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Abstract—Such carbon structures as fullerenes, endofullerenes, nanotubes, nanodiamonds, and graphenes,
which were discovered over the past few decades, possess a number of unique properties and could become
the basis for the design of a new class of neuroprotective agents; however, despite years of research, this has
not happened yet. In the first part of the review, the significance of the functionalization of carbon nanopar-
ticles for their use in biology and medicine is described, and the data on their toxicity are also discussed. The
second part presents the works of Russian and foreign scientists demonstrating the neuroprotective properties
of carbon nanoparticles and the possibilities of their application in neurobiology and neurology. The proven
experience of such experiments is described and the existing problems are indicated.

DOI: 10.1134/52635167622020069

CONTENTS

Introduction

1. Neuroprotective activity of carbon nanoparticles
1.1. Anti-amyloidogenic activity
1.2. Antioxidant activity

2. Nanoparticle as a vector for drug delivery
through the blood-brain barrier

3. Diagnostics and imaging. Biosensors

4. Platforms and substrates for the growth and dif-
ferentiation of neural cells

Conclusions

INTRODUCTION

The proposed pattern of the initiation and develop-
ment of some neurodegenerative diseases (NDDs)
includes numerous factors, among which amyloid-
protein aggregation and oxidative stress (OS) can be
noted. Carbon nanoparticles (CNPs) could become
the basis for designing neuroprotective agents since
they have unique properties: fullerenes and their deriv-
atives are known as powerful antioxidants [1, 2], nano-
tubes and nanodiamonds (NDs) are promising mate-
rials for the regeneration of damaged neural fibers [3—
5], and graphene is a good basis for biosensors [6, 7].
Many nanoparticles (NPs) are able to cross the blood-
brain barrier (BBB) and can be used both for direct
treatment and for drug delivery to neural cells (Fig. 1).
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In the previous part of the review, we describe the need
for the functionalization of CNPs, taking into account
its directionality for successful application in biologi-
cal and medical research, and analyze works aimed at
studying the toxicity of NPs in vitro and in vivo. How-
ever, studies of the neuroprotective activity of these
structures and the possibility of their application in
neurology, neurobiology, and cellular technologies are
of no less interest.

1. NEUROPROTECTIVE ACTIVITY
OF CARBON NANOPARTICLES

Currently, there are many studies demonstrating
the neuroprotective activity of CNPs in various mod-
els of NDDs. For example, the effects of an aqueous
suspension of fullerene Cg), hydrated Cg, fullerene
(C¢oHyFn), and N Ds on disease symptoms were ana-
lyzed in rat models of Alzheimer’s disease (AD). When
studying the state of spatial memory in animals and
comparing the obtained results with those of using
donepezil, an acetylcholinesterase inhibitor used in
AD therapy, the effectiveness of fullerene was shown
[8]. C4oHyFn prevented disturbance of the electroen-
cephalogram spectra and reduced destruction of the
cortical layer of the hippocampus in animals. The
authors suggested that neuroprotective effects may be
associated with the effect of fullerenol on presynaptic
dopamine receptors [9]. The use of NDs improved
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Fig. 1. Application of carbon nanoparticles in biology and medicine.

learning and memory in rats, as well as the histological
pattern in their brain [10].

The neuroprotective activity of fullerene derivatives
(C¢o—OH and Cy4,—NH,) was demonstrated in a
prion-disease cell model in [11]. Polyethylene glycol
(PEG)-functionalized single-walled carbon nano-
tubes (SWCNTSs) were tested in a model of Parkin-
son’s disease (PD) in mice. They were administered
intravenously or directly into the lateral ventricle of
the brain. Regardless of the method of administration,
SWCNTs prevented the death of dopaminergic neu-
rons and behavioral disorders in mice [12]. Moreover,
SWCNTs protected the neurons of stroke-induced
rats from damage [13, 14]. There are data on the neu-
roprotective properties of graphene oxide (GO). Thus,
it has been shown that GO enhances the differentia-
tion of SH-SYS5Y cells, increases the length of neurites
and the expression of the neuronal marker MAP2 in
human neuroblastoma SH-SYSY cells [15]. In this
case, the main mechanisms ensuring the neuroprotec-
tive activity of NPs may be their ability to prevent the
aggregation of amyloid proteins and antioxidant activ-
ity (Fig. 2).

1. 1. Anti-amyloidogenic Activity

The impaired folding of some proteins, which leads
to the formation of amyloid aggregates, can cause the
development of a number of diseases, including AD,
PD, Creutzfeldt—Jakob disease, type 2 diabetes,
bovine spongiform encephalopathy, and various forms
of systemic amyloidosis [ 16—18]. A common feature of
these diseases is the transformation of proteins from a
soluble, usually harmless form into insoluble amyloid
aggregates with a high content of B-sheet structure
[19, 20]. In addition to amyloid diseases, several other
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degenerative diseases may be due to intracellular or
extracellular aggregate deposition, but their molecular
basis is currently unknown [17]. It is believed that the
general physico-chemical properties of proteins, such
as average hydrophobicity, net charge, and the ten-
dency to form o~ and B structures, can affect the ten-
dency to aggregation [21]. The accumulation of
amyloid aggregates (oligomers, protofibrils, and
fibrils) leads to violation of the regulation of cellular
homeostasis, intracellular transport, and membrane
integrity [18].

One of the strategies for treating diseases character-
ized by the deposition of pathological aggregates in
organs and tissues is aimed at finding and developing
drugs that can slow down or prevent their formation,
as well as destroy already formed structures [22]. The
use of CNPs as inhibitors of amyloidogenesis is of par-
ticular interest because of such physico-chemical
properties as a large surface area with a very small size,
the possibility of functionalization and modification,
and the ability to penetrate through the BBB [23].

At present, a significant number of studies devoted
to analysis of the anti-amyloid properties of fullerenes
can be found in publications. It is assumed that the
LVFF motif (from the 17th to the 20th amino-acid res-
idue) of the amyloid beta peptide (AB) is of paramount
importance in the generation of an ordered [ structure
of amyloid fibrils, and the hydrophobic aromatic resi-
due of phenylalanine in position 19, which interacts
with fullerenes much stronger than other amino-acid
residues, is crucial in their formation and stabilization.
At the same time, the phenylalanine—phenylalanine
intermolecular interaction necessary for the formation
of B layers is significantly weakened, which leads to
slowing of the process of AP aggregation [24—26].
Using molecular-modeling methods, it has been
Vol. 17
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Fig. 2. Neuroprotective activity of carbon nanoparticles.

shown that among C,;,, C; Cgp Cyp, and Cgy
fullerenes, Cg, fullerene most effectively destroys
fibrils formed by the AP,,_4, peptide [24]. Using
atomic force microscopy (AFM), it was found that Cg,
and C g, fullerenes inhibit the growth of fibrils formed
by the AB,4_,, peptide; moreover, C,g, fullerene exhib-
its a stronger anti-amyloidogenic potential [25]. Vari-
ous methods (fluorescence analysis (FA), AFM, and
computer simulation) demonstrated the efficiency of
C¢(OH) ¢ fullerenol as an inhibitor of the growth of
amyloid fibrils formed by the AB,, peptide [26]. The
ability of water-soluble Cg, fullerene derivatives to
destroy mature amyloid fibrils formed by AB,, and
A4, and to inhibit the growth of new ones was found
by electron microscopy (EM) and FA [27—29]. It has
been shown by AFM that the incubation of AP,
with Cy,(OH);, fullerenol for 24 h at 37°C reduces
AP42-peptide aggregation, which indicates its anti-
amyloidogenic activity [30]. Hydrophobic interaction
plays a crucial role in the interaction between AP and
NPs, this interaction is weakened with an increase in
the number of hydroxyl groups. Thus, using molecular
dynamics (M D) simulation, it has been found that an
increase in the number of hydroxyl groups carried by
Cgo leads to slower dynamics and a weaker binding
force of NPs to AP, /42 protofibrils [31]. In [32], it was
concluded that for the development of anti-amyloid
agents combining antioxidant and anti-aggregatory
effects, an aqueous molecular-colloidal solution of
C fullerene can be used; this solution prevents AB,s_3s
aggregation in the cytoplasm of neurons and reduces
neurodegeneration in an AD model in rats, which was
created using microinjections of AB,s_3s. An analysis
of the dynamics of the hippocampus state showed that
there was degeneration in most pyramidal cells and the
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AB,s_5s deposits in the cytoplasm of neurons by day 14.
Since OS accompanies these processes, it was
assumed that an aqueous molecular-colloidal solution
of Cq, fullerene would prevent these negative effects,
while acting as an antioxidant. The introduction of low
concentrations of a Cy,-fullerene solution prevented
neurodegeneration and the accumulation of amyloid
in hippocampal neurons [32]. The fact that Cg, fuller-
ene and its derivatives efficiently reduce AP aggrega-
tion has also been reported in other works [33—37].

Fullerene derivatives can inhibit aggregation not
only of the AP peptide, but also of other amyloid pro-
teins. For example, using MD simulation, AFM, and
thioflavin T staining, it has been demonstrated that
C¢o(OH),, suppresses human islet amyloid polypep-
tide (IAPP) aggregation, which is associated with
type-2 diabetes [38]. C¢(OH);, and C,4,(OH);, fuller-
enols prevented the aggregation of a-synuclein in a
model of PD in Drosophila melanogaster [39]. The
inhibitory effect of Cg, fullerene derivatives on the for-
mation of amyloid fibrils by muscle X protein of the
titin family was studied by transmission electron
microscopy (TEM). It has been shown that these
structures not only destroy mature amyloid fibrils, but
also prevent the formation of new ones [40]. Thus, at
present, the anti-amyloidogenic activity of fullerenes
and their derivatives can be considered a proven fact.

As for CNTs, they are characterized by hydropho-
bic surfaces with a high specific area [41], and when
they enter a biological medium, they adsorb proteins,
forming a “protein corona” [42]. Two opposite effects
of CNTs on the process of fibril formation are reported
in publications, namely, its acceleration and inhibi-
tion. It is assumed that the effect of CN'Ts depends on
the affinity of proteins for CNTs, the conformation of
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proteins in the “protein corona”, and the kinetic bar-
rier of fibril formation [43]. The effect of multiwalled
carbon nanotubes (MWCNTs) on the aggregation of
B2-microglobulin was studied; it was found that
MWCNTs accelerated the process of fibril formation
due to shortening of the lag phase [44]. It has been
shown that B2-microglobulin can form several layers
on the surface of MWCNTs; therefore, it is assumed
that an increased concentration of protein on the sur-
face of MWCNTs actually promotes the formation of
oligomers. Since no mature fibrils associated with
CNTs were found, it is hypothesized that CNTs act as
conventional catalysts and accelerate the process of
fibril formation [45]. The possibility of MWCNTSs act-
ing as artificial molecular chaperones, which help in
protein folding and prevent its aggregation, was con-
sidered [46]. Using TEM, it has been demonstrated
that MWCNTs prevent the 2,2,2-trifluoroethanol-
induced aggregation of recombinant human fibroblast
growth factor-1 (hFGF-1) containing B sheets. More-
over, the protein can either be adsorbed on the surface
of MWCNTs with closed ends or encapsulated in
MWCNTs with open ends. The study of circular-
dichroism spectra in the ultraviolet (UV) range
showed that MWCNTs not only prevented hFGF-1
aggregation in the presence of 2,2,2-trifluoroethanol,
but also helped the protein to recover its native state.
SWCNTs penetrate into the cytoplasm and nucleus
through the lipid bilayer more easily than MWCNTs
[47] and do not exhibit cytotoxicity [48, 49]. There-
fore, they are more promising for the development of
inhibitors of amyloid-protein aggregation. Thus, using
the replica exchange molecular dynamics (REMD)
method, it has been shown that the interaction of
SWCNTs with amorphous AB¢_,, octamers prevents
the formation of 3 sheets and leads to the formation of
disordered aggregates, and the interaction of SWCNTs
with the prefibrillar bilayer of the B sheet destabilizes
the structure of the 3 sheet also with the formation of
disordered aggregates. Inhibition of the formation of
ABi6_», B sheets and the destabilization of prefibrillar
structures result from the action of the same forces
between SWCNTs and the AB,,_,, peptide: strong
hydrophobic and m-stacking interactions [50]. Using
MD simulation, it has been demonstrated that two
unbonded A,s_3s B sheets combining parallel and
antiparallel strands can be assembled into [ barrels
wrapping SWCNTs. This mechanism leads to block-
ing of the peptide seed for the further addition of
monomers or oligomers and a decrease in the number
of monomers or oligomers available for fibril growth.
Both effects have an inhibitory effect on fibril forma-
tion; therefore, taking into account the results
obtained, it has been suggested that SWCNTSs can be
powerful inhibitors of AB,s_ss fibril formation [51].

The poor dispersibility of CNTs in an aqueous
medium significantly hinders their practical applica-
tion as inhibitors of amyloidogenesis. The functional-
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ization of CNTs by adding hydrophilic groups (—NH,,
—OH, —COOH, etc.) can significantly improve their
dispersibility and biocompatibility [52]. The study of
the inhibitory effect of hydroxylated SWCNTs
(SWCNTs—OH) on AP,, fibril formation by fluori-
metric analysis with thioflavin T and AFM showed
that SWCNTs—OH inhibit fibrillogenesis and disag-
gregate preformed amyloid fibrils. Moreover, the ratio
of hydroxyl groups in SWCNTs—OH plays an import-
ant role in their ability to block AP,, aggregation; an
increase in the number of hydroxyl groups signifi-
cantly improves the inhibitory activity of SWCNTs—
OH [53]. The effect of SWCNTs—OH on hIAPP
aggregation was studied by the REMD method [54]. It
has been shown that SWCNTs—OH due to hydrogen
bonds, and van der Waals and m-stacking interactions
with hIAPP significantly weaken the bond between
proteins, which are crucial for the formation of 3
sheets, thereby slowing down further aggregation. The
data obtained as a result of modeling were confirmed
by fluorimetric analysis with thioflavin T, the circular-
dichroism method, TEM, and AFM. Experimental
results have demonstrated that SWCNTs—OH interact
with hIAPP and significantly inhibit hIAPP fibrilla-
tion.

Graphene can also interact with amyloids. In this
case, an important role in amyloid—graphene interac-
tions belongs to aromatic rings, since the relationship
of graphene with amyloids containing aromatic amino
acids is stronger than with those without them. Using
density functional theory, it has been found that the
interaction between graphene and amyloids is stronger
than between two amyloid B sheets. This is consistent
with experimental observations that graphene and its
modifications (GO and graphene quantum dots
(GQDs)) strongly interact with aromatic amino acids
in amyloid side chains and inhibit the aggregation of
amyloid fibrils [55]. Using FA with thioflavin T and
TEM, it has been demonstrated that graphene blocks
the formation of amyloid aggregates of egg-white lyso-
zyme, presumably through m—m interactions between
graphene and aromatic amino acids [56]. It has been
shown both experimentally and theoretically that
graphene can inhibit Af fibrillation and destroy pre-
formed amyloid fibrils. Using MD simulation, it has
been found that graphene nanolayers can penectrate
into fibrils and extract peptides from them due to dis-
persion interactions between graphene and peptide
molecules, as well as m-stacking interactions between
graphene and phenylalanine, which significantly
weakens the bond between peptide molecules inside
the fibril.

Since graphene is insoluble in water, a promising
direction is to study the anti-amyloidogenic properties
of water-soluble graphene-based nanoparticles. Thus,
it has been shown that GO and GQD sheets act as
effective inhibitors of the in-vitro aggregation of full-
sized and fragmented forms of AP [58—61], a-synu-
Vol. 17
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clein [62, 63], and hIAPP [64, 65]. GO and GQD
sheets inhibited o-synuclein aggregation at high con-
centrations; however, at low NP-to-protein ratios, the
reverse effect of increased aggregation was observed
[63]. Thioflavin S-modified GO can effectively disso-
ciate amyloid deposits when irradiated with a near-
infrared (IR) laser in both the buffer and cerebrospinal
fluid of mice. In addition, amyloid disaggregation can
be controlled by changing the fluorescence of thiofla-
vin-S dye that selectively binds to fibrils, but not to
protein monomers [66].

Data that graphene can promote the amyloidogen-
esis of some proteins are not found in publications;
however, graphite being a “stack” of multiple layers of
graphene possesses this property [67, 68].

The analysis of publications on the ability of NDs
to stimulate or inhibit the process of amyloidosis
shows that a small number of research papers have
been devoted to this issue. Thus, it has been found that
NDs administered intraperitoneally to rats reduced
the level of AB,, in the hippocampus [10], where
pathological changes in AD occur earlier than in other
brain areas. NDs appeared to be more efficient when
combined with memantine administered orally to rats.

Despite the fact that the anti-amyloidogenic prop-
erties of CNPs require further study, the data obtained
to date indicate that the development of amyloidosis
nanotherapy based on them is certainly justified.

1.2. Antioxidant Activity

Among the factors contributing to the development
of many NDDs, the OS plays the most important role.
It is known that brain tissues have a high metabolic
level and consume a significant amount of oxygen.
Neural cells rich in lipids have a predominantly aero-
bic metabolism and, at the same time, a low activity of
enzymes that neutralize reactive oxygen species (ROS)
[69]. In addition, some cells, for example, astrocytes
and oligodendrocytes, can accumulate iron ions as
part of protein complexes and, therefore, are highly
sensitive to OS [70]. ROS are capable of causing dam-
age to cell membranes, DNA fragmentation, the inac-
tivation of transport proteins, and inhibition of mito-
chondrial energy production. At the same time, the
regeneration of neural cells is limited. Examples of
neurodegenerative disorders associated with an excess
of ROS and nitric oxide (NO) radicals include AD,
PD, HD, Lou Gehrig’s disease, and amyotrophic lat-
eral sclerosis [69, 71]. The OS makes its negative
contribution in cases of brain and spinal-cord inju-
ries, strokes, and ischemia. Various exogenous anti-
oxidants are used to eliminate ROS in the brain and
mitigate OS.

Among CNPs, fullerenes and their derivatives are
the most promising in this regard. They possess anti-
oxidant properties due to their ability to attach dozens
of free radicals and deactivate them [1]. This prevents
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the harmful effects of OS on proteins, lipids, DNA,
etc. Water-soluble derivatives of fullerenes, fullere-
nols, absorb free radicals more efficiently than tradi-
tional antioxidants [2]. Computer simulations have
shown that Cg, can absorb protons, acquiring a posi-
tive charge, and penetrate into mitochondria, separat-
ing respiration and phosphorylation, which, in turn,
leads to a decrease in ROS production [72]. Currently,
there is more and more evidence that fullerenes and
their derivatives exhibit antioxidant activity not only in
solutions, but also in cell cultures and in experiments
in vivo. At the same time, they only reduce, but do not
prevent the death of neural cells.

Oxidative stress can be associated with the exces-
sive excitation of glutamate receptors and induce
apoptosis through a cascade of events [73]. L-Gluta-
mate is a neurotransmitter involved in learning and
memory processes; in elevated concentrations, it can
cause the degeneration and death of neurons, thus
participating in genesis of the development of NDDs.
It has been shown in neural cell culture that fullere-
nol exhibits a neuroprotective effect by blocking glu-
tamate receptors and reducing the concentration of
intracellular calcium [74]. It is assumed that OS pro-
motes both the excitotoxic and apoptotic death of
neurons. Two fullerene derivatives, Cq(OH),;, and
Ceo(OH) 3_2005_5, were studied; it was found that
these preparations reduced OS-induced neuronal
death in a culture by 80% [75]. Water-soluble carboxy-
fullerenes containing malonic-acid fragments turned
out to be efficient neuroprotectors. They reduced the
apoptotic death of cultured cortical neurons [76]. A
similar compound (C;-fullero-#ris-methanodicarbox-
ylic acid) prevented apoptosis in cerebellar cells under
OS conditions [77]. Soluble carboxyfullerenes DF70
and TF70 protected cells from oxidative damage by
penetrating into them and localizing mainly in lyso-
somes [78]. According to [79], carboxyfullerenes can
accumulate in mitochondria, neutralizing free radicals
and protecting cells from apoptosis. Using computer
molecular modeling, it was shown that the reactivity of
carboxyfullerenes towards superoxide depends not
only on the number of carboxyl groups, but also on
their distribution on the fullerene surface. That is,
there is a relationship between the activity of neuro-
protection and the structure of the compound [80].

As is known, one of the causes of the death of sub-
stantia nigra neurons in PD may be dopamine oxida-
tion and the impairment of dopaminergic neurotrans-
mission. It turned out that carboxyfullerene can pro-
tect dopaminergic neurons from the harmful effects of
OS caused by neurotoxins [81]. Therefore, it is not
surprising that interest has arisen in the analysis of the
antioxidant and neuroprotective effects of fullerene
derivatives in PD models. Using a PD cell model, it
was shown that C,(OH),, fullerenol prevents mito-
chondrial dysfunction, reduces the amount of ROS,
and increases cell viability [82]. In a study on mon-
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keys, C; carboxyfullerene was used; it is a functional-
ized soluble fullerene capable of penetrating into neu-
ronal membranes and also possessing anti-inflamma-
tory properties [83]. The use of C; improved
functional outcomes in a PD model in primates.
Moreover, there was no evidence of drug toxicity. In
2018, the pharmacokinetics of C; in primates and mice
was reported [84]. According to the results obtained,
the preparation was widely distributed throughout tis-
sues, including the brain, and remained stable for a
long time. The half-life of C; was 8.2 £ 0.2 h. C; was
excreted by the liver and kidneys; there were no signs
of renal, hepatic, electrolyte, or hematological abnor-
malities, as well as disturbances in the electrical activ-
ity of the heart. However, there is evidence that
another carboxyfullerene, although it attenuated cor-
tical infarction during ischemia in rats treated with it
by intracerebroventricular infusion (0.3 mg per rat),
caused adverse behavioral changes and even death in
them. Intravenous administration of this preparation
did not result in protection against cerebral infarction
[85]. A study of C¢,(OH);, and C,,(OH);, fullerenols
in a model of PD in Drosophila melanogaster showed
their neuroprotective activity, decreased the death of
dopaminergic neurons in the brain of the flies, and
reduced OS [39]. The study [86] proposes a new strat-
egy for the treatment of PD by combining the clinical
use of levodopa and potent antioxidants. In this work,
a water-soluble Cg, fullerene derivative prevented the
levodopa-induced death of chromaffin cells in a cul-
ture, which were supposed to be used as transplants in
the case of PD.

Fullerene derivatives proved to be efficient in other
NDD models as well. For example, Cy,(OH)s;, fuller-
enol decreased OS and reduced overall neurodegener-
ation in the brain of flies in a model of AD in Drosophila
melanogaster [30]. The fullerene-based agent ABS-75
was developed for receptor-specific antioxidant ther-
apy. It is a water-soluble fullerene derivative contain-
ing adamantyl groups, glutamate-receptor antago-
nists, and an antioxidant carboxyfullerene component
[87]. The preparation combined antioxidant and anti-
excitotoxic properties. It stopped oxidative damage in
the spinal cord of mice in a chronic model of multiple
sclerosis, reduced axonal degeneration and demyelin-
ation, and blocked the inflammatory component of
the disease. As a result, the development of the disease
was significantly slowed down. The treatment was
especially efficient during the progressive stage of the
disease. The use of hydrated Cg, fullerene (CyHyFn)
for the treatment of mice with hyperhomocystein-
emia, which is also associated with AD, significantly
reduced the level of homocysteine in blood serum, as
well as the levels of TRPM2 gene expression and apop-
tosis in neurons. In this case, an increase in the level of
TRPM?2 expression can be induced by OS [88]. The
fullerene derivative FC,S reduced the extent of infarc-
tion in focal cerebral ischemia. After the drug was
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intravenously administered to rats, the NO content in
the plasma increased, and the level of lactate dehydro-
genase decreased. It is assumed that the positive
effects may be associated with its antioxidant proper-
ties and increased NO production [89]. At the same
time, there is evidence that under certain conditions
fullerenol can capture NO synthesized by special syn-
thases, which is known to be an important signaling
molecule, but can be cytotoxic in high concentra-
tions. By capturing NO, fullerenol prevents a
decrease in the activity of antioxidant enzymes, i.e.,
it works as a modulator of ROS involvement in cel-
lular processes [90].

It should be noted that not all fullerene derivatives
are antioxidants. For example, a water-soluble deriva-
tive of Cg, fullerene, pyrrolidine with three ethylene
glycol chains and three ammonium groups did not
show a significant change in the concentration of the
superoxide radical anion O%~ and, as a result, did not
reduce neuronal damage [91]. Thus, fullerene func-
tionalization, in particular, the nature of chemical
fragments attached to the fullerene base, the aggrega-
tion properties of the resulting product, and other fac-
tors can affect the antioxidant activity.

There are much less published data on the antioxi-
dant activity of other CNPs. According to [92], the
ability of the studied SWCNTs to absorb oxygen radi-
cals was almost 40 times higher than that of DF-1
fullerene. When SWCNTs were functionalized with
hydroxytoluene, a decrease in the antioxidant activity
was observed. The OS level and mitochondrial disor-
ders characteristic of NDDs were analyzed in
SH-SY5Y human neuroblastoma cells [12]. When
50-uM oxidopamine was added to the culture
medium, the amount of ROS in the cells strongly
increased. If cultivation was carried out on a surface
coated with SWCNTs—PEG, only a slight increase in
ROS was observed, and the mitochondrial membrane
was not damaged. The ROS level also decreased when
the cells were directly treated with SWCNTs—PEG
and oxidopamine.

There is information about graphene and its deriv-
atives that, on the contrary, they can cause a dose-
dependent OS and even lead to a slight decrease in cell
viability at high concentrations [93].

It has been suggested that NDs possess antioxidant
activity due to their inherent properties of oxidase,
peroxidase, and catalase, which depend on the pH of
the medium [94]. It has been hypothesized that the
molecular mechanism of their peroxidase-like activity
is the acceleration of electron transfer, the source of
which is oxygen-containing functional groups on
their surface. The antioxidant activity of hydrated
carboxylated NDs has been demonstrated [95]; they
had the ability to scavenge for free radicals and
reduce oxidative damage in erythrocytes after yirra-
diation. Carboxylated ND (ND—COOH) and the
ND—-COOH/eugenol complex also showed an anti-
Vol. 17
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oxidant effect compared to the negative control. In
this case, the preparations were highly stable,
improved skin permeability, and did not exhibit signif-
icant toxic effects on murine macrophage cells [96].
There is evidence that lactoferrin-conjugated NDs
exhibit antioxidant activity in osteoblast-like
MC3T3-El1 cells treated with H,0O, [97]. However, no
information about the use of NDs as antioxidants in
the study of diseases of the nervous system has been
found.

2. NANOPARTICLE AS A VECTOR
FOR DRUG DELIVERY THROUGH
THE BLOOD-BRAIN BARRIER

Recently, much attention has been paid to the
design of systems for targeted efficient drug delivery to
affected organs and tissues. Liposomes, dendrimers,
various NPs, etc. are used for this [98—100]. In the
treatment of NDDs, it is also necessary that drugs can
cross the BBB. Being a restrictive barrier, the BBB
prevents various molecules (including neurotoxic
ones) from entering the central nervous system
(CNS): the presence of tight contacts between cells
and the absence of transport routes between them
makes it difficult for solutes to pass through the cere-
bral endothelium. Important factors affecting the pas-
sive transport of particles through the BBB are their
molecular weight and lipophilicity. But even sub-
stances with the property of lipophilicity can sponta-
neously return to the bloodstream [101]. If the medic-
inal agent is not able to cross the BBB, it is delivered
directly to the brain tissue or by invasive methods of
temporarily disrupting the BBB (osmotic, chemical,
physical, and biological), which can lead to significant
damage to the brain. It is clear that this approach is not
efficient. The intranasal administration of prepara-
tions can be considered a promising method, but it
must be remembered that even agents entering the
CNS can be unselectively distributed in the brain, sub-
jected to opsonization, and have significant side
effects [101]. At the same time, most CNPs easily
cross the cell membrane, including the membrane of
BBB endothelial cells; therefore, their use as vectors
for selective drug delivery to the brain is much safer
and seems to be extremely promising. Review [102]
describes in detail how NPs can pass through biologi-
cal barriers, including the BBB. It has been noted that
neuronal pathways can be used to deliver nanophar-
maceuticals and, at the same time, they can provide
the unintentional access of NPs to the brain. NPs are
able not only to penetrate the BBB, but also, due to
functionalization of the surface, release active ingredi-
ents in a certain place [103]. An ideal option would be
the ability to deliver NPs to certain types of neural
cells. There are various strategies for this: the use of
ligands with dopamine, coating of NPs with apolipo-
protein E, modification of their surface to facilitate
penetration into certain groups of cells, etc. [104]. An
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important role in the distribution of NPs in the brain
is played by the surface charge, which can be changed
during functionalization. For example, cationic mole-
cules are transported through the BBB more inten-
sively than anionic or neutral ones [105].

Fullerenes due to their spherical shape and lipo-
philicity can easily penetrate into cells. It has been
shown for the first time that fullerenol Cg(OH),, is
able to induce the ionic permeability of a bilayer lipid
membrane through the formation of ionic pores [106].
The interaction of fullerenes with lipid membranes
and passive transport in them was analyzed by MD
simulation. It has been shown that the permeability of
the lipid membrane for fullerenes is much higher than
for other known penetrants [107]. With appropriate
modification, these NPs can serve as carriers of drugs,
contrast agents, radiopharmaceuticals, and as systems
for their targeted delivery. This is facilitated by the
possibility of fullerenes to covalently bind to biologi-
cally active aromatic molecules [108]. There is evi-
dence that the amino derivative of fullerene function-
alized with plasmid vector DNA penetrates cells more
efficiently than lipid-based vectors. The absorption of
the fullerene/DNA complex by cells occurs by the
mechanism of endocytosis; in this case, DNA is pro-
tected by fullerene from enzymatic cleavage, which
increases the success of transfection [109]. The inter-
action of Cg, fullerene containing porphyrin-like tran-
sition metal-N4 clusters (TMN4C55, TM = Fe, Co,
and Ni) with the nonsteroidal anti-inflammatory drug
ibuprofen was studied [110]; ibuprofen is proposed to
be used in the complex treatment of AD and PD, since
inflammatory processes are involved in their patho-
genesis. The results showed that in such a complex,
Cy strongly adsorbs ibuprofen via electrostatic bond-
ing, i.e., it can serve as a drug delivery system. If the
molecules of four chemotherapeutic agents for glio-
blastoma treatment are attached to Cgqy-fullerene mol-
ecules, drug delivery to biological systems is facili-
tated. At the same time, in all cases, Cg, did not violate
the chemical characteristics of molecules, being a
good carrier for their delivery to target cells [111].

The above examples show that the use of fullerenes
as vectors has great prospects not only in oncology,
where such developments are currently underway, but
also in experimental and clinical neurology.

According to [112], CNTs have great potential as
one of the components of delivery systems. It is
believed that highly purified and functionalized CNTs
are practically nontoxic if used at low concentrations
and locally [113]. At the same time, they are able to
carry large doses of radionuclides and chemothera-
peutic agents, increasing the selectivity of pharmaceu-
ticals and reducing side effects. However, there is evi-
dence that inhalation or intravenous contact with
them can cause vascular reactions, such as an increase
in the number of atherosclerotic plaques, vasomotor
dysfunction, as well as changes in blood pressure and
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cardiac dysrhythmia in laboratory animals [114].
However, the toxicity of CNTs can be reduced by strict
control of their physico-chemical properties. For
example, the efficacy of SWCNTs functionalized with
PEG and lactoferrin to transport and deliver dopa-
mine to the brain has been demonstrated in a model of
PD in mice. In these mice, OS level and inflammatory
responses were reduced [115].

Graphene as a platform for the delivery of genes
and pharmaceuticals attracts researchers because of its
large surface area and the presence of free 1t electrons.
Due to these properties, graphene allows the loading
of many bioactive compounds at once and their
release in a controlled manner [116]. For example, GO
has been successfully used to load an anticancer agent
by simple physical adsorption via 7 stacking [117]. A
GO-containing biocompatible hydrogel designed for
efficient delivery of the vascular endothelial growth
factor-165 gene for the treatment of cardiac injury was
described. Its efficiency has been demonstrated in vivo
in a rat model of myocardial infarction [118]. Accord-
ing to [116], graphene nanosheets can be suitable as a
vector for gene delivery, since they protect DNA from
degradation, ensure high transfection efficiency, and
are easily absorbed by cells.

The largest number of scientific studies in the field
of targeted drug delivery is devoted to NDs. Various
aspects of the use of NDs in neurosciences, including
the therapeutic potential of these NPs, are analyzed in
review [119]. When bound with detonation nanodia-
monds (DNDs), even quite complex substances such
as proteins and enzymes retain their natural activity
almost completely. In the case of using pharmaceuti-
cals that are poorly soluble in water, DND clusters can
facilitate their transfer to a soluble phase while main-
taining a therapeutic effect [120]. When analyzing
complexes of DNDs (mechanically deagglomerated)
with several water-insoluble therapeutic agents, it
turned out that, these pharmaceuticals in complex
with NDs were easily soluble in water, indicating the
applicability of NDs as agents for the delivery of such
drugs [121]. Composite ND particles coated with
PEG—PEI copolymer were used for the intracellular
delivery of poorly soluble molecules [122]. The effect
of the noncovalent or covalent attachment of hydro-
philic polymers or surfactants to NDs on the efficacy
of oral delivery of the water-insoluble agent curcumin
was compared in [123]. The data obtained showed that
covalent attachment was more efficient and biocom-
patible than pure NPs and NPs with a noncovalent
coating. A system consisting of NDs, d-c-tocopherol,
PEG, and succinate (TPGS) was developed in the
work [124] also devoted to optimizing the oral delivery
of curcumin. Curcumin was loaded into ND clusters,
then TPGS was applied to this complex. The nano-
complex showed a high loading efficiency and delayed
drug release. At the same time, there are few data sug-
gesting that NPs, when administered orally, can pene-
trate the BBB [102]. It should be noted that curcumin
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is a strong natural antioxidant and has recently been
studied as a neuroprotective agent [125]. The study
[126] is concerned with elucidating the question of
how the chemistry of the ND surface affects the
adsorption and release of thiopronin, an antioxidant
with low bioavailability used to treat cystinuria and
rheumatoid arthritis. The study showed a high loading
capacity in aminated NDs (NDs—NH,), while
hydroxylated NDs (NDs—OH) were more efficient for
gradual drug release. That is, by changing the chemi-
cal composition of the surface, it is possible to use
NDs for specific purposes. In [127], the problem of
loading NDs with a slow calcium channel blocker,
amlodipine, was successfully solved. Amlodipine is
able to pass through the BBB, but the authors believe
that their work will open up new possibilities for other
pharmaceuticals.

In some cases, NDDs are determined by hereditary
factors, and then gene therapy may be effective. Posi-
tively charged DNDs can form complexes with nucleic
acids and serve for gene delivery. A positive charge on
the surface of DNDs can be generated by a polymer
coating. The possibility of using NDs to deliver the
CRISPR-Cas9 system for genome editing was ana-
lyzed [128]. Carboxylated NDs 3 nm in diameter were
covalently conjugated to the mCherry fluorescent pro-
tein, to which two DNA constructs were attached: one
encoded with the Cas9 endonuclease and the GFP
reporter; the other encoded with sgRNA and con-
tained an HDR template insert designed to introduce
the ¢.625C>T mutation into the RS1 gene associated
with the development of congenital X-linked reti-
noschisis (XLRS). As a result, it was possible to intro-
duce a mutation into the mouse retina and observe
several effects specific to XLRS. Such NPs have also
been successfully delivered to human induced plurip-
otent stem cells (iPSCs). In [129], microRNA
(miR-181a) was transfected into iPSCs using NDs and
it has been shown that this promotes the differentia-
tion of iPSCs into functional cardiomyocytes. That is,
such a method of delivery may have clinical potential.

3. DIAGNOSTICS AND IMAGING.
BIOSENSORS

CNPs represent a powerful platform for the design
of biosensors and various diagnostic tools. Probes and
sensors based on them can detect and measure the
enzymatic activity of proteases, ions, and metabolites
in neural cells in normal and pathological conditions,
and study biochemical and physiological processes in
neurons and glia [130]. Using CNPs, it is possible to
make existing diagnostic methods more efficient. For
example, fullerenes can be used to transfer unstable
atoms into cells. Metal atoms placed inside fullerenes
form endometallofullerenes. Unlike complexes con-
taining bifunctional chelators that prevent the direct
binding of a toxic or radioactive metal ion to the body
environment and provide thermodynamic stability,
Vol. 17
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the isotope in endometallofullerenes is packed in a
closed carbon shell, so they are relatively nontoxic and
more resistant to metabolism [131]. Endome-
tallofullerenes can be used as contrast agents for mag-
netic resonance imaging and visualization using sin-
gle-photon emission computed tomography.

The optical properties of graphene make it promis-
ing for bioimaging. For example, GQDs exhibit fluo-
rescence, which can be used to improve imaging tech-
niques, and detect and diagnose diseases at an early
stage [132]. The intrinsic photoluminescence of OG
sheets was used to visualize living cells in the visible
and IR ranges [ 117]. Review [7] discusses various strat-
egies for designing biosensors based on graphene and
directions for future research. At present, many bio-
sensors, including those containing aptamers, are
used in healthcare. The authors summarized data on
the interaction of GO with DNA and information on
the use of both its intrinsic fluorescence and proper-
ties used to develop fluorescent sensors, such as the
quenching of luminescence and, conversely, signal
amplification. As a result, they came to the conclusion
that graphene is ideal for the multiplex detection of
various targets, including DNA, proteins, metal ions,
etc. In addition, GO can simultaneously be a means
for the delivery of DNA- and RNA-based sensors into
cells where they cannot penetrate on their own, and
even applied to the semiquantitative determination of
target molecules. For example, using the strategy of
exonuclease-1II-aided amplification, a turn-on apta-
sensor on the GO platform for detecting lysozyme,
which is known to be an amyloid protein, was con-
structed. The fluorescence determined by this method
linearly depended on the protein concentration. The
sensitivity of the sensor was very high. It is assumed
that other proteins can also be detected using this
method [133].

NDs have strong stable fluorescence and therefore
also have great prospects for the visualization of bio-
logical objects. For example, fluorescent NDs coated
with PEG based on human serum albumin have been
found to pass through the BBB and enter the brains of
mice. They can be traced at the level of individual
cells, neurons and astrocytes, i.e., they can be used to
visualize the latter [134]. Fluorescent NDs exhibiting
brightness and photostability were also used to mea-
sure axon transport, the disruption of which is charac-
teristic of hereditary forms of NDDs, which made it
possible to detect NDs inside neurons [135]. Fluores-
cent ND with biocompatible properties was used to
study the differentiation of neural cells [136]. The lat-
ter were obtained from stem cells, and the presence of
NDs in neurons was determined using confocal
microscopy. We note that NPs did not affect the mor-
phology, cell viability, and expression of the neuron-
specific marker B-II1-tubulin.
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4. PLATFORMS AND SUBSTRATES
FOR THE GROWTH AND DIFFERENTIATION
OF NEURAL CELLS

One of the areas of neuroscience is the construc-
tion of implants that can eliminate defects in the ner-
vous system. In addition, cell-replacement therapy
involves the introduction of in vitro grown neurons
into brain structures. Currently, there are a number of
works proving the prospects of this developing area.
Several reviews systematize studies of CNTs as sub-
strates for the growth of neural cells [4, 113, 137]. It is
believed that their shape and properties, in particular
electrical conductivity, contribute to this. These
reviews provide examples of studies in which neural
cells were successfully cultured on SWCNT substrates,
forming tight contacts with the latter. At the same
time, the neurons responded to external electrical
stimulation through CNTs; i.e., complete biocompat-
ibility of neurons and SWCNTs was observed. For
example, SH-SY5Y human neuroblastoma cells were
differentiated into neurons on the surface of glass
coated with a SWCNT—-PEG complex. The cell mor-
phology and neurite length were assessed after seven
days. They were longer and more complex than in the
control [12]. CNTs can be successfully used not only
to study the growth of neurons and the organization of
neural networks, but also to increase the efficiency of
signal transmission in the nervous system and to con-
struct nanoelectrodes that stimulate neurons as effi-
ciently as metal ones, but cause a lesser inflammatory
response [138].

Graphene-coated substrates also have the potential
for neural-cell growth and stimulation. Their electrical
properties and conductivity are much better than
those of graphite, and the resistivity is lower. Due to
the same properties, micromolar concentrations of
neurotransmitters, such as dopamine, can be detected
on graphene-coated surfaces [139]. To improve neu-
ron attachment, 2D and 3D polymer scaffolds were
constructed based on graphene. Experiments on cell
cultures have shown that constructs promote both
their adhesion and growth [140]. The 3D scaffolds
mimic the natural extracellular matrix microenviron-
ment and do not elicit a strong immune response in
vivo; so, their construction is of great importance in
biomedicine, for example, for repairing damaged
nerves. In [141], the case in point is a nanocomposite
scaffold consisting of a conducting polymer and GO
nanosheets. Molecules of interferon-y or platelet
growth factor, which promoted the differentiation and
growth of neurons or oligodendrocytes, respectively,
were covalently attached to the surface of the nano-
composite through the functional groups of carboxylic
acid. Thus, the scaffold could be changed depending
on the goals and objectives of the study. It is assumed
that the addition of GO to polymer substrates for
growing cells, including neurons, can improve their
mechanical properties due to oxygen-containing
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functional groups on its surface interacting with
hydroxyl or amino groups of polymers, providing
interfacial bonding between them and GO [139]. The
topic of using graphene for the growth and differenti-
ation of neurons, their regeneration, stimulation, and
detection of their activity is well covered in reviews
[116, 142].

Due to their chemical inertness and biocompatibil-
ity, NDs are also being actively studied as a potential
substrate for the cultivation of neural cells. The char-
acteristics of the crystal structure of NDs, which are
optimal for the differentiation and growth of neurons,
were studied [5]. Smaller crystals have been shown to
contribute to a higher neurite density. In this case,
boron as a dopant included in the structure of NDs
had no effect on cells. Neuroblastoma—glioma hybrid
cells, as well as neurons and Schwann cells isolated
from rats, were cultured on a substrate of amino-func-
tionalized NDs [143]. Human neural stem cells grew
well and spontaneously differentiated into neurons on
glass coated with NDs (10 nm) with oxygen and
hydrogen terminal groups. The use of NDs with an
oxygen group increased the total length of neurites,
their branching, and density. In this case, NDs were
attached to glass using simple sonication [144]. When
studying various ND coatings, the ability to increase
the adhesion of neural cells was shown to be affected
by the size and curvature of NPs [145]. It was also
found that neurons can be cultured on various sub-
strates coated with N Ds just as successfully as on stan-
dard materials coated with protein [146]. Thus, the
interaction of insect circadian-pacemaker neurons
with the surfaces of ultra-crystalline NDs was studied
[147]. It was shown that the cells were quickly and
firmly attached to the substrate without using adhe-
sion proteins, which made it possible to significantly
improve the protocol for the preparation of primary
cultures of neural cells, as well as the methods of their
immunocytochemical staining. A new material made
from ultra-nanocrystalline diamond using nitrogen
was reported. Treatment of the resulting films with
oxygen plasma affected their electrochemical capacity
and biocompatibility. This material was used for the
growth of rat cerebral-cortex neurons, and the surface
roughness turned out to play a significant role [148].
Thus, surfaces coated with NDs in simple and inex-
pensive ways promote neuronal growth. This may be
of importance for neurobiological research, as well as
for the design of medical implants and devices with
diamond-coated parts that come into contact with the
nervous system.

NPs for the thermal stimulation of neurons in deep
areas of the brain or as an alternative to optogenetic
methods can be used as magnetic ones, in addition to
the CNPs described above [130]. Electrodes made
from CNP-based composites have a unique molecular
structure and good electrical conductivity [4]. GO can
be considered as a promising candidate for the photo-
thermal treatment of AD, which has better selectivity
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and fewer side effects compared to traditional chemo-
therapy and radiotherapy, since only the affected area
of the body is exposed to light [66].

CONCLUSION

Thus, CNPs find application in various areas of
neuroscience due to their unique properties. But if the
use of CNPs as substrates for the growth of neural cells
does not raise questions, then the developments asso-
ciated with their entry into the human body cause dis-
trust in both the scientific and medical communities.
The main questions are related to the toxicity of CNPs
and their accumulation inside the body, and this
despite numerous studies that contradict these claims.
However, recently it has become obvious that these
disagreements can be resolved, since a sufficient num-
ber of works have been accumulated, indicating that
the toxicity of CNPs and their behavior in the body
depend on controlled factors, such as drug purity,
functionalization features, and physico-chemical
characteristics. By taking these factors into account, it
is possible to obtain N'Ps that can do much more good
than harm.
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