds and germi-
nation plants of tomato, headed cabbage, red spin-
ach and lettuce (Roupcova et al., 2016; Begum et al.,
2011). Concentrations of 0, 500 mg/1, 1000 mg/1,
and 2000 mg/1 were tested and the exposure time
was 20 days. Results of the tests showed significant
reduction of growth and the number and size of
leaves at the highest concentration in almost all
products, with the exception of lettuce; at the same
time, there increase in the production of reactive
oxygen species (ROS) and of the necrotic symptoms
was observed (Roupcova et al., 2016; Begum et al.,
2011).

Similar tests were conducted by Anjum et al. with
field bean seeds (Vicia faba). The seeds were exposed
to different concentrations of GO suspension (sus-
pension contained particles of 0.5—5 pm created
from a simple GO bi-layer) in the concentration
range of 0—1600 mg/l. The study revealed both
positive and negative impact on the growth para-
meters (Anjum et al., 2014). Positive impact has been
determined with GO concentrations of 400 and
800 mg/1. For other concentrations, either lower or
higher, the impact on the bean growth parameters
was negative. The negative effect was indicated by
the drop of growth parameters, increased activity
of enzymes decomposing hydrogen peroxide, in-
creased level of electrolyte leak (damaged stability
of cell membranes), and finally by increased levels
of hydrogen peroxide and lipids and proteins oxi-
dation. These results demonstrate the complexity
of phytotoxicity results interpretation. A question
remains why the specified GO concentrations opti-
mized the physiological process of germination and
growth (Hussain et al., 2009; Lanwani et al., 2016).

Applications of NMs

Environmental applications of CBNMs

Many hazardous pollutants from industry enter
the environment every year. To help protect the
environment and humans, adequate safety manage-
ment is required employing chemical, biological
or physical treatment (Jurado-Sanchez and Wang,
2018; Tratnyek and Johnson, 2006).

Micromotors present a brand new paradigm for
actual time environmental monitoring with huge
promise for detection of sudden changes and possi-
ble threats or for monitoring remediation processes
or hardly accessible environments. One effective
strategy depends on the changes in the floating
behavior of catalytic self-propelled micromotors
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when hazardous chemicals are present (Jurado-
Sanchez and Wang, 2018; Sen et al., 2009).

Use of micromotors for adsorption

Adhesion of atoms, molecules or ions from a lig-
uid, dissolved solid or gas to a surface is called
adsorption. Concerning micromotors and the
environment, research has been directed towards
the proposal of micromotors functionalized with
proper (bio)-ligands or composed of activated car-
bon or graphene. A great part of attention has been
paid to dynamic oil removal using micromotors
as an effective way to encounter petroleum drops
(Jurado-Sanchez and Wang, 2018). For example,
hydrophobic graphene/Pt tubular micromotors,
made by rolling together with wax-printed sheets,
were successfully tested for collecting lubricants
from water samples. The high surface-to-volume
ratio combined with graphene along with self-
propelled micromotor motion offers friendly
conditions to collect lubricant droplets occurring
in water through its hydrophobic interactions
(Baptista-Pires et al., 2018).

Graphene is the most used allotrope of carbon for
adsorptive removal of pollutants. For example, re-
duced graphene oxide coated silica/Pt Janus mag-
netic self-propelled micromotors show enhanced
removal of persistent organic pollutants (triclosan
and polybrominated diphenyl ethers) from water.
Micromotors can be repeatedly used in four cycles
in sequence without any difference in their adsorp-
tion characteristics (Orozco et al., 2016).

Pollutant degradation micromotors

Progressive oxidation processes play an important
role in the chemical treatment removing organic
and inorganic pollutants in water by oxidation
through chemical reactions with ozone (Oy),
hydrogen peroxide (HyO,), hydroxyl radicals
(-OH) or UV light. Peroxide driven self-propelled
micromotors provide a new dimension to progres-

sive pollutant removal because peroxide behaves
as a strong oxidizing agent broadly used by envi-
ronmental communities for the degradation of
dangerous organic substances. The micromotor
motion enables faster contact of the pollutants
and active reactants, developing in more dynamic
degradation processes that can be compared to
static opposites (Jurado-Sanchez and Wang, 2018).
A short overview of CBNMs used as self-propelled
micromotors is given in Table 1.

CBNMs and their applications in medicine

The development of different NMs for diagnosis
and therapy caused NMs to become an interesting
and important area of biomedical research. Due
to the high toxicity and side effects of the use of
traditional chemotherapy in cancer, scientists are
working on the development of alternative thera-
peutic technologies (Roacho Perez et al., 2018). The
above mentioned NMs can assist in the monitoring
of disease progress and treatment efficacy, recog-
nize blood type of the patient, or the type of tissue
at transplantation (Li et al., 2018). One of the main
advantages of these substances is their non-invasive
use as a diagnostic tool. Another new and exciting
feature is the multi-modal use of one sensor formed
from NMs. This allows for a better and more ac-
curate understanding of the in vivo action (Wang
et al., 2017). Moreover, the connection of diagnosis
and treatment in one system provides new pos-
sibilities in the treatment of diseases such as cancer.
This type of treatment is called teranostics. When
applying a modified nanomaterial in various imag-
ing techniques and treatment possibilities, higher
therapeutic efficacy can be achieved (Barreto et al.,
2011).

NMs characteristics in cancer treatment

The prerequisite of successful use of NMs in vivo as
well as in vitro is their correct synthesis. A particle
that has the right size, surface, or polarity has to

Tab. 1. Summary of carbon based micromotors for potential environmental applications.

Motor

Pollutant

Reference

Removal of pollutants by adsorption

Activated carbon/Pt Janus micromotors

Heavy metals, explosives, nerve

(Jurado-Sanchez et al., 2015)

agents, azo dyes

Zr/rGO/Ni/Pt tubular micromotors
rGO/Ni/Pt tubular micromotors

rGO/Pt Janus micromotors

Chemical warfare agents
Heavy metals

Persistent organic pollutants

(Singh et al., 2015)
(Vilela et al., 2016)
(Orozco et al. 2016)

GO/ Pt nanoparticles (NPs) rolled — up micromotors  Oil droplets (Baptista-Pires et al., 2018)
Degradation of pollutants

Advanced oxidation

rGO/ Prussian blue hydrogel micromotor Azo dyes (Hao et al., 2015)
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be created. Toxicity of nanoparticles and their bio-
compatibility have also to be considered (Ghika et
al., 2018).

The reticulo-endothelial system (RES) is a part of
the immune system composed of phagocytic cells.
Macrophages and monocytes are located in spleen
and in lymph nodes, while Kupffer cells are located
in liver. The main role of this system is to eliminate
old or foreign cells and create new cells for immune
and inflammatory response. Tumor cells induce the
infiltration of other cell types and instruct them
(fibroblasts, endothelial cells and immune cells)
in cell-contact dependent (paracrine, receptor-
mediated) and contact independent manner (endo-
crine, cytokines and other signaling molecules)
to establish a self-promoting and mutually self-
reinforcing tumor microenvironment (TME) that
promotes tumor progression (Conde et al., 2016).
This system is active mainly in the elimination of
larger nanoparticles. The smaller the particle, the
longer time is needed to eliminate the particles
from blood circulation. It was found that particles
smaller than 200 nm are the ideal size for cancer
treatment (Song et al., 2017). The lower limit of the
size is derived from the ability to filter particles in
the kidneys. Glomerular barrier transmits particles
smaller than 6 nm, while those larger than 8 nm
will not pass through. Also, a healthy endothelium
has an effective pore size of about 5 nm; therefore,
NMs smaller than this size will pass through into the
extra-vassal spaces. The entry of foreign particles
into a cell is blocked by three stage mechanism. Us-
ing opsonization, macrophages recognize foreign
particles and absorb them via endocytosis, and
the digestive enzymes try to break them down. If
the particle is not biodegradable, it is removed by
kidneys or stored in the reticulo-endothelial system
(Barreto et al., 2011).

Degradation of NMs through RES is also linked to
the polarity and charge of particles. This process is
faster if the particles are more hydrophobic, which
allows for better adsorption of blood proteins on
their surface. Also surface charge affects the elimi-
nation of NMs; neutral particles or particles with low
charge are removed immediately. Positively charged
particles are not specifically linked to the cells,
whereas the negative charge attracts phagocytes in
liver. It has been proved that zeta potential of a par-
ticle higher than +30 mV prevents its agglomeration
in a model suspension (Barreto et al., 2011).

Conclusions

The article briefly summarizes the general charac-
teristics of NMs, especially their properties with
which they penetrate into the environment (water,

soil). Furthermore, individual members of the gra-
phene family, including porous carbon (biochar),
are described. The main characteristics, prepara-
tion, and the new eco-friendly applications of car-
bon based NMs as self-propelled micromotors are
introduced. NMs have become an important part of
medical research combining diagnosis and therapy
into one system, which provides new possibilities in
treatment of diseases such as cancer.
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