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THE EFFECT OF ADDITION OF TWO TARGETED VECTORS, cRGD PEPTIDE AND FOLIC ACID,
WITH THE SAME LINKER LENGTH ON THE PROPERTIES OF THE DOXORUBICIN
PHOSPHOLIPID COMPOSITION: A STUDY OF PROPERTIES IN VITRO
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Serious side effects of the chemotherapeutic drug doxorubicin prompt researchers to develop systems
for its targeted delivery to cells. In this work, we continued the study on the effect of using two vectors in a phospholipid
delivery system of doxorubicin (Dox) for targeted therapy of breast cancer. We have obtained a composition
NPh-Dox-cRGD-Fol(2.0) with the same linker length for both targeting ligands, cRGD and folic acid (PEG 2000).
The resulting composition NPh-Dox-cRGD-Fol(2.0) with a particle size less than 50 nm and with 99% Dox incorporated
into nanoparticles in an experiment on drug release at different pH values (5.0 and 7.4) showed a faster release and
a high level of Dox compared to the phospholipid nanoform and a composition containing only the cRGD peptide.
In vitro experiments on MDA-MB-231 breast cancer cells expressing the folate receptor and integrin o,f3;
demonstrated an increase in the total accumulation and internalization of Dox upon incubation with the dual-vector
composition compared to the control samples. On the MCF-7 breast cancer cell line (expressing only the folate receptor),
a similar effect was observed upon incubation with the single-vector composition containing folic acid
(NPh-Dox-Fol(2.0)). In experiments with normal Wi-38 cell line, the internalization and total accumulation of the drug
were comparable for both the free substance and the vector compositions. After 24 h incubation of MDA-MB-231 cells
with Dox-containing (10 pg/ml Dox) samples, the lowest percentage of living cells was observed for the studied
dual-vector composition NPh-Dox-cRGD-Fol(2.0). On MCF-7 cells, the cytotoxic effect was manifested equally
for the studied samples. The study of the cell death pathway on MDA-MB-231 cells showed the predominance
of the apoptotic pathway (late apoptosis), while in the case of MCF-7 the necrosis pathway predominated.
The cell cycle study performed using MDA-MB-231 cells (folate receptor (+) and integrin o, 35 (+)) revealed an increase
in the percentage of cells in the GO/G1 phase was noted thus indicating apoptotic cell death during incubation with
NPh-Dox-cRGD-Fol(2.0). No differences were found between the samples in experiments performed on MCF-7 cells
(folate receptor (+) and integrin o5 (-)).
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INTRODUCTION by the pathophysical properties of the tumor,

Oncological diseases are one of the major public in particular its increased permeability, retention effect,

health problems. The most common types of cancers are:
breast cancer, skin cancer, prostate cancer, uterine cancer,
and colon cancer [1]. The priority classical method
of treating malignant neoplasms is chemotherapy.
Doxorubicin (Dox) is the most widely used drug
for chemotherapy of various types of cancer,
including breast cancer [2]. The cytotoxic effect of Dox
is characterized by several mechanisms, such as:
(1) DNA intercalation and adduct formation;
(2) inhibition of topoisomerase II (Topll); (3) generation
of free radicals, oxidative stress; (4) membrane damage
due to changes in sphingolipid metabolism [3]. However,
despite the high efficacy of Dox, its use is limited
by serious side effects (such as cardiotoxicity, multidrug
resistance, etc.) [4-8]. The use of nanotechnology and
the development of nanoparticles (NPs) can reduce
the systemic side effects of chemotherapeutic agents
and increase their therapeutic efficacy. Delivery
of drugs in NPs to tumor cells is mediated

and its microenvironment [9]. Promising ligands
for drug delivery to the tumor are peptides containing
the Asn-Gly-Arg (RGD) sequence. They exhibit
affinity for cell surface integrins (o.,f; and asf),
which are involved in cell attachment to the extracellular
matrix [10]. Integrin o, f5 is involved in the processes
of proliferation, invasion, and metastasis of tumor cells,
in particular breast cancer. Integrin-mediated
cell adhesion includes activation of a number
of kinases [11, 12]. Cyclization of RGD peptides
increases their stability by reducing conformational
flexibility and susceptibility to proteolysis [13, 14].

Folic acid, interacting with the folate receptor (FR),
is also a promising targeted agent in the delivery
of drugs to the tumor. FR is a protein associated
with glycosylphosphatidylinositol. It is basically
not expressed in normal cells, while its increased
expression is observed on some tumor cells [15].
Folic acid binds to FR, which promotes its penetration
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into the cell via endocytosis, with subsequent release
in endosomes [16, 17].Thus, folic acid can be used
as an active targeting agent in delivery systems
to increase the efficiency of the transported drug.

Many authors proposed a promising approach
based on combined use of several targeted ligands
in one delivery system for antitumor drugs [18].
In this work, based on studies in this area [18],
as well as previously obtained positive results
on the incorporation of Dox into phospholipid NPs with
two targeted conjugates (DSPE-PEG2000-cRGD and
DSPE-PEG3400-Folat) [19], we obtained a two-vector
Dox composition containing a ¢cRGD peptide and
folic acid with the same linker length (PEG2000).
The aim of the work was to study the physical properties
of the obtained composition and its interaction
with breast cancer cells in vitro, including cellular
accumulation of Dox, cytotoxicity, as well as cell death
pathways and the cell cycle.

MATERIALS AND METHODS

Materials

The substance of doxorubicin hydrochloride
(purity 99%) was obtained from the Omutninsk
Scientific Experimental and Production Base (Russia).
NPs were prepared using soy phosphatidylcholine
Lipoid S100 (Lipoid, Germany). The targeted
cyclic peptide cRGDfC with purity of at least 95%,
confirmed by HPLC with mass spectrometric
detection and NMR spectroscopy, was obtained
from Sinton-Lab (Russia). DSPE-PEG2000-Maleimide
(Nanosoft Polymers, USA) was used to incorporate
the targeted peptide into phospholipid NPs.
The DSPE-PEG2000-Folate conjugate (Nanosoft
Polymers) was used as the second targeted fragment.
Phosphate buffered saline (PBS) (PanEco, Russia) and
96% ethanol (Medkhimprom, Russia) were also
used in the study. Distilled water was prepared using
a GFL-2004 distiller (GFL, Germany).

Cell cultures were incubated using DMEM medium,
Versen solution (PanEco), and fetal bovine serum (FBS)
(Gibco, USA).

Tumor cell viability was assessed using
the MTT assay (Mumbai, India). Cell death pathways
were assessed using a commercial kit for determining
apoptotic cells by means of annexin V-AF488
and propidium iodide (Lumiprobe, Russia),
consisting of annexin V conjugated with AF488,
propidium iodide (PI) and annexin binding buffer.
Cell cycle assessment was performed using RNAs
(Thermo Scientific, Latvia).

Cell Lines

Human breast cancer cell lines (MDA-MB-231
and MCF-7) and a human diploid cell line (Wi-38)
obtained from the American Collection and maintained
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in the Cell Culture Collection (Institute of Biomedical
Chemistry; IBMC) were used in the work. Cell lines
were identified using the autosomal STR loci analysis
technology (Gordiz, Russia). Tumor cells were
cultured in accordance with the recommendations
specified in the cell culture certificates. Cells were
incubated in DMEM culture medium containing
2 mM L-glutamine and 10% FBS in 25 cm” and 75 cm’
culture flasks (Biologyx, China) at 37°C in a humidified
atmosphere with 5% CO, in a Sanyo CO, incubator
(Sanyo, Japan).

Preparation of Dox Phospholipid Compositions

A DSPE-PEG2000-cRGD conjugate was prepared
according to a previously described method [34, 35].
Dox  compositions  with  targeting  agents,
folic acid and cRGD peptide (NPh-Dox-cRGD,
NPh-Dox-Fol(2.0), and NPh-Dox-cRGD-Fol(2.0)),
were prepared as described previously [28]. Phospholipid
compositions were prepared by the film method
using soy phospholipid Lipoid S100 and targeting
conjugates. The Dox : Lipoid and Lipoid : conjugate
(cRGD or Folate) ratios were 1:20 (w/w).
The obtained Dox-containing compositions were
analyzed for particle size, zeta ({) potential using
Zetasizer Malvern ZS (Malvern Instruments Ltd., UK),
drug concentration and percentage of its inclusion in NPs
using an Agilent 1100 series liquid chromatograph
(Agilent Technologies, USA) with diode array detector
and ChemStation Rev. A.09.03 software.

In Vitro Dox Release from NPs

Dox release from NPs (with and without
targeted conjugate) was assessed using dialysis bags
(cutoff threshold 3.5 kDa) (Spectrum Labs, Greece).
Briefly, 1 ml of test samples (1 mg/ml Dox)
in dialysis bags were placed in 25 ml of PBS
(pH 7.4 and 5.0), then incubated and mixed
at 37°C and 100 rpm in a Grant OLS 200 shaker
water bath (Grant Instruments (Cambridge) Ltd., UK).
Aliquots of the supernatant (1 ml) were collected
at certain time intervals for each sample
(0.25h,0.5h,1h,2h,3h,5h,24h, 48 h, and 72 h).
An equal volume of PBS was added after each sampling.
The concentration was determined using an Agilent 8453
spectrophotometer (Agilent Technologies) at 254 nm.
The drug release rate was calculated by dividing
the drug concentration (the drug released from
the phospholipid NPs) at a given time by the initial
drug concentration in the phospholipid NPs [20].

Evaluation of Cell Binding and Penetrating Ability

Cells of MDA-MB-231, MCF-7, and Wi-38
(10° cells per well) were seeded in 6-well culture plates
(Biologyx) and incubated for 24 h at 37°C.
Free Dox substance was used as a reference (control).
Samples of the obtained compositions and free
substance (10 pg/ml in terms of Dox) were incubated
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for 24 h at two temperatures: at 37°C in a CO, incubator
(Sanyo) and 4°C in a refrigerator (ATLANT, Belarus).
After incubation and removal of the medium, the cells
were washed twice with PBS. Dox was extracted with
acetonitrile solution (CARLO ERBA Reagents GmbH,
Italy) with the addition of 0.1% formic acid
(Acros Organics, USA) (1 ml per well). The collected
extracts were separated by centrifugation at 10,000 rpm
for 10 min in a MiniSpin plus benchtop
centrifuge (Eppendorf, rotor F-45-12-11, Germany).
The Dox concentration in the obtained samples was
measured using an Agilent 1200 Series HPLC system
equipped with an Eclipse XDB-C18 column
(Agilent Technologies) and a 6130 Quadrupole
LC/MS mass spectrometric detector (Agilent
Technologies). The Dox content in cell cultures
was normalized to the protein content (mg), which
was determined by the Lowry colorimetric method.

Internalization was calculated as the difference
in the Dox content at 37°C (total accumulation in cells)
and at 4°C (binding to the cell surface [21]).

In Vitro Cytotoxicity Analysis

The cytotoxicity of the developed Dox formulations
was assessed in vitro using the MTT test.
MDA-MB-231, MCF-7, and Wi-38 cells (10°cells/well)
were seeded in sterile 96-well culture plates and
incubated in a CO, incubator at 37°C in 5% CO,
for 24-26 h. Then, the studied samples were added
at Dox concentrations of 0.125 pg/ml, 0.25 pg/ml,
0.5 pg/ml, 1 pg/ml, 2.5 pg/ml, 5 pg/ml, and 10 pg/ml
and the cells were incubated for 24 h and 48 h.
After that, 50 pl of MTT (1 mg/ml) was carefully
added to each well and incubated at 37°C for 3 h.
Then, the medium was carefully removed and
100 ul DMSO (PanEco) was added. The plates
were covered with foil and shaken on an orbital
shaker for 15 min. Absorbance was recorded at 570 nm
using a Multiscan FC (ThermoSpectronic, USA) and
normalized to the Dox-free control.

In Vitro Cell Death Pathway Analysis

The cells were cultured in 6-well plates
until a monolayer of 80-90% was achieved. Then,
the studied samples (Dox, NPh-Dox, NPh-Dox-cRGD,
NPh-Dox-Fol(2.0), and NPh-Dox-cRGD-Fol(2.0)) were
added to the medium (Dox concentration 0.5 pg/ml)
and incubated for 24 h (37°C, 5% CO,). Then,
the cells were washed from the medium twice with
Hanks' solution, and after addition of trypsin and
Versene solutions (1:1) the resulting mixture
was suspended by pipetting. Then, the cells were
washed once in PBS by centrifugation at 1000 rpm
using a MiniSpin plus (Eppendorf, rotor F-45-12-11)
for 4 min. The resulting pellet was resuspended
in 100 pl of binding buffer. The cells were incubated
with 5 pl of annexin V-AF488 in the dark for 15 min
at room temperature. After subsequent addition (without

preliminary washing) of 400 pl of 1x annexin V binding
buffer (included in the commercial kit) into to each tube,
PI was added and the cells were incubated for 5 min
in the dark at room temperature. Cell staining was
analyzed using a FACSAria III flow cytometer sorter
(BD Biosciences, USA) equipped with blue (488 nm)
and yellow-green (561 nm) lasers. The results were
analyzed using BD FACSDiva version 7 software.
Data  were  graphically represented using
FlowlJo version 10.

In Vitro Cell Cycle Analysis

MDA-MB-231, MCF-7, and Wi-38 cells (10° cells
per well) were seeded in 6-well culture plates (Biologyx)
and incubated for 24 h at 37°C. The studied Dox samples
(Dox, NPh-Dox, NPh-Dox-cRGD, NPh-Dox-Fol(2.0),
and NPh-Dox-cRGD-Fol(2.0)) were then added
to the medium at a Dox concentration of 3 pg/ml and
incubated for 24 h (37°C, 5% CO,). The cells were
washed twice with a trypsin-Versene solution (1:1).
The cell suspension was then washed twice more
with cold PBS and centrifuged at 1000 rpm for 4 min
in a MiniSpin plus centrifuge. The cell pellet was fixed
with cold 70% ethanol. After fixation, 2 pl of RNAs
(10 mg/ml) (Thermo Scientific) were added to the cells
and they were incubated for 30 min at 37°C.
Then, 400 ul of PBS and 5 ul of PI were sequentially
added to the cells. Cell staining was analyzed using
a FACSAuria III flow cytometer sorter (BD Biosciences)
equipped with blue (488 nm) and yellow-green (561 nm)
lasers. The results were analyzed using BD FACSDiva
version 7 software. Graphical representation of the data
was obtained using FlowJo version 10.

Statistical Processing

Student's z-test was used to assess the significance
of differences in the measured parameters for three
replicates. Differences were considered statistically
significant at p<0.05. The data in the figures
are presented as mean =+ standard deviation.

RESULTS AND DISCUSSION

The use of Dox for the treatment of malignant
neoplasms is limited by its side effects due to non-specific
distribution in the body [5, 7]. Many studies are aimed
at overcoming these drawbacks by incorporating
the drug into delivery systems [22]. To reduce
nonspecific distribution and increase drug accumulation
in tumor cells, several targeting fragments can be used
in drug delivery systems [18]. The simultaneous use
of targeting peptides with the RGD motif, binding
to the integrin o, f; involved in tumor adhesion and
metastasis, and folic acid, binding to FR, which is highly
expressed on the surface of breast cancer cells [23],
was previously shown by us in a phospholipid system
for Dox delivery [19]. It should be noted that
different linker lengths were used for each vector
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component: PEG2000 (for the cRGD peptide) and
PEG3400 (for folic acid) [19]. The particle size
of the developed composition was 39.62+4.61 nm,
and the ({-potential was 4.17+£0.83 mV,
the total accumulation and internalization of Dox
on MDA-MB-231 cells during incubation with
this composition was ~1.4 and ~1.3 times higher
compared to monovector compositions. In this regard,
it was important to establish a relationship between
the linker length used for the vectors and
the properties of the resulting composition. Therefore,
in this work, a composition of Dox embedded
in phospholipid NPs with two addressable
fragments having the same linker length (PEG2000)
was obtained NPh-Dox-cRGD-Fol(2.0) and
its properties were studied. Compositions with
each individual component, including phospholipid
composition (NPh-Dox), phospholipid composition with
cRGD peptide (NPh-Dox-cRGD), and phospholipid
composition with folic acid (NPh-Dox-Fol(2.0))
were used as reference samples.

To assess the properties and stability
of nanopreparations, including liposomal ones,
3 main parameters are used: the size of NPs,
the polydispersity index (PdI) and the C-potential.
The results of the study of physicochemical
properties of the studied compositions are presented
in Table 1. The particle size in all samples
was less than 50 nm. The addition of targeted
conjugates led to an enlargement of the particles
compared to the initial composition (NPh-Dox).
In the sample with two vectors NPh-Dox-cRGD-Fol(2.0)
the particle size was maximal (48.65£2.93 nm).
In the other samples the value of this parameter
decreased in the following order: NPh-Dox-cRGD and
NPh-Dox-Fol(2.0). Comparison of the obtained particle
size values with the parameters of the previously
developed composition [19], has shown that the use
of a shorter linker length did not lead to a decrease
in the particle size.

In phospholipid emulsions, NPs in one system
can be non-uniform in size, i.e. polydisperse.
For drug delivery systems based on lipid vesicles,
a Pdl value of 0.3 and below is considered
satisfactory, indicating a relatively homogeneous
population of lipid vesicles [25]. In our study,
Dox compositions with targeted fragments

had PdI values below 0.3, indicating their relative
homogeneity. Addition of address fragments increased
the homogeneity of nanoemulsions. The PdI value
in the NPh-Dox composition was higher than
the values for compositions with address components
and was close to 0.3. Thus, according to the obtained
results for the PdI value, the insertion of address
fragments (cRGD and Fol(2.0)) led to an increase
in the homogeneity of the phospholipid composition.

The C-potential value characterizes the aggregation
stability of particles in a nanoemulsion: the greater
its absolute value, the greater the surface charge
of the particles is. This ensures their electrostatic
stabilization and increases the forces of electrostatic
repulsion between the particles, protecting them
from aggregation. According to the classification
of NP dispersions by the C-potential value [26],
the obtained NPh-Dox-cRGD-Fol(2.0) composition
is unstable ({-potential values are within £0—10 mW);
the NPh-Dox composition 1is relatively stable
(C-potential +£10-20 mW). For the remaining
samples, the {-potential value was within 10 mW.
Thus the incorporation of address components into
the composition led to a decrease in the surface
charge of the particles, especially when they were
incorporated simultaneously (Table 1, Fig. 1B).
In our previous study, we obtained similar values
for a composition with different linker lengths for vector
ligands, but all samples were sufficiently stable
in various solutions (incubation medium, H,O, PBS)
for 3 days at 25°C [19]. Evaluation of Dox incorporation
into NPs showed almost complete incorporation
of the substance (100%) in all samples.

The study of the release of the active component
(the drug substance) from NPs can predict the “behavior”
of the obtained nanocomposition under certain
biological conditions. In endosomes or lysosomes
of tumor cells, the natural pH gradient is 4.0-6.5,
while in the tumor microenvironment it is 6.5-7.2 [27].
Thus, modeling of these conditions will help
to understand the degree and time of Dox release
from phospholipid NPs.

Incubation of the studied samples of phospholipid
compositions in PBS with pH 7.4 (Fig. 2A),
was accompanied by a gradual increase in the drug level
in the solution. In the case of NPh-Dox-Fol(2.0) and
NPh-Dox-cRGD-Fol(2.0), the maximum release of Dox

Table 1. Characteristics of the obtained compositions by particle size and the polydispersity index

Compositions 4 of particles of » given size | s (pany| | GPOtemtial mW | o
NPh-Dox (919.9§§ij(t)(.)62“;)) 0.344£0.049 13.5043.83 99.07£0.65
NPh-Dox-cRGD (939.7657ij(t).1 ﬁ)f " 0.258£0.050 8774146 99.44£0.23
NPh-Dox-Fol(2,0) (939.6656%;;; ) 0.254£0.015 5.7220.40 98.8940.81
NPh-Dox-cRGD-Fol(2,0) (9‘;5_;7'21 &91;) 0.249:£0.056 3.29+0.84 98.98+0.88

40



Kostryukova et al.

Size Distribution by Volume

Volume (%)

0.1 1 10
Size (d.nm)

100 1000 10000

mmssmm  NPh-Dox
NPh-Dox-Fol(2,0)

= NPh-Dox-cRGD
NPh-Dox-cRGD-Fol(2,0)

B Zeta Potential Distribution

400000
300000
© 200000

100000

-100 0
Zeta Potential (mV)

100 200

mmmmm  NPh-Dox
NPh-Dox-cRGD

= NPh-Dox-Fol(2,0)
NPh-Dox-cRGD-Fol(2,0)

Figure 1. Particle size distribution (A) and C-potential of aqueous solutions (B) of phospholipid compositions
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Figure 2. Dox release of from NPs by dialysis during incubation of the studied phospholipid compositions in solutions
with pH 7.4 (A) and 5.0 (B). *p<0,05 compared to the phospholipid nanoform (NPh-Dox).

was noted after 5 h (about 50% of the initial content).
In the case of other phospholipid compositions,
the level of Dox release was lower (within 40%).
At pH 5.0 (Fig. 2B), a faster release of Dox from the NPs
was observed. After 2 h incubation, the Dox release
was about 42-50% in the case of NPh-Dox-Fol(2.0)
and NPh-Dox-cRGD-Fol(2.0), while in the case
of other samples phospholipid compositions,
the release did not exceed 30%. After 72 h incubation,
the Dox release reached 68% in the case
of NPh-Dox-Fol(2.0) and NPh-Dox-cRGD-Fol(2.0).

Evaluation of Dox accumulation in cells
during incubation with the studied phospholipid
compositions in vitro was carried out on breast cancer
cell lines MDA-MB-231 and MCF-7, and also human
fibroblasts Wi-38 (used as control). In this study,
the integrin o,B;, responsible for adhesion and
metastasis, and FR were considered as cell
surface-expressed targets. According to the literature
data, both integrin o.,3; and FR are detected on the cell
surface of MDA-MB-231 [28, 29], integrin o,
is absent on the surface of MCF-7 cells [30],
but FR is detected [31]. Human fibroblast cells Wi-38
do not express FR, but integrin o,p; is detected
on their surface [32, 33].

The study of cellular drug accumulation
was carried out after 24 h incubation of the selected
cell lines with the developed compositions
(Dox concentration 10 pg/ml). In the case

of MDA-MB-231 cells, the maximal total accumulation
was noted for the wvariants of the compositions
with  two vectors (Fig. 3A). This wvalue
was more than 2 times higher than for the free
substance and 35% higher than for the phospholipid
composition. The presence of each vector separately
in the composition increased the level of total
drug accumulation; however, the effect of folic acid
was higher than the effect of the cRGD peptide.

Attachment to the cell surface was
the same for NPh-Dox, NPh-Dox-cRGD, and
NPh-Dox-cRGD-Fol(2.0). At the same time,

the amount of Dox bound to the cell surface
was 30% higher than for the free substance
and the composition with two peptides. However,
the calculation of internalization showed a greater
effect for NPh-Dox-cRGD-Fol(2.0) compared to both
the composition with folic acid (NPh-Dox-Fol(2.0)),
and especially with the free substance. The influence
of RGD peptide on Dox internalization was minimal,
with values comparable to those of the phospholipid
form (NPh-Dox).

Certain differences have been found during
evaluation of Dox accumulation in the case
of the second breast cancer cell line MCF-7 (Fig. 3B),
which expresses only the FR on its surface [31].
The maximal total accumulation of Dox (at 37°C)
was noted for the NPh-Dox-Fol(2.0) composition;
it was 2.4 and 3.11 times higher than in the case
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of the phospholipid nanoform and the free substance,
respectively. For NPh-Dox-cRGD-Fol(2.0), the level
of total Dox accumulation was more than 2 times
higher than in the case of the phospholipid form.
For the composition with the peptide (NPh-Dox-cRGD),
the value of total Dox accumulation was expectedly
close to the phospholipid form due to the absence
of integrin o,B; on the surface of this cell line [53]
(but the presence of FR). Dox binding to the cell
surface was lower than for the previous cell line.
Calculation of the amount of Dox that internalized
into the cell showed the same effect as in the total
accumulation, where the maximal amount of Dox
was detected during incubation with NPh-Dox-Fol(2.0).
At the same time, for NPh-Dox-cRGD-Fol(2.0), this
value was slightly lower compared to the composition
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containing only folic acid (by 11.3%). It can be assumed
that in this case, the presence of the RGD peptide

in the composition somehow interfered with
the penetration of the drug into the cell.
For all compositions containing targeted

components, the values of total accumulation and
internalization on the Wi-38 cells (Fig. 3B) were
lower compared to the phospholipid nanoform.
Attachment to the cell surface was unexpectedly
maximal for the composition containing two vectors
(NPh-Dox-cRGD-Fol(2.0)).

The cytotoxic effect of the obtained compositions
was studied using the MDA-MB-231, MCF-7, and
Wi-38 cell lines. The results of the study showed
a dose-dependent effect for all compositions (Fig. 4).
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Figure 4. Viability of MDA-MB-231 (A, B), MCF-7 (C, G), and Wi-38 (D, E) cells after incubation for 24 h (A, C, D)
and 48 h (B, G, E) with the Dox compositions and free Dox at different concentrations. Data are presented
as mean + standard deviation (n= 3). *p<0,05 compared to free Dox.
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Prolonged incubation with Dox compositions for 48 h
decreased the percentage of living cells. In the case
of MDA-MB-231 cells after 24 h at Dox up to 1 pg/ml,
a more potent effect of the free substance was observed
(Fig. 4A). At Dox concentrations in the samples
of 2.5 pg/ml and higher, equalization of the tumor cell
viability values between the compositions (about 50%)
was observed. However, the percentage of living
cells during incubation with NPh-Dox-Fol(2.0)
was higher than for the free substance. The minimal
percentage of living cells after 24 h incubation
was observed for NPh-Dox-cRGD-Fol(2.0) with
the Dox concentration of 10 pg/ml. After 48 h incubation,
all Dox-containing constructs (in the concentration
range from 0.125 pg/ml to 5 pg/ml) showed basically
the same values as in the case of the free substance.
This means that the Dox incorporation into NPs with
vectors did not lead to a decrease in its cytostatic effect
(Fig. 4B). At 10 pg/ml Dox, the maximal cell death
was noted in all variants of incubation with
phospholipid compositions; on average, the percentage
of living cells in these samples was 30% lower than
for the free substance. It should be noted that in the case
of cell incubation cells with the composition containing
cRGD peptide, the lowest percentage of living cells
was observed as compared to the free drug (by 10%).

Among the developed compositions the most
pronounced cytotoxic effect on MCF-7 cells treated
with them for 24 h was found in the case
of the composition containing folic acid with
Dox concentrations of 5 pg/ml and 10 pg/ml (Fig. 4B).
At 10 pg/ml Dox, the highest toxic -effect
was shown by the NPh-Dox-Fol(2.0) composition.
After 48 h, the percentage of living cells treated with
all studied concentrations for phospholipid samples
was approximately the same as the in the case
of the free substance, except 1 pg/ml Dox (Fig. 4D),
where the percentage of living cells for free Dox
was significantly lower than the others. In addition,
starting from 2.5 pg/ml Dox, a sharp decrease
in the number of living cells was observed.
It should be noted that compositions containing
folic acid (NPh-Dox-Fol(2.0), NPh-Dox-cRGD-Fol(2.0))
exhibited the highest toxic effect on this cell line
at 10 pg/ml Dox (4% of living cells).

The study of the effect of Dox compositions
on the survival of Wi-38 cells (Fig. 4D) showed that
after incubation for 24 h and 48 h, the phospholipid
compositions had a lesser cytotoxic effect
compared to the free Dox substance, especially
at Dox concentrations above 1 pg/ml. Since integrin o35
is detected on the surface of Wi-38 cells [33],
it was logical to assume that cRGD-containing
compositions could have a negative effect due to their
greater ability to bind to the receptor. However,
the data obtained indicate that the monovector
composition with the cRGD peptide had an effect
equal to that of the phospholipid form of Dox
(NPh-Dox), while the composition with two vectors
had a lesser cytotoxic effect than the monovector one.
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The cytotoxicity study after 48 h of incubation
(Fig. 4E) showed that the compositions with Dox
embedded in NPs exhibited a lower toxic effect
on Wi-38 cells compared to the free substance.

In our previous studies of the tumor cell death
pathway [35], it was shown that the most suitable
Dox concentration for studying cell apoptosis/necrosis
was 0.5 pg/ml, so this series of experiments
was carried out using the this concentration of the drug.
The results of the study of the mechanism of cell death
of MDA-MB-231 (A), MCF-7 (B), Wi-38 (C) are shown
in Figure 5.

The study on the MDA-MB-231 cell line
(Fig. 5A) did not reveal any significant differences
between the tested samples. However, in the case
of the cRGD peptide containing composition
(NPh-Dox-cRGD), there was less pronounced
cell death, which followed via the apoptotic pathway
(5.14% of cells subjected to early apoptosis were
recorded). In the case of MCF-7 cells (Fig. 5B),
a large proportion of cells subjected to necrosis
was observed for all tested compositions. A lower
percentage of cell death via necrosis was found
in the case of NPh-Dox-Fol(2.0). On human fibroblast
cells Wi-38 (Fig. 5C), cell death via apoptosis
(late apoptosis) and necrosis was observed almost
equally. It should be noted that a small percentage
of cells subjected to early apoptosis (1-2.5%)
was observed in these cells, as compared to cells
of the other lines studied.

Next, we evaluated possible changes in the cell
cycle of the MDA-MB-231, MCF-7, and Wi-38 cells
after 24 h incubation with the studied Dox-containing
compositions. The main mechanism of the antitumor
effect of Dox involves DNA intercalation and
DNA damage [35]. Treatment of tumors with Dox
causes cell DNA damage, followed by cell senescence
or temporary cell cycle arrest [36]. Therefore,
it was important to evaluate the extent to which
Dox incorporation into the phospholipid system
containing targeting molecules could affect the change
in the mechanism of drug action in tumor cells in vitro.

The study of the cell cycle in the MDA-MB-231
cells (Fig. 6A) showed that the NPh-Dox-cRGD-Fol(2.0)
composition slightly increased the number of cells
in the GO/G1 phase as compared to the control.
In the case of For NPh-Dox and NPh-Dox-Fol(2.0)
compositions the percentage of cells in the GO/G1 phase
decreased (57-62%). In the case of Dox embedded
in phospholipid NPs with/without the targeting
fragments, a doubling of the peak in the GO/G1 phase,
characterizing cell death by apoptosis, was observed.
In the sub GO/G1 phase, the maximal increase
in the percentage of cells was observed during their
incubation with NPh-Dox and NPh-Dox-Fol(2.0)
compositions. The phospholipid composition (NPh-Dox)
with the targeting peptide (NPh-Dox-cRGD) and
with folic acid (NPh-Dox-Fol(2.0)) slightly increased
the percentage of cells in the S phase: this parameter
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Figure 5. Analysis of apoptosis in MDA-MB-231 (A), MCF-7 (B), Wi-38 (C) cells incubated with free Dox,
Dox embedded in phospholipid NPs (NPh-Dox); the phospholipid composition with a targeted peptide
(NPh-Dox-cRGD); the phospholipid composition with folic acid (NPh-Dox-Fol(2.0)); the phospholipid
composition with two vectors (NPh-Dox-cRGD-Fol(2.0)). Dox concentration was 0.5 pg/ml. Quadrant design:
upper left (Q1): necrosis, cells stained with PI; upper right (Q2): late apoptosis; lower right (Q3): early apoptosis,
cells stained with annexin V; bottom left (Q4): fluorescent signal at the level of unstained cells autofluorescence.
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Figure 5. (continued).

did not exceed 11%. Free Dox and the NPh-Dox-Fol(2.0)
composition increased the percentage of cells
in the G2/M phase. However, NPh-Dox-cRGD-Fol(2.0),
decreased the number of cells in this phase.

The cell cycle study using the second breast cancer
cell line MCF-7 (Fig. 6B) showed no differences
in the GO/G1 phase between control and Dox-treated
cells. Changes (increase in the percentage of cells)
were observed in the sub GO/Gl phase, with
the highest values noted for the phospholipid nanoform
composites and with folic acid (NPh-Dox-Fol(2.0)).
In the case of the Dox composites containing folic acid
(NPh-Dox-Fol(2.0) and NPh-Dox-cRGD-Fol(2.0)),
cells in the S phase were not detected. It should
also be noted that the phospholipid nanocomposite
(NPh-Dox) decreased the percentage of cells
in the G2/M phase. The study on MCF-7 cells indirectly
shows that when cells are treated with NPh-Dox and
NPh-Dox-Fol(2.0), they die via apoptosis.

Experiments performed on normal Wi-38 cells
(Fig. 6B), revealed an increase in the percentage of cells
in the G2/M phase. The highest value was shown
in the case of free Dox, NPh-Dox; slightly lower values
were obtained using the two-vector composition
NPh-Dox-cRGD-Fol(2.0). For the same samples,
a decrease in the number of cells in the GO/G1 phase
was noted, and the most pronounced decrease
was found in the case of NPh-Dox-cRGD-Fol(2.0).
NPh-Dox-cRGD increased the percentage of cells
in the GO/G1 phase. In the sub GO/G1 phase, the highest
number of cells was found in the case of the two-vector
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composition NPh-Dox-cRGD-Fol(2.0). This indirectly
indicates cell death via apoptosis, since DNA doubling
(nuclear fragmentation) occurs in this phase.

CONCLUSIONS

The effectiveness of drug action can be increased
by using several targeted vectors to deliver the drugs
to the tumor [18]. Using a linker of the same length
for each targeting vector (DSPE-PEG2000-cRGD and
DSPE-PEG2000-Folat), an increase in particle size
was observed; however, the NP size for the composition
studied in this work remained within 50 nm.
HPLC analysis of the obtained Dox compositions
with targeting conjugates showed almost complete
incorporation of the drug into NPs (99%).

Dox incorporation into NPs increased both total
accumulation and internalization of the cytostatic agent
in the MDA-MB-231 cells expressing both FR and
integrin o, B; (expression of FR (+), integrin a5 (+)).
The maximal total accumulation was noted for
the two-vector composition (NPh-Dox-cRGD-Fol(2.0)).
In the case of the MCF-7 breast cancer cells (FR (+),
integrin o, fB; (-)) the maximal accumulation of Dox
was observed using the composition NPh-Dox-Fol(2.0);
the obtained values were 2.4-fold higher than
the value for the phospholipid form. In the Wi-38 cells
(FR (), integrin a,B; (+)) an increase in the total
accumulation and internalization of Dox was observed
upon incubation with the phospholipid composition
(NPh-Dox).
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Although the developed compositions demonstrated
dose-dependent cytotoxic effects in all studied cell lines,
the Dox-containing phospholipid compositions were
less toxic to control Wi-38 cells than free Dox,
especially at Dox concentrations exceeding 1 pg/ml.
Dox insertion into phospholipid NPs decreased
drug toxicity to normal (Wi-38) cells.

The study of the cell death pathway performed
using MDA-MB-231 cells showed greater contribution
of the apoptotic pathway (late apoptosis), while
in the case of MCF-7 cells it occurred via the necrotic
pathway. This effect may be associated with
the characteristics of the cells used and the duration
of incubation.

Evaluation of the «cell cycle change
in the MDA-MB-231 cells induced by the
NPh-Dox-cRGD-Fol(2.0) composition showed a slight
increase in the number of cells in the GO/G1 phase
compared to the control, while in the case
of NPh-Dox and the NPh-Dox-Fol(2.0) composition
the number of cells in the GO/G1 phase decreased.
The sub GO/G1 phase peak precedes the GO/G1 phase
peak, reflecting the number of apoptotic cells.
In this phase, a decrease in the percentage of cells was
observed in the case of NPh-Dox and NPh-Dox-Fol(2.0)
compositions. In the MCF-7 cells, no differences
between the samples and the control were observed
in the GO/G1 phase during the cell cycle study,

while an increase in the number of cells
in the sub GO/G1 phase was noted for the composition
NPh-Dox-Fol(2.0). In Wi-38 cells, an increase

in the percentage of cells in the G2/M phase and
a decrease in their number in the GO/G1 phase were
shown, especially in the case of free Dox, NPh-Dox, and
the two-vector composition (NPh-Dox-cRGD-Fol(2.0)).
In the sub G0/G1 phase, the highest number of cells
was observed during incubation with the two-vector
composition (NPh-Dox-cRGD-Fol(2.0)).

Thus, the conducted in vitro study showed
the promise of using two vectors with the same linker
length for embedding into NPs for the phospholipid
drug delivery system.
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DOXORUBICIN COMPOSITION WITH THE SAME LENGTH OF LINKERS

BJIMSTHUE IPUCOEJUHEHUSA IBYX AJIPECHBIX BEKTOPOB ¢cRGD IENTHIA U ®OJIMEBOI
KHACJIOTHI C OJIMTHAKOBOM JJIMHON JUHKEPA HA CBOMCTBA ®OC®OJMUITATHON
KOMITO3UIIUH JJOKCOPYBUIIMHA: UCCJIEJTOBAHUE CBOMCTB IN VITRO

JI.B. Kocmpioxosa*, F0.A. Tepewkuna, @.H. bedopemounos, A.M. I'ucuna

HayuHno-uccnenoBarensckuii HHCTUTYT Onomenuuackoi xumun uM. B.H. Opexosuya,
119121, Mockaa, yi. [Toromunckas, 10; *am. moura: kostryukova87@gmail.com

CepbésHble MOOOYHBIC TPOSBICHUS XWMHOTEPANEeBTUYECKOTO Ipenapara JOKCOpYOWIMHA IMOO0YyKAaroT
uccienoBareyieii K pa3paboTKe CHCTEM €ro HalpaBICHHOW OCTAaBKM K KJEeTKaM-MHIIeHSM. B mannoit pabore
MBI TPOIOJDKHMIN HCCIEIOBAHWE IO BIMSHMIO HCIONB30BAHUS JABYX BEKTOPOB B (DOCHONUIHMIHON cHUCTEME
JocTaBKku nokcopyommmHa (Dox) ams TapreTHOW Tepammu paka MOJOYHOHM keme3bl. brura monydeHa
komno3unuss NPh-Dox-cRGD-Fol(2,0) ¢ oauHakoBoil [nHOW JNHMHKepa il O0OUX aApPECHBIX JHMIraHAOB —
cRGD u ¢onueBoit kucnorer (PEG 2000). IToxyuennas xommnosunus NPh-Dox-cRGD-Fol(2,0) ¢ pasmepom
yactun MeHee 50 HM U ¢ 99% BCTpoeHHOTO B HaHOYacTHIBI DoX B dKCHepHMEHTE MO BHICBOOOXKICHUIO JICKapcTBa
npu pazau4Hbx 3HadeHusx pH (5,0 u 7,4) noka3sana 6osee OBICTPBII BBIXOA W BHICOKHH ypoBeHb DOX 1O CpaBHEHHIO
¢ docoonmumuaHOil HaHOGOPMON W KOMHO3WIMeH, comepxameil Tompko cRGD mentmn. Ha skcmpeccupyrommx
(homaTHBIN pelenTop M MHTETPHH O3 KIeTKax paka MoiouHoi xene3sl MDA-MB-231 B skcniepumeHTe in vitro
OBUTIO TOKAa3aHO TIOBBIIIEHHE OOIIET0 HAKOIUIGHHMS WM HHTEpHaIM3auuu Dox mnpu WHKyOaumuu ¢ JAByXBEKTOPHOM
KOMITO3UIIMEH B CpPaBHEHMH C KOHTPOJIbHBIMH oOpasuamu. Ha nuHHMM KieTok paka MonouyHoit skene3st MCF-7
(akcmpeccupytomeid  TONbKO (OJATHBIM perenTop) aHaJorudHelii Sddexr nHabmomancs mpu HHKyOamuu
C OTHOBEKTOPHOU KOMITO3UIIHEH, conepxkaieii gomueByto xucimory (NPh-Dox-Fol(2,0)). Ha HopMansHON KI€TOYHOM
nuHEAn Wi-38 3HadeHHs WHTEpHANW3alUMM M OOIIET0 HAKOIJICHMS JIEKapcTBa JUIA CBOOOAHOW CyOCTaHIMM H
BEKTOPHBIX KOMIO3HINH ObUTH comocTaBUMBL. Yepes 24 4 nakyOammu kiaetok MDA-MB-231 ¢ Dox-conepsxammmu
(B xoHmeHTparuu 10 MKr/mMia) oOpa3uaMu caMblii HU3KHI NPOIEHT JKMBBIX KJIETOK HAOIIOMANCS IUIS MCCIIETyeMOM
JByxBekTopHO# komno3unuu NPh-Dox-cRGD-Fol(2,0). Ha kinerkax MCF-7 nurorokcuyeckoe eiicTBUE IPOSBIISIIOCH
B PaBHOM CTEINEHN JUIsl MCClleNyeMbIX 00pa3noB. MccnenoBanue mytr kinetouHoit rudenn Ha xretkax MDA-MB-231
MOKa3aJio mpeodiafanue MmyTH amomnTos3a (mo3mHuil amonrtos), a Ha MCF-7 — mytn Hekposza. [Ipu uccnenoBanuu
KJIETOYHOTO IiKiIa Ha nHMA MDA-MB-231 (¢donatssiii penentop (+) 1 HHTETpUH o, B3 (+)) OTMEUEHO yBEIHUYECHHUE
mporieHTa Ki1etok B ¢daze GO/Gl, 9ro CBUAETENBCTBYeT 00 amoNTOTHYECKOW THOETH KIETOK MNpH HHKYOAIluh
¢ NPh-Dox-cRGD-Fol(2,0). Ha kierkax MCF-7 (dhonarusiii peuentop (+) u unterpus o fs (-)) pasnuuuii Mexmy
o0pa3naMu BBIIBIEHO He ObLIO.

Tonuwiii mexcm cmamuvu Ha PyCCKoM 3biKe docmynel Ha cavime xcypuana (hitp://pbmce.ibme.msk.ru).

KiroueBble ciioBa: mokcopyOurns; (ochomunuanbie HAHOYACTHIIB;, pak MOJOYHOH kene3bl; cRGD mentun;
(dhonuepas kuciora; Faa

®uHaHcupoBanue. VccienoBanne BBITOTHEHO 3a c4ET TpaHTa Poccumiickoro Haywnoro ¢onma Ne 23-25-00507,
https://rscf.ru/project/23-25-00507/
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