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ARTICLE INFO ABSTRACT

Keywords: We report the synthesis of covalent conjugates of nanodiamonds with doxorubicin and a cytostatic drug from the
NanOdi?mf’nd class of 1,3,5-triazines. The obtained conjugates were identified using a number of physicochemical methods (IR-
1’.3’5'“1321_1]1)?1. spectroscopy, NMR-spectroscopy, XRD, XPS, TEM). As a result of our study, it was found that ND-CONH-Dox and
gf;gzg?;nl 1ty ND-COO-Diox showed good hemocompatibility, since they did not affect plasma coagulation hemostasis, platelet
Cytotoxicity functional activity, and erythrocyte membrane. The ND-COO-Diox conjugates are also capable of binding to
Hemocompatibility human serum albumin due to the presence of ND in their composition. In the study of the cytotoxic properties of
Antiradical activity ND-CONH-Dox and ND-COO-Diox in the T98G glioblastoma cell line, indicating that ND-CONH-Dox and ND-
Endocytosis COO-Diox demonstrate greater cytotoxicity at lower concentrations of Dox and Diox in the composition of the

conjugates compared to individual drugs; the cytotoxic effect of ND-COO-Diox was statistically significantly
higher than that of ND-CONH-Dox at all concentrations studied. Greater cytotoxicity at lower concentrations of
Dox and Diox in the composition of conjugates compared to individual cytostatics makes it promising to further
study the specific antitumor activity and acute toxicity of these conjugates in models of glioblastoma in vivo. Our
results demonstrated that ND-CONH-Dox and ND-COO-Diox enter HeLa cells predominantly via a nonspecific
actin-dependent mechanism, while for ND-CONH-Dox a clathrin-dependent endocytosis pathway. All data ob-
tained provide that the synthesized nanomaterials show a potential application as the agents for intertumoral
administration.

Abbreviations: ND, nanodiamond; Dox, Doxorubicin; Diox, [5 - [[4,6-bis (aziridine-1-yl) -1,3,5-triazine-2-yl]-amino]-2,2-dimethyl-1,3-dioxane-5-yl]-methanol;
EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; NHS, N-hydroxysuccinimide; ADP, adenosine diphosphate; DCM, dichloromethane; DMAP, 4-dimethylami-
nopyridine; aPTT, activated partial thromboplastin time; PT, prothrombin time; TT, thrombin time; HEK293, human embryonic kidney cell line; PANC-1, pancreatic
adenocarcinoma; T98G, glioblastoma; HeLa, cervical adenocarcinoma; TEM, transmission electron microscopy; HSA, human serum albumin; MTT, 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PBS, phosphate buffer saline; PRP, platelet-rich plasma; UV, ultraviolet.
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1. Introduction

Targeted drug delivery is one of the most intensively developed areas
of medicine [1-8]. Systems for such delivery help reducing the toxic
effects of the drugs by lowering their dosage and increasing their
effectiveness by targeting the transport to the location of the patholog-
ical process [9-14].

Nanocarriers are good candidates for delivery systems due to their
biocompatibility (the lack of immune response upon contact with cells
and tissues of a living organism) and ability to biodegrade [15]. Nano-
diamonds (ND) [16-22] are currently considered as promising system
characterized by high delivery efficiency and low toxicity [23]. Low
cost, chemical inertness, and the ability to overcome drug resistance
make ND attractive as carriers in antitumor drug delivery systems
[6,24-26].

One of the most studied and effective chemotherapy drugs is the
anthracycline antibiotic Doxorubicin (Dox) [27]. Unfortunately, the
pronounced antitumor effect of Dox is accompanied by significant side
effects (nausea, vomiting, alopecia). Along with the general toxic effects
patients develop congestive cardiomyopathy and chemoresistance due
to the pronounced cardiotoxicity of Dox [27].

The drug also develops resistance to therapy which necessitates the
search for new chemicals with cytostatic properties [26-32]. Thus, in
1996, the substance with antitumor activity that belongs to the group of
alkylating agents of the ethyleneimine class was synthesized [33]. Its
systematic name is [5 - [[4,6-bis (aziridin-1-yl) -1,3,5-triazin-2-yl]-
amino] -2,2-dimethyl —1,3-dioxan-5-yl]-methanol (Fig. 1) and we will
further refer to it as ‘Diox’.

In our group, the investigation of the physicochemical properties
(density, viscosity, refraction index, solubility, partition coefficient, etc)
as well as the stability of Diox solutions at various pH were carried out
[34]. Special attention was paid to the study of its biocompatibility and
bioactivity. In particular, two main mechanisms of its action were pro-
posed, namely, the intercalation with the DNA molecule and the change
of the antioxidant-prooxidant balance in tumor cells [35].

During fragmentary clinical trials conducted in patients with
advanced forms of malignant neoplasms of various localizations Diox
demonstrated its antitumor efficacy [36,37]. It was shown that the most
significant effect was observed in chemotherapy of common forms of
epithelial malignant tumors of the ovary at stages III-IV, including those
accompanied by ascites, using single doses of 15 mg intravenously by
stream or intraperitoneally at intervals of 72-96 h up to a total dose of
90-120 mg. Diox is less toxic than drugs based on platinum coordination
complexes (the standard in the treatment of ovarian cancer) and, unlike
them, does not cause complications in the form of adhesions. However, a
significant side effect of Diox is myelosuppression [37].

An alternative strategy aimed at reducing the side effects of anti-
tumor agents is their inclusion in colloidal, nanoscale delivery systems
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Fig. 1. The structure of Diox.
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[28-30]. The use of such systems allows in some cases to correct such
significant shortcomings of the drug as low stability, rapid metabolism,
limited penetration into cells and low intracellular concentrations, and
the absence of cell and tissue specificity. We, therefore, set to investigate
Dox and Diox as their conjugates with ND by studying their synthesis,
identification, biocompatibility, and cytotoxicity.

2. Experimental part
2.1. Synthesis
The substances that were used in this work are presented in Table 1.

2.1.1. Amidation reaction of ND-COOH with DOX

Carboxylated ND were provided by Ioffe Physical-Technical Institute
of the Russian Academy of Sciences (Saint Petersburg, Russia). 500 mg
of ND-COOH were dispersed in deionized water with subsequent addi-
tion of 250 mg of EDC and 300 mg of NHS with stirring at room tem-
perature for 2 h at pH 5-6, the pH was adjusted using few drops of HCI.
Then 50 mg of Dox-HCl dissolved in deionized water were added to the
mixture while increasing the pH to 8-9 using NaHCO3. The mixture was
stirred in darkness for 48 h at room temperature. The obtained products
were separated by centrifugation (2500 g) and obtained precipitate was
washed several times by DCM and afterwards by deionized water till
neutral pH and colourless solution. The product was dried at 50 °C
(Fig. 2).

2.1.2. Esterification reaction of ND-COOH with Diox

500 mg of ND-COOH dispersed in DCM and DMAP were dissolved in
DCM and stirred with ND-COOH solution for 1.5 h. Then, 50 mg of Diox
in DCM were added and the mixture was stirred at room temperature in
darkness for 48 h. The obtained products were separated by centrifu-
gation and obtained precipitate was washed several times by DCM and
afterwards by deionized water till neutral pH and colourless solution.
The product was dried at 50 °C (Fig. 3).

2.1.3. Degree of ND loading with cytostatics
The degree of loading was calculated by weighting the samples
before and after functionalization:

DLE% — Mfinal(ND—cytostatic) — Minitial(ND) 100% )

Minitial(cytostatic)

where Mpnai(Np—cytostatic) iS the mass of the resulting conjugate, M) iS

Table 1
Reagents used in the study.

N2 Sample Manufacturer Main substance
content
1 Sodium nitrate Vekton, Russia >0.95
2 Potassium Vekton, Russia >0.99
permanganate
3 Sodium hydroxide Vekton, Russia >0.99
4 L-glutamine Sigma-Aldrich, USA >0.98
5 HSA Biolot, Russia >0.95
6 Ph?sphate-buffered Biolot, Russia
saline
7 Radachlorin Rada-Pharma, Russia
8 Dimethyl sulfoxide Vekton, Russia >0.99
9 Sodium azide Sigma-Aldrich, USA >0.99
10 Adenosine diphosphate Sigma-Aldrich, USA >0.95
11 Sodium citrate Vekton, Russia >0.99
12 Propidium iodide Sigma-Aldrich, USA >0.94
13 Hydrogen peroxide Vekton, Russia >0.33
14 Digitonin J&K Scientific GmbH, 50.92
China
15 Tbuprofen J. &F( Scientific GmbH, >0.98
China
16 Warfarin Sigma-Aldrich, USA >0.97
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Fig. 2. The synthesis of ND-COOH covalently functionalized with DOX (ND-CONH-Dox) through amidation reaction.
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Fig. 3. The synthesis of ND-COOH covalently functionalised with Diox (ND-COO-Diox) through esterification reaction.

the mass of initial ND.
For ND-CONH-Dox the degree of loading was 70.0%, and for ND-
COO-Diox it was 62.5%.

2.2. Identification

We used the following physicochemical methods to characterize the
obtained ND-CONH-Dox and ND-COO-Diox conjugates: IR spectroscopy
(FTIR-8400S spectrometer, Shimadzu, Tokyo, Japan), elemental anal-
ysis (Euro EA3028-HT, EuroVector, Pavia, Italy), 13C NMR spectroscopy
(NMR-spectrometer Avance III 400 WB, Bruker, Billerica, Massachu-
setts, USA), and XPS (Thermo Fisher Scientific ESCAlab 250Xi, USA).
The morphology of the nanoparticles was determined using TEM (Zeiss
Libra 200FE, Germany).

The size distribution of ND-CONH-Dox and ND-COO-Diox particles
in the aqueous dispersions and the {-potentials were measured using
Malvern Zetasizer 3000 (Malvern Instruments, Malvern, Worcestershire,
United Kingdom).

2.3. Biocompatibility study

2.3.1. Hemolysis

After obtaining informed consent, blood samples for the study were
taken from eight donors of both sexes, 20-30 years old. The study of
erythrocyte hemolysis was carried out by measuring the optical density
of supernatants at 2 = 540 nm using Thermo Scientific Evolution 300
spectrophotometer (USA). The reaction mixture was prepared from 1 ml
of ND-CONH-Dox and ND-COO-Diox dispersions at the concentration of
2.5-25 mg-1"! and 1 ml of erythrocyte suspension in NaCl isotonic so-
lution. After preparation, the samples were incubated at 37 + 0.2 °C for
1 and 3 h. After incubation, the tubes were centrifuged for 10 min at
2000 rpm.

2.3.2. Platelet aggregation

After obtaining informed consent, blood samples for the study were
taken from eight donors of both sexes, 20-30 years old, who did not
receive drugs that affect platelet function for 7-10 days. To prevent
platelet activation, blood was taken into vacuum tubes containing 3.8%
sodium citrate with the sodium citrate:blood ratio 1:9. To obtain
platelet-rich plasma (PRP), stabilized blood was centrifuged at 3000 rpm
for 5 min.
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Platelet aggregation in PRP was studied using the platelet aggrega-
tion analyzer Solar AP2110 (Republic of Belarus) at the temperature of
37 °C; the rotation speed of the magnetic stirrer was 1200 rpm. ADP
(final concentration C = 10 pM), collagen (final concentration C = 2
mg-ml‘l) and adrenaline (final concentration C = 10 pg-ml‘l) were
used as inductors. The effect of ND-CONH-Dox and ND-COO-Diox on
induced platelet aggregation was determined by mixing 270 pl of PRP
and 30 pl of ND-CONH-Dox and ND-COO-Diox dispersions in cuvettes at
the final concentrations C = 2.5-25 mg 17!. The inducers were added to
the cuvettes 5 min after the mixture was incubated. The kinetics of ag-
gregation was recorded until reaching a plateau on the aggregation
curve.

Clotting tests included methods for measuring aPTT, PT, and TT.
These methods allow measuring the time interval from the moment of
adding a reagent (an activator that starts the coagulation process) to the
formation of a fibrin clot in the plasma under study. To determine aPTT,
PT, and TT, the reagent kits from Tekhnologiya-Standard (Russia) were
used. The studies were carried out on APG2-02-P coagulometer (EKMO,
Russia). For the study, 50 pl of plasma and 50 pl of ND-CONH-Dox and
ND-COO-Diox dispersions were mixed to obtain dispersions with various
concentrations in the range 0.375-1.5 gel L.

2.3.3. Binding with HSA

The study of the binding of ND-CONH-Dox and ND-COO-Diox with
HSA was carried out using SOLAR CM 2203 spectrofluorimeter (Re-
public of Belarus). Emission spectra were measured in the wavelength
range 310-450 nm at the excitation wavelength of 290 nm; the tem-
perature was T = 298.15 K. To measure the fluorescence spectra, the
dispersions containing 3 pM of HSA and 0, 0.005, 0.01, 0.015, 0.02,
0.025, 0.03,0.035, 0.04 gol’1 of ND-CONH-Dox and ND-COO-Diox were
prepared.

2.3.4. Cytotoxicity

Cytotoxicity was studied using the MTT test (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide). The following cell lines were
used to evaluate cytotoxicity: PANC-1 pancreatic adenocarcinoma,
T98G glioblastoma, and HeLa cervical adenocarcinoma.

The cells were cultured in a CO5 incubator at 37 °C in humidified
atmosphere containing air and 5% COs in the DMEM-F12 nutrient me-
dium containing 10% thermally inactivated fetal bovine serum, 1% t-
glutamine, 50 U-ml~! penicillin, and 50 pg-ml~! streptomycin.

For the experiment, the cells were seeded in a 96-well plate and
placed overnight in a CO, incubator. During this time, the cells attached
to the surface of the wells (5000 cells were added to each well in 200 pl
of DMEM-F12 medium). The number of cells was counted by the BioRad
TC10 cell viability analyzer (Bio-Rad Laboratories, USA), after which
the aqueous dispersion of ND and their conjugates with cytostatics was
added to the wells in the concentration range of 0.47-60 mgel™*. The
cells were incubated in the plates for 48 h in a CO5 incubator at 37 °C. At
the end of the incubation period, the DMEM-F12 culture medium was
discarded by inverting the plate. Next, 100 ul of DMEM-F12 medium and
20 pl of the MTT reagent were added to the wells, and the plates with the
cells were incubated for 1 h in a CO5 incubator at 37 °C. After removal of
the supernatant, the obtained formazan crystals were dissolved for 15
min with stirring in 200 pl of DMSO per well, and then the optical
density was measured using the BioRadxMarx plate spectrophotometer
(Bio-Rad Laboratories, USA) at the wavelengths of 540 nm and 690 nm.
To correct for background, the absorbances at 540 nm were subtracted
from the absorbances at 690 nm for the respective wells. Data were
normalized as percentage relative to the control cells incubated without
the addition of the test substances.

2.3.5. Endocytosis

The mechanisms of endocytosis were studied using the MTT test to
evaluate the toxic effect of the conjugates on HeLa cells in the presence
of the following endocytosis inhibitors: CK-636 (C = 150 pM), Nystatin
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(C = 30 pM), Dynasore (C = 300 pM), Nydrate (C = 10 uM), Chlor-
opromazine (C = 70 pM), and Amiloride (C = 150 pM). Cytotoxicity data
in the presence of the inhibitors were compared with controls in the
absence of the inhibitors.

2.3.6. Antiradical activity

Solution of DPPH in ethanol and dispersions of ND-CONH-Dox and
ND-COO-Diox in water were prepared. Then, the solution and the dis-
persions were mixed in the 1:1 ratio. The concentration of DPPH in the
final solution was 0.03 mg-1"}; the concentration of ND-CONH-Dox and
ND-COO-Diox varied from 0.25 to 25 mg-1~!. Water-alcohol solution of
DPPH with the concentration of 0.03 mg-1~! was used as a negative
control (without the addition of ND-CONH-Dox and ND-COO-Diox).
Water-alcohol dispersions of ND-CONH-Dox and ND-COO-Diox (C =
0.25-25 mg-1~1) were used as a reference. After preparation the systems
were placed in an ultrasonic bath for 10 min and then incubated for 30
min in the dark at 25 °C. Next, the optical density of the solutions was
measured relative to the water-alcohol mixture at the wavelength of
515 nm. The degree of inhibition of the free radical reaction was
calculated using the equation:

ADPPH — (Ame.r B AO)

%inhibition =
Apprr

-100% 2)
where Apppy is the optical density of the water-alcohol solution of
DPPH in the absence of ND-CONH-Dox and ND-COO-Diox, A, is the
optical density of the water-alcohol solution of DPPH after the reaction
with ND-CONH-Dox and ND-COO-Diox, Ay is the optical density of the
water-alcohol dispersion of ND-CONH-Dox and ND-COO-Diox.

2.3.7. Binding with DNA

UV absorption spectra of ND-CONH-Dox and ND-COO-Diox disper-
sions in hysiological solution containing DNA in the wavelength range of
220-340 nm were recorded using Thermo Scientific Evolution-300
spectrophotometer (USA) at 25 °C relative to the physiological solu-
tion in a quartz cuvette (I = 1 cm). The solutions were obtained by
mixing DNA solutions and dispersions of ND-CONH-Dox, ND-COO-Diox
[35]. The final concentrations of DNA in the dispersions were 0.0129,
0.0135, 0.0141, 0.0146, 0.0150, 0.0155, 0.0159, 0.0162, 0.0166,
0.0169, and 0.0172 g-l_l ; the concentrations of ND-CONH-Dox and ND-
COO-Diox were 5-1072 gel %,

2.3.8. Effect on the mitochondrial membrane potential (AY¥ ;)

PANC-1 cells were trypsinised and washed with PBS, containing 10%
fetal bovine serum (FBS). Afterwards, the cells were resuspended in the
mixture of PBS, 5% FBS and 50 mM KCl. After the incubation of the cells
with MitoTracker® Orange CMTMRos fluorescent dye (500 nM) at 37 °C
for 30 min, they were rinsed with PBS and plated into the black 96-well
plate (80,000 cells per well). The concentration of ND, ND-CONH-Dox
and ND-COO-Diox in the final suspensions were equal to 10 pM in
terms of individual cytostatic. For the dissipation of the proton gradient,
10 pM of FCCP (carbonyl cyanide-p-trifluoromethoxyphenylhydrazone)
were added. The measurements of fluorescence were carried out using
the microplate reader (TECAN Instrument, Austria) at the excitation/
emission wavelength of 554/576 nm.

2.4. Statistical analysis

All calculations were performed using the OriginLab program (USA).
P values were considered significant at 0.05. Data were analyzed using t-
test Student. Physicochemical experiments were carried out three times.
All biological experiments were carried out ten times.
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3. Results Dox is presented in Figs. 4a, b. The spectrum of individual ND is shown
in Figs. 4a, b for comparison. It consists of the following shifts: (i) 40
3.1. 3c NMR ppm corresponding to the idealised diamond core; (ii) 75 ppm for the

hydroxylated carbon atoms; (iii)) 100 ppm for the sp? carbon atoms

Figure. 4 shows the results of C solid-state NMR spectroscopy for covering the ND core due to partial graphitization; (iv) 160, 184 ppm for
ND, Diox, ND-COO-Diox (Fig. 4a) and ND, Dox and ND-CONH-Dox the surface carbonyl and carboxyl groups. The obtained spectrum is in
(Fig. 4b), respectively. The interpretation of the spectra of Diox and good agreement with the literature data [38,39]. When comparing the

(@)

m J

(6)

1|U\//U "o 0

X 0
Ve K ND-Dox
C

T
100 50 0

o/ ppm

Fig. 4. 13C NMR spectra of ND-COO-Diox (@), ND (@), Diox (@) (a) and ND-CONH-Dox (@), ND (@), Dox (@) (b).
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spectra of ND, Diox and conjugate, it is obvious that Diox is linked to ND
through an ester group (signal at 120 ppm) (Fig. 4a); the signal of the
carbon atom in carboxylic group of ND (172 ppm, signal m) is shifted
towards 182 ppm (signal b). Fig. 4b shows that the peak at 172 ppm (d)
is related to the carbon atom of the amide group formed by the covalent
functionalization of the carboxylic group of ND with amino group of
Dox. The rest of the signals in Figs. 4a, b are the superposition of the
peaks of the individual ND and Diox, Dox.

3.2. IR

Fig. 5 shows the IR spectra of ND-COO-Diox and ND-CONH-Dox, as
well as the spectra of precursors for the synthesis of the conjugates (ND,
Diox, Dox). The peaks at 3414 cm ™! and 1541 cm ™! correspond to O—H
stretching and bending vibrations for carboxylic and alcoholic groups in
carboxylated nanodiamond. Moreover, the two peaks at 2930 cm™! and
2860 cm™! belong to asymmetric and symmetric C—H stretching vi-
brations. The peaks at 1707 cm ™! corresponds to the stretching vibration
of C=0 carboxylic group due to oxidation. Other peaks between 840
em™! and 1260 cm™! are corresponding to C—O stretching vibrations.
While in Dox spectrum, the two peaks around 3420 cm ™! and 3183 cm ™!
are related to the stretching vibrations of amine group NH; of Dox

(a) 0.00 E
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WC=0) KO-H)

1 1 1 n 1 L 1 n 1 " 1 " 1

3500 3000 2500 2000 1500 1000 500
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T T T T T T T
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2 yC-) Ll i
0.25F 4 v 8co) -
o ;'.o H)
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v(O-11)
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3500 3000 2500 2000 1500 1000 500
v, cm™!

Fig. 5. IR-spectra of (¢) ND-COO-Diox (black), Diox (red) u ND (blue); (b) ND-
CONH-Dox (black), Dox (red) u ND (blue). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)
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molecule as well as the stretching vibrations around 1700 cm™! and

1833 em™! are attributed to the C=0 group of ketone and quinone
groups, the peak around 1507 cm ™~ is attributed to the C=C domains in
Dox structure. In the other hand, ND-CONH-Dox showed the peaks at
around 3420 cm ™! and 1624 cm ™! corresponding the stretching vibra-
tions of N—H and C=O0O of amide groups proving the successful func-
tionalization of ND with DOX molecules through amidation reactions. At
the same time, the peak around 1724 cm™! is attributed to C=0 of
carbonyl groups included in ketone and quinine portions of Dox mole-
cule while the peak around 1580 cm™! is characteristic for the C=C
portions of Dox while in case of the functionalization with Diox, the peak
at around 1730 cm ™! is specific to the C=O0 stretching vibration of the
ester groups, proving the covalent functionalization of ND with sub-
stance 1 through esterification reaction. Moreover, the peaks at around
3430 cm ! and 1642 cm ™! are attributed to N—H stretches and bending
of Diox, while the peaks at 1590 cm ™! and 1551 cm ™! are corresponding
to the stretching vibrations of C—H bending, other peaks at lower
stretching vibrations are related to C—O and C—N bonds.

3.3. TEM

Figure 6 presents the TEM images of ND, ND-Diox u ND-Dox. It can
be seen that in the process of functionalization, the layer was formed.
The thickness of the layer is 0.5 nm and it is unstructured because of
organic origin. The cytostatic layer veils the visibility of the ND crystal
faceting that is different from the individual ND, which images clearly
show their shape and structure even in the presence of the background
texture imposed by the underlying carbon film.

3.4. Determination of ND-CONH-dox and ND-COO-Diox distribution and
¢-potential

Figure 7 presents the size distribution of ND-Diox and ND-Dox
nanoparticles in aqueous dispersions. The hydrodynamic diameters in
aqueous dispersions containing ND-COO-Diox, ND-CONH-Dox (Cnp.coo-
Diox/Dox = 1 g-l’l) are equal to (25 + 5) nm and (30 + 5) nm respec-
tively (Fig. 7). In the case of distribution of ND-COO-Diox, ND-CONH-
Dox in blood plasma, the sizes are equal to (10 + 3) nm and (11 + 3) nm
respectively. The analysis of {-potentials distribution reveals that the
values are in the region (—36.8 &+ 5) mV for both conjugates indicating
the aggregative stability of the aqueous dispersions in the whole con-
centration range.

3.5. Hemocompatibility

3.5.1. Hemolysis

To assess the biocompatibility of ND-CONH-Dox and ND-COO-Diox,
its effect on spontaneous hemolysis was studied. The effect of the test
substances on hemolysis was determined by measuring the concentra-
tion of released hemoglobin. The degree of hemolysis was determined by
the formula:

A est Acon g
Ltest — eontrol 1009, 3)

100

Y%haemolysis =

Fig. 6. Typical TEM-images of individual ND (a), ND-COO-Diox (b), and ND-
CONH-Dox (c).
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where A is the optical density of the experimental sample; A oneror iS
the optical density of the control sample; Ajgp is the optical density of
the system with complete hemolysis.

Figure 8 shows that ND-CONH-Dox, when incubated for 1 and 3 h,
caused very mild hemolysis (<5%) over the entire concentration range;
the degree of hemolysis depended on the dose and time. It should be
noted that nanomaterials are classified as non-hemolytic if the degree of
hemolysis does not exceed 5%. In the case of the dispersions of ND and
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Fig. 8. The effect of ND-CONH-Dox on the degree of hemolysis of erythrocytes
after 1 h (light gray) and after 3 h (dark gray)

ND-COO-Diox, after 1 and 3 h of incubation, hemolysis was not observed
in the studied concentration range 0.075-0.3 gel 1. Therefore, ND-COO-
Diox and ND-CONH-Dox can be considered safe in the concentration
range up to 0.3 gel .

3.5.2. Platelet aggregation

It was found (Table 2) that ND at all studied concentrations did not
affect ADP-induced platelet aggregation, and in the tests of collagen- and
adrenaline-induced aggregation, there was a significant suppression of
aggregation compared to the control only at the maximum concentra-
tion of 0.3 gel~!. The ND-CONH-Dox conjugate statistically significantly
inhibited adrenaline- and ADP-induced platelet aggregation compared
to the control and did not affect collagen-induced platelet aggregation.
The ND-COO-Diox conjugate significantly inhibited ADP-, collagen-, and
adrenaline-induced platelet aggregation only at the maximum concen-
tration of 0.3 gel ! compared to the control. It can be seen that the
conjugation of cytostatics to the surface of ND-COOH contributes to a
slight increase in aggregation, which may be associated with the acti-
vation of the purinergic receptor P2X1 and the subsequent entry of
exogenous Ca' 2 ions into the platelet [40].

Table 2
Influence on ADP, collagen, adrenaline - induced platelet aggregation in
platelet-rich plasma; Cyy, is the concentration of nanomaterials.

Amplitude / %

Inductor (n = 7) Cnm / gol ™!
Control 0.075 0.15 0.3
ND [40]
ADP 69.4 £ 6.7 73.2+9.5 67.4 + 8.6 65.0 + 5.0
Adrenaline 66.5 + 4.9 63.0 £ 4.7 57.8 £5.7 47.8 £7.9*
Collagen 79.9 £5.2 78.7 + 8.6 74.5 + 8.3 65.2 + 6.8*
ND-CONH-Dox
ADP 83.4+£6.9 78.3 £ 8.6 72.0 £ 2.9 69.7 + 4.6"
Adrenaline 80.7 £ 5.3 70.7 + 5.9% 69.9 +7.7* 69.2 +7.7*
Collagen 83.2 £ 4.6 78.8 £ 2.7 76.5 + 4.6 76.4 £7.1
ND-COO-Diox
ADP 80.8 +£ 2.6 80.0 £ 5.9 77.5 £ 8.2 73.3 £ 3.2%
Adrenaline 74.0 + 8.4 78.4 £ 8.1 68.1 +9.0 63.2 + 4.2*
Collagen 85.0 £ 5.6 82.5+4.7 78.3 £ 8.8 75.6 + 3.3*

" p <0.05 relative to control.
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3.5.3. Clotting test

The effect of ND, ND-CONH-Dox and ND-COO-Diox on the parame-
ters of the plasma-coagulation hemostasis is presented in Table 3. As can
be seen from the presented data, there was a statistically significant
increase in PT compared to the control only at the maximum concen-
tration of ND-CONH-Dox and ND-COO-Diox (0.3 gol’l). ND-COO-Diox
statistically significantly reduced TT at the concentrations of
0.075-0.3 gel 1. In the studied concentration range, ND, ND-CONH-Dox
and ND-COO-Diox did not affect aPTT.

3.5.4. Binding with HSA

The Scatchard equation was used to determine the binding constant
(Kp) of ND-CONH-Dox and ND-COO-Diox to HSA from fluorescence
spectroscopy data:

Fy—F

lg = IgK, +nlgQ “4)
where Fy is HSA fluorescence intensity in the absence of nanomaterials,
F is HSA fluorescence.

intensity in the presence of the nanomaterials, Q is the concentration
of the nanomaterial, g-171.

Figure 9 shows the data on HSA binding to ND-CONH-Dox and ND-
COO-Diox in Hill coordinates (Ig%:F, 1gQ).

To determine the binding sites of ND-CONH-Dox and ND-COO-Diox
with HSA, competitive binding experiments were performed in the
presence of binding site markers. The measurements were carried out in
the absence and in the presence of binding site markers, which were
used as warfarin, ibuprofen, and digitonin with the final concentration
of C = 3 pM. The calculations were carried out based on three parallel
measurements.

From the data obtained for ND-COO-Diox, the K; and n values
decreased in the presence of ibuprofen and digitonin (Table 4), and in
the case of ND-CONH-Dox, in the presence of ibuprofen, digitonin, and
warfarin (Table 5). Based on the values of the binding constants, ND-
CONH-Dox forms a stronger complex with HSA in the IIIA subdomain
and less stable complexes in the IB, IIA subdomains; ND-COO-Diox forms
a stronger complex with HSA in the IIIA subdomain and a weaker
complex in the IB subdomain. Unlike individual ND [40], conjugates
have only one albumin-binding site. At the same time, the binding site
IIIA is not typical for individual ND; from this, it can be concluded that
the conjugates bind to HSA mainly due to the cytostatic fragment, while
the binding constant decreases.

3.5.5. Antiradical activity

Figure 10 a,b show the dependence of the fraction of reduced radicals
(% inhibition) on the concentration of ND-CONH-Dox and ND-COO-
Diox. From Fig. 10a,b, we can conclude that the antiradical activity of

Table 3
Effect of ND-CONH-Dox and ND-COO-Diox on ADP-, collagen- and adrenaline-
induced platelet aggregation in platelet-rich plasma.

C/gel™!

Control 0.375 0.75 1.5

PT/s
ND 149 £ 0.9 125+ 1.2 12.0 + 1.0 12.6 £1.1
ND-CONH-Dox 13.7 + 2.1 13.3+1.1 15.2+1.2 21.8 £ 1.6
ND-COO-Diox 13.4£1.0 134 £1.7 13.9+1.0 17.8 +£1.8*

aPTT /s
ND 36.6 + 0.6 37.3+13 38.5 + 2.0 39.1+18
ND-CONH-Dox 36.1 £1.7 37.33+£ 0.7 38.0 £ 0.9 39.5+1.2
ND-COO-Diox 36.8+1.1 38.0 £ 0.9 383+1.2 36.9 £1.2
TT /s

ND 17.5+ 0.9 16.5 + 2.0 144+ 1.6 14.0 +1.5
ND-CONH-Dox 154 £1.2 159 £ 0.7 14.7 £ 0.8 12.2 £ 0.6
ND-COO-Diox 175+ 1.2 16.0 +£ 0.9 11.1 +£1.1* 8.33 £ 0.7%

" p <0.05 relative to control.
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Fig. 9. HSA binding to ND-CONH-Dox (a) and ND-COO-Diox (b) in Hill
coordinates.

Table 4
The values of binding constants (Kp) and the stoichiometry of the binding re-
action (n) ND-COO-Diox.

ND-COO-Diox
Binding marker Ky /1-.g7! n
- 179 + 0.6 1.2+0.3
Warfarin 20.1 £ 0.7 1.3+0.1
Ibuprofen 0.3+£0.1 1.1+0.1
Digitonin 99+ 04 1.2+0.2
Table 5

The values of binding constants (Kp) and the stoichiometry of the binding re-
action (n) ND-CONH-Dox.

ND-CONH-Dox
Binding marker Ky, g1 n
- 9.7 + 0.5 0.5+ 0.1
Warfarin 1.7 £ 0.4 0.3+0.1
Ibuprofen 0.1+0.1 0.4+0.1
Digitonin 1.1+0.1 0.4+ 0.1
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Fig. 10. The dependence of the fraction of reduced radicals (% inhibition) on
the concentration of ND-COO-Diox (a) and ND-CONH-Dox (b).

ND-CONH-Dox and ND-COO-Diox increases with increasing concentra-
tion (C = 0.25-25 mgol‘l). It is impossible to determine the ICsy value
(sample concentration required to achieve 50% inhibition) of the DPPH
radical for ND-CONH-Dox conjugate, since inhibition is <50% in the
studied concentration range (Fig. 10a), while for ND-COO-Diox ICsy is
12.5 mgel™! (Fig. 10b). For comparison, we can cite the data on the
antiradical activity of the ND dispersion: the maximum percentage of
inhibition was 37.9% at the nanoparticle concentration of 200 mgel .
The ND-COO-Diox derivative exhibits significant antiradical activity as
compared to ND and ND-CONH-Dox, which may be related to surface
functionalization. Diox was also shown to be able to scavenge free
radicals in a model reaction with DPPH (k(303.15 K) = (2.43 & 0.06)
1073, min~1) [35].

3.5.6. Cytotoxicity and study of the mechanisms of endocytosis

Analysis of the obtained data shows that in the presence of the CK-
636 inhibitor, the survival of HeLa cells increases in the presence of
the ND-COO-Diox conjugate. The regulation of rearrangements of the
actin cytoskeleton is important for processes such as cell movement,
endocytosis, and intracellular movement of lipid vesicles. Therefore, the
ND-COO-Diox conjugate is transported into cells by actin-dependent
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endocytosis (Fig. 11).

In the case of the ND-CONH-Dox conjugate, the survival of the HeLa
cell line is increased in the presence of CK-636 and Clorpronazine, which
is an inhibitor of the clathrin-dependent endocytosis. Thus, it can be
assumed that the ND-CONH-Dox conjugate is transported into cells
mainly by actin- and clathrin-dependent endocytosis (Fig. 11b).

The analysis of Table 6 and Fig. 12 allows to conclude the following:

(i) individual ND has no cytotoxic effect on PANC-1, T98G, HeLa cell
lines in the concentration range up to 0.15 gel %;

(ii) the analysis of ICsg values shows that the cytotoxic effect of ND-
CONH-Dox and ND-COO-Diox conjugates is comparable to the
effect of individual cytostatic drugs (Dox and Diox);

(iii) the highest cytotoxic effect is observed for the ND-COO-Diox
conjugate on the T98G cell line, while the effectiveness of the
ND-COO-Diox conjugate is 15 times higher than the effect of in-
dividual Diox and 175 times higher than the effect of individual
Dox.

3.5.7. Binding with DNA
Figure 13 shows the absorption spectra of a DNA solution, the
dispersion containing DNA and ND-CONH-Dox, DNA and ND-COO-Diox.

(a)

100

80
x
~
2

= 60
i
=
>

D 40
Q

20

0

no inhibitor Amiloride CK-636 Dinosor ~ Chlorpromazine ~ Nystatin
*p < 0.05 relative to control
(b)
T T T T T T
100 i -

Cell viability / %

no inhibitor CK-636
*p < 0.05 relative to control

Amiloride

Dinosor ~ Chlorpromazine ~ Nystatin

Fig. 11. The effect of endocytosis inhibitors on the survival of the HeLa cell line
in the presence of conjugate (a) ND-COO-Diox and (b) ND-CONH-Dox (C = 10
uM in terms of individual cytostatic).



V.V. Sharoyko et al.

Table 6

IC5q values for cell lines Panc-1, T98G and HelLa for ND, ND-CONH-Dox and ND-
COO-Diox, as well as individual Dox and Diox. In parentheses are the concen-
trations in terms of individual substances Dox and Diox.

Substance ICsp

PANC-1 T98G HeLa
ND / mgel™? - - -
ND-CONH-Dox / 24.0+1.2 0.98 £0.1 22+0.1

mgel ! (37.0+£2.0pM) (1.8 + 1.1 pM) (2.8 + 0.1 uM)

ND-COO-Dio / mgel ! 53.0 + 3.27 0.09 + 0.01 2.9+0.2

(112 &+ 6 pM) (0.20 + 0.01 pM) (6.2 + 0.3 pM)
Dox / pM 0.30 £+ 0.02 35.0+1.8 2.3+0.1
Dio / pM 33.3+17 3.0+0.2 5.0+0.3

It can be seen that the addition of ND-CONH-Dox and ND-COO-Diox to
DNA leads to a strong hyperchromic effect, while there is no shift in the
absorption maximum of DNA. It should be noted that in the studied
range of concentrations, the linear dependence in Wulf-Shimmer co-
ordinates for ND-CONH-Dox and ND-COO-Diox is observed (Fig. S1).
According to past research by our scientific group, individual Diox has a
mixed mechanism of interaction with DNA, while the addition of an
individual cytostatic also leads to a hyperchromic effect. [41]

Hyperchromism is explained by the presence of synergistic non-
covalent interactions of ND-CONH-Dox and ND-substance with DNA,
namely electrostatic interactions, hydrogen bonding, and binding to the
DNA surface. Since there is no change in the position of the absorption
bands (bathochromic or hypsochromic shifts), it can be concluded that
ND-CONH-Dox and ND-substance binds non-covalently to the DNA
molecule.

Binding constants (kpi;) were calculated using the Wolfe-Shimmer
equation:

[DNA]  [DNA] 1
= +
ea—& & —& kyy(es — )

(3a)

where [DNA] is the concentration of DNA, &, &, &, are the extinction
coefficient of the ND-CONH-Dox and ND-COO-Diox with DNA, the
extinction coefficient for free ND-CONH-Dox and ND-COO-Diox and the
extinction coefficient for ND-CONH-Dox and ND-COO-Diox in fully
bound form respectively.

As a result, the following values of the binding constants of the
studied conjugate with DNA were obtained: kp;, = (520.5 + 45.7)e1073
lemg™! (DNA-ND-CONH-Dox), kpin = (389.0 + 60.1)e107> lemg~!
(DNA- ND-COO-Diox).

3.5.8. Effect on the mitochondrial membrane potential (A¥r,)

The results of the effect of ND-CONH-Dox and ND-COO-Diox con-
jugates on the fluorescence intensity of the MitoTracker® Orange
CTMMRos probe is shown in Fig. 14.

As can be seen from the presented data, the addition of ND-CONH-
Dox and ND-COO-Diox decreased A¥p,: the fluorescence intensity in
relation to the control (100.0 £+ 22.0%) was 30.4 + 4.6%, 6.9 & 0.9%
and 27.9 + 5.1, respectively. The most significant effect was noted for
ND-CONH-Dox (6.9 + 0.9%). For ND and ND-COO-Diox, comparable
results were obtained (30.4 + 4.6% and 27.9 + 5.1%).

Compared to ND-CONH-Dox, Dox had a smaller effect on the value of
AY: (the fluorescence intensity relative to the control was 52.2 +
7.1%), and Diox practically did not cause any fluorescence (83.1 +
13.8%).

In the experiment on the effect on the mitochondrial membrane
potential, ND-Dox conjugates reduced the membrane potential signifi-
cantly more than ND or Dox (6.9 + 0.9%, 30.4 + 4.6%, and 52.2 +
7.1%, respectively). Apparently, this is due to the formation of a binary
effect, i.e., the combination of the uncoupling effect of ND and Dox-
dependent generation of reactive oxygen species.

In the present study the ability of Dox to reduce the level of
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Fig. 12. Cytotoxicity of Dox (e), Diox (e), ND (e), ND-COO-Diox (e) and ND-
CONH-Dox (e) towards PANC-1 (a), T98G (b), and HeLa (c) cell lines.

mitochondrial membrane potential was found, without affecting the
activity of ATPase.

Taking into account that Diox had practically no effect on the value
of the membrane mitochondrial potential (83.1 + 13.8%) and compa-
rable results obtained by us for ND and ND-COO-Diox (30.4 + 4.6% and
27.9 £+ 5.1%, respectively), it can be assumed that the decrease in the
mitochondrial membrane potential upon the addition of ND-COO-Diox
is due only to the uncoupling effect of ND.
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mitochondrial membrane potential (A¥p,).
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4. Conclusions

We present new experimental data on the synthesis and character-
ization of covalent conjugates based on ND, Diox, and Dox. The study of
biocompatibility and biological activity of ND-CONH-Dox and ND-COO-
Diox allows to conclude the following: (i) ND-CONH-Dox and ND-COO-
Diox interact with HSA, forming a complex in IIIA subdomain of HSA;
(ii) ND-COO-Diox exhibits antiradical activity (based on the data from
the study of a model reaction with DPPH); (iii) the ND-CONH-Dox and
ND-COO-Diox conjugates are hemocompatible (based on the data on
hemolysis, the study of parameters of plasma-coagulation hemostasis, as
well as the platelet aggregation); (iv) they interact with the DNA mole-
cule (ND-CONH-Dox: ki, = (520.5 + 45.7)¢10~% lemg ™!, ND-COO-Diox
with DNA kpin = (389.0 + 60.1)010_3 1-mg_1); (v) the highest cytotoxic
effect is observed for the ND-COO-Diox conjugate on the T98G cell line,
while the effectiveness of the ND-COO-Diox conjugate is 15 times higher
than the effect of the individual Diox and 175 times higher than the
effect of the individual Dox; (vi) ND-COO-Diox conjugate is transported
into cells by actin-dependent endocytosis and ND-CONH-Dox demon-
strate both actin- and clathrin-dependent endocytosis.
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