International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine

3

Dove

ORIGINAL RESEARCH

Pharmacokinetics and in vitro/in vivo antitumor
efficacy of aptamer-targeted Ecoflex® nanoparticles
for docetaxel delivery in ovarian cancer

Erfaneh Ghassami'
Jaleh Varshosaz'

Ali Jahanian-Najafabadi?
Mohsen Minaiyan?
Parvin Rajabi*

Effat Hayati®

'Department of Pharmaceutics,
School of Pharmacy and Novel Drug
Delivery Systems Research Centre,
’Department of Pharmaceutical
Biotechnology, *Department of
Pharmacology, School of Pharmacy,
‘Department of Pathology, Isfahan
University of Medical Sciences,
Isfahan, *North Research Center,
Pasteur Institute of Iran, Amol, Iran

Correspondence: Jaleh Varshosaz
Department of Pharmaceutics, School
of Pharmacy and Novel Drug Delivery
Systems Research Centre, Isfahan
University of Medical Sciences, PO Box
81745-359, Isfahan 81746-73461, Iran
Tel +98 31 3792 7110

Fax +98 31 3668 001 |

Email varshosaz@pharm.mui.ac.ir

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Purpose: Epithelial ovarian cancer is the fourth cause of cancer death in developed countries
with 77% of ovarian cancer cases diagnosed with regional or distant metastasis, with poor survival
rates. Docetaxel (DTX) is a well-known anticancer agent, with clinically proven efficacy in
several malignancies, including ovarian cancer. However, the adverse effects caused by the active
ingredient or currently marketed formulations could even deprive the patient of the advantages of
treatment. Therefore, in the current study, polymeric nanoparticles (NPs) equipped with aptamer
molecules as targeting agents were proposed to minimize the adverse effects and enhance the
antitumor efficacy through directing the drug cargo toward its site of action.

Materials and methods: Electrospraying technique was implemented to fabricate poly
(butylene adipate-co-butylene terephthalate) (Ecoflex®) NPs loaded with DTX (DTX-NPs).
Afterward, aptamer molecules were added to the DTX-NPs, which bound via covalent bonds
(Apt-DTX-NPs). The particle size, size distribution, zeta potential, entrapment efficiency, and
release profile of the NPs were characterized. Using MTT assay and flow-cytometry analysis,
the in vitro cytotoxicity and cellular uptake of the NPs were compared to those of the free
drug. Following intravenous administration of Taxotere®, DTX-NPs, and Apt-DTX-NPs (at an
equivalent dose of 5 mg/kg of DTX), pharmacokinetic parameters and antitumor efficacy
were compared in female Balb/c and HER-2-overexpressing tumor-bearing B6 athymic mice,
respectively.

Results: The obtained results demonstrated significantly enhanced in vitro cytotoxicity and
cellular uptake of Apt-DTX-NPs in a HER-2-overexpressing cell line, comparing to DTX-NPs
and the free drug. The results of in vivo studies indicated significant increment in pharmacoki-
netic parameters including the area under the plasma concentration—time curve, mean residence
time, and elimination half-life. Significant increment in antitumor efficacy was also observed,
probably due to the targeted delivery of DTX to the tumor site and enhanced cellular uptake as
evaluated in the aforementioned tests.

Conclusion: Hence, the proposed drug delivery system could be considered as an appropriate
potential substitute for currently marketed DTX formulations.

Keywords: Ecoflex, nanoparticles, aptamer, electrospraying, pharmacokinetic, ovarian cancer,
docetaxel

Introduction

Epithelial ovarian cancer is the fourth cause of cancer death in developed countries.
Approximately 77% of women with ovarian cancer are diagnosed with regional or
distant metastasis, with poor survival rates. These patients usually undergo aggressive
treatment including multiple surgeries, radiotherapy, and chemotherapy.'> Moreover,
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high probability of disease recurrence after surgery or adju-
vant therapy results in an immense distress on patients, which
affects their quality of life.?

Docetaxel (DTX) is a well-known member of taxane
family, with clinically proven efficacy in several types of
malignancies, including ovarian cancer.* However, several
drawbacks including poor aqueous solubility, low oral
bioavailability, and various notable adverse effects have neg-
atively affected the clinical application of DTX. The adverse
effects, including hypersensitivity reactions, fluid retention,
neuro and musculoskeletal toxicity, and neutropenia, are
caused either by the active pharmaceutical ingredient (API)
or the components of the solvent system needed to solubilize
the hydrophobic DTX, such as Tween 80 or ethanol impli-
cated in currently marketed formulations such as Taxotere®
(Sanofi-Aventis Pharma Inc., Paris, France) or Duopafei®
(Qilu Pharmaceutical Co., Ltd., Jinan, China).*

Numerous efforts have been dedicated to develop a
delivery system for DTX, which attenuate the API and
formulation-related adverse effects, while maintaining its
therapeutic efficacy. Polymeric nanoparticles (NPs), lipo-
somes, micelles, solid lipid NPs, and nanostructured lipid car-
riers are some of the studied delivery systems with reported
suitable characteristics, such as improved drug solubility and
membrane transport.> !

Among the mentioned delivery systems, polymeric NPs
could serve as an excellent vehicle, offering the opportunity
of protecting the active cargo against enzymatic and hydro-
lytic degradation. On the other hand, in order to minimize the
API-related adverse effects that are caused by biodistribu-
tion of the cytotoxic agent throughout the body, the delivery
system could be designed by the addition of targeting ligands
which specifically bind to a predetermined receptor.'?

It has been demonstrated that HER-2 receptor gene is
amplified in a remarkable number of ovarian cancer cases."
HER-2 is one of the transmembrane epidermal growth
factor receptors. It is suggested that the overexpression
of this receptor in ovarian cancer is associated with more
aggressive disease, with poor prognosis and lower survival
rate. Moreover, residual cancer is observed in all HER-2-
overexpressing cases of ovarian cancer, in comparison to
45% of cases with normal HER-2 expression. 41

There are several monoclonal antibodies developed against
the extracellular domain of HER-2 receptor, which could be
used as targeting ligands in delivery systems targeting HER-
2-positive tumors. However, expensive and work-intensive
production, as well as poor stability and limited shelf-life are
notable drawbacks of monoclonal antibodies. For this reason, a

great deal of interest was drawn toward aptamer as an alterna-
tive targeting ligand. It is chemically synthesized using simpler
and more cost-effective procedures, with higher stability and
possibility of performing favorable modifications.!”' Aptam-
ers are oligonucleotides that are able to bind to their targets
with specificity and affinity comparable to monoclonal anti-
bodies, because of the specific three-dimensional structures
that they form according to their sequences.?!

In accordance with the aforementioned issues, a targeted
polymeric nanoparticulate system composed of poly(butylene
adipate-co-butylene terephthalate) (Ecoflex®; BASF Com-
pany, Ludwigshafen, Germany) and HER-2 specific aptamer
was investigated in the current study, and its properties such
as in vitro cytotoxicity against a HER-2-positive ovarian can-
cer, pharmacokinetic profile, and in vivo antitumor efficacy
in tumor-bearing nude mice were evaluated.

Ecoflex® is a biodegradable and biocompatible polymer
with a complete and relatively fast degradation profile and
excellent flexibility. It was initially designed by BASF
Company (Ludwigshafen, Germany) and has been used
worldwide for packaging applications since 1998. However,
Xinfu Pharmaceutical Co. Ltd, Hangzhou, China, has
recently paid great interest to this polymer for pharmaceutical
applications, particularly for the production of biomedical
nanocomposites.”> Considering the aforementioned advan-
tages of this polymer, it was implicated to construct an
anticancer drug delivery system in the current study. Due to
the limitations imposed by the physicochemical properties of
Ecoflex®, there are limited studies on fabrication of NPs by
this polymer. Electrospray technique was used to fabricate
the NPs in the current study to overcome these limitations.
To our knowledge, there is no report on the production of
NPs of Ecoflex® by electrospraying method and conjugation
to aptamer molecules as the targeting moiety.

Materials and methods

Materials

DTX was provided by Cipla (Mumbai, India) and Eco-
flex® (MW =100,000 g/mol) by BASF Company. Pluronic
F-127, 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tet-
razolium bromide (MTT), rhodamine B (RhB), N-(3-
dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride
(EDC), potassium ferricyanide, and potassium ferrocyanide
were purchased from Sigma-Aldrich Co. (St Louis, MO,
USA). Polyethylene glycol (PEG, MW =6,000), acetonitrile,
dichloromethane, N,N-dimethyl formamide, and N-hydrox-
ysuccinimide (NHS) were obtained from Merck (Merck
KGaA, Darmstadt, Germany). RPMI medium, fetal bovine
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serum (FBS), and trypsin/EDTA were supplied by Biosera
Europe (ZI du Bousquet, France). Penicillin/streptomycin
was obtained from Thermo Fisher Scientific (Waltham, MA,
USA) and diazepam was purchased from Sigma-Aldrich Co.
DNA aptamer with base sequence of (5-AGCCGCGAGG
GGAGGGATAGGGTAGGGCGCGGCT-3") was custom-
synthetized by Gen Fanavaran Co (Tehran, Iran). SKOV-3
and MDA-MB-468 cell lines were purchased from the Iranian
Biological Resource Center (Tehran, Iran). Female Balb/c
mice (5-6 weeks old, 2512 g) were obtained from Laboratory
Animal Center of Faculty of Pharmacy and Pharmaceutical
Science, Isfahan University of Medical Science, Iran.
Athymic female nude B6 mice were obtained from Pasteur
Institute (Amol, Iran).

All the animals were pathogen free and had free access
to food and water. Animal experiments were performed in
accordance with the guidelines proposed in the Guide for
the Care and Use of Laboratory Animals published by the
National Institute of Health and approved by the Research
Committee of Isfahan University of Medical Science (ethical
code: IRRMUILREC.1394.3.284).

Preparation of aptamer-targeted

DTX-loaded Ecoflex® NPs
Preparation and optimization of DTX-loaded NPs (DTX-NPs)
was carried out via an electrospraying technique previously
reported by Varshosaz et al.”* Briefly, a solution containing
70 mg of DTX and 210 mg of Ecoflex® and PEG 6000 (in a
95:5 ratio) in 42 mL of dichloromethane:dimethyl formamide
mixture (2.7:1 ratio) constituted the organic phase. This
organic solution was dispersed in an aqueous phase containing
1% (w/v) of Pluronic F-127 in deionized water. Using elec-
trospraying technique at a voltage of 20 kV, 12 cm distance
between electrodes, and feeding rate of 1 mL/h, the droplets
of organic phase were atomized and dried in the electrical field
before they reached the aqueous phase. Thus, an aqueous sus-
pension of polymeric NPs loaded with DTX was obtained.
Following a pretreatment step where EDC and NHS
were reacted with DTX-NPs, HER-2-specific aptamer
with an amine modification was added to the suspension to
allow for attachment to the NPs via a covalent link between
the ~COOH and —NH, functional groups present on the
NPs and aptamer molecules, respectively. The amount of
conjugated aptamer was equal to 2 wt% of the polymer
concentration in the reaction.?* The resulted aptamer-targeted
DTX-NPs (Apt-DTX-NPs) were lyophilized using a freeze
dryer (Martin Christ Ltd, Osterode, Germany) and maintained
in a solid form until further use.

Particle size, particle size distribution,

and zeta potential of NPs

The particle size, particle size distribution, and zeta potential
of the obtained Apt-DTX-NPs were characterized using a
laser light scattering particle size analyzer (Malvern Instru-
ments, Malvern, UK). Aqueous suspensions of the NPs in
deionized water were used as samples and each measurement
was performed in triplicate.

DTX entrapment efficiency measurement
Predetermined amount of lyophilized powder of Apt-
DTX-NP samples was dispersed in an aqueous medium
containing 0.5% (w/v) Tween® 80 (Sigma-Aldrich Co., St
Louis, MO, USA) to dissolve DTX. After centrifugation at
14,000 rpm for 15 minutes (Eppendorf Centrifuge 5430;
Hamburg, Germany), the free drug was separated from the
NPs by filtration through Amicon® ultracentrifuge filter (cut-
off 10,000 Da) (EMD Millipore, Billerica, MA, USA). The
amount of free drug was determined by high-pressure liquid
chromatography (HPLC), and the entrapment efficiency was
calculated using the following equation:

Entrapment efficiency (%)

_ Total drug — Free drug <100
Total drug

DTX release profiles

In vitro release of drug from the Apt-DTX-NPs was studied
in an aqueous medium containing potassium hydrogen phos-
phate (pH 7.4, 0.01 M) and 0.5% (w/v) Tween® 80. Briefly,
a dialysis bag (cutoff 12,000 Da) containing an aqueous
suspension of Apt-DTX-NPs was placed inside an adequate
amount of release medium to reach a final concentration of
1.3 ug/mL DTX, which equals to 15% of saturated solubility
(9.8+0.3 ug/mL) of DTX in the release medium to maintain
the sink condition. Drug release from the Apt-DTX-NPs took
place under gentle stirring at 37°C£0.5°C for 30 hours; mean-
while, 100 uL samples were withdrawn and replaced with
fresh medium at predetermined time intervals. The DTX con-
centration in samples was analyzed by HPLC after omitting
the Apt-DTX-NPs, using Amicon® ultracentrifugal filters.

HPLC analysis method

The apparatus was an HPLC system (Waters Associ-
ates, Milford, MA, USA) equipped with a UV detector
at the wavelength of 230 nm and a reverse phase C-18
column (Spherisorb® 5 um ODS2 4.6x250 mm; Waters
Associates). A mixture of acetonitrile and water (65:35, v/v)
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constituted the mobile phase and was used at the flow rate
set at 1 mL/min.® Using the line equation of the standard
curve plotted in the range of 0.25-20 ng/mL, peak area of
DTX in each sample was analyzed, considering inter-day
and intra-day standard deviations.

In vitro cytotoxicity assay

SKOV-3 and MDA-468 were, respectively, the HER-2-
positive and HER-2-negative cell lines.??” The presence or
lack of the HER-2 receptor on these cells was confirmed by
immunohistochemical method.

The cells were maintained in RPMI 1640 culture medium
supplemented with 10% FBS and 1% penicillin (100 IU/mL)-
streptomicin (100 pg/mL) under 98% relative humidity and
5% CO, incubation conditions. Cell suspensions containing
6x104 cells/mL of each cell line were seeded in 96-well cell
culture plates and incubated for 24 hours under the aforemen-
tioned conditions to ensure the attachment of cells. Afterward,
the cells were treated with different samples: Apt-DTX-NPs,
non-targeted DTX-NPs, free DTX, and control samples
comprising blank aptamer-targeted NPs (Apt-NPs), blank
non-targeted NPs (Blank-NPs), and dimethyl sulfoxide
(DMSO) at the concentration similar to that used to solubilize
free DTX. Each sample was prepared with different DTX
concentration (10-100 ng/mL). Following a 24-hour incuba-
tion period, 20 UL of MTT solution (5 mg/mL) was added to
each well and incubation was continued for further 3 hours.
Finally, the supernatant was replaced with DMSO to dissolve
formazan crystals produce by live cells, and the absorbance
of each well was measured using ELISA plate reader (Biotek
Instruments, Winooski, VT, USA) at 570 nm.

The cytotoxicity assay was performed in triplicate and
the cell survival in each treatment group was calculated
by the following equation, and the differences were stati-
cally evaluated by ANOVA test followed by least-square
difference post hoc test.

Cell survival (%)
Absorbance of test group

— Absorbance of blank <100 (2)

- Absorbance of control group
— Absorbance of blank

Cellular uptake

Cellular uptake of the targeted NPs by the HER-2-positive
cells was quantitatively compared to non-targeted NPs using
RhB as a fluorescent probe, which was entrapped instead of

DTX in the NPs.?® In order to confirm that the fluorescence
detected in flow-cytometry studies was due to the uptake
of Apt-RhB-NPs into the cells, free RhB was removed
using dialysis bag (cutoff 12,000 Da) after production of
RhB-loaded NPs. Moreover, the release profile of RhB
from NPs was studied to make sure that RhB release from
Apt-RhB-NPs was negligible in the first 2 hours.

The cells were seeded in six-well plates and after 24 hours
of initial incubation, treatment samples were added and
incubated further for 2 hours. Afterward, cells were collected
using trypsin-EDTA mixture (0.25%-0.01%), washed twice
with PBS, and centrifuged at 1,800 rpm to remove any non-
internalized particles. Finally, the cells were resuspended in
PBS for flow-cytometry measurement using FACS Calibur
(Becton Dickinson, Franklin Lakes, NJ, USA).

Pharmacokinetic studies

Pharmacokinetic studies were performed on female Balb/c
mice (5-6 weeks old, 2512 g) which were classified into
three groups according to the treatment sample received:
Taxotere®, DTX-NPs, and Apt-DTX-NPs (with 24 animals
in each group). The samples were intravenously injected via
tail vein at an equivalent dose of 5 mg/kg of DTX versus body
weight. At each predetermined time point of 5, 15, 30, 60,
90, 120, 240, and 600 minutes following the administration,
three animals of each group were sacrificed and whole plasma
samples were collected for further analysis.

In order to quantify the concentration of DTX in each
sample, 20 LL of methanolic solution of diazepam (20 mg/mL
as internal standard) and 4 mL of diethyl ether were added
to 200 puL of plasma sample. After 2 minutes of shaking,
the upper organic layer was transferred to another test tube
and the solvent was dried out under gentle nitrogen steam.
The residue was reconstituted in 200 UL of mobile phase,
and 70 pL aliquots were injected into HPLC column with
the aforementioned analytical system. The peak area ratio
of DTX to internal standard was measured for each sample
and analyzed using the line equation of plasma calibration
curve plotted in the range of 0.1-16 ng/mL. The pharma-
cokinetic parameters including the area under the plasma
concentration—time curve from zero to infinity, the appar-
ent volume of distribution (V ), systemic plasma clearance,
distribution half-life, elimination half-life (t
residence time (MRT) were calculated.

,»,B), and mean

ANOVA test was used to statistically analyze the
obtained data with p-value <0.05 considered as statistically
significant. The statistical analyses were performed using
IBM SPSS, version 19.
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Tumor induction in athymic nude mice

and in vivo antitumor efficacy

Aliquots of 200 UL of cell suspension containing 5x106
cells in PBS was subcutaneously injected into right flank of
female athymic B6 nude mice (7-8 weeks, 18+2 g). Tumor
dimensions were measured using a vernier caliper, and tumor
volume was calculated using the following equation:*

Tumor volume =L X W2 x0.52 3)
where L and W are the longest and shortest diameters of
tumor, respectively.

The tumor size was monitored until it reached the size of
range 50—100 mm?®. Then, the animals were classified into
four groups (n=3 in each group). Taxotere®, non-targeted
DTX-NPs, Apt-DTX-NPs, and normal saline (negative
control) were administered intravenously via tail vein with
as equivalent dose of 5 mg/kg of DTX versus body weight,
in three doses every 3 days. The tumor volumes and body
weight of each animal were monitored every 3 days, and
animals were sacrificed after 24 days, and the tumor mass
was surgically removed and weighed before being fixed in
formalin and sent for pathological investigations.

The antitumor activity of each treatment was evaluated
on the basis of the tumor inhibition rate (TIR [%]) calculated
by the following equation:*

TIR (%)
Mean weight of tumor in negative control group

_ —Mean weight of tumor in treatment group

— x 100
Mean weight of tumor in negative control group

4)

Immunohistochemistry findings

In order to ensure that the induced tumor was a HER-2-
overexpressing tumor, immunohistochemical assay was
performed both on the cell suspension and tumor samples
obtained from the sacrificed mice.

Briefly, formalin-fixed and paraffin-embedded samples
were used to obtain 4 um sections, which were pretreated by
the following steps of deparaffinization, rehydration through
immersion in xylene, gradation in ethanol, and rinsing with
water. Then, the slides were incubated for 30 minutes in 1%
H,0, and methanol medium in order to block the peroxidase
activity. Afterward, in the antigen retrieval step, sections
were immersed in citrate solution (pH 6.0) and microwaved
for 5 minutes, and the sections were maintained in the same
solution for another 15 minutes before being washed with

distilled water. An anti-HER-2/neu polyclonal antibody
(Dako, Glostrup, Denmark) was diluted 1:2,000 and a
secondary biotinylated antibody was used with EnVision
Detection System (Dako), with diaminobenzidine (Dako) as
the chromogen. In the next step, the immunostained slides were
observed independently by two pathologists under an Olympus
lens microscope (Olympus Corporation, Tokyo, Japan)
equipped with a 40X objective lens (field of vision diameter:
0.45 mm). Scoring was performed on a 0 to 3+ scale.>32

Statistical analysis

All values were presented as mean and standard devia-
tion (mean + SD), and the significance of differences was
investigated using ANOVA or unpaired Student’s #-test
at p<<0.05.

Results
Characterization of Apt-DTX-NPs

The particle size, particle size distribution, zeta potential,
entrapment efficiency, and release efficiency of Apt-DTX-NPs
and DTX-NPs are summarized in Figure 1. The non-targeted
DTX-NPs demonstrated significantly lower values of particle
size and zeta potential (202.4+8.3 nm [polydispesity index
{PDI}:0.2940.01] and —17.62£0.4 mV, respectively), in com-
parison to Apt-DTX-NPs (274.7+46.1 nm [PDI: 0.44+0.02]
and —9.910.19 mV, respectively).

Drug entrapment efficiency in Apt-DTX-NPs was
75.3%%1.5%, which was slightly lower (p>0.05) than the
non-targeted DTX-NPs (82.0%+8.5%). Release efficiency
appeared to be constant by addition of aptamer mol-
ecules, which was found to be 47.1% in 30 hours for both
formulations.

Immunohistochemistry studies

SKOV-3 and MDA-MB-468 cell suspensions were evaluated
in order to investigate the presence of HER-2 receptors on
these cells. The resulted micrographs represented stained
cell membrane in SKOV-3 cells, while the antibody was
not attached to the cell membrane of MDA-MB-468 cells,
indicating lack of HER-2 receptors on these cells (Figure 2A
and B). Besides, immunohistochemistry (IHC) assay on the
tumor tissue excised from the tumor-bearing mice confirmed
the presence of HER-2 receptor (3+ score) on cell membrane,
defined as strong complete membrane staining in more than
30% of tumor cells (Figure 2C).

In vitro cytotoxicity assay
In order to investigate the in vitro cytotoxicity of Apt-DTX-
NPs in comparison to non-targeted DTX-NPs and free DTX,

International Journal of Nanomedicine 2018:13

submit your manuscript

497

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Ghassami et al Dove

A Particle size Zeta potential Entraptment
(nm) PDI (mV) RE30 (%) efficiency (%)
350 - 0.5 7 0 60 - 100 -
] _2 90 4
300 - i
0.4 - 4 50 80 -
250 A . -6 - 40 - 70 -
200 - 0.3 7 -8 | 60 -
k —10 30 - 50 |
150 - 0.2 - ~12 2 40 -+
100 - 1 -14 1 | 30 -
0.1 ~16 10 4 20
50 - ] 18] 104
0 - 0 - 20 - 0 - 0 -
= = = = = = = = = =
Nl S & <F & <F & &K
RS O SRR AR Y
¥ ¥ W ¥ W
B &' Zaverage@nmj=2032 T 4 300,000 ' Zeta potential =175 (mV) |
- " PDI =0.324 E \ ;
> 10 LA
2 : : <]
= 9
@ =
[] 5 ‘ ‘S
E : N o N B
= 0! - = 0!
0.1 1 10 100 1,000 10,000 -200 -100 0 100 200
Size (d-nm) Zeta potential (mV)
C § 25 Z é{/érage (d'nm)=2786 T : 2 400,000 Zeta pbtenﬁal-(mV) =905
=20 PDI=0487 5
B 15 i b <]
T SURRIPAE RIS T . (N — 2
[+}] [ T S IR SUTP U  Ns S E, SO .S """"
-~ o :
£ 0 : : = 0 i : :
0.1 1 10 100 1,000 10,000 -200 -100 0 100 200
Size (d-nm) Zeta potential (mV)

Figure | (A) Physicochemical characteristics of the HER-2-specific aptamer-targeted Ecoflex® nanoparticles loaded with DTX in comparison to non-targeted Ecoflex
nanoparticles loaded with DTX. (B) Particle size and zeta potential diagrams of non-targeted Ecoflex nanoparticles loaded with DTX. (C) Particle size and zeta potential
diagrams of aptamer-targeted Ecoflex nanoparticles loaded with DTX.

Abbreviations: DTX, docetaxel; PDI, polydispersity index; Apt-DTX-NPs, aptamer-conjugated nanoparticles loaded with docetaxel; RE30, drug release efficiency in 30 hours.

MTT assay was performed on SKOV-3 and MDA-MB-468 According to the obtained results, treatment with DTX-NPs
cells (HER-2-positive and HER-2-negative cells, respec-  at concentrations equal to 30—50 ng/mL of DTX in MDA-MB-
tively). Targeted and non-targeted blank NPs, which didnot 468 cell line and 400—1,000 ng/mL of DTX in SKOV-3 cell
contain DTX, and DMSO, in the same concentration asused  line significantly decreased the cell survival in comparison
for solubilization of free DTX, were used as controls. The  to the free drug. Moreover, the reduction of cell survival in
results are illustrated in Figure 3. HER-2-positive cell line, SKOV-3, was significantly higher

A

Figure 2 Micrographs obtained after immunohistochemistry test on cell suspensions of (A) SKOV-3 cells (HER-2-positive) and (B) MDA-MB-468 cells (HER-2-negative)
to compare the presence of HER-2 receptors; and (C) micrographs of SKOV-3 tumor tissue, indicating the presence of HER-2 receptors on cell membrane (considered as
3+ score), defined as strong complete membrane staining in more than 30% of tumor cells.
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Figure 3 Viability percent after 24 hours incubation of (A) SKOV-3 cells treated with DTX-NPs, Apt-DTX-NPs, and free drug with different concentrations in the range
of 100-1,000 ng/mL, and (B) MDA-MB-468 cells treated with DTX-NPs, Apt-DTX-NPs, and free drug with different concentrations in the range of 10—100 ng/mL, and
compared to control samples including blank NPs (NPs which were not loaded with DTX) and DMSO (in the maximum concentration used in treatment groups).

Note: Significant differences are marked as *p<<0.05.

Abbreviations: DTX, docetaxel; DTX-NPs, non-targeted nanoparticles loaded with docetaxel; Apt-DTX-NPs, aptamer-conjugated nanoparticles loaded with docetaxel;

Blank NPs, nanoparticles not loaded with DTX; DMSO, dimethyl sulfoxide.

(»<<0.05) when treated with Apt-DTX-NPs when compared
to that with the non-targeted DTX-NPs, while in the case of
HER-2-negative cell line, MDA-MB-468, no significant differ-
ence was observed between these two treatments (p>0.05).

Cellular uptake assay

Cellular uptake of aptamer-targeted NPs loaded with RhB
in SKOV-3 (HER-2-overexpressing) cells was compared
with the uptake of non-targeted RhB-NPs and the free RhB.
In order to quantify the amount of sample taken up by the cells
in each treatment, flow-cytometry assay was performed and
the results are summarized in Figure 4. The autofluorescence

A 200
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. 1 23 4
» 120 4
- ; M1 M2
> ]
o J
O 80—
40 4
0 - T TR =F=TTTTT}
100 10" 102 103 10
FL2-H

of the non-treated cells is represented as M1 portion of the
diagrams, and any additional intensity of fluorescence caused
by uptake of probe is represented as M2 portion of the dia-
grams. The intensity of fluorescence of the cells, which was
regarded as an index for cellular uptake of free RhB, was
enhanced by ~30.1% in SKOV-3 cells and ~39.8% in MDA-
MB-468 cells, when RhB was entrapped in the polymeric
NPs. Further increment of the cellular uptake occurred when
the aptamer molecules were added onto the delivery system
causing almost a 100% increase in fluorescence intensity
in SKOV-3 cells, in comparison to a 25.4% increment in
MDA-MB-468 cells.
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Figure 4 Flow-cytomertry diagrams indicating the intensity of fluorescence in SKOV-3 (A) and MDA-MB-468 (B) cells, following 2 hours incubation with 1) blank NPs
(NPs which were not loaded with RhB), 2) free RhB, 3) RhB-NPs (non-targeted nanoparticles loaded with RhB), and 4) Apt-RhB-NPs (aptamer-conjugated nanoparticles
loaded with RhB).

Note: M| portion represents autofluorescence of the nontreated cells and M2 portion represents any additional intensity of fluorescence caused by uptake of probe.
Abbreviations: FL, fluorescence; RhB, Rhodamine B.
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Figure 5 Mean plasma concentration—time profile of docetaxel (DTX) in Balb/c
mice following intravenous administration of Taxotere®, DTX-NPs (non-targeted

nanoparticles loaded with docetaxel), and Apt-DTX-NPs (aptamer-conjugated
nanoparticles loaded with docetaxel). The results are indicated as mean + SD (n=3).

Pharmacokinetic studies

Following intravenous administration of Taxotere®, DTX-
NPs, and Apt-DTX-NPs into healthy Balb/c mice, plasma
samples were taken at predetermined time intervals. The
mean plasma concentration versus time profiles of DTX after
each treatment is illustrated in Figure 5, and the eventuated
pharmacokinetic parameters are summarized in Table 1.
A two-compartment open model could describe the plasma
concentration—time profiles of the administered formulations,
and pharmacokinetic parameters were calculated on the bases
of this model (Table 1).

The elimination half-life of Taxotere® (2.70£0.05 hours)
was significantly lower than Apt-DTX-NPs (4.3010.12 hours)
and DTX-NPs (4.10+0.29 hours). The MRT values also
showed a significant increment in DTX-NPs (5.91+0.42 hours)
and Apt-DTX-NPs (6.1920.17 hours) compared to Taxotere®
(3.9520.07 hours), which is also in accordance with reduced
total body clearance value of Apt-DTX-NPs (0.72+0.09 L/kg)
and DTX-NPs (0.78+0.12 L/kg), in comparison to Taxotere®
(1.11£0.10 L/kg). These results indicate that the proposed
delivery system would be able to prolong the circulation of
DTX. However, the apparent volume of distribution (V)

was not significantly different in these administered formula-
tions (p>0.05).

In vivo antitumor efficacy

The tumor developed approximately 20 days following the
subcutaneous injection of SKOV-3 cells, and the antitumor
efficacy of Taxotere®, DTX-NPs, and Apt-DTX-NPs was
investigated in mice bearing SKOV-3 human ovarian
carcinoma xenograft, when the tumor volume reached
50-100 mm’. In order to evaluate the safety and efficacy of
different treatments, tumor volume and animal body weight
were monitored every 3 days.

As illustrated in Figure 6A, the tumor showed an exces-
sive growth in the negative control group, treated with
normal saline, and reached 1,289+151 mm?® in 24 days, while
the tumor growth rate was inhibited remarkably in animals
treated with Taxotere®, DTX-NPs, or Apt-DTX-NPs. Also,
there was a significant difference between the efficacy of Apt-
DTX-NPs and other treatments; in that, the maximum tumor
volume was observed in the group treated with targeted nano-
particulate delivery system (19257 mm?), which was signifi-
cantly less than those treated with Taxotere® (607175 mm?)
and DTX-NPs (385165 mm?®).

Figure 6B represents the changes in body weight of the
animals during the 24-day study period in different groups.
In the negative control group, in which normal saline was
administered to the animals, the body weight showed an
increasing trend, up to 8% increment during 24 days. While
in Taxotere® treated group, body weight of animals showed
a significant initial decrease, up to 21.7%, which was accom-
panied by a notable loss of activity in animals. In this group,
3 days after cessation of the injections, body weight remained
almost constant up to the end of study. In case of groups
treated with targeted and non-targeted DTX-NPs, the body
weight did not show any significant change.

Twenty four days following the initiation of the treatment,
animals were sacrificed, and the tumor mass of each animal
was excised and weighted. Each tumor mass was weighted

Table | Pharmacokinetic parameters of Taxotere® and Apt-DTX-NPs (results are presented as mean + SD; n=3)

Formulations AUC CL MRT v, T,.B T 0
(ng-h/mL) (L/kg/h) (hours) (L/kg) (hours) (hours)
Taxotere® 4.51+0.39* 1.11£0.10% 3.95+0.07* 4.38+0.30 2.7040.05* 0.63+0.03
Apt-DTX-NPs 6.97+0.84 0.7240.09 6.1940.17 4.44+0.41 4.30+0.12 0.67+0.03
DTX-NPs 6.34%1.02 0.7840.12 5.91+0.42 4.66+1.08 4.10+0.29 0.64+0.03

Note: *p<0.05.

Abbreviations: Apt-DTX-NPs, aptamer-conjugated nanoparticles loaded with docetaxel; AUC, area under the curve; CL, clearance; DTX-NPs, non-targeted nanoparticles

loaded with docetaxel; MRT, mean residence time; V,, volume of distribution; T |

B, elimination half-life; T, 0., biodistribution half-life.
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Figure 6 Tumor inhibition effect of different treatments by (A) changes in tumor volume and (B) changes in body weight of mice after treatment with normal saline (control
group), Taxotere®, Apt-DTX-NPs (aptamer-conjugated nanoparticles loaded with docetaxel), and DTX-NPs (non-targeted nanoparticles loaded with docetaxel). The results

are indicated as mean £ SD (n=3) and significant differences are marked as *p<<0.05.

and the TIR values were calculated. In the group treated
with Apt-DTX-NPs, the TIR value was 84%, which was the
highest among the studied groups, while this value was 76%
and 67% for DTX-NPs and Taxotere®, respectively.

Discussion

Due to low water solubility of DTX, high concentration
of polysorbate 80 has been used in the currently marketed
formulations. Owing to the hypersensitivity reactions caused
by polysorbate 80 and its incompatibility with common
intravenous administration procedures, efforts have been
dedicated to eliminate the use of this ingredient and find a
suitable substitute DTX delivery system. Considering the
biocompatibility, biodegradability, mechanical strength,
and ease of processing, polymeric NPs could provide such a
system.* In comparison to the polymeric NPs reported in pre-
vious studies, which utilized Ecoflex® as a biodegradable and
biocompatible polymer, electrospraying technique appeared
to create smaller NPs with high entrapment efficiency for
DTX. For instance, Keum et al prepared polylactide-co-
glycolide (PLGA) NPs loaded with DTX by an emulsifica-
tion and solvent evaporation method using different types
and concentrations of surfactants and organic solvents,
and reported particle size, zeta potential, and entrapment
efficiencies ranging from ~250 to 1,000 nm, —3 to —20 mV,
and 25% to 85%, respectively.’® Also, in another study by
Sanna et al,* polymeric NPs of poly(lactic acid), PLGA,
and PLGA-poly(caprolactone) were loaded with DTX
and the obtained encapsulation efficiencies were in range
of 35%—-47%.

Application of electrospraying technique for fabrication
of polymeric NPs in the current study could explain the
lower particle size of DTX-NPs compared to the previously
mentioned studies even after the addition of the aptamer
molecules, which led to increment of particle size (Figure 1);
however, this value is still lower than the particle size
reported for non-targeted NPs. This result could be due to the
advantage of high-voltage field which caused the droplets of
organic phase to be broken into NPs immediately after they
were pumped out of the syringe and were dried out before
they reached the aqueous phase.*® Therefore, electrospraying
method seems to provide an appropriate choice for fabrication
of Ecoflex® polymeric NPs with suitable characteristics.

Attachment of aptamer molecules as targeting ligands to
the DTX-NPs was via formation of amide bonds between
the —COOH functional groups of Ecoflex” and the —NH,
functional group which was added as a modification to the
aptamer molecule. The covalent attachment of the targeting
ligand to the NPs is considered as an advantage over physical
binding proposed by Sun et al,’® due to the possibility of
detachment faced in physical binding.

The physicochemical characteristics of the DTX-NPs
were influenced by attachment of aptamer molecules
(Figure 1). Increment of particle size and particle size
distribution occurred as a result of addition of aptamer
molecules to the NPs surface, and a significant decrease in
the absolute zeta potential value could be explained by a
decrease in the surface charge caused by COO™ groups when
they are involved in amide reaction with amine groups of
aptamer molecules. Drug entrapment efficiency and release
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efficiency did not show any significant changes between the
groups (Figure 1).

The presence of HER-2 receptor on SKOV-3 tumor tissue
induced in mice was confirmed by IHC assay performed
on excised tumor tissue with staining in more than 30% of
tumor cells, which could be considered as 3+ score (Figure 2).
In the case of cell suspensions, due to lack of solid tissue and
the resulted imprecise sections, IHC test could not result in
well-defined membrane staining; however, clear difference
was observed between HER-2-negative and HER-2-positive
cell micrographs (Figure 2).

The results obtained from MTT assay demonstrated
higher cytotoxicity of DTX-NPs compared to the free drug in
both cell lines, and also higher cytotoxicity of Apt-DTX-NPs
compared to non-targeted delivery system in HER-2-positive
cells (Figure 3). This could be interpreted with regard to the
enhancement of cellular uptake of DTX when it was entrapped
in the proposed delivery system, as was demonstrated with
flow-cytometry assay (Figure 4). On the other hand, lack of
any significant reduction in the cell survival after treatment
in control groups confirmed the lack of cytotoxicity of the
proposed delivery system in both cell lines.

Achieved pharmacokinetic data (Figure 5, Table 1)
indicated prolonged residence time of DTX-NPs and HER-2-
targeted Apt-DTX-NPs in the body considering a significant

increment of T, and MRT values, compared to Taxotere®.

12
These results could be attributed to the presence of NPs
for an increased duration of time in the blood circulation
and reduced elimination rate. While in animals treated
with Taxotere®, the drug would be distributed throughout
the animal’s body and will be eliminated more rapidly.
Since the pharmacokinetic studies should be performed on
healthy animals,”’ the specific target of aptamer, which is the
HER-2-overexpressing tumor tissue, was not present in the
pharmacokinetic test, so the differences between pharma-
cokinetic parameters of aptamer-conjugated delivery system
and nonconjugated system were not significant. However, in
HER-2-overexpressing tumor-bearing mice, treatment with
Apt-DTX-NPs would result in higher drug concentration at
tumor site than treatment with DTX-NPs. This hypothesis
could be further investigated by antitumor efficacy results.
The antitumor efficacy was evaluated with regard to
tumor volume and TIR value, and its increment following
administration of non-targeted DTX-NPs when compared
to Taxotere® could be justified by the enhanced permeation
and retention effect, which could be proposed as a major
advantage of nanoparticulate systems in cancer drug delivery,
resulting in passive targeting delivery of the drug cargo. The
highest antitumor effect observed in the group treated with

Apt-DTX-NPs, among the four studied groups (Figure 6),
could be described as a result of combining active and passive
targeting of the anticancer drug toward its site of action, thus
leading to the presence of higher concentrations of DTX at
HER-2-overexpressing tumor site.

Yet, this aptamer-attached Ecoflex® delivery system
indicated remarkable antitumor efficacy in comparison to
other DTX-loaded NPs reported in previous studies. For
instance, DTX-loaded albumin NPs fabricated by Tang et al*®
by a novel simple self-assembly method could inhibit tumor
size to 524.34 mm® 22 days after injection with DTX at a
dose of 7.5 mg/kg, compared to 669.46 mm? by free DTX
and 1,403 mm?® in control group. When the injection dose
of DTX-albumin NPs was increased to 30 mg/kg, the tumor
volume was inhibited to 233 mm?. While in the current study,
lower tumor volume were observed 24 days after injection
of DTX-NPs containing 5 mg/kg DTX (Figure 6).

Also, the TIR value obtained after injection of Apt-DTX-
NPs with 5 mg/kg DTX concentration was relatively high
compared to that reported by previous studies considering
the DTX dose and duration of treatment. For instance, Wang
et al* investigated the antitumor efficacy of a lipid-based
nanosuspension loaded with DTX. Following intravenous
administration of doses equal to 20 mg/kg DTX for 21 days,
the obtained TIR value was 84.51%%3.49%, which is almost
equal to the value obtained by Apt-DTX-NPs in the current
study with one-fourth concentration of the dose (5 mg/kg).

Changes in body weight of the animals during the study
period could index the systemic adverse effects of different
formulations on the animals.* In the negative control group,
normal saline was administered to the animals; since the
animals were deprived of any anticancer treatment, the
body weight changes showed an increasing trend (Figure 6),
which could be due to increment of the tumor size. While
in the animals treated with Taxotere®, body weight showed
a significant decrease until the treatment was continued
(Figure 6), which indicates the toxicity of the formulation,
especially because it was accompanied by a notable loss of
activity in animals. Among the animals that were treated
with targeted and non-targeted DTX-NPs, the body weight
remained almost constant (Figure 6), which could be inter-
preted as an advantage of the proposed DTX delivery system
in comparison to those which cause body weight loss in the
animals such as the PLGA/hyaluronic acid NPs reported by
Huang et al.*!

Conclusion
The aptamer-targeted Ecoflex® NPs, investigated in the cur-
rent study as a drug delivery system for DTX, was compared

submit your manuscript

502

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Pharmacokinetics and antitumor efficacy of aptamer-targeted Ecoflex® NPs

with Taxotere® with regard to in vitro/in vivo efficacy and
pharmacokinetic characteristics. The obtained results clari-
fied that using this NP system enhanced in vitro cytotoxicity
against both HER-2-positive and -negative cell lines, due
to an increment in the cellular uptake of DTX. Moreover,
addition of HER-2-specific aptamer molecules as targeting
ligand caused a further enhancement in the cytotoxicity
against HER-2-positive cells. The results of pharmacoki-
netic studies on these NPs, when compared to Taxotere®,
revealed prolonged residence time of DTX in blood circu-
lation, indicating lower nonspecific biodistribution of the
cytotoxic drug throughout the body. Antitumor evaluations
confirmed significant enhancement of the Apt-DTX-NPs
in comparison to Taxotere®. Accordingly, considering the
overall in vitro/in vivo properties of the Apt-DTX-NPs as a
nontoxic, biodegradable, and biocompatible delivery system,
they could propose the opportunity of an effective substitute
for the currently marketed formulations of DTX, without the
adverse effects associated with the components.
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