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Abstract: This article presents a brief review of the knowledge concerning onion-like carbons
(OLCs). These nanostructures are some of the most fascinating carbon forms due to their un-
usual structure and physico-chemical properties. Generally, OLCs consist of a hollow-
spherical fullerene core surrounded by concentric graphitic layers with increasing diameter.
Nevertheless, they can have different size, shape and type of core, which determine their

physicochemical properties. In this article, we review the most important literature reports in
DOI: this area and briefly describe these nanostructures, their physical and chemical properties and
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their potential uses with a focus on biomedicine.

Keywords: Onion-like nanostructures, multi-layered fullerenes, composites, functionalization, physicochemical

properties, bioapplications.

1. INTRODUCTION

It seems that the interest in carbon nanostructures
(CNs) has been slowly disappearing. Although the de-
cline in the number of published scientific articles
could support this statement, it could not be more mis-
leading. It seems that the scientific research focusing
on these nanostructures has reached the next level - we
are moving from the basic studies of CNs to their ap-
plications. The fascination with the discovery of new
allotropic forms of carbon materials (CMs) and the
studies of their physicochemical properties are already
passing. We are familiar with the advantages and dis-
advantages of these CNs [1-4], which are mainly made
of carbon atoms. We realize that the combination of
several hundred or even several thousand carbon atoms
in the well-organized macromolecular systems creates
interesting structures with unique physicochemical
properties. Their uniqueness results not only from the
chemical composition and size but also from the fact
that the number of carbon atoms and the way they are
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bonded defines the physicochemical properties of the
formed CNs. Among these nanostructures, one may
find one-dimensional (1D: carbon nanotubes) [5], two-
dimensional (2D: graphene) [6, 7], three-dimensional
(3D: diamond and graphite) [8], and those that are con-
sidered as idealized zero-dimensional (0D: fullerene
and onion-like nanostructure) systems due to their al-
most perfect spherical structures in the three dimen-
sions [9-12]. Despite almost identical chemical compo-
sitions, these nanostructures differ significantly in the
physical properties and chemical reactivity. The latter
significantly affects their subsequent use. This unique-
ness allows searching for special solutions in
nanotechnology, medicine or biological sciences.

In this brief discussion, we will try to summarize the
achievements for only one group of CNs, commonly
known as onion-like carbons (OLCs). In addition to the
short characteristics of basic research, including the
methods of obtaining these CNs, their structures and
physicochemical properties, our considerations will be
limited to their potential applications in biomedicine.
Although this field is not the most widely represented
in the literature on these CNs, currently, this field of
research seems promising, and the interest in this area
is growing rapidly. We will try to prove this statement
in our further considerations.

© 2019 Bentham Science Publishers
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2. STRUCTURES AND PHYSICAL PROPERTIES
OF ONION-LIKE STRUCTURES

OLC structures consist of a hollow-spherical
fullerene core surrounded by concentric graphitic lay-
ers with increasing diameter (Fig. 1). The distance be-
tween these layers is usually 0.335 nm, and similar as
in graphite (0.334 nm) [13]. OLCs consist of quasi-
spherical- and polygonal-shaped graphene layers close
to one another, due to the van der Waals forces be-
tween neighboring shells. That is why they are also
referred to as “nano-onions,” ‘“carbon nano-onions,”
“onion-like carbon,” or “buckyonions” [14-16]. The
number of carbon atoms forming a corresponding layer
of spherical OLCs (6-8 graphitic shells and diameter of
5-6 nm) is calculated according to the formula [10]:

Cx(n): C60'n2 (1)

where 7 is the sequential number of the corresponding
layer; x (n) defines the number of carbon atoms com-
prising the layer.

Spherical OLCs have a cage-within-a-cage struc-
ture, with smaller fullerenes nested inside larger ones,
forming the ideal fullerene series “Cgo@Caa0@Csa0@:
-@Ceon™ [10]. In this respect, OLCs are also frequently
called “multi-layered fullerenes” [17]. The surface of
OLCs is mainly composed of hexagonal rings similar
to graphene layers, but they also possess some pen-
tagonal, heptagonal, quadrangular and octagonal rings,
and contain some defects and holes [14, 18]. The struc-
tural defects present (edges, dangling bonds, vacancies,
dislocations) lead to a relatively high chemical reactiv-
ity of OLCs. This is one of the main advantages of
these CNs.

Although the number of atoms can be calculated us-
ing one equation, the number of different CNs classi-
fied as OLCs is unlimited. Fig. (1) presents images ob-
tained with high-resolution transmission electron mi-
croscopy (HRTEM) representing some examples of the
diverse types of the OLC nanostructures. The dimen-
sions of the nanostructures fluctuate within the range of
2 and 200 nm. OLCs can be divided according to three
parameters: size: “big” or “small”; shape: “spherical”
and “polygonal”; type of core: “dense” and “hollow”
(empty or filled with different metals) (Fig. 1). The
type of OLCs (size and shape) depends on the type of
method and type of starting components used to form
these CNss.

Various methods of OLC synthesis have been pub-
lished. Only a few of them have found widespread use.
This is mainly due to the efficiency of the production
process and the high purity of the obtained products.
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The most popular methods include, among others,
thermal annealing of nanodiamonds (NDs) [15], arc-
discharge process between graphite electrodes sub-
merged in water [19, 20], carbon ion implantation in
the presence of metals (Ag, Cu, Co), chemical vapor
deposition [21], decomposition of polycyclic aromatic
hydrocarbons under laser irradiation [22] and solid-
state carbonization of organic compounds [23].

Currently, the most common and economical
method used for the production of spherical OLCs is
the method proposed by Kuznetsov in 1994 [15], which
was further modified and applied by other authors [24-
26]. The large-scale production of OLCs (gram quanti-
ties, with the onion yield close to 100%) is based on
annealing of ND particles (average diameter of 5 nm)
at high temperatures in an inert atmosphere under high
vacuum. The diameter of the formed OLCs is analo-
gous to the diameter of the used NDs.

Upon high-temperature annealing, the graphitization
process of NDs starts on the surface and progressively
extends into the bulk of the particle, initially resulting
in the formation of graphene shells surrounding an ND
core. The formation of perfect graphitic shells occurs
only after the complete transformation of the diamond
core, at temperatures higher than 1,600°C. This anneal-
ing leads to the formation of small particles with 6-8
graphitic shells and diameters of 5-6 nm, and these par-
ticles are frequently called “small” OLCs. Thermal an-
nealing of NDs up to 1,700°C leads to the progressive
formation of polygonal nanostructures (Fig. 1).

The types of formed nanostructures, their structures,
the numbers of layers and the distances between them,
determine their different physical and chemical proper-
ties. Because OLCs derived from NDs are the most
commonly used nanostructures in many areas, the
physicochemical properties of these CNs will be briefly
discussed below. We will pay attention mainly to those
physical properties that affect the chemical properties
of the OLCs, in particular, their chemical reactivity.
These properties play major roles in further applica-
tions of the CNs. Compared to other CNs, OLCs are
not very soluble in many organic and inorganic sol-
vents, which restricts their applications in many fields.
Although OLCs have greater surface curvature and
strain energy, which leads to higher chemical reactivity
[32, 26], their “solubility” is still very low. In the case
of CNs, the term “dispersibility” should be used rather
than “solubility.” Even in the case of modified CNs, it
is impossible to obtain real solutions, i.e., completely
dissolved CNs, due to the van der Walls forces between
carbon nanoparticles.
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Fig. (1). High-resolution TEM images of OLCs: “big”, “small”, spherical, polygonal, dense and hollow. Reprinted with per-
mission from Ref. [20, 28-31]. Reproduced by permission of AIP Publishing LLC, Elsevier and Wiley & Sons.

As already mentioned, the spherical “small” OLCs
are formed during a high-temperature annealing in the
progressive graphitization process of NDs, from the
external layers into the bulk of the particle. This proc-
ess was investigated using HRTEM [33], Raman spec-
troscopy [34, 35], solid state "*C nuclear magnetic
resonance  spectroscopy (°C  NMR) [36, 37],
porosymetry [38, 39], X-ray emission and X-ray
diffraction (XRD) studies [40, 41]. The following con-
clusions can be drawn: (i) annealing the NDs in the
1,100-1,700°C temperature range leads to the creation
of spherical OLCs with a 5-6 nm diameter; (ii) increas-
ing the annealing temperature results in an increasing
weight fraction of sp’-carbons in the OLCs [42]; (iii)
the formation of perfect graphitic shells occurs only
after the complete transformation of the diamond core,
which occurs at temperatures ca. 1,700°C; and (iv)
thermal annealing of NDs up to 1,700°C leads to the
progressive formation of polygonal nanostructures.

The textural properties of OLCs, such as the spe-
cific surface areas (SSA), densities and average pore
sizes, greatly affect the electrochemical and catalytic
properties of CNs, which are crucial in the design of
electrochemical sensors, including biosensors [43, 44,
45]. These parameters depend on the annealing tem-
perature utilized. OLCs obtained by annealing NDs at
900-1,900°C display large SSA values. The SSAs de-
termined by nitrogen gas adsorption are between ca.
390 and ca. 600 m%/g. At 1,500°C, NDs are totally
transformed into spherical, defect-free OLC structures,
which exhibit the maximum SSA values. Additionally,
the OLC nanoparticles exhibit only a small fraction (~5

vol.%) of micropores (d < 2 nm), and most of the vol-
ume is composed of 0.50-36 nm pores [39, 46]. The
OLCs are highly absorptive over a broad microwave
and RF frequency range (2—38 GHz) [47] and Tera-
hertz range (12-230 THz) [48], as a result of their
small size and high reactivity [47,49]. These unique
structural and textural parameters are crucial for the
bio-analytical applications, especially when the latter
are based on electrochemistry as their fundamental
principle.

3. TOWARDS BIO-APPLICATIONS: ADVAN-
TAGES OF FUNCTIONALIZED OLCS

As already mentioned, the low dispersibility and
hydrophobic nature of OLCs limit their applications in
biosensing, bioimaging and other bioapplications. One
of the most popular methods for increasing OLC’s
solubility is their functionalization that may be per-
formed in a covalent or non-covalent manner. Consid-
ering the application of CNs in biomedicine, their
chemical stability and resistance to pH changes are also
extremely important factors. Consequently, covalent
modifications are more often used in this field.

3.1. Covalent and Non-Covalent Functionalization
of OLCs

The hydrophobic nature of OLCs prevents their
easy use in biological applications. Therefore, the
modification with other compounds or biomolecules is
required. The reactivity of fullerene-like structures,
including OLCs, decreases with increasing size due to
a decrease in the surface curvature [50]. In this respect,



4  Current Medicinal Chemistry, 2019, Vol. 26, No. 00

the synthesis of OLCs with few layers is highly desired
to increase the ability to modify them using chemical
reactions. The ability to functionalize OLC surfaces
depends on the presence of defects on the carbon sur-
face as well as on the presence of carbon atoms with
sp’ hybridization [51].

According to theoretical and experimental studies,
two types of C—C bonds exist in the OLCs [52-54]: (1)
the C-C bond between a hexagon and a pentagon with
lengths between 1.455 and 1.460 A, and (ii) the C-C
bond between two hexagons with lengths between
1.400 and 1.391 A. The lengths of these bonds corre-
spond to the lengths observed for polyenic bonds in
polyolefins, which are susceptible to addition reactions
[55]. Due to these properties, many covalent reactions
were applied such as amidation [56], oxidation [57, 58]
1,3-dipolar cycloaddition [59, 60, 2+1] cycloaddition
[61], nucleophilic substitution [62], diazonium addition
[63], reduction [62], fluorination [64] and radical addi-
tion [65] (Fig. 2). Attaching of various functional
groups on the OLC surface improves their solubility
and changes their physicochemical properties (Fig. 2).

In addition to many reactions typical for organic
synthesis of fullerene chemistry, one was conducted
that led to the production of unique products with spe-
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cific physicochemical properties. The first covalent
functionalization of “small” OLCs incorporated into
self-assembled monolayer with biomolecules on gold
surface was reported in 2010 (Fig. 3) [66]. The oxi-
dized-OLCs (0x-OLCs) were linked directly to the cys-
teamine layer trough the amine bond. On this modified
“layer-by-layer” surface, biotin was attached and inter-
acted with avidin. This system, containing OLCs and
biomolecules, is a potential candidate for biosensors
and other bio-applications [66].

Fig. (4) presents the OLC nanostructures covalently
functionalized by fluorophores. The boron dipyrrome-
thene-OLCs (BODIPY-OLCs) (Fig. 4a) were synthe-
sized in two steps. First, using the Tour reaction, OLCs
were functionalized with benzoic acid. Then, employ-
ing an ester condensation reaction, OLCs with meso-
phenol substituted boron dipyrromethene were synthe-
sized (Fig. 4a) [68,69]. Additionally, other derivatives
of BODIPY were synthesized, such as boron difluoride
azadipyrromethene (Fig. 4b) [70] and m-extended
distyryl-substituted boron dipyrromethene (Fig. 4c).
These BODIPY derivatives were used to functionalize
“small” OLCs [71]. In addition, the non-covalent func-
tionalization by pyrene-BODIPY conjugates to form -
n-stacking interaction with OLC surfaces was per-
formed by Bartelmess et al. [72].
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Fig. (2). Covalent functionalization pathways for OLCs. Reprinted with permission from Ref. [67]. Reproduced by permission

of Beilstein-Institute.
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Another example of fluorescein-functionalized OLC
(fluoro-OLC) is shown in Fig. (4d). The fluoro-OLC
derivative was synthesized in two steps with a by-
product, Tour-functionalized OLCs [73]. Frasconi et al.
synthesized doubly functionalized OLCs with fluo-
rescein and folic acid derivatives linked with a poly-
ethylene glycol chain to OLC surfaces for potential
therapeutic and diagnostic applications [74].

3.2. Composites and Doped-OLCs

The formation of OLC composites and doping of
carbon nanoparticles with heteroatoms are relatively
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new and popular methods of their functionalization.
Such modification results in the optimization of elec-
trocatalytic properties and the biocompatibility en-
hances the efficiency and increases biological applica-
bility.

The application of surfactants in combination with
OLCs increases the solubility of the latter. This ap-
proach allows the formation of water-soluble compos-
ites characterized by high hydrophilicity and mechani-
cal stability combined with unique physicochemical
properties. The OLCs were successfully modified by
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Fig. (3). Scheme of modification “layer-by-layer” gold surface by 1) cysteamine, 2) ox-OLCs, 3) biotin, and 4) avidin. Re-
printed with permission from Ref. [66]. Reproduced by permission of Wiley & Sons.

Fig. (4). Covalent functionalization of OLCs with: (a) boron dipyrromethene (BODIPY-OLCs), (b) boron difluoride azadipyr-
romethene, (¢) n-extended distyryl-substituted boron dipyrromethene, (d) fluoresceinamine.
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non-covalent functionalization with hexadecyltrimethy-
lammonium bromide (CTAB), sodium dodecyl sulfate
(SDS), sodium dodecyl benzene sulfonate (SDBS), 4-
(1,1,3,3-tetramethylbutyl)phenyl-polyethylene  glycol
(Triton X-100) and polyethylene glycol sorbitan mono-
laurate (Tween 20) [75]. Such modifications provided
long-term stability to the composites and high dis-
persability in aqueous solutions, as confirmed by TEM,
dynamic light scattering and zeta potential.

The OLC composites can be used as carriers of dif-
ferent compounds, such as natural polyphenols, which
show strong antibacterial properties and are able to pro-
tect mammalian cells. The composite containing OLCs
and polyethylene glycol (PEG 400) was tested as a car-
rier of biologically active compounds including
1,2,3,4,6-penta-O-galloyl-p-D-glucopyranose (B-PGQ)
[76]. The specific interactions between the OLC/PEG
systems, polyphenolic derivatives and a triple-helical
collagen-like peptide [(Pro-Hyp-Gly)s-Pro-Hyp-Ala-
(Pro-Hyp-Gly)s]; were described and confirmed by
surface plasmon resonance, among other techniques.

The OLC composites can act as platforms for elec-
trostatic immobilization of polyphenolic compounds,
such as quercetin, which has anti-inflammatory proper-
ties and may be effective in fibromyalgia treatment
[77]. For this purpose, the carbon nanoparticles were
first modified with poly(4-vinylpyridine-co-styrene) or
poly(ethylene glycol)/polysorbate 20 in a non-covalent
procedure. Next, a modification using 3-
mercaptopropionic or 2-mercapto-4-methyl-5-thiazo-
leacetic acids provided a biocompatible and hydro-
philic character to the OLC’s surfaces. The OLC sys-
tems with incorporated flavonoids, such as quercetin,
could be applied in biosensing and drug targeting ap-
plications.

The most recent studies showed that nitrogen-rich
OLCs are able to reduce oxygen [78]. The strategy de-
scribed by Chatterjee et al. is based on the formation of
nitrogen-doped OLCs (N-OLCs) from renewable bio-
logical resources, such as collagen. The product con-
tained 7.5% of nitrogen embedded into the carbon mo-
lecular skeleton and exhibited an outstanding electro-
catalytic activity as a metal-free catalyst alternative to
platinum [79]. Similar catalytic properties have been
exhibited by nitrogen-doped OLCs prepared by thermal
annealing of nanodiamond particles using Kuznetsov’s
method [44].

One of the most important aspects of bioapplica-
tions is finding biocompatible systems with low toxic-
ity and high electrical conductivity. That issue concerns
defined systems, which may be applied in biosensors or
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other biodevices. In this respect, scientists are looking
for novel systems, which are capable of ultrafast elec-
tric charge transfer. An example of a composite with
high  conductivity and high permittivity is
OLC/polyaniline [80, 81, 82, 83]. The aniline func-
tional groups were introduced through the 4-
aminobenzoic acid onto the OLC’s surface. The struc-
ture of the obtained nanocomposite formed homogene-
ous, easily dispersible material in protic solvents and
showed excellent biocompatibility.

The OLC composites were also applied to water pu-
rification. The ferromagnetic —metal-encapsulated
Feo64Nip3cOLC material revealed flexibility, stretching
ability, capability for oil adsorption and cleansing
properties, as proven by removal of methylene blue
(MB) from water solution [84]. Similar bioremediation
properties for heavy metal ion contaminants, including
Pb*, Cu*’, Cd*', Ni*' and Zn*", were described. The
oxidized OLCs possess a 10-fold higher sorption ca-
pacity than single-layered fullerenes [85].

4. BIOMEDICAL APPLICATIONS OF OLCS
AND THEIR SAFETY CONCERNS

4.1. Toxicological Aspects. Biocompatibility and
Biodistribution

The toxicity of CNs utilized in biological and medi-
cal applications is a very important issue. The toxicol-
ogy aspect of OLCs depends on their size, shape and
the synthesis procedure. The first toxicity test of OLCs
was performed in 2005 [86]. Their biocompatibility
and influence on living organism were examined sev-
eral times by different groups. The studies confirmed
non-invasive features of OLCs, such as their low toxic-
ity and weak inflammatory properties (Table 1).

It was found that “big” OLCs (30 nm) in high doses
could seriously affect cellular functions during cell
maintenance, growth, and differentiation. These tests
were done on human skin fibroblasts [86]. Addition-
ally, the influence of “big” OLCs (30 nm, produced by
the arc-discharge method) on human umbilical vein
endothelial cells (HUVECs) was examined. OLCs ex-
hibited a dose-dependent inhibitory effect on cell
growth. In addition, OLCs could induce apoptosis in
HUVECs and DNA damage [87]. It should be empha-
sized that “big”, insoluble OLCs showed less cellular
toxicity than  multiwalled carbon  nanotubes
(MWCNTs) [83, 85]. This was confirmed by measur-
ing unpaired electrons of particles and intercellular re-
active oxygen species (ROS) in the presence or absence
of antioxidant N-acetylcysteine (NAC) [88]. In this
test, the toxicity of OLCs was negligible.
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Table 1. Some examples of biomedical applications of OLCs and their safety concerns.

Functional Group or . . .
Structure Analyses Target Site Properties of OLCs Application Refs.
PEGylated OLCs MTS tests Human fibroblasts Biocompatible Drug delivery | [66, 86, 89]
SPR spectroscopy analysis Polyphenols Non-cytotoxic Drug delivery [90,91]
[76]
Water-soluble OLCs Toxicity investigation Drosophila mela- Non-toxic Drug delivery [92, 94]
nogaster Biocompatible In vivo fluores-
Escherichia coli cence imaging
Caenorhabditis ele- Biodelivery of
gans drugs
OLCs, MnO,/OLCs Cytotoxicity 4T1 cell line Negligible toxicity [95]
Hemolysis analysis Non-toxic
Pyrene-BODIPY OLCs Toxicity investigation HeLa Kyoto cells Low toxicity Imaging agents [70, 72]
Resazurin-based assay Target of cancer
cells
Distyryl-substituted B Toxicity investigation MCF-7 and HeLa Cyto-biocompatible Imaging agents [71]
dipyrromethene OLCs Colorimetric assay cells
BODIPY OLCs In vitro toxicity investiga- MCEF-7 cells Low toxicity Imaging agents [69]
tion
BODIPY OLCs, benz- Toxicity investigation Zebrafish Non-toxic Imaging agents [68]
OLCs Biocompatible Intracellular
transport
OLCs/CTAB Antibacterial activity Escherichia coli Antibacterial activity [75]
OLCs/SDS, SDBS, Antibacterial activity Escherichia coli Non-active [75]
Triton X-100, Tween 20
Folic acid OLC deriva- Toxicity investigation HeLa and KB cells Low toxicity [74]
tives
Ox-OLCs SPR spectroscopy analysis | Biotin-avidin model Biocompatible Biosensors [66]
OLCs/Pt Reduction of oxygen Electrocatalytic activity Biofuel cells [96]
OLCs/SWCNTSs/CS/Au | Electrochemical detection Carcinoembryonic High sensitivity Electrochemical [97]
NPs antigen Decreasing detection limit | immunosensors
Diazonium OLC deriva- | Amperometric detection | DNA of human papil- | Enhancing sensitivity Amperometric [98]
tives lomavirus oncogene | Decreasing detection limit sensors
0AP or Th modified Electrochemical detection Nitrite or ascorbic Enhancing sensitivity Biosensors [99]
OLCs acids in real samples | Decreasing detection limit
N-OLCs Non-enzymatic electro- Hydrogen peroxide Electrocatalytic activity | Electrochemical | [44, 78, 79]
chemical detection Dopamine High sensitivity and selec- sensors [100]
Epinephrine tivity
Serotonin Decreasing detection limit
OLCs/PDDA Electrochemical detection Dopamine Electrocatalytic activity | Electrochemical [45]
High sensitivity and selec- sensors
tivity Bio-fueling
Ox-OLCs Fluorescence AI(IIT) Photocatalytic activity Fluorescent [101, 102]
Glucose High sensitivity and selec- sensors
tivity

Abbreviations: PEGylated — OLCs with polyethylene glycol (PEG 400); MTS - ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2-tetrazolium)) salt; SPR — surface plasmon resonance spectroscopy; pyrene-BODIPY - boron dipyrromethene-; CTAB — hexadecyltrimethylam-
monium bromide; SDS - sodium dodecyl sulfate; SDBS - sodium dodecyl benzene sulfonate; Triton X-100 - 4-(1,1,3,3-tetramethylbutyl)phenyl-polyethylene
glycol; Tween 20 - polyethylene glycol sorbitan monolaurate; Ox-OLCs — oxidized OLCs; SWCNTs — single-walled carbon nanotubes; CS — chitosan; AuNPs
— gold nanoparticles; 0oAP — o-aminophenol; Th — thionine; N-OLCs — nitrogen-doped OLCs; PDDA - polydiallyldimethylammonium chloride.
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The cytotoxicity profiles of “small” OLCs, oxidized
OLCs and PEGylated OLCs (OLCs functionalized by
polyethylene glycol) were carried out on human fibro-
blasts [66]. The assay was based on (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2-tetrazolium) salt (MTS), which plays
a key role in colorimetric proliferation, cytotoxicity or
chemosensitivity tests [89-91]. MTS is bioreduced by
NADPH/NADH, which is produced by active mito-
chondrial dehydrogenase inside living cells. The re-
duced tetrazolium salt is a colored, water-soluble for-
mazan product which is generated in the presence of a
phenazine ethylosulfate (PES). The quantity of forma-
zan that is directly proportional to the number of living
cells in the culture is measured by a calorimetric
method. The results of MTS assay have shown bio-
compatibility and non-cytotoxicity of “small” OLCs
[66].

In another study, an investigation of the toxicity on
fruit flies (Drosophila melanogaster) was performed
[92]. They were fed nourishment with and without wa-
ter-soluble OLCs. The morphological appearance was
invariable for flies that were fed OLCs and standard
food. Moreover, OLCs were easily excreted from Dro-
sophila melanogaster. However, it was observed that
pupae, male and female adults fed with the OLCs,
weigh more than the control flies, but this fact did not
affect the normal activity of their life. A recent study
showed that OLCs crossed the blood brain barrier
(BBB) and entered the brain without influencing the
examined organism, in this case — mice [93]. This illus-
trates an opportunity of OLCs application for drug de-
livery into brain with a subsequent easy removal from
the body. Analogously to the Drosophila melanogaster
research mentioned above, a gradually decreasing fluo-
rescence intensity of both the excreta and the body was
monitored. Within six days, the fluorescence in mice
after intravenous tail vein injection decreased to a neg-
ligible level, as in untreated mice [93].

Additionally, Revuri et al. carried out the cytotoxic-
ity and hemolysis analyses of OLCs and their
OLC/MnO, composites [95]. OLCs were incubated in a
4T1 cell line for 24 hours and showed negligible toxic-
ity profiles, even at concentrations up to 100 pg/mL.
The hemolysis analysis showed no toxicity effects.
Only minimal erythrocyte disruptions in the blood were
noticed [95].

The near-infrared (NIR) fluorescent OLCs modified
by boron difluoride azadipyrromethene (Fig. 4b) and
non-covalently pyrene-BODIPY -functionalized OLCs
were tested on HeLa cells [70,72]. The viability of
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HeLa cells after incubation with five different concen-
trations of the modified OLCs was determined by a
resazurin-based assay. The tests showed a slight reduc-
tion in the cell viability. The far-red fluorescent OLCs
modified by m-extended distyryl-substituted boron
dipyrromethene were tested for cell viability of human
breast cancer stem (MCF-7) and HeLa cells. The col-
orimetric assay (WST1) was conducted with different
concentrations of functionalized OLCs for various in-
cubation times. Cell viability values higher than 80%
confirmed cyto-biocompatibility of OLCs [71]. The in
vitro toxicity of BODIPY-OLCs (Fig. 4a) was also ex-
amined. The viability of MCF-7 cells was checked
upon their exposure to different concentrations of
BODIPY-OLCs and their intermediate products, benz-
OLCs. The toxicity measurements after 24, 48 and 72-
hour incubation did not show significant toxicity com-
pared with the cell control [69].

In another study, the first-time toxicity evaluation of
BODIPY-OLCs on vertebrates was reported [68]. The
zebrafish was chosen as a model organism, which ex-
hibits many similarities in major organs, tissues and
processes to higher vertebrates [103]. To observe the
developmental stages of zebrafish, benz-OLCs and
BODIPY-OLCs with different mass concentrations
were added to the embryo growth medium. The func-
tionalized OLCs were internalized through both swal-
lowing and skin-absorption. The survival rates after
zebrafish treatment with OLCs were higher than 95%
compared with untreated zebrafish. In the larvae stages,
the differences in such parameters as heartbeat rate and
frequency of movements were not observed [68]. Some
morphological malformations, such as yolk sac edema,
pericardial edema, fin fold abnormalities and tail flex-
ure were observed. However, the total percentages of
abnormalities, induced by OLCs, were less than 4%
[68]. This study showed the non-toxicity of homoge-
nous well-dispersed functionalized OLCs and their
good biocompatibility with the zebrafish body.

In aforementioned research on OLC’s composites
with surfactants (CTAB, SDS, SDBS, Triton X-100
and Tween 20), their effects on Escherichia coli strains
were assayed [75]. The OLC/CTAB composite showed
only a significantly decreasing cell viability. The non-
modified OLCs and their composites containing SDS,
Tween 20, Triton X100 or SDBS had no or little effect
on bacterial cell viability, when compared to the nega-
tive control and pure detergents. Thus, the OLC/CTAB
composite influences E. coli cultures and has strong
antibacterial activity. Moreover, the influence of OLCs
and the OLCs functionalized with benzoic acid, pyridi-
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nium and pyridine, on morphology and behavior, and
the long-term effects on the development and reproduc-
tive capability of Hydra vulgaris were investigated
[104].

The cytotoxicity assay for OLCs multi-
functionalized with fluorescence and folic acid deriva-
tives was performed [74]. The cellular viability of
HeLa and KB cells after exposure to OLCs at different
concentrations and incubation times was evaluated.
Cells showed more than 80% viability compared with
the control sample [74].

All analyses classified OLCs as biologically safe
and non-toxic materials (Table 1) [104]. Additionally,
OLCs have shown weak inflammatory properties and
low toxicity and demonstrated an efficient uptake by
antigen-presenting cells and transport to lymph nodes
[73].

4.2. Multifunctional Nanoparticle in Biomedicine

The multifunctional character of OLCs was de-
scribed in some reviews [10, 67]. The authors focused
on their unique, fascinating properties and wide-range
potential applications. The abilities for the functionali-
zation of OLCs depend mainly on the applied synthesis
procedure, which determines their further physico-
chemical properties, and the presence of different
molecules or metals during the OLC formation process
[105-107]. The OLCs can be used in different fields,
mainly in bioelectronics [108], biocatalysis [44], en-
ergy storage [43, 109] and biosensors [66]. The multi-
functionality is the key feature of OLCs. From the
biomedical point of view, they may be used as tumor
markers, and in cell and tissue imaging, and drug de-
livery or sensing fields [110, 67, 111].

In all cases, the OLCs should have excellent bio-
compatibility. This parameter is crucial for preserving
the activity of biologically important molecules. The
OLC materials can perform a support function for dif-
ferent enzymes, for example, alkaline phosphatase,
horseradish peroxidase and glucose oxidase [112]. It
has been proven that specific immobilization of such
biocatalysts on OLC surfaces can preserve the electro-
catalytic activity and ensure the long-term stability un-
der variable pH and temperature conditions. The first
covalent functionalization of oxidized OLCs with bio-
molecules was performed using biotin-avidin interac-
tions [66]. These studies showed that protein-like
molecules attached to the OLCs retain their biological
activity. The non-toxicity of OLCs and their excellent
biocompatibility further support using these systems
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for biosensor construction and for other biological ap-
plications.

The abovementioned properties of OLCs are also
used in the imaging probe field for cancer cells and
other important diseases [113]. For example, an at-
tachment to the OLC’s surface of a substituent termi-
nated with bromine allowed a specific fluorophore im-
mobilization, thus leading to the formation of potential
imaging agents for biomedical applications. This prom-
ising field is described in detail in Chapter 4.3. focus-
ing on optical and biological imaging.

It was also proved that even small amount of OLC’s
in polymer matrix can significantly affect the compos-
ite electromagnetic (EM) response [114]. In that case
the EM characteristic depends on the OLC’s structure,
size and amount. Macutkevic et al. presented the spec-
tral features of OLC-polymethyl methacrylate
(PMMA) composite in the Terahertz frequencies [47].
Their EM properties may have potential applications in
therapeutic and diagnostic field including selective
thermolysis of cancer cells and bioimaging [115].

The outstanding advantage of OLCs is their capabil-
ity of energy storage [39, 46, 105, 116]. This feature is
most often used in supercapacitors, in the electronic or
transport industry sectors [117, 118]. A search for su-
percapacitor devices with excellent electrochemical
performance parameters is still required, and this also
applies to the biomedical field. For example, the pa-
tients with cardiac pacemakers and other implantable
electronic medical devices end up requiring re-
implantations when the batteries run out. The challenge
is now to develop the systems capable of collecting
electricity from the body and use it, for example, to
power the implants. It is important to develop superca-
pacitor devices capable of storing the energy inside the
body using safe and non-toxic components. Soon,
OLCs may be used as ideal candidates to replace the
ultra-thin graphene. Presently, OLCs have shown their
energy storage capabilities separately [119, 120, 121];
as primary components in various types of composites
with: metals [122-124], metal oxides [125-131], metal
hydroxides [132], conducting polymers [109, 83, 133,
134] or as doped-carbon nanostructures with heteroa-
toms [43, 135].

The electrocatalytic properties of OLCs can also be
used in biofuel cells, miniaturized devices which use
living organisms to produce electricity. Such a way of
free electric energy sourcing might be very appreciated
in biomedicine to power electric implant devices. In
this case, OLCs might support the catalytic effective-
ness of electrodes and bioelectrode systems. Yang ef al.
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Fig. (5). Islands on a particle for Pt/OLC and Oswald ripening or surface migration. Reprinted with permission from Ref. [96].

Reproduced by permission of American Chemical Society.

used ordered OLCs as a support base for a nano-
molecular Pt-catalyst able to reduce oxygen (Fig. 6)
[96].

OLCs can also be used as adsorbents for the re-
moval of bisphenol A (BPA) from aqueous solutions
[136]. BPA is a model endocrine-disrupting compound
(EDCs), which can affect human beings even at low
concentrations. BPA removal is possible with OLCs
modified with Fe,Os; which provides a magnetic char-
acter to this carbon material.

4.3. Imaging (Optical and Biological Imaging)

The optical imaging by oral ingestion of a fluores-
cent probe is an ideal and the simplest approach to
monitor in vivo life functions, the growth cycle of liv-
ing species, biomolecule/chemical tracking or labeling.
The main challenge is a selection of a good contrast
agent, which should be non-toxic, non-invasive, inert,
sufficiently small and water-soluble.

In 2011, Ghosh et al. were the first to use water-
soluble OLCs (ws-OLCs) as fluorescent reagents to
image the Drosophila melanogaster life cycle [92].
OLCs were synthesized by pyrolysis of wood wool at
600°C in a muffle furnace under a flow of nitro-
gen/oxygen mixture (95:5). The water-soluble carbon
nanoparticles were added to standard corn syrup-
sucrose-agar food. Upon oral ingestion, it enabled ob-
servation of Drosophila melanogaster full-life cycle
over 12 days, from egg to adulthood, including visuali-
zation of internal organs [92]. OLCs did not perturb the

normal activity of fruit flies. Moreover, they were eas-
ily removed from the Drosophila melanogaster body,
as shown by the loss of fluorescence intensity of ex-
creted materials over 12 days. In 2012, Sonkar and co-
workers reported potential application of ws-OLCs
(from 10 to 30 nm in diameter) as fluorescent probes
for in vivo fluorescence imaging [94]. Initially, the
primitive prokaryotic cells (Escherichia coli) were fed
standard Luria-Bertani medium with different OLC
concentrations. After simple and non-invasive feeding,
the fluorescence experiments were conducted and
showed that OLCs may be applied as highly fluores-
cent bioimaging agents. Moreover, OLC-labeled E. coli
were fed to more complex eukaryotic (multicellular)
Caenorhabditis elegans. These studies confirmed that
OLCs have a very good biocompability as bioimaging
agents, and E. coli cells could be a convenient vehicle
to transport the ws-OLCs. This easy labeling of unicel-
lular cells and multicellular organisms offers a versatile
and ideal platform for targeted bioimaging or biodeliv-
ery of drugs with fluorescence monitoring [94].

Dubey et al. obtained ws-OLCs by ambient burning
of common carbonaceous sources, such as camphor
and polystyrene foam under an insufficient oxygen at-
mosphere [137]. The large fraction of carboxylic
groups on the functionalized surface caused a self-
passivated fluorescence effect along with photostabil-
ity. These properties allow their usage as fluorescent
contrast agents for biological cell labeling [137]. The
OLCs were mixed with a Luria-Bertani medium and
incubated with the DHSa strain of E. coli. OLC-
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labeled bacteria had a green fluorescence property
[137].

Pyrolysis of natural bile acid (deoxycholic acid
(DOCA)) results in the formation of biocompatible,
single-phosphor white-light emitting ws-OLCs [95].
White-light-emitting materials have generated interest
in recent years due to their high photoluminescence
efficiency, color stability and potential applications in
biomedicine. These carbon nanoparticles demonstrated
multichannel fluorescence imaging and tumor homing
properties in the tumor-bearing mice [95].

The structures of fluorescently labeled OLCs as
probes for high resolution imagining are shown in Fig.
(4). The BODIPY-OLCs (Fig. 4a) were utilized as
probes for in vitro high-resolution imaging of MCF-7
cells. Functionalized OLCs have shown excellent cellu-
lar uptake properties [69]. The confocal microscopic
analysis was used to image the intracellular distribution
of BODIPY-OLC conjugates, internalized by endocy-
tosis, which were mainly localized in lysosomes [69].
NIR fluorescence imaging is a highly sensitive, high-
resolution and non-invasive technique. The OLCs co-
valently functionalized by boron azadipyrromethene
(Fig. 4b) have been investigated in HeLa Kyoto cells
and were imaged using laser-scanning confocal mi-
croscopy. OLCs proved NIR fluorescence properties
with the on/off reversibility controlled by the pH using
phenol/phenolate modulation [70]. Moreover, this abil-
ity was demonstrated both in solution and in vitro
imagining of HeLa Kyoto cells. Furthermore, HeLa
cancer cells were also imaged by fluorescent pyrene-
BODIPY OLCs (Fig. 4¢) [72]. The “small” OLCs func-
tionalized by m-extended distyryl-substituted boron
dipyrromethene were used as fluorescent agents. They
exhibited non-toxic behavior and were easily internal-
ized by MCF-7 cells. The high fluorescence intensity
may allow using them as therapeutic agents or targeted
drug delivery systems due to their uptake by MCF-7
cells. In addition, their localization was identified by a
specific lysosome dye (the LysoTracker Green) [71].
Overall, the accumulated results indicate that OLCs
multi-functionalized by fluorescence and folic acid de-
rivatives linked to a polyethylene glycol chain pos-
sessed an ability to target cancer cells and localize the
nanoparticles in the late-endosomal cell compartments
[74].

4.4. Biological and Medical Sensing

One of the most important advantages of the onion-
like nanostructures is their catalytic character, which
may be applied to biosensing (Table 1). One of the
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most recent reports concerns the formation of nano-
composite-containing OLCs, single-walled carbon
nanotubes (SWCNTs) and chitosan (CS), decorated
with gold nanoparticles (AuNPs) [97]. Such nanocom-
posites were prepared for the development of highly
sensitive electrochemical immunosensors for the detec-
tion of carcinoembryonic antigen (CEA). The increase
in clinical tumor marker CEA may be an early indica-
tion of cancerous diseases, such as colon and breast
tumors, ovarian carcinoma, colorectal cancer or cysta-
denocarcinoma [138-143]. The presence of OLCs in
this electrochemical immunosensor indirectly affected
the 200% increase in the surface area and conductivity
effectiveness. Finally, the CEA-immunosensor exhib-
ited a wide linear detection range (100 fg/mL — 400
ng/mL) with a low detection limit (100 fg/mL).

Bartolome ef al. created a bioelectrode modified
with OLCs with the immobilized diazonium salts ter-
minated with carboxylic acid and maleimide groups
[98]. Such a promising ‘bioplatform’ was able to am-
perometrically detect the model DNA of human papil-
lomavirus oncogene. The presence of OLCs affected
the analytical parameters, enhancing the sensitivity and
decreasing the detection limit. Similar OLC function-
alization by diazonium species was mentioned in the
first chapter of Nanomaterials, Polymers and Devices:
Materials Functionalization and Device Fabrication
[144]. It should be noted that the modification by dia-
zonium-based compounds is one of the most efficient
and effective methods for the covalent functionaliza-
tion of carbon nanoparticle surfaces. For the first time,
the “click” chemistry using diazonium species attached
to the OLCs was described by Flavin et al. in 2010
[63].

The larger OLCs with a diameter of approximately
30 nm can also act as supports for glucose oxidase
(GOx) in an electrochemical glucose sensor [145]. The
enzyme was covalently immobilized on the carbon
nanoparticle surface via a carbodiimide treatment pro-
cedure, which preserves the bioactivity of GOx. Such
GOx/OLCs biosensors achieved relatively high sensi-
tivity (26.5 pA/mM cm®) with a linear response be-
tween 1-10 mM of glucose concentration. The OLC’s
non-enzymatic alternative glucose biosensor showed a
slightly lower sensitivity (21.6 pA/mM cm®), where the
catalytic activity was enhanced by Pt nanoparticles.

The OLC nanoparticles employed as active elec-
trode surfaces were also able to electrochemically de-
tect nitrite and ascorbic acid (AA), which are the most
widely used additive stabilizing compounds to different
products for human consumption [99]. In that case, the
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OLCs were modified with o-aminophenol or thionine
in the electro grafting and physical adsorption proce-
dures, respectively. The experiments were carried out
using real samples (fruits and juice) and indicated great
selectivity and specificity.

The incorporation of nitrogen atoms into OLC
structures maintains the m-conductive surface of these
nanoparticles, which is crucial for applications in
bioelectrochemistry and bioelectronics [44]. The main
advantage of N-OLCs is their electroactivity in non-
enzymatic electrocatalytic reactions. The N-OLCs were
used as active materials able to detect hydrogen perox-
ide (Fig. 6). Linear increases of reduction currents were
observed with increasing H,O, concentrations from 4
to 50 mM (Fig. 6b), and the reduction of H,O, also oc-
curs at lower over potentials with N-OLCs than with
undoped OLCs. H,O, is the most stable of the reactive
oxygen species and important for oxidative stress in-
vestigations, which are a crucial part of tumors and tis-
sue aging studies [146-149].

The N-OLCs were also studied as ideal materials for
the detection of redox-active biomolecules such as do-
pamine (DA), epinephrine, norepinephrine and sero-
tonin. N-doped OLCs revealed stable electrochemical
activity, high sensitivity and selectivity [100]. Re-
cently, Breczko et al. for the first time reported that
OLCs mixed with polydiallyldimethylammonium chlo-
ride (PDDA) showed promising electrochemical prop-
erties in DA detection in the presence of interfering
chemicals (ascorbic and uric acids). The detection limit
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for DA using this electrochemical sensor was ~10 uM
[45]. It should be noted that OLC/PDDA composites
are capable of non-enzymatic oxygen reduction, which
makes it a promising material for bio-fueling.

The ws-OLCs modified with numerous carboxyl
functionalities showed significantly enhanced photo-
catalytic activities and were able to detect Al(III) ion in
a highly selective fluorescent way. Aluminum is the
third most-abundant element in the Earth’s crust and it
is often present in water as a result of acid rains [150,
151]. The amount of aluminum is constantly growing
due to its high demand in industry. An increasing hu-
man exposure to aluminum can cause Alzheimer’s and
Parkinson’s disease [152, 153], Down syndrome and
even breast cancer [154]. The stable green emission of
ws-OLCs can be used as a fluorescent sensor for the
sensitive detection of AI(III) ions [101]. The fluores-
cence of such materials is highly specific and allows an
achievement of 0.77 uM detection limit even in the
presence of other metal ions and anions.

Due to their fluorescent abilities, the ws-OLCs were
also tested as glucose-sensitive materials [102]. The
sensing process was based upon a simple fluorescence
“turn off/on” technique after methylene blue immobili-
zation. The selectivity for glucose was explored in ref-
erence to the potential interfering compounds, such as
DA, UA and amino acids. The detection limit for ws-
OLC is 1.3 x 10> M, and the detection process is sim-
ple and very fast.
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Fig. (6). (a) CV curves of a GCE covered with N-OLCs in 0.01 M PBS (pH=7.4) in the absence (dashed black curves) and the
presence (solid black curves) of H,O, at different concentrations (4, 10, 20, 30, 40, 50 mM), at a scan rate of 10 mV/s. (b) The
dependence of reduction peak current on the H,O, concentration. Reprinted with permission from Ref. [44]. Reproduced by

permission of Wiley & Sons.
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CONCLUSION

The OLC structures are unique carbon nanostruc-
tures due to their size, shape, physicochemical proper-
ties, homogeneity and purity. The greatest interest
among scientists is caused by spherical, small OLCs,
whose surface may be easily modified, significantly
changing their dispersibility in polar solvents and phys-
icochemical properties. Easy covalent and non-covalent
modifications of the OLC’s surface and easy doping
with other atoms or metals lead to multifunctionaliza-
tion of these nanoparticles. Multifunctionality is the
key feature of OLCs, which may be used as tumor
markers, in cell and tissue imaging, and drug delivery
or sensing fields. OLCs have been employed in bio-
sensing, bioimaging, bioelectrochemistry, electro-
chemical immunosensors, detection of active bio-
molecules, electrocatalysis, sorption and intracellular
transport.

Nanomaterials used in biological areas should be
characterized by their biocompatibility and non-
toxicity. Still, given their unique properties, they could
be very promising nanoparticles for biomedical appli-
cations.
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