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Methods: Nanoparticles were prepared by a single-emulsion solvent-evaporation
technique and characterized by physico-chemical methods. Cell survival was measured
by the MTT assay and the sulforhodamine B assay. Folate receptor a expression, particle
uptake and apoptosis were assessed by flow cytometry.

Results: Folate-modified docetaxel-loaded PLGA nanoparticles showed high antican-
cer activity in vitro against Hela cervical carcinoma cells and MCF7 breast adenocar-
cinoma cells overexpressing folate receptors. Targeted F-NP-Doc nanoparticles were
more active compared to free docetaxel and non-targeted NP-Doc nanoparticles; in
contrast, the activity of targeted nanoparticles against human fibroblasts (negative
control) was significantly lower. F-NP-Doc particles, like free docetaxel, induced apop-
tosis in cancer cells. F-NP-Doc, but not unmodified docetaxel-loaded PLGA nano-
particles, reversed multidrug resistance of MCF7" breast adenocarcinoma cells. High
antitumor activity of F-NP-Doc has also been proven in in vivo experiments.

Conclusions: The summarized experimental data brought us to the conclusion that
the incorporation of docetaxel into the targeted PLGA nanoparticles dramatically
improves its selectivity against cancer cells.
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Background

Low selectivity of anticancer drugs results in a high incidence of side effects and
remains one of the major problems in cancer chemotherapy. The high toxicity of
anticancer drugs against proliferating cells is responsible for developing of numer-
ous serious complications of hematopoietic system, gastrointestinal tract, immune
and nervous systems. Over the past 3 decades, the targeted anticancer drugs have
been actively developed to eliminate cancer cells. Targeted delivery of anticancer
therapeutics is achieved by adding vector molecules to their composition. Such vector
molecules include natural or synthetic ligands of receptors preferentially expressed
in cancer cells, antibodies to these receptors, and aptamers. The interaction between
vector and specific receptor triggers receptor-mediated endocytosis of targeted anti-
cancer drug, thus increasing its selectivity.

Receptor-mediated endocytosis is an extremely effective cellular mechanism for
rapid and controlled uptake of specific extracellular macromolecules such as low-
density lipoproteins, growth factors, transport proteins as well as some low-molecu-
lar weight compounds, for example, folic acid (FA) (Bareford and Swaan 2007). FA is a
low-molecular weight physiological ligand, which is non-immunogenic, inexpensive,
stable, and readily available, and can be easily conjugated to other molecules through
its carboxyl group. These properties have made FA one of the most popular ligands for
targeted drug delivery. Actually, the unique properties of FA enable it to be near ideal
vector for targeted liposomes, nanoparticles, quantum dots (Syu et al. 2012; Ye et al.
2014; Parveen and Sahoo 2010; Suriamoorthy et al. 2010; Chattopadhyay et al. 2013).
This approach offers an opportunity to significantly enhance the efficacy of anticancer
drugs. For example, the use of FA for targeted delivery of paclitaxel-loaded nanopar-
ticles (Wang et al. 2012; Wu et al. 2012) resulted in a decrease in systemic toxicity and
an increase in antitumor activity of the drug compared with free paclitaxel.

Poly(lactic-co-glycolic acid) (PLGA) is a biodegradable and biocompatible polymer
which is widely used as a matrix to incorporate a wide range of therapeutic agents,
including hydrophilic and hydrophobic small molecules, nucleic acids, proteins, etc.
(Kapoor et al. 2015). PLGA is approved by the Food and Drug Administration (FDA)
and European Medicines Agency (EMA) for use in pharmaceutical products. Incor-
poration of poorly soluble cytostatic agents such as taxanes into polymeric nanopar-
ticles is probably the most effective and simplest way to increase their therapeutic
efficacy. At present, paclitaxel and docetaxel are widely used in the clinic to treat a
variety of malignancies (Eisenhauer and Vermorken 1998; Montero et al. 2005). Both
drugs exert cytostatic activity against cancer cells by binding to beta-tubulin and sta-
bilizing cytoskeleton microtubules, resulting in cell cycle arrest at the G2/M phase,
inhibition of mitosis and subsequent cell death (Hernandez-Vargas et al. 2007; Kraus
et al. 2003). A serious disadvantage of taxanes is their extremely low solubility in
aqueous solutions. When used in the clinic, solubilizers, such as Cremophor® EL for
paclitaxel or polysorbate-80 for docetaxel, have to be added. These solubilizers often
cause serious allergic and toxic reactions that limit the use of the drugs.

The aim of this study was to prepare targeted folate-modified docetaxel-loaded
PLGA nanoparticles, to evaluate their cytostatic activity against human cancer cell
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lines in comparison with that of docetaxel, and to study the activity of targeted nano-

particles against cancer cells with multidrug resistance phenotype.

Methods

Materials

50/50 poly(p,L-lactic-co-glycolic acid), ester terminated (PLGA 50:50), PURAC PDLG 5004
(inherent viscosity 0.41 dl/g) was purchased from Purac Biomaterials (Netherlands); doc-
etaxel trihydrate, pharm. EP 7.5 (Doc) was purchased from QUILU Pharmaceutical Co.
Ltd. (China); polyvinyl alcohol (PVA), 87-90% hydrolyzed, average mol wt 30,000—70,000,
was purchased from Sigma-Aldrich (USA); dimethyl sulfoxide (DMSO), methylene chlo-
ride, and puriss. (MeCl,) were purchased from Chimmed (Russia); folic acid—dodecylamine
(FoAD) was kindly provided by IREA Institute (Moscow, Russia, http://www.irea.org.ru).
Acetonitrile used as the mobile phase in high-performance liquid chromatography (HPLC)
was purchased from Macron (Poland). All other chemicals used were of reagent grade.
DMEM culture medium, trypsin—EDTA, gentamicin, and rabbit polyclonal antibodies
against the folate receptor a were purchased from Thermo Fisher Scientific (USA). Fetal
bovine serum (FBS) was obtained from HyClone (USA). Alexa Fluor® 488-conjugated goat
anti-rabbit secondary antibodies were purchased from Abcam (USA). FITC Annexin V
Apoptosis Detection Kit with PI was obtained from BioLegend (USA). Other reagents were
purchased from Sigma-Aldrich (USA).

Preparation of polymeric nanoparticles (NP-Doc, F-NP-Doc, F-NP-FDA)

PLGA nanoparticles were prepared using a single-emulsion solvent-evaporation method.
All phases were filtered through 0.45-um nylon membrane filters before use. The poly-
meric nanoparticles (NPs) were formulated by mixing of Doc (NP-Doc), FoAD and Doc
(F-NP-Doc), FoAD and fluorescein diacetate (F-NP-FDA) with PLGA 50:50 solution in
MeCl,. This organic phase was mixed with aqueous PVA solution and sonicated on ice. We
used the Sonics Vibra-Cell VCX 750 sonicator (Sonics & Materials Inc., USA) equipped
with #630-0220 probe and #630-0420 microtip with 6 mm tip diameter. Sonication was
performed in 100-mL glass beaker using the following settings: energy—45 J, probe ampli-
tude—45% (108 pm), pulsation (pulse/clear)—2 s/2 s, sonication time: 1-min sonication
(2-min overall pulse/clear)—1-min rest—1-min sonication (2-min overall pulse/clear).
MeCl, was evaporated from obtained emulsion at room temperature for 12—16 h with con-
stant stirring. Suspension of polymeric particles was centrifuged (30,000g, 4 °C) and resus-
pended in water with addition of D-mannitol. Suspension with additive was freeze-dried
and stored in refrigerator (4 °C) before use.

Preparation of NP-Doc

5.0 mg of Doc and 100.0 mg of PLGA 50:50 were dissolved in 2.5 mL of MeCl, and mixed
with 17.5 mL of 1.0% PVA solution, then processed as described above. 50.0 mg of p-man-
nitol was added to the suspension before lyophilization.

Preparation of F-NP-Doc
0.2 mg of FoAD, 10.0 mg of Doc, and 200.0 mg of PLGA 50:50 were dissolved in
5.0 mL of MeCl, and mixed with 35.0 mL of 1.0% PVA solution, then processed
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as described above. 70.0 mg of p-mannitol was added to the suspension before
lyophilization.

Preparation of F-NP-FDA

2.0 mg of FDA and 200.0 mg of PLGA 50:50 were dissolved in 5.0 mL of MeCl, and
mixed with 20.0 pL of FoAD solution in MeCl, (5 mg/mL). This organic phase was
added to 35.0 mL of 0.25% PVA solution and then processed as described above.
D-Mannitol was added to the suspension before lyophilization. FDA content was
determined by UV spectroscopy at 209 nm.

Characterization of NPs

Particle size analysis and zeta potential measurements

The mean hydrodynamic diameter (Z-average), particle size distribution and polydis-
persity index (PdI) were measured by dynamic light scattering. Zeta potentials were
determined by electrophoretic light scattering using Zetasizer Nano ZS ZEN 3600
(Malvern Instruments Ltd., UK) at 25 °C. The NP samples were prepared in deionized
water at a concentration of about 0.2 mg NP/mL and measured in triplicates.

Determination of docetaxel loading

Lyophilized NP-Doc and F-NP-Doc nanoparticles were dissolved in DMSO, and
Doc content was measured using the Agilent 1200 HPLC system with a UV detec-
tor (Agilent Technologies, USA). Chromatographic separation was performed on a
reverse-phase column Agilent ZORBAX Eclipse XDB-C18, 250 x 4.6 mm, 5 pum, ther-
mostated at 30 °C. Flow rate: 1.2 mL/min. Chromatography was carried out in the gra-
dient conditions: phase A—water, phase B—acetonitrile. Gradient was programmed
as follows: isocratic 72% A, 28% B (0-9 min), then linear (9-30 min) from 72% A,
28% B to 28% A, 72% B, then linear back to 72% A, 28% B (30-50 min). The Doc peak
was measured at a wavelength of 290 nm and quantitatively determined by comparing
with a standard curve. Approximate retention time for Doc was about 27 min.

Particle morphology examination

The morphological examination of NPs was performed by transmission electron cry-
omicroscopy (TEM). The samples were diluted in 1.0 mL of purified water, vortexed
for 1 min and placed on previously hydrophilized supporting mesh. After vitrification
in liquid ethane, the samples were transferred in liquid nitrogen to the pressing sta-
tion and then placed in a cassette holder under cryogenic conditions. Imaging was
performed using Titan Krios TEM FEI (Thermo Fisher Scientific, USA) at 5000x—
18,000 x magnification in a low-dose mode using a Falcon II electron detector.

In vitro docetaxel release studies

In vitro drug release study was performed using dialysis method. 1.0 mL of NP sus-
pension containing 77.85 mg of NPs was placed into the dialysis membrane tubings
OrDial D14 (Orange Scientific, Belgium) with pore diameter of 12—14 kDa and dia-
lyzed against 2000 mL of phosphate buffered saline (PBS), pH 7.4, containing 0.5%
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Tween 80 at 37 °C on an orbital shaker stirring at a rate of 50 rpm. At the indicated
times (the total incubation time was 48 h), the samples were quantitatively transferred
from dialysis bags to glass vials, frozen, and lyophilized. Docetaxel loading in the
lyophilized samples was determined by HPLC. Time-dependent curve of docetaxel
release from polymeric nanoparticles was built according to the obtained results.

Cell lines

HeLa human cervical carcinoma cells, MDA-MB-231 human breast adenocarcinoma
cells and LECH human embryonic lung fibroblasts were obtained from the Russian col-
lection of cell cultures (St. Petersburg, Russia). MCF7R human breast adenocarcinoma
cells and SKOV3 human ovarian carcinoma cells were kindly provided by Dr. V. Yu.
Alakhov (Supratek Pharma Inc. Quebec, Canada). MCF7 human breast adenocarcinoma
cells were purchased from the American Type Culture Collection (ATCC). Cells were
maintained in plastic flasks (Corning, USA) in DMEM medium supplemented with 10%
FBS and 50 pg/mL gentamicin in a CO, incubator at 37 °C in a humidified atmosphere
containing 5% CO,. Cells were passaged twice a week using trypsin—EDTA solution.

Evaluation of folate receptor a expression

The folate receptor expression levels in cells were assessed by flow cytometry. Cells were
harvested using trypsin—-EDTA solution, washed once with PBS and fixed with 2% para-
formaldehyde. Fixed cells were permeabilized with 0.3% Triton X-100, blocked with 2%
fatty acid-free bovine serum albumin (BSA) in PBS and incubated with rabbit polyclonal
antibodies against folate receptor o (1:200 dilution) in blocking buffer for 1 h. After
washing, the cells were incubated in blocking buffer with Alexa Fluor 488-labeled sec-
ondary antibodies (1:200 dilution). Afterwards, cells were washed, resuspended in PBS
and analyzed on a BD FACSCalibur flow cytometer (BD Biosciences, USA). 10* cells
were analyzed in each sample. The staining index (SI) was calculated according to the
formula:

Sl — MFIst — MFla
~ 2xSDa

’

where MFIst and MFla are medium fluorescence intensity of stained cells and an auto-
fluorescence, respectively; SDa is standard deviation of the MFIa.

In vitro cellular uptake study

HelLa cells were seeded onto coverslips in 24-well plates 1 day prior to the experiment for
attachment and adaptation. Cells were incubated with F-NP-FDA (12 pM in fluorescein
diacetate equivalent) for 1 h in folic acid-free DMEM supplemented with 0.1% BSA in a
CO, incubator under standard conditions. At the end of incubation, cells were washed
three times with PBS and analyzed on a BD FACSCalibur flow cytometer equipped with
a 488-nm argon laser in the fluorescence channel FL1 or Axiovert 40 CFL fluorescence
microscope (Carl Zeiss, Germany). To disclose the potential mechanisms of nanoparti-
cle uptake, the endocytosis inhibitors including genistein (1 pg/mL, caveolae-mediated
endocytosis inhibitor), monodansylcadaverine (300 uM, clathrin-mediated endocytosis
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inhibitor) and amiloride (1.25 mM, macropinocytosis inhibitor) were added to HeLa
cells 30 min prior to incubation with F-NP-FDA.

Evaluation of cytotoxic activity of NPs

Cells were seeded in folic acid-free DMEM supplemented with 10% FBS and 50 pg/mL
gentamicin in 96-well plates 1 day prior to the experiment for attachment and adapta-
tion. Docetaxel and nanoparticles were added in a wide range of concentrations in tripli-
cates for each concentration and incubated under standard conditions for 24—72 h. Cell
survival was measured by the MTT assay (Alley et al. 1988) and the sulforhodamine B
(SRB) assay (Skehan et al. 1990). MTT assay. 2 h before the end of incubation, 50 pL of
MTT at a concentration of 1 mg/mL in culture medium was added to each well. After
color development, the medium was removed, the precipitated formazan crystals were
dissolved in 150 uL of DMSO, and the color intensity was measured by absorbance at
570 nm using an iMark microplate absorbance reader (Bio-Rad, USA). SRB assay. After
the end of incubation, the medium was removed, and the cells were fixed with 10%
trichloroacetic acid (TCA) for 1 h. Then TCA was removed, and the samples were dried
in air and stained for 30 min with SRB solution (0.4% SRB in 1% acetic acid). Next, the
plates were washed five times with 1% acetic acid and dried in air, and protein-bound
SRB was dissolved in unbuffered 10 mM Tris (pH 10.5). The color intensity was meas-
ured by absorbance at 570 nm on a microplate reader. Cell survival was assessed as a
percentage of the untreated control.

Quantitation of apoptosis by flow cytometry

HeLa cells were seeded in six-well plates (Corning, USA) 1 day prior to the experi-
ment and cultured in FA-free DMEM supplemented with 10% FBS and 50 pg/mL gen-
tamicin. On the day of the experiment, the culture medium was replaced with fresh
medium containing docetaxel and polymeric nanoparticles in concentration of 2.5 and
10 nM in docetaxel equivalent. After the incubation was completed, cells were harvested
using trypsin—EDTA, washed twice in PBS and stained with FITC Annexin V Apoptosis
Detection Kit with PI according to the manufacturer’s instructions. Cells were incubated
for 15 min in a staining buffer containing Annexin V-FITC and propidium iodide. Sam-
ples were analyzed without washing on a BD FACSCalibur flow cytometer in the fluores-
cence channels FL1 (for FITC) and FL2 (for PI).

In vivo anticancer activity of F-NP-Doc

All animal studies were conducted according to the European Convention for the Pro-
tection of Vertebrate Animals (Strasbourg 1986). The protocols of this study and experi-
mental procedures were approved by the Ethical Committee of the National Research
Center “Kurchatov Institute” Specific pathogen-free (SPF) female C57BL/6 mice were
obtained from Pushchino Nursery of Laboratory Animals (Pushchino, Russia). Ca755
mammary adenocarcinoma cells (1 x 10°) were injected subcutaneously into the right
flank of each animal (the day of tumor implantation was designated as day 0). The mice
were randomized into vehicle control (saline) and treatment groups (=9 per group),
and the treatments were started 48 h after tumor implantation. Docetaxel was dissolved
in Tween 80/ethanol/saline (PRODUCT MONOGRAPH, Taxotere®), and F~-NP-Doc
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was dissolved in saline. Drugs at a dosage of 15 mg/kg/dose in 0.4 mL of corresponding
solvent were intravenously administered via the lateral tail vein on 3, 6 and 9 days after
tumor inoculation. Tumor sizes were measured every 2—-3 days, and tumor volume (V,

mm?) was calculated using the formula:

V =a® x b2,
where a and b refer to the short and long diameters of tumor, respectively.
The tumor growth inhibition (TGI) was calculated using the formula:

TGI(%) = (Vc—Vr)/Vc x 100,
where V, and V, refer to the mean tumor volume in control and experimental groups,
respectively.

Statistical analysis

Plotting and statistical data processing were performed using OriginPro 8.5 (OriginLab
Corporation) and Microsoft Excel (Microsoft Corporation). The accuracy of the results
was evaluated using the Student’s ¢-test. The data in the tables and graphs are presented
as an average of at least three experiments £ SE.

Results and discussion

Characterization of nanoparticles

Folate-modified docetaxel-loaded polymeric nanoparticles (F-NP-Doc), docetaxel-
loaded nanoparticles without FA (NP-Doc), and functionalized fluorescein diacetate-
loaded particles (F-NP—FDA) were formulated by a single-emulsion solvent-evaporation
method using an ultrasonic homogenizer. A folate—dodecylamine conjugate (FOAD) was
used to prepare F-NP-Doc particles. FOAD contains both hydrophilic and hydrophobic
groups, has amphiphilic properties and can act as a surfactant. The use of FOAD contrib-
utes to the localization of the vector FA moiety on the surface of F-NP-Doc and F-NP—
FDA. The particles were lyophilized and stored at 4 °C.

The properties of the nanoparticles (for resuspended lyophilizates) are presented in
Table 1. The results of the quantitative analysis of docetaxel and FDA are given for a dry
matter.

TEM micrograph (Fig. 1b) clearly shows that the prepared nanoparticles have a regu-
lar spherical shape. The average diameter of docetaxel-loaded PLGA particles measured
by dynamic light scattering was about 230 nm (Table 1, Fig. 1a); fluorescein diacetate-
loaded PLGA particles had a slightly greater diameter—263 nm.

Table 1 Physicochemical parameters of the docetaxel-loaded and fluorescein diacetate-
loaded PLGA nanoparticles

Sample  Z-average size, nm Zeta potential, mV Polydispersity The content of docetaxel (1)
index (Pdl) or fluorescein diacetate (2)
in the sample, %

NP-Doc 2312446 —4.884+041 0.09140.09 232+0.07 (1)
F-NP-Doc 2276+59 —3.75£029 0.068£0.015 3.13£0.10(1)
F-NP-FDA 263.1+6.2 —6.854+0.24 0.075£0.020  0.14140.009 (2)
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Fig. 1 Size distribution of F-NP-Doc nanoparticles measured by dynamic light scattering technique. a
Hydrodynamic diameter of F-NP-Doc nanoparticles; b TEM image of F-NP-Doc nanoparticles. Bar: 200 nm

The dimensions of prepared nanoparticles ranged from 100 to 400 nm (Fig. 1a). Using
Zetasizer Software 7.11 (Malvern Instruments, UK), we calculated that 25% of particles
were less than 200 nm, 27% of particles had a size in the range of 300-400 nm, and 48%
of particles had a size in the range of 200-300 nm. A number of studies have shown that
50-100 nm is the optimal size of particles for effective cellular endocytosis (in vitro) (Liu
et al. 2013; Huang et al. 2010; Lu et al. 2009; Hoshyar et al. 2016). However, the results
obtained by many researchers suggest that, unlike unmodified particles, targeted parti-
cles with a diameter of 200-300 nm are also effectively internalized into cancer cells (Yu
et al. 2011). Clear evidence on the cellular uptake of relatively large (216 nm and 500 nm)
transferrin-conjugated targeted particles through clathrin-dependent receptor-mediated
endocytosis was provided by Tsuji et al. (2013). Using confocal laser scanning micros-
copy and transmission electron microscopy, the authors have shown that the inter-
nalization of such particles was accompanied by the formation of large clathrin-coated
vesicles even though their diameter was more than 500 nm and despite the fact that
clathrin-coated vesicles have a diameter of 100 nm. These findings suggest that signals
for internalization generated by stimulated receptors activate clathrin-mediated endocy-
tosis preferentially. Additionally, larger transferrin-conjugated particles delivered drugs
to cancer cells more selectively than their smaller counterparts. Based on the attained
results, the authors concluded that large nanoparticles could be very good drug carriers
in terms of their capacity and selective internalization into cancer cells even though par-
ticles are larger than normal clathrin-coated vesicles.

In vitro drug release study
The study of docetaxel release from polymeric nanoparticles in vitro was carried out
under conditions of equilibrium dialysis at 37 °C in buffer (PBS) with pH 7.4. The ratio of
nanoparticle mass to buffer volume was calculated without exceeding the solubility limit
of docetaxel (8.7 uM) (Gurski et al. 2009). The quantitative HPLC analysis of Doc con-
tent in F-NP-Doc nanoparticles showed that 11.3% of initial amount of docetaxel in the
sample (taken as 100%) was released within the first hour, which may be due to partial
localization of the drug on the nanoparticles’ surface.

Afterwards, the docetaxel release proceeded rather slowly (Fig. 2), that is only
19.53+1.91% and 28.61 +2.74% of the drug was released within 24 and 48 h of incuba-
tion, respectively. Since the degradation rate of PLGA in PBS is very slow, as repeatedly
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Fig. 2 The release profile of docetaxel from F-NP-Doc nanoparticles at 37 °C (the initial amount of docetaxel
in the sample was taken as 100%)

reported (Kamaly et al. 2016), docetaxel release is most likely to be due to the diffusion
of the drug through a carrier matrix.

Diffusion of drug, erosion and swelling of polymer matrix and degradation of polymer
are the main mechanisms for drug release. Since the degradation of PLGA is slow, the
release of docetaxel from the nanoparticles would mainly depend on the drug diffusion
and the matrix erosion.

In this study, slightly less than 30% of docetaxel was released from NPs to PBS for
period studied (48 h). The faster release of docetaxel from particles takes place in liv-
ing organism, as was shown by Mohammad and Reineke (2013). In general, biodegrada-
tion of PLGA occurs due to autocatalyzing hydrolysis of ester bonds to form oligomers
and monomers of D,L-lactic and glycolic acids (Li 1999). Relatively small long-chain
motifs generated at the initial stage undergo further hydrolytic cleavage to form shorter
fragments and eventually lactic and glycolic acids which enter the Kreb’s cycle, and are
metabolized into carbon dioxide and water. Biodegradation of PLGA may also occur via
enzymatic cleavage. Mammalian serine proteases, a-chymotrypsin in particular, are able
to hydrolyze ester bonds of PLGA (Lim et al. 2005). Other enzymes, including esterase,
carboxypeptidase A and proteinase K, may participate in the biodegradation.

Immunocytochemical analysis of folate receptor a expression

Before studying the in vitro anticancer activity of the prepared nanoparticles, we ana-
lyzed the folate receptor a (FR) expression in cancer and control cells. The study of the
ER content was performed by indirect immunochemical staining with subsequent detec-
tion of fluorescence using a BD FACSCalibur flow cytometer. The highest expression
level of FR was found in HeLa cells (Table 2). In MCF?7, MCEF7R and SKOV3 cells, the
content of the FR was slightly lower, but, nevertheless, significantly exceeded that in the
control LECH cell line (human embryonic lung fibroblasts) and MDA-MB-231 cancer
cell line (mammary adenocarcinoma).

Internalization of functionalized F-NP-FDA nanoparticles
Fluorescein diacetate (FDA) is nonfluorescent derivate of fluorescein penetrating the
cell membrane due to its lipophilic nature. Being inside the cell, FDA is hydrolysed by
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Table 2 Expression of folate receptors in human cancer cells (HeLa, MCF7, MCF7%,
MDA-MB-231, SKOV3, Ca755) and normal cells (LECH)

Cell line Staining
index (SI)
Hela 317
MCF7 279
MCF7R 204
MDA-MB-231 7.5
SKOV3 219
LECH 53
Ca755 219
3 te
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Fig. 3 Uptake of functionalized fluorescein diacetate-loaded F-NP-FDA nanoparticles by HeLa human
cervical carcinoma cells after 1 h of incubation. a Lifetime fluorescence microscopy, bar: 100 um. b F-NP-FDA
uptake inhibition

intracellular esterases to form fluorescein. Thus, by measuring the intracellular fluores-
cence after incubation of cells with FDA-loaded nanoparticles, it is possible to determine
the efficiency of their uptake. We compared the fluorescence intensity of cells incubated
with targeted F-NP-FDA and non-targeted NP-FDA for 1 h at 37 °C (Fig. 3). The use of
FDA allowed us to accurately measure the actual endocytosis rate of F-NP-FDA, since
the interaction between polymer particles and cell membrane proceeds much more rap-
idly at 37 °C compared to 4 °C (data not shown; PLGA particles covalently linked to fluo-
rescein were used in this set of experiments).

Fluorescence microscopy (Fig. 3a) and flow cytometry were used to investigate the
internalization of fluorescein diacetate-loaded F-NP-FDA nanoparticles in HeLa cells.
The obtained results indicate high accumulation of F-NP-FDA nanoparticles in cancer
cells after 1 h of incubation at 37 °C.

But, it should be noted that internalization of nanoparticles may occur through
various pathways (in turn, time needed for internalization may vary) depending on
the size and shape of nanoparticles and the polymer properties. We found that the
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use of F-NP-FDA functionalized particles significantly improved the efficiency of
intracellular FDA accumulation: upon incubation of HeLa cells with FDA and F-NP-
FDA at a concentration of 12 pM for 1 h at 37 °C, the MFI values were 147 £5 and
1249 + 27 relative units, respectively. To elucidate the exact mechanisms of cellular
uptake of F-NP-FDA, we performed the inhibition study using pathway-specific
inhibitors. The use of endocytosis inhibitors is a common method to determine the
nanoparticle entry route. Simultaneous exposure of cells to F-NP-FDA and monod-
ansylcadaverine led to the inhibition of nanoparticle endocytosis by 66% (Fig. 5b).
Genistein, an inhibitor of caveolae-mediated endocytosis, did not affect the cellular
uptake of F-NP-FDA, while amiloride, an inhibitor of macropinocytosis, suppressed
the endocytosis of F-NP-FDA by 80%. These results suggest that the main mecha-
nisms by which F-NP-Doc internalize into cells are clathrin-dependent endocytosis
and macropinocytosis.

Cytostatic activity of targeted docetaxel-loaded PLGA nanoparticles in vitro

Both targeted F-NP-Doc polymeric nanoparticles and free docetaxel dramatically
inhibited cancer cell growth in vitro (Fig. 4) and induced apoptosis as early as 8 h after
exposure (Fig. 5). The IC50 value of F-NP—Doc for HeLa cells highly expressed folate
receptor was significantly lower than that of free docetaxel, indicating the higher
cytostatic activity of the NPs prepared. Cell survival data obtained after 24 and 48 h
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Fig. 5 Induction of apoptosis in Hela cells after 8, 24 and 48 h of incubation with Doc and F-NP-Doc
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Table 3 The cytostatic activity of F-NP-Doc versus free docetaxel expressed as IC50 value

Incubation time, h 1C50, nM

Doc F-NP-Doc
24 212£20 93+£13
48 35+04 25403
72 1.8+£0.2 1.0£0.1

Hela cells were incubated with F-NP-Doc and docetaxel for 24, 48 and 72 h. Cell survival was assessed using the SRB assay

of treatment with the drugs (Table 3) correlated with apoptosis induction detected by
Annexin V staining at the same time points. PLGA nanoparticles without docetaxel,
similarly formulated, showed no toxicity in the range of concentrations used (data not
shown).

It was surprising to us that F-NP-Doc nanoparticles exhibited considerable activ-
ity against cancer cells even at short incubation times (8 and 24 h). It is well known
that taxanes can easily pass through the cell membrane by diffusion due to their high
hydrophobicity, while large polymeric particles enter the cell via macropinocytosis
and receptor-mediated endocytosis (Behzadi et al. 2017; Rejman et al. 2004; Sahin
et al. 2017), which are more time- and energy-consuming processes. In general, this
causes a delay in the induction of cell death by docetaxel- and paclitaxel-loaded nano-
particles compared to free drug (Danhier et al. 2009). This might be the reason why
authors sometimes do not provide comparative data on cytotoxicity of free drug and
drug-loaded polymeric nanoparticles, since the obtained results are obviously not in
favor of the latter (Chen et al. 2013; Ma et al. 2010). However, it should be kept in
mind that docetaxel does not cause immediate cell death as this drug induces cyto-
toxicity by altering the rate and degree of microtubule polymerization and suppress-
ing microtubule dynamics, which leads to inhibition of centrosome duplication in
the S-phase (Paoletti et al. 1997), disruption of the mitotic spindle formation and
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subsequent cell cycle arrest in S/G2/M phases (Hernandez-Vargas et al. 2007). Only
thereafter, the cell death occurs by both apoptotic and non-apoptotic pathways.

It is logical to assume [and this assumption is confirmed by the experimental results
reported (Adesina et al. 2014; Manoochehri et al. 2013; Patel et al. 2018; Pradhan et al.
2013; Ren et al. 2018), etc.] that the cytotoxic effect of docetaxel-loaded nanoparticles
should manifest later than that of free docetaxel. However, in our experiments, as well
as in some other studies, the reliability of which is beyond doubt (Kulhari et al. 2014;
Noori Koopaei et al. 2014; Sanna et al. 2011), induction of apoptosis and death of can-
cer cells exposed to docetaxel-loaded nanoparticles were observed in a relatively short
time. After 8 h of F-NP-Doc treatment at a concentration of 2.5 and 10 nM in docetaxel
equivalent, the apoptotic cell population increased to 14.5% and 19.7%, respectively
(Fig. 5). In turn, 2.5 and 10 nM of docetaxel generated 14.7% and 18.5% apoptotic cell
population, respectively, at the same incubation time. When incubation period was pro-
longed from 8 to 24 h, a more pronounced induction of apoptosis was observed (26.1%
and 43.4% for 2.5 and 10 nM of F-NP-Doc, respectively, while 28.2% and 38.6% for 2.5
and 10 nM of free docetaxel, respectively).

The IC50 values for F-NP-Doc nanoparticles and free docetaxel in HeLa cells after
24 h of incubation were 9.3 nM and 21.2 nM, respectively. It is important to stress that
although IC50 values of both F-NP-Doc and free docetaxel decreased with an increase
in incubation time, the cytostatic activity of F-NP-Doc significantly exceeded that of
free drug at all times tested (Table 3). In vitro drug release study indicates a rather slow
release of docetaxel from the polymer matrix (Fig. 2), as less than 20% from the initial
content of docetaxel was released from F-NP-Doc nanoparticles during 24 h. However,
due to the high docetaxel loading, this was sufficient to achieve effective intracellular
drug concentration and to exhibit significantly higher anticancer activity than free doc-
etaxel. Additionally, incorporation of docetaxel into polymeric nanoparticles improves
its stability, which may also be of great importance. It is known that docetaxel is unsta-
ble in aqueous solutions due to the presence of N-tert-butyl group on the synthetic
side chain of the molecule (Tian and Stella 2008). Oxidation of this moiety significantly
reduces the ability of docetaxel to interact with microtubule p-tubulin (Grover et al.
1995). In turn, permeation of water into PLGA nanoparticles is hindered, so docetaxel
loaded into them remains intact and enters the cell in its natural state.

We carried out a comparative analysis of the cytostatic activity of F-NP-Doc and
free docetaxel against cancer and normal cell lines. The results suggest that the targeted
nanoparticles inhibit HeLa cell growth more potently than free docetaxel as assessed
by IC50. In contrast, F-NP-Doc were five times less toxic to LECH human embryonic
lung fibroblasts (control cells with low expression of folate receptors) than the free drug
(Fig. 4b). LECH cells were nine times more resistant to F-NP-Doc than HeLa cells,
while both lines demonstrated the same sensitivity to docetaxel. These data indicate that
the targeted F-NP-Doc nanoparticles selectively kill cancer cells that overexpress folate
receptors.

To confirm the “targetability” of F-NP—Doc nanoparticles, we investigated their activ-
ity towards MCE7® breast adenocarcinoma cells with overexpression of Pgp170 glyco-
protein (Batrakova et al. 2001). It is known that this glycoprotein belongs to the family
of ABC-transporters and is responsible for decreased intracellular accumulation of
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Table 4 The cytostatic activity of F-NP-Doc and free docetaxel against cancer cells
expressed as IC50 value £+ SE

Drug Cells
Hela MCF7 MCF7® MDA-MB-231 SKOV3 Ca755 LECH
Docetaxel 29404 77+12 166153 0.540.03 32404 97426 22419
F-NP-Doc 12403 49406 65483 1.8+06 20+04 56+07 112422
S [ Jcontrol
€ 3000 - Docetaxel, 15 mg/kg x 3
o F-NP-Doc, 15 mg/kg x 3
£
2
o
>
= 2000 -
o
£
=
-
1000
0 -
29 day 34 day 41 day
Fig. 6 Tumor growth inhibition after three-time intravenous administration of F-NP-Doc and free docetaxel
to mice

various anticancer agents including docetaxel (Noguchi 2006). We found that docetaxel
and non-targeted docetaxel-loaded nanoparticles exhibited a similar cytostatic activity
against MCF7® cells, with IC50 being 163 and 166 nM, respectively. On the contrary,
F-NP-Doc reversed, at least partially, multidrug resistance in MCF7® cells and more
effectively decreased their survival, with IC50 being 65 nM (Fig. 4d).

The efficacy of F-NP-Doc NPs varied depending on the folate receptor expression
levels in cells (Tables 2, 4).

In vivo anticancer efficacy

To study the antitumor activity of F-NP—Doc-targeted nanoparticles in vivo, we estab-
lished the syngeneic mouse model by serial subcutaneous transplantation of tumors
arising from Ca755 mammary adenocarcinoma cells into female C57BL/6 mice. F-NP—
Doc and free docetaxel were intravenously administered every 72 h (three injections).
The results of the study of F-NP-Doc antitumor activity are shown in Fig. 6. Significant
inhibition of tumor growth was observed after F-NP-Doc administration at a dosage of
15 mg/kg/dose. Moreover, the antitumor effect of F-NP-Doc was higher compared to
that of docetaxel throughout the observation period up to 41 days (32 days after treat-
ment was finished). Comparison of TGI for F-NP-Doc and docetaxel on days 25-41
showed that TGI for F-NP-Doc remained at a high level (from 100 to 90.9%) during this
period, while TGI for docetaxel decreased from 99.9 to 67.5%. These results suggest that
F-NP-Doc exhibit higher in vivo antitumor activity and more profoundly reduce the
tumor volume compared to free docetaxel.
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Conclusion

In this study, we investigated the biological activity of folate-modified docetaxel-loaded
PLGA nanoparticles prepared by a single-emulsion solvent-evaporation method. The
targeted nanoparticles showed higher in vitro anticancer activity towards HeLa cervi-
cal carcinoma cells and MCF7 breast adenocarcinoma cells than both non-functional-
ized nanoparticles and free docetaxel. Meanwhile, the toxicity of targeted nanoparticles
to human fibroblasts was nine times lower. F-NP-Doc nanoparticles as well as free
docetaxel induced apoptosis in cancer cells. F-NP-Doc, but not non-targeted PLGA
nanoparticles, reversed multidrug resistance in MCF7® breast adenocarcinoma cells.
A pronounced anticancer effect of folate-modified docetaxel-loaded PLGA nanoparti-
cles was attributed to an increase in availability of docetaxel to cancer cells and targeted
intracellular delivery. High antitumor activity of F-NP-Doc has also been proven in

in vivo experiments.
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