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Abstract For the first time, an effect of detonation
nanodiamonds (NDs) with different surface composi-
tions on the main functional characteristics of isolated
rat liver mitochondria was studied. The response of
membrane potential, calcium retention capacity, and
redox state of pyridine nucleotides have been monitored
upon the administration of NDs functionalized with
carboxyl, hydroxyl, amine, hydrogen, and chlorine sur-
face groups. Hydrogenated and chlorinated NDs caused
reduction of the membrane potential and calcium reten-
tion capacity of mitochondria. An aminated ND caused
an even greater decrease in calcium retention capacity
(at a concentration of 0.75 mg/ml), reducing it to 65% of
the control. The use of cyclosporine A prevented a
decrease in membrane potential and calcium retention
capacity indicating the induction of non-specific mito-
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chondrial membrane pores during the NDs incubation
with mitochondria. Hydrogenated and chlorinated NDs
had no significant effect on the redox state of mitochon-
drial pyridine nucleotides. Other NDs studied had no
effects on functional characteristics of mitochondria,
even at high concentrations (up to 1.5 mg/ml). High
activity of chlorinated and hydrogenated NDs may be
due to the greater hydrophobicity of their surface and its
interaction with mitochondrial pores components. Thus,
isolated rat liver mitochondria can be used as a biomodel
for initial testing of ND samples to assess the possibility
of their use in drug delivery systems.

Keywords Nanodiamonds - Functionalization of
nanodiamonds - Rat liver mitochondria - Membrane
potential - Calcium retention capacity - Pyridine
nucleotides redox state - Biomedical applications - Drug
delivery

Introduction

Currently, one of the main areas of modern
nanomedicine, nanochemistry, biopharmaceutics, and
pharmaceutical nanotechnology is the development of
delivery systems of biologically active substances
(BAS) and drugs based on a variety of nanoparticles to
improve the efficiency of treatment and to reduce tox-
icity and possible adverse events (Balogh 2017; Pathak
and Thassu 2016).
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Among more than over 400 kinds proposed nanopar-
ticles, one of the most promising nanocarriers are carbon
nanostructures, including single-wall and multi-walled
carbon nanotubes, fullerenes, graphene and its oxide,
and nanodiamonds (Mendes et al. 2013; Wong et al.
2013; Hong et al. 2015; Shenderova and Gruen 2006;
Ho et al. 2015; Chen and Zhang 2017). The attractive-
ness of carbon nanocarriers is due to ample opportunities
of overcoming biological barriers, penetration into cells,
immobilization of different BAS, and drugs and their
different combinations (Mendes et al. 2013). However,
several studies have found significant differences in the
biological properties of these nanostructures, including
toxicity (Wong et al. 2013; Hong et al. 2015;
Shenderova and Gruen 2006; Ho et al. 2015). It is shown
that one of the least toxic members of nanocarbon family
is ND (Hong et al. 2015; Ho et al. 2015).

Detonation nanodiamond (ND) is characterized by
an optimal combination of advantageous characteristics
namely the small primary particle size (4—6 nm), round-
ed shape, high-specific surface area (~400 m?/g), and
the presence of a variety of functional groups on the
surface (Magrez et al. 2006; Jia et al. 2005; Danilenko
2004; Dolmatov 2007). Furthermore, it was found that
the ND is able to penetrate the blood-brain barrier
(Zhang et al. 2012). High concentrations of various
functional groups on the surface of ND allow specific
functionalization of the ND surface chemistry for its
binding with BAS and drug molecules (Shugalei et al.
2013; Yakovlev et al. 2014). Many studies have indicat-
ed that variations in the composition of surface func-
tional groups are often accompanied by changes in the
biological properties of the carbon nanoparticles. This is
true both for fullerene (Sayes et al. 2004) and carbon
nanotubes (Sayes et al. 2004, Bottini et al. 2006), as well
as for NDs (Weng et al. 2012; Wehling et al. 2014;
Whitlow et al. 2017).

Application of nanodiamonds (NDs) in the biomed-
ical fields requires a thorough study not only of their
chemical and physicochemical characteristics, but also
biological, pharmacological, and toxicological proper-
ties, including their influence on cellular and subcellular
levels of the organism.

It was revealed (Schrand et al. 2007) that NDs
penetrate into neuroblastoma cells and macrophages,
and are localized in the cytoplasm to form aggregates
of about 500 nm. This ND with oxidized surface does
not lead to increased levels of reactive oxygen species
(ROS). Several other studies also confirmed
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penetration of NDs in various cells: HeLa
(Mkandawire et al. 2009), neutrophils (Karpukhin
et al. 2011), mouse macrophages (Thomas et al.
2012), platelets (Kumari et al. 2013), human periph-
eral lymphocytes (Dworak et al. 2014), and a variety
of other cell lines (Zhang et al. 2012; Yakovlev et al.
2014; Weng et al. 2012; Wehling et al. 2014; Whitlow
et al. 2017). It has been shown that NDs’ localization
in cells can be both on the surface of the cell mem-
brane and in the cytoplasm (Schrand et al. 2007,
Karpukhin et al. 2011), including the nuclear region
and intracellular organelles, such as mitochondria
(Mkandawire et al. 2009; Chan et al. 2017). As mito-
chondria are the central component in the chain of
energy metabolism of cells (Munnich and Rustin
2001), disruption of normal mitochondria functioning
can lead to the development of cell pathologies, the
emergence of a number of severe diseases and even
the death of the organism (Halliwell 1991; Cheung
etal. 2017). Mitochondria are also the major source of
ROS, which, with mitochondrial dysfunction, may
increase the destruction and even death of cells
(Turrens, 2003). A number of studies have been
shown to cause mitochondrial dysfunction could be
nanoparticles of different nature: silica (Guo et al.
2018), quantum dots (Zheng et al. 2017) et al. (Zhao
et al. 2016; Naserzadeh et al. 2018), including NDs
(Mytych et al. 2016; Fresta et al. 2018).

While some studies (Kumari et al. 2013, Dworak
et al. 2014) report that the ND concentration of about
1-5 pg/ml in the incubation medium creates notice-
able changes in the normal state of the cells, such as
increased ROS and reduced cell viability, according
to other studies (Sayes et al. 2004; Wehling et al.
2014; Schrand et al. 2007), the adverse effects occur
at much higher ND concentrations (> 50—100 pg/ml).
This mismatch of the results from experimental stud-
ies of biological activity of NDs can be attributed both
to the use of various cell cultures and the conditions of
incubation, as well as the difference in the nature of
the composition of impurities (Mitev et al. 2014) and
functional groups on ND surface (Korolkov et al.
2007). Thus, the qualitative and quantitative compo-
sition of impurities, in particular, metals with variable
valence can greatly affect the results of the biological
action of NDs (Mitev et al. 2014). It has also been
shown that the effect of nanostructures on the mito-
chondria can significantly depend on the particle size
(Lai et al. 2016).



J Nanopart Res (2018) 20: 201

Page 3 of 16 201

Based on the results published, we can conclude that
the NDs, similar to some therapeutic substances
(Szewczyk and Wojtczak, 2002), after penetrating into
cells, may be capable of acting on mitochondrial func-
tion and consequently on metabolism of cells. One of the
most important indicators of mitochondria functioning is
maintaining certain value of the membrane potential;
otherwise, the sustaining of the normal functioning of
mitochondria is sustained (Chen 1988). The ratio of the
oxidized and reduced forms of coenzyme nicotinamide
adenine dinucleotide (NAD) (i.e., NAD*/NADH) or dy-
namics of its change in the process of oxidative phos-
phorylation can be used as an indicator of the metabolic
activity of mitochondria (Schafer and Buettner 2001).
Another important indicator of the state of mitochondria
is their ability to transport and accumulate calcium ions,
which performs regulatory and signaling functions in
mitochondria and cells (Babcock et al. 1997; Cheung
et al. 2017). The impairment of the ability of mitochon-
dria to absorb calcium ions can lead to the dysfunction of
mitochondria and cells death (Nutt et al. 2002).

Up to now, the effect of the ND’s surface on mito-
chondrial functions has not been sufficiently investigat-
ed. Therefore, the aim of this work is a complex study of
the effect of ND’s surface composition on such charac-
teristics of mitochondrial functioning as the membrane
potential, calcium retention capacity, and redox state of
pyridine nucleotides.

Experimental
Nanodiamond

In the present study, ND (trade mark UDA-TAN) from
the company “SCTB “Technolog”, St. Petersburg, Rus-
sia was used. This sample contained 0.7 wt% of non-
combustible impurities. To reduce the content of metals
and other impurities, the ND was sequentially treated
with 0.1 M NaOH solution and concentrated HCI. After
every treatment, the ND was thoroughly washed with
water and dried using a rotary evaporator.

Next, this purified ND sample (ND(ref)) was used to
obtain functionalized samples of ND.

Hydrogenation

The nanodiamond with hydrogen-containing surface
groups (ND-H) was prepared by thermal gaseous

hydrogenation, as described in the article (Karpukhin
et al. 2011). A quartz reactor with the ND(ref) sample
was placed in a tube furnace, heated to 800 °C and held
for 5 h in a stream of hydrogen (at 2-3 1/h flow rate).

Chlorination

The ND with chlorinated surface groups (ND-CI) was
prepared as described in the article (Lisichkin et al.
2006). Chlorine was prepared by reacting KMnO, with
concentrated HCI; the liberated gas was absorbed by
carbon tetrachloride until its saturation (at 5.6 wt%).
ND-H (500 mg) was added to 40 ml of CCl, and Cl,
and the mixture was kept under an incandescent lamp
(500 W) at constant stirring for 24 h. Then, the ND-CI
was separated from the solution, rinsed with CCly, dried
using a rotary evaporator, and degassed under vacuum
(< 1 bar) for 2 h. The ND-Cl was stored in a desiccator
over calcium chloride.

Amination

Aminated nanodiamonds (ND-NH,) were prepared by a
thermal gas-phase amination of ND-CI (Denisov et al.
2010). 0.5 g of ND-CI was placed in a quartz boat and
transferred to a tubular furnace. Then, it was treated with
ammonia (2—3 1/h) at 450 °°C for 1 h. The ND-NH, was
degassed under vacuum (< 1 bar) for 2 h.

Carboxylation

Carboxylated ND (ND-COOH) was prepared through
liquid-phase oxidation of ND(ref) with a mixture of
acids, by a method similar to that described in previous
work (Nebel et al. 2007). One gram of ND(ref), placed
in a glass flask equipped with a reflux condenser, was
treated with 50 mL of a boiling mixture of concentrated
acids HNO;: H,SOy (1: 3) for 24 h. After separation of
ND-COOH ND from the acids, the ND was treated
twice with 50 ml of 0.1 M NaOH solution and once
with 50 ml of 0.1 M HCI solution. ND-COOH was
washed with water and dried using a rotary evaporator
for 2 h, then degassed under vacuum (< 1 bar) for 2 h.

Hydroxylation
Hydroxylated ND (ND-OH) was prepared by reduction

of ND-COOH according to the procedure described in
(Hens et al. 2008). A sample weight of ND-COOH (1 g)
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was placed in a three-necked round flask and 10 ml of
anhydrous degassed tetrahydrofuran (THF) and 15 ml of
2 M LiAlH, solution in THF were added. The reaction
mixture was stirred under nitrogen for 12 h. Residue of
LiAlH4 was decomposed with 1 M HCL. ND-OH sus-
pension was washed successively with 1 M HCI and
distilled water. Washed ND-OH was dried using a rotary
evaporator for 2 h and degassed under vacuum (< 1 bar)
for 2 h.

All NDs’ functionalization steps are shown in Fig. 1.

Preparation of ND hydrosols

Biological tests of ND influence on the functional char-
acteristics of mitochondria were performed using hydro-
sols of ND(ref) and functionalized NDs. Preparation of
these hydrosols was done by the method described in
the previous work (Yakovlev et al. 2015). A sample of
NDs (500 mg) was added to a test tube with 10 ml of
Milli-Q water and dispersed by sonication (250 W/cm?)
for 1 min. Large particle of NDs were removed by
centrifugation (x 6000g) for 5 min. Immediately before
performing the experiment with the mitochondria, the
pH of hydrosols prepared with NDs was adjusted to 7.2—
7.4 using a 1 M solution of KOH.

Characterization of NDs

Electron microscopic images of ND particles were ob-
tained with an ultra-high resolution transmission elec-
tron microscope, JEM-2100 F (“JEOL,” Japan) with 2 A
resolution.

Before registration of the FTIR-spectra, the ND sam-
ple was dried at 100 °C under a pressure < 1 bar for 2 h.
The absorption spectra of NDs were recorded using

Fig. 1 Stages of ND(ref)
functionalization:
l—carboxylation,
2—hydroxylation,
3—hydrogenation,
4—chlorination, 5—amination
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HNO4/H,S0,(1:3)

tablets made of KBr (in the same weight ratio of KBr
and ND and identical tablets weight for all samples) on
the Nicolet IR200 FTIR spectrometer (“Thermo Scien-
tific,” USA). The measuring range is 4004000 cm !,
resolution 2 ¢cm ', 50 scans. The software EZ Omnic
(ACDLabs 10, Canada) was used for the data analysis.
Selected shooting conditions of the IR spectra allowed
semi-quantitative evaluation of changes in the function-
al groups on the surface of the NDs.

The chemical composition of the NDs surface was
analyzed by XPS spectrometer LAS-3000 (“Riber,”
France) equipped with a hemispherical analyzer OPX-
150. For the excitation of the photoelectrons, the non-
monochromatic X-ray radiation from aluminum anode
(AlKx=1486.6 ¢V) was used at the tube voltage of
12 kV and emission current of 20 mA. The vacuum in
the chamber was 5 x 10™'° Torr. The calibration of pho-
toelectron peaks was performed relatively to the carbon
C 1 s peak with binding energy (E,) 285 eV.

The determination of carbon, hydrogen, and nitrogen
in NDs was performed using a combustion analyzer
240G (“Perkin Elmer”, USA). The ND sample (3—
6 mg) was placed in a platinum boat in the analyzer.
Combustion was conducted in a stream of pure oxygen
at 950 °C for 20 min. The content of CO,, H,O, and N,
in the combustion products was determined chromato-
graphically. From the difference in the initial sample
weight and content of C, H, and N, the total weight of
incombustible residue and oxygen was calculated.

The determination of chlorine in the ND samples
was performed by their combustion and subsequent
absorption of product gas by silver flakes at 440—
445 °C that is 15 °C below the melting point of silver
chloride, and the increase in weight of silver provided
the chlorine content. According to the weight of the

3 le, 800°C, 5h

boil, 24 h

L|A|H4/THF
Ar 12h

COOH

Cl,/CCly, hv, 24 h

’ NH3, 450°C, 1h
4
Cl
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noncombustible residue, oxygen content in the ND
sample was calculated.

Characterization of ND hydrosols

The concentration of NDs in hydrosols was determined
by weighting the sample before and after evaporation of
water from 0.5 ml of a ND hydrosol heated to 200 °C.
Hydrodynamic diameter of the NDs in hydrosol was
determined by dynamic light scattering (DLS) technique
using the ZetaSizer Nano ZS analyzer (Red Badge—
633 nm) and ZEN 3600 (Malvern instruments, LTD,
USA). The hydrosols were diluted to a concentration of
0.5 mg/ml.

In vitro studies
Animals

The study used adult male rats of the Wistar variety
(vivarium ITEB RAS, Pushchino, Russia), weighing
230-250 g (We worked in full compliance with the
European Convention for the Protection of Vertebrate
Animals Used for Experimentation and other Scientific
Purposes, 1986 86/609/EEC.).

Isolation of rat liver mitochondria

Rat liver mitochondria (RLM) were isolated from rat
liver according to standard procedures (Johnson and
Lardy 1967). After decapitation of the animal, livers
were removed and homogenized in a cooled extrac-
tion medium containing 300 mM sucrose, 10 mM
tris(hydroxymethyl)aminomethane (Tris-HCI)
(pH 7.4). The homogenate was centrifuged at
1800g-forces for 6 min at 0 °C. The supernatant
was separated and centrifuged at x 5000g-forces for
20 min at 0 °C. The mitochondrial precipitate was
resuspended in the extraction media. The mitochon-
drial suspension was kept on ice. Protein content was
determined by the Biuret method using bovine serum
albumin as a standard (Gornall et al. 1949).

Measurements of the mitochondrial membrane potential
in isolated mitochondria (in vitro)

For determination of mitochondrial membrane poten-
tial, we used the method described in the article
(Kondrashova et al. 2001). All measurements were

performed with continuous stirring in a thermostatic
cuvette with a volume of 1 ml at 25 °C. Potassium
succinate, with the addition of rotenone and potassium
pyruvate, was used as an oxidation substrate. Mitochon-
drial membrane potential was determined by the distri-
bution of the lipophilic cation tetraphenyl phosphonium
(TPP*), whose concentration in the incubation medium
was recorded with the help of TPP*-selective electrode
by the computerized system Record 4 (ITEB RAS,
Russia) (Kamo et al. 1979). The results are reported as
the concentration of TPP™ in the incubation medium on
time.

Mitochondria (20 ul; 1.2 mg of protein) was incu-
bated in 1 ml of medium containing 120 mM KCI,
1.5 mM KH,PO,4, 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (pH 7.25),
4 mM of substrate oxidation, and 1 uM TPP*. We used
pyruvate potassium or complex of succinate potassium
with rotenone as oxidation substrates. All measurements
were performed in a thermostated 1-ml cuvette at 25 °C
with continuous stirring. In each experiment, 10 ul of
ND hydrosol (i.e., 500 ug ND) were added to the media
starting at the 100th second and then every 60 s for five
times in total. Three independent experiments per data
point were conducted.

Determination of the calcium retention capacity
of isolated mitochondria

Calcium RLM capacitance measurement was performed
according to the procedure described in (Kondrashova
et al. 2001). Measurements were carried out under con-
tinuous stirring in a thermostatic cuvette with its volume
of 1 ml at 25 °C using a Ca**-selective electrode and
computerized system Record 4 (RAS ITEB, Russia)
(Fedotcheva et al. 2009). A mixture of potassium gluta-
mate (4 mM) with potassium malate (2 mM) was used
as the oxidation media. An oxidation substrate and
RLM (20 pl; 1.2 mg of protein) in 1 ml medium were
added to the incubation medium, followed by addition
15 or 30 ul of ND hydrosols (i.e., 0.75 or 1.5 mg ND).
Sequential addition of 25 uM CaCl, was added until the
recorded calcium ion concentration stopped to be accu-
mulated in mitochondria. Calcium retention capacity
was determined by the amount of accumulated Ca®*.
The measurement results are presented as the time-
dependent concentration of Ca** (tM) in the incubation
medium.

@ Springer
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Evaluation of redox state of pyridine nucleotide
and oxidative phosphorylation of isolated mitochondria

Redox state of pyridine nucleotide and oxidative
phosphorylation of isolated mitochondria was
assessed by fluorescence of pyridine nucleotides (at
460 nm) at an excitation wavelength of 340 nm in a
suspension of mitochondria using the Hitachi-F700
fluorimeter (Japan). To the measuring cuvette with
incubation medium (125 mM KCI, 15 mM HEPES,
1.5 mM phosphate, pH 7.25), the oxidation substrate
(mixture of glutamate and malate potassium at 5 mM)
and 20 pL of mitochondria (0.6 mg of protein per ml)
were added, followed by the addition of 25 pl of the
ND hydrosol. To evaluate oxidative phosphorylation,
200, 400, and 800 uM of adenosine diphosphate
(ADP) were added. Complete oxidation of NADH
was induced by adding 0.5 uM of uncoupler carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP).

Results

Physicochemical characterization of samples of NDs
and hydrosols

The specific surface area of ND was determined by the
Bruner—Emmett—Teller (BET) method from the data on
the low temperature adsorption of nitrogen on the
Gimini 2390 V1/02t instrument (Micromeritics, USA),
and it was equal to 296 + 1 m%/g. As it can be seen from
the TEMHR-micrographs of ND particles (Fig. 2), the
diamond core of the nanoparticles is clearly visible. The
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primary particle size averages 5—6 nm, which corre-
sponds to the in literature data (Kulakova 2004). A
similar pattern is typical for all studied NDs.

Figure 3 shows the absorption spectra obtained by
FTIR-samples of NDs. In all FTIR-absorption spectra of
the ND samples (Fig. 3), a broad intense band with the
maximum at 3435 cm ' is observed that is due to the
presence of oxygen-hydrogen bonds of hydroxyl groups
and adsorbed water molecules on the surface of ND.
The stretching valence vibrations of CH-groups corre-
spond to 2928 and 2856 cm™'. The absorption band with
the maximum at 1726 cm ' is due to the presence of
carbonyl groups on the ND surface. The absorbance at
1631 cm ' is connected with the bending vibrations of
water molecules adsorbed on surface NDs.

The disappearance of absorption bands at 1726 cm ™',
characteristic for the spectrum of the ND(ref) is ob-
served (line a) and Fig. 3 demonstrates that in the
spectrum of the sample ND-H (line b). Simultaneously,
there is an increase in intensity of the band correspond-
ing to oscillations of C-H-bonds at 2928 cm ' and a shift
of the band from 2856 cm ™' to 2885 cm™'. The samples
of ND-Cl and ND-NH, (lines ¢-d) were almost identical.
The spectra of ND-COOH and ND-OH samples (lines
e—f) preserved the absorption band of the carbonyl
group. In case of ND-COOH, its relative intensity com-
pared with that of pure ND increased. In the spectra of
samples of ND-COOH and ND-OH at 1120 cm_l,
stretching vibrations also manifest ether bonds (C-O-
C), which are more intense than those observed in the
spectrum of the starting ND (line a). After treatment of
ND-COOH sample with a reducing agent (LiAlH,), the
intensity of the absorption band corresponding to the
vibrations of the carbonyl groups is significantly re-
duced, which means the reduction in the amount of
carboxyl groups on the surface of nanoparticles (line
g). The bands in the region 1400-1000 cm ' can be
attributed to the intrinsic absorption of the diamond
lattice (Kulakova 2004).

The composition of the surface layer of ND particles,
obtained from XPS analysis, is shown in Table 1.

The data in Table 1 show that oxygen content varies
from 2.6 at% in ND-H to 7.5 at% in ND-COOH. The
same amount of nitrogen was observed in almost all
samples, except NDs ND-NH, functionalized, where it
was higher (~1.9 at%). At the same time, in all other
samples, minor amount of chlorine was also observed.
This may be due to the presence of impurities of metal
chlorides. Indeed, in the CI2p XPS-spectrum of the
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Fig. 3 FTIR-absorption spectra
of the NDs studied. The 3435
rectangles show the areas of the |
spectrum in which the most
significant changes are observed
in the process of surface
functionalization of ND 5 1631 1120
5 2928 1726
2 | 2856
J
] NN
ND-H
~ N\ SN
N\ "\ NOAH2
N Ne—" "\ ND-COOH
" "\ ND-OH
IIIIII||IIIIllII|||IIllllI|IIII|IIll|Il|||II|||II||IIII|||II| |III||III|||I
4000 3500 3000 2500 2000 1500 1000 500

ND(ref) sample, a peak corresponding to chlorine in the
form of chloride anions (196.5 eV) was present, while
the spectrum of the ND-Cl sample contained the peak at
around 200 eV, corresponding to chlorine covalently
bound with the surface carbon atoms (Fig. 4).

The results of elemental analysis of NDs, obtained by
combustion analysis, are summarized in Table 2.

Despite the fact that the main method for analyzing
the chemical composition of the surface is XPS, Table 2
lists some ND samples. The analysis of samples by the
combustion method additionally makes it possible to
determine the hydrogen content, which makes it possi-
ble to control the qualitative modification of the surface
in the chain “ND(ref) — ND-H — HA-CL.” Therefore,
data only for these three samples are presented.

Table 2 demonstrates that nitrogen content is the
same in different samples of NDs. Oxygen content in

Table 1 Content of elements in the surface layer of the ND
particles, according to XPS analysis

Sample Content of elements, at% (normalized to C, O, N,

and Cl)*

C N (0] Cl
ND(ref) 92.7 1.5 55 0.3
ND-H 95.6 1.5 2.6 03
ND-Cl1 95.1 1.5 2.7 0.7
ND-NH, 93.9 1.9 4.1 0.1
ND-COOH 91.2 1.1 7.5 0.2
ND-OH 92.8 1.5 5.4 0.3

*Accuracy of the method is 0.3 at%

Wavenumber, cm!

samples of ND-H and ND-Cl is nearly twice as lower as
in that of ND(ref). Simultaneously, hydrogen content in
the ND-H is twice as higher as in ND(ref). The chlorine
content in ND-Cl sample is significantly higher than that
in ND(ref) sample indicating the covalent grafting of
chlorine to the ND surface.

Parameters of ND hydrosols studied

According to DLS data, the average hydrodynamic di-
ameter of particles in hydrosols of functionalized NDs
ranged from 150 to 200 + 10 nm (Table 3).

Table 4 provides pH ranges from 3 to 4 for the
majority of the samples (except hydrosols of ND-H
and ND-NH,), indicating acidic character of the samples
(at 50 mg/ml). Considerably higher, pH of hydrosols
ND-H and ND-NH, samples apparently reflects a re-
duced content of proton-donating groups on the surface
of both ND samples. Another contribution to the higher
pH of the hydrosol of the sample ND-NH, may be due
to amino groups located on its surface, which have a
weakly basic nature.

2z c-cl S
;:’3 L —] ND
= 41 1 ] ND-c
1 1 1 1
208 204 200 196

Energy binding, eV
Fig. 4 XPS-spectra of C12p-electrons of ND(ref) and ND-Cl
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Table 2 The main elemental composition of ND samples obtained by combustion analysis

Sample Amount of incombustible residue, wt% Element content, wt%*

C N (0] Cl H
ND(ref) 0.7 89.7 2.3 6.7 <0.3 04
ND-H 1.3 91.2 2.3 3.7 0.7 0.8
ND-Cl1 0.4 89.7 2.3 3.8 32 0.6

*Accuracy of the method is 0.3 wt%

Influence of functionalized NDs on mitochondrial
membrane potential

Changes of mitochondrial membrane potential with var-
ious additives of NDs is shown in Fig. 5.

From Fig. 5a, it is seen that during normal function-
ing the mitochondria absorb positively charged lipophil-
ic cation tetraphenyl phosphonium (TPP"), due to the
high values of the membrane potential. This leads to a
decrease in the indicator concentration in the environ-
ment, where measurements were conducted. In the con-
trol experiment, the concentration of TPP* in the envi-
ronment medium is maintained at a constant minimum
level for more than 600 s (Fig. 5a, curve 1). The addition
of most of functionalized NDs leads to increasing the
concentration of TPP* in the environment medium, as a
result of its leaving from the mitochondria, while de-
creasing mitochondrial membrane potential (Fig. 5a,
curves 2 and 3). It is found that all ND samples with a
modified surface reduce the membrane potential by
acting at various concentrations. The greatest decrease
in mitochondrial membrane potential was achieved with
additions of ND-Cl and ND-H and the smallest at addi-
tives unmodified ND and ND-COOH (Fig. 5b).

Table 3 The values of average hydrodynamic diameter of studied
ND particles in their hydrosols (0.5 mg/ml), according to DLS

ND samples The average particle hydrodynamic
diameter ND, nm
ND(ref) 178
ND-H 182
ND-Cl1 154
ND-COOH 203
ND-OH 148
ND-NH, 154
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Since the presence of impurities (especially metals
with variable valence) can substantially change the bio-
logical properties of the NDs (Keremidarska et al. 2014),
a control experiment using additionally purified ND and
ethylenediaminetetraacetic acid (EDTA) for removal of
residual metal ions was performed. However, no chang-
es of the ND activity were observed, which means the
absence of any metal impurities in the investigated
nanodiamond.

It was found that the decrease in mitochondrial mem-
brane potential induced by samples of NDs was
prevented by adding a known inhibitor of mitochondrial
non-specific pores (mitochondrial permeability transi-
tion pore, MPTP) cyclosporine A (CsA). In Fig. 6, as an
example, the effect of CsA on the changes of mitochon-
drial membrane potential caused by supplements ND-C1
is presented (curve 1). It was discovered that CsA not
only prevents the reduction of mitochondrial membrane
potential induced additions of ND-CI (Fig. 6, curve 3)
but also restores it even after a significant reduction
(Fig. 6, curve 2).

Influence of the ND surface chemistry on the transport
of calcium ions and calcium retention capacity
of isolated mitochondria

The results of experiments on studying of influence of
chemical composition of NDs surface on the transport of
calcium ions and the calcium retention capacity of mi-
tochondria are shown in Fig. 7.

As can be seen from the figure, the addition of the
hydrosol ND-Cl and ND-H to isolated mitochondria
causes a decrease in calcium retention capacity, depend-
ing on the amount of hydrosol added (Fig. 7a, b).
Adding of 0.75 mg/ml of hydrosols of ND-CI, the
release of calcium from the mitochondria occurs at the
fifth addition of 25 uM CaCl, and ND-H at the sixth
addition of 25 uM CaCl,. Adding of hydrosols in the
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Table 4 Starting pH of NDs hydrosols (C =50 mg/ml)

ND Sample ND(pure) ND-H

ND-C1

ND-NH, ND-COOH ND-OH

pH 41 6.9 32

5.0 3.5 33

amount of 1.5 mg/ml, the release of calcium from mi-
tochondria occurs on the fourth additive as for ND-CI
and ND-H, while in the control mitochondria retain
calcium even after 8-9 additives CaCl,. Comparison
of the action of all ND samples investigated on calcium
retention capacity of mitochondria (Fig. 7c) showed that
in the case of the original sample ND, the amount of
calcium absorbed by mitochondria remains at the level
of the control. The addition of ND-COOH and ND-OH
hydrosols results to a weak decrease in the calcium
retention capacity of mitochondria (only 10% of con-
trol) when the amount of ND suspensions, introduced
into the cell, is 1.5 mg/ml. The addition of 0.75 mg/ml of
hydrosols of samples ND-H, ND-CI, and ND-NH, to
the mitochondria reduces in the number of calcium
trapped by mitochondria to 75 and 65% of control
values, respectively (data not shown).

The increase in the concentration of the added hy-
drosol of samples ND-H, ND-CI, and ND-NH, up to
1.5 mg/ml decreases the amount of calcium absorbed by
mitochondria to 65 and 55% of control values, respec-
tively (Fig. 7c).

a

1,2 ‘ mito

TPP+, uM

control

Influence of NDs on redox state of pyridine nucleotides
of isolated mitochondria

The observed change of the calcium retention capacity
of mitochondria may be due to the effect of modified
NDs to the redox state of the pyridine nucleotides in
isolated mitochondria.

Figure 8 presents data on the effect of NDs on the
redox state of the pyridine nucleotides in isolated mito-
chondria, which was assessed by changes in fluores-
cence of NADH in response to the addition of adenosine
diphosphate (ADP) and disconnector, carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazone (FCCP).

The additives of NDs were made at a concentration
of 20 mg/ml. Mitochondria (0.6 mg protein) were added
to 1 ml of incubation medium containing 120 mM KCI,
1.5 mM KH,PO,, 10 mM HEPES (pH 7.2), and oxida-
tion substrate of 5 mM glutamate +5 mM malate (in the
experiments presented in Fig. 8a) or 4 mM pyruvate +
2 mM malate (in the experiments presented in Fig. 8b).

The original recording of ND-NH, actions on change
of the fluorescence of PN and cycle of oxidative

b

Number of additions

T T T T T T T
0 100 200 300 400 500 600 700

time, s

Fig. 5 The effect of functionalized NDs on mitochondrial mem-
brane potential (as measured by changes in the concentration of
TPP* in the environment, where measurements were conducted). a
Original recording of changes in membrane potential of mitochon-
dria, oxidizing pyruvate in control, no additive of ND (curve 1)
and with consistent supplements of ND-H (curve 2) and ND-Cl
(curve 3). The arrows mark the addition of a 10 pl hydrosol of ND

. 0
800 H N O 9 O
o ©® $0,00 g@*g W ©

(500 pg ND). b The number of functionalized ND hydrosols
supplements (50 mg/ml) required to reduce mitochondrial mem-
brane potential by 50%. The concentration of the components of
the mixture in the measurement cell: 1.2 mg protein was added to
1 ml of incubation medium containing 120 mM KCl, 1.5 mM
KH,POy4, 10 mM HEPES (pH 7.2), 4 mM substrate, and 1.2 pum
TPP". The mixture was incubated at 25 °C

@ Springer
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& mito

0 200 400 600 800 1000
time, S

Fig. 6 Prevention by cyclosporine A reduction effect of the
membrane potential induced by sample ND-CI. 1—the mitochon-
drial potential change under the action of the sequential additives
of the ND-CI (500 pg), indicated by arrows; 2—cyclosporine A
(2 uM) was added after the introduction of the ND-Cl; 3—cyclo-
sporine A (2 uM) was added before the introduction of the ND-CI.
The concentration of the components of the mixture in the mea-
surement cell: 1.2 mg protein in 1 ml of incubation medium
containing 120 mM KCIl, 1.5 mM KH,PO,4, 10 mM HEPES
(pH 7.2), 4 mM substrate oxidation (succinate), and 1.3 uM
TPP*. The mixture was incubated at 25 °C

phosphorylation of added ADP is shown in Fig. 8a as
an example. It was found that ND-NH, sample was
extinguished the initial fluorescence of pyridine nu-
cleotides, but did not cause oxidation of NADH, as
significant changes of oxidative phosphorylation
(synthesis of ATP in response to ADP addition) and
response to the addition of disconnector (FCCP) were
not observed.

In assessing, the impact of modified NDs to the cycle
time of oxidative phosphorylation was found that the
majority of the studied NDs does not affect the cycle of
oxidative phosphorylation to be determined in response
to mitochondrial membrane potential to ADP addition.
The estimate of modified NDs impact to the cycle time
of oxidative phosphorylation allowed us to establish that
most of the NDs does not affect the cycle of oxidative
phosphorylation to be determined in response to mito-
chondrial membrane potential to ADP addition. How-
ever, the ND-Cl and ND-H caused the disconnection
and lengthening of the oxidative phosphorylation time
to 50% (Fig. 8b). In addition, it should be noted that
current concentrations of ND-Cl and ND-H is sufficient-
ly high (100200 pg/ml), i.e., close to the concentra-
tions that affect mitochondrial membrane potential in
the absence of ADP.

@ Springer

Discussion

The analysis of TEMHR image of the studied NDs did
not reveal any significant differences between the sam-
ples. TEMHR analysis demonstrates that NDs particles
are spherical in shape; they have a well-formed diamond
core, narrow particle size distribution, and the average
particle size is in the range of 4—6 nm.

FTIR spectroscopy and XPS analysis emphasized the
changes in the chemical composition of different NDs
induced by surface modification (see Fig. 3 and
Table 1). In particular, based on the reduction in the
intensity of the absorption band of the carbonyl group
(1726 cm "), FTIR spectrum analysis confirms the re-
duction of various oxygen-containing groups rather than
hydroxyl (Jakovlev et al. 2013). Increase in the relative
intensity of the absorption bands in the 2800-3000 cm
region indicates that the amount of C-H bonds on the
surface of the ND-H sample increased. There was no a
significant difference observed in the FTIR-spectra of
the ND-H and ND-CI samples (Fig. 3, lines b—c), since
the absorption intensity of the C-CI bonds is very low
(Lisichkin et al. 2006).

There are also no differences in the FTIR-spectra
of the ND-H and ND-NH, samples (Fig. 3, lines b—d).
This is due to the fact that the absorption by amino
groups manifested in a broad peak 3000-3500 cm™’
overlaps with the absorption by OH groups of water
molecules adsorbed on ND-H surface through hydro-
gen interactions.

Changes in the relative intensity of the absorption
band of C=0 bonds (1726 cm™ ") indicates the quantita-
tive difference between these bonds at the surface of the
samples ND. Thus, in the case of ND-COOH, C=0
bonds on the surface as compared to ND(ref) increases,
and compared to ND-OH sample decreases.

Increased levels of oxygen in the ND-NH, sample
compared with ND-Cl, from which it was derived, may
be due to partial hydrolysis of the C-Cl on the surface of
ND-CI (Lisichkin et al. 2009) due to the presence of
traces of water in ammonia in the amination process of
ND-CI (Table 1). Total nitrogen content of NDs
(Table 1) does not change during the functionalization
of'the surface, which is consistent with literature data the
bulk of the nitrogen is found in the diamond cores
(Kulakova et al. 2010). Elevated levels of nitrogen on
the surface of ND-NH, as compared with other samples
(Table 1) are due to the presence of amino groups on the
surface. It is known that the samples of commercial
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Fig. 7 The effect of modified NDs on the transport of calcium
ions in isolated mitochondria. a The effect of ND-CI: control,
without the addition of ND (curve 1), in the presence of 0.75 mg/ml
(curve 2) and 1.5 mg/ml (curve 3) ND-CI; b the effect of ND-H:
control without the addition of ND (curve 1), in the presence of
0.75 mg/ml (curve 2) and 1.5 mg/ml (curve 3) ND-H. Then, each
additive of CaCl, was at a concentration of 25 uM. ¢ The com-
parison of the action of NDs samples with different surface chem-
istry on the calcium retention capacity of mitochondria. The

grade NDs typically contain metal contaminants (Mitev
et al. 2013). The chloride ions detected in samples
(Fig. 4) may be associated with metal ions comprising
the ND impurities, which remain even after further
treatment of the original ND.

Thus, analysis of the original ND sample and the
functionalized NDs confirms that each of the latter is
characterized by an increased content of certain func-
tional groups or atoms: -H on ND-H, -Cl on ND-CI, -
COOH on ND-COOH, -OH on ND-OH, and -NH, for
ND-NH,. Furthermore, chlorine atoms are covalently
bound with carbon atoms only on the surface of ND-CI.

The well-known results of biological testing of NDs
(Kaur and Badea 2013) emphasize the importance of the

calcium retention capacity of mitochondria in the control (without
additives ND) is adopted 100%. The calcium retention capacity of
mitochondria was estimated by the number of absorbed and the
cations that were added in the form of CaCl,, in portions of 25 uM.
In all experiments, NDs were added at 1.5 mg/ml. 1.2 mg protein
of mitochondria was added to 1 ml of incubation medium contain-
ing 120 mM KCl, 1.5 mM KH,PO,4, 10 mM HEPES (pH 7.2),
4 mM glutamate, and 2 mM malate

size and concentration of ND particles in ND hydrosols,
as well as the chemical nature of the particles surface. In
the present work, we prepared hydrosols of functional-
ized NDs with the same concentration and similar par-
ticle size (150-200 nm). Thus, only chemical state of the
studied NDs was changed.

All our data indicate that the chemical state of the
surface of NDs affects the functional characteristics of
mitochondria. For example, samples of ND-Cl and ND-
H cause the decrease in mitochondrial membrane po-
tential when potassium pyruvate was used as an oxida-
tion substrate pyruvate (substrate complex I), whereas
ND-NH,, ND-COOH, and ND-OH had no marked
effect on the mitochondrial membrane potential. In

@ Springer
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Fig. 8 The effect of NDs on the redox state of the pyridine
nucleotides in isolated mitochondria. a The original recording of
the action of 625 pg/ml ND-NH, on PN fluorescence. Oxidation/
restore of NADH in the oxidative phosphorylation cycle was
induced by sequential additions of ADP in concentrations of
200, 400, 800 pm, respectively. The full oxidation of NADH

descending order of effect of lowering the mitochondrial
membrane potential, functionalized NDs can be listed as
follows:

ND-CI > ND-H > ND-NH,
> ND-OH>ND(ref) >ND-COOH.

In the case of using succinate as a substrate of oxida-
tion and blocking complex I by rotenone, all samples of
studied NDs caused a decrease in mitochondrial mem-
brane potential. The most active still remained ND-CI
and ND-H, and the least active are ND-COOH and
ND(ref).

The effect of changes in mitochondrial membrane
potential appeared at sufficiently high concentrations
of functionalized NDs: 1.0 mg/ml for ND-CI and ND-
H and 2.5 mg/ml for ND-COOH and ND-OH, corre-
spondingly. This concentration is generally unattainable
in the experiments in vivo.

In the earlier cell studies (Sayes et al. 2004), it was
shown that the functionalized samples of NDs (hydrox-
ylated, aminated, and carboxylated) administered at the
concentration of less than 50 pg/ml had practically no
effect on the viability of human embryonic cells HEK
293. Increasing concentration of ND up to 100 pg/ml
led to viability reduction to 80% for aminated ND, 90%
for hydroxylated ND, and 95% for carboxylated ND,
respectively. In the toxicity tests on HeLa cells, it was
shown that carboxylated NDs had no toxic effect (at

@ Springer

160+

1404 {
© g 120- —
§ g 10011 ER ES
ZE g0l
£33
5§
© 2 601
£ ? 40
=2

204

0

Qo“‘§0\$0\‘69\49’0\;,00020§ W $0X\ \40’0\
g

was initiated by addition of 0.5 uM FCCP. b Comparison of the
effect of functionalized NDs with different chemical surface on
time of oxidative phosphorylation. Time of oxidative phosphory-
lation cycle of ADP (50 uM) added to the mitochondria in the
control (without additives ND) was 50+ 10 s and taken as 100%

concentration 100 pg/ml), while NDs modified with (3-
aminopropyl)triethoxysilane demonstrated toxic effect
(Weng et al. 2012). One of the explanations of the
depressive action of ND-Cl and ND-H samples on the
membrane potential of mitochondria may be the high
hydrophobicity of their surface, which allows these
nanoparticles to penetrate more easily into the mito-
chondrial membrane.

Penetration of NDs into mitochondria with an average
diameter of 2-3 nm through the outer membrane chan-
nels seems unfeasible, based on the comparison of the
sizes of the channel and ND particles. While the primary
particle size of ND is ~4-6 nm, NDs form aggregates
with an average size of about 150-200 nm. This is much
larger than a mitochondrial pore. The fact that the most of
the studied NDs samples do not affect the respiratory
mitochondrial function, in particular, the redox state of
pyridine nucleotides is also in favor of the conclusion that
NDs do not penetrate into the mitochondria.

Therefore, a more probable explanation of the ND’s
effect of reducing the membrane potential is associated
with the possible interaction of the particles with trans-
port channels, including mitochondrial pore compo-
nents, located on the outer mitochondrial membrane.

Indeed, on the basis of obtained data, we can con-
clude about that the decrease in mitochondrial mem-
brane potential induced by modified NDs leads to open-
ing of a MPTP, and this process is prevented by the
inhibitor MPTP CsA (Fig. 6). In this regard, it was
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further investigated the influence of the surface chemi-
cal composition of NDs on the transport of calcium ions
and calcium retention capacity of isolated mitochondria.

It is shown that under conditions of transport and
accumulation of calcium ions in mitochondria, NDs
induce pores opening at lower concentrations of calci-
um. Functionalized NDs can be arranged as follows in
order to decreasing effect on calcium transport in mito-
chondria:

ND-NH, > ND-CI > ND-H
> ND-COOH~ND-OH>ND(ref)

These findings on the impact of the ND(ref) and
functionalized ND samples on mitochondrial calcium
retention capacity are consistent with the data on their
effects on membrane potential with successive addition
of NDs to the mitochondria. With the goal of revealing
the role of a type of surface groups, difference between
samples regarding all other structural factors had been
minimized; the studied particles in ND hydrosol sam-
ples had almost the same size (150-200 nm), and it was
assured that impurities in the samples at the level used in
the work do not play a role. Therefore, it can be assumed
that the observed difference in mitochondria metabolism
upon administration of NDs with different surface
groups is mostly based on chemical nature of the surface
of the ND samples. The specificity of the effect of
certain NDs on the induction of mitochondrial pores
has been confirmed by the fact that the original ND
did not demonstrate such influence.

From the data of Fig. 8, it is clear that the reduction of
the calcium retention capacity is observed upon the in-
cubation of mitochondria with ND-CI and ND-H, and
has a particularly strong effect after incubation with a
sample of ND-NH,. Perhaps the activity of the latter is
due to the interaction of the amino groups of ND with the
components of the mitochondrial pores and the influence
on its operation, which is typical, for example, for poly-
amines (Salvi and Toninello 2004). Educed effect of
influence of functionalized NDs on membrane potential
and Ca**-ion transport in the mitochondria suggests that,
depending on the chemical nature of the surface, ND
induced different mechanisms of its action on these sub-
cellular organelles. This hypothesis can be supported by
the conclusion made in the work on the study of the
biological activity of quantum dots (Zheng et al. 2017).
The authors showed that chemical composition of the
surface of nanoparticles, including the nature of the

functional groups, is more important in the generation
of ROS than surface charge (i.e., zeta potential), whereas
surface charge is an important driver of cytotoxicity.

In this regard, there are two important molecular
pharmacological aspects of using NDs as drug delivery
systems.

The first aspect is more relevant in case of ND as a
biomarker or a carrier for delivery of a drug to the tissue/
cell, the main (direct) action of which is not associated
with mitochondria. In this case, since the ND is able to
remain in the cell for a long time (Yakovlev et al. 2014)
and even move within the cell (Hayashi et al. 2013), it is
important to know how a particular kind of utilized ND
would affect the state and energy metabolism of the
mitochondria.

A second aspect becomes determining, in case where
ND is intended to be used as a delivery vehicle to a
cell/organ of a drug, the main effect of which is directly
associated with the mitochondria, e.g., antitumor antibi-
otics (in particular, doxorubicin (Chow et al. 2011), an
antioxidant, an analgesic, and others (Smith et al.
2012)). Then, there is the need to consider mechanisms
of influence of both the immobilized material, and its
carrier-ND on the mitochondria. Depending on the
mechanism of involvement drug in direct or indirect
mitochondria functioning, ND can enhance or weaken
the action of drug on the contrary.

Both effects can be used when creating a new gener-
ation of drug delivery systems based on NDs. For ex-
ample, varying chemical nature of the ND surface, it can
be possible to reduce the cytotoxicity of anticancer
agents in healthy cells (protective effect). Or, converse-
ly, modification of ND surface groups could be used to
increase the effectiveness of antitumor drugs in the
target cells, tissues, and organs. It is possible that such
an active action of ND surface composition has become
a major factor in improving the efficacy of doxorubicin
immobilized on ND in vivo experiments with a tumor
model, described in detail in previous work (Chow et al.,
2011). This only confirms the potential use of ND with
an optimized surface (e.g., hydrogenated) as a signifi-
cant additional factor for the activation of cellular apo-
ptosis through effects on the mitochondria.

Conclusion

This study indicates that using isolated mitochondria is
an effective model for a rapid assessment of biological
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nonequivalence of ND samples in vitro primarily
intended for biomedical applications (Solomatin et al.
2013).

The results also suggest that by selecting specific
chemical functionalization of ND (including ND modi-
fied with therapeutics), a fine tuning of its specific
interactions with mitochondria can be achieved, thus
leading to changes in cell bioenergetics. Moreover, since
the effect of NDs on mitochondria expresses through
specific interactions with membrane pores and channels
which have a protein nature, it can be expected that such
interactions play a role in other protein structures and
receptor-substrate interactions. This mechanism may be
crucial to amplification of psychopharmacological and
neurological properties of glycine immobilized on ND
(Leonidov et al. 2014a, b, ¢, d, e; Jakovlev et al. 2013).

In conclusion, the functionalized ND can be consid-
ered not only as a platform drug delivery system, but
also as a fundamentally new active pharmacological
agent capable of enhancing or, on the contrary, subsid-
ing the unwanted effect of a particular drug and even
lead to the appearance of new pharmacological proper-
ties (Leonidov et al. 2014a, b, c, d, €). Directional use of
this factor may lead to the development of highly effi-
cient drug delivery systems of a new generation based
on functionalized NDs (Jakovlev 2013; Jakovlev et al.
2013; Jakovlev et al. 2015).
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