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Abstract

Aptamers are affinity molecules with high specificity, proposed as excellent alternatives to antibodies in targeting and detect-
ing applications due to their smaller size, higher stability, and simplicity of production and modification compared with
antibodies. Due to lack of a sensitive and simple method to quantitatively evaluate attachment of aptamer to nanoparticles
(NPs), optimization of the attachment process was not considered in most of previously studied aptamer-targeted drug
delivery systems. The aim of current study was to demonstrate the utility of electrochemical impedance spectroscopy (EIS)
technique in this field. Ecoflex® polymeric NPs loaded with docetaxel (DTX-NPs) were fabricated via electrospraying tech-
nique, and HER-2-specific aptamer molecules were attached via amide bonds (Apt-DTX-NPs). Using EIS method, the time
period of various stages of aptamer conjugation was optimized, by comparing the amount of aptamer molecules attached
to the DTX-NPs. The results of in vitro studies on optimum Apt-DTX-NPs demonstrated that the proposed delivery system
could significantly enhance the cellular uptake and the cytotoxic effect against HER-2 positive cell line in comparison with
non-targeted or Herceptin-targeted DTX-NPs. Thus, aptamer conjugation could improve the in vitro performance of Ecoflex
NPs, which could be suggested as a potential DTX delivery system in HER-2 overexpressing cancers. In this regard, EIS
method could play its role as a sensitive quantification method to obtain the optimized aptamer-conjugated NP systems.
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DTX Docetaxel

ER Estrogen

PR Progesterone

EGFR Epidermal growth factor receptor

AC Alternating current

MTT 3-[4, 5-Dimethylthiazol-2-yl]-2,5-diphe-
nyl tetrazolium bromide

EDC N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride

DMF N,N-dimethyl formamide

NHS N-hydroxysuccinimide

RPMI Roswell Park Memorial Institute

FBS Fetal bovine serum

NPs Nanoparticles

DTX-NPs Non-targeted docetaxel nanoparticles

Blank NPs Docetaxel-free nanoparticles

Apt-NPs Docetaxel-free aptamer-targeted
nanoparticles

Hcp-NPs Docetaxel-free Herceptin-targeted
nanoparticles

Apt-DTX-NPs  Aptamer-targeted docetaxel
nanoparticles

Hcep-DTX-NPs  Herceptin-targeted docetaxel
nanoparticles

RhB Rhodamine B

1 Introduction

Breast cancer could be taken into account as a heteroge-
neous disease, classified into luminal and basal epithelial
phenotypes. In contrast to luminal type of breast cancer,
the basal epithelial type is usually hormone-receptor and
HER-2 receptor negative. The importance of investigat-
ing the presence of estrogen (ER), progesterone (PR), and
HER-2/neu receptors is that they could be utilized as target
for drug delivery systems [1, 2]. For instance, the presence
of estrogen receptor indicates the possibility of performing
endocrine therapy by administration of anti-estrogens such
as tamoxifen, and in the case of HER-2 receptor positive
cancers monoclonal antibodies against this receptor, such
as trastuzumab, could be implemented [3].

HER-2 receptor is classified as a trans-membrane epider-
mal growth factor receptor (EGFR), which is overexpressed
in several malignancies including breast, ovarian, and gas-
tric cancers. The amplification of HER-2 receptor gene is
accompanied by metastasis, poor prognosis, and reduced
survival rate. Despite the advent of anti-HER-2 monoclonal
antibodies, such as trastuzumab (1998, Genentech, USA)
and pertuzumab (2012, Genentech, USA), due to lack of
drug response or progression of drug resistance in patients,
continuation of research for more HER2-targeted drugs is
still a requisite [4].
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Other drawbacks of antibodies are high cost and complex
production procedure, limited shelf-life, and poor stability
leading to denaturation. Regarding these factors, aptam-
ers could provide satisfying alternatives, presenting nota-
ble advantages including high stability due to the nature of
aptamer molecules, as well as ease of manufacturing and
modification procedure [5, 6].

The concept of using aptamers emerged in 1990 and was
built on the ability of short sequence nucleic acid molecules
to form unique three-dimensional structures which could
bind to a target molecule with high affinity and specificity.
The in vitro selection of aptamers is performed via systemic
evolution of ligands by exponential enrichment, known as
SELEX. In this technique, various targets like proteins are
incubated with a library of RNA/DNA sequences; afterward,
following the isolation of complexes of protein and DNA,
the process is repeated to achieve a sample of amplified
sequence which demonstrates the best affinity toward the
target protein [6].

The word aptamer is a combination of a Latin and a
Greek expression: ‘aptus’ which means ‘to fit’ and ‘meros’
which means ‘part’ [7]. Aptamers are defined as short sin-
gle-stranded RNA or DNA molecules, possessing specific
three-dimensional sequence-dependent structures which
are responsible for their ability to target-specific molecules
[8]. The stability of aptamers is affected by their primary
sequence, the size of molecule that is usually in the range of
25-90 bases, as well as the environmental circumstances,
including heat or enzymatic cleavage. In order to avoid this
cleavage or improve thermodynamic stability of aptamers,
chemical modifications could be performed [9]. Aptamers
are able to target both small molecules and macromolecules
such as proteins. In the case of macromolecules, the affinity
is usually higher due to the presence of abundant hydrogen-
donor/acceptor areas, leading to dissociation constant values
in the range of pico/nanomolar which is comparable to K
of interaction between monoclonal antibodies and antigens.
On the other hand, even minor structural differences in the
target molecule could be differentiated by aptamer, leading
to high specificity of aptamers as targeting agents [8, 10].

Electrochemical impedance spectroscopy (EIS) is one of
the most reliable methods for characterization of electro-
chemical systems and could be applied to investigate the
occurrence of microscopic processes. This technique is
widely used in many fields of electrochemistry as one of
the most sensitive tools applied to investigate the interfacial
phenomena and effects of surface modification. Recently the
use of EIS in bio-analysis techniques has shown a signifi-
cant increment. One of the major advantages of this method,
especially in surface modification of biological agents, is
that instead of potential ramp, a small alternating current
(AC) that is perturbation at open circuit potential is applied
to the sample; therefore, the procedure is harmless and
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would not destroy the sample when the analysis is going
on [11-13].

One of the most noteworthy cytotoxic agents with clini-
cally proven effects in prolonging the survival and improv-
ing the quality of life of patients suffering from breast can-
cer is docetaxel (DTX) (Taxotere®, Sanofi Aventis). The
mechanism of its cytotoxic effect is preventing the forma-
tion of new cells by inhibition of the function of microtu-
bules, and also induction of apoptosis in the existing cells
by inhibition of the anti-apoptotic gene of Bcl2 that leads to
expression of p2t and inhibition of the cell cycle [14-18].
However, healthy cells as well as tumor cells would undergo
these mechanisms causing DTX-related adverse effects. The
negative effects of treatment on patient’s quality of life and
health status could even lead to cessation or reduction of the
administered dose and depriving the patient of the potential
benefits of treatment [16]. Therefore, a lot of effort has been
dedicated to produce targeted systems to directly deliver
DTX to the tumor site and prevent non-specific drug distri-
bution throughout the patients’ body.

Polymeric nanoparticles are submicron-sized polymeric
colloidal particles utilized as carriers for therapeutic agents
via encapsulation of the drug cargo within their polymeric
matrix or conjugation onto the surface. In this regard, bio-
degradable polymers have gained increasing attention for
site-specific delivery of drugs [19]. Poly(butylene adipate-
co-terephthalate) with the commercial name of Ecoflex® is a
biodegradable synthetic aliphatic and aromatic biopolyester,
which was initially introduced for application in agricultural
films and food packaging. However, considering its charac-
teristics including appropriate mechanical properties as well
as lack of toxicity and environmental negative effects, this
polymer is recently investigated for pharmaceutical applica-
tions [20].

Among various HER-2-specific aptamers that are investi-
gated recently, Kim et al. [21] introduced a minimal version
of an RNA aptamer, SE15-8, which could bind to HER-2
receptors with high affinity and specificity, while less dif-
ficulties were faced due to its smaller size. Tabasi et al. [22]
implemented a single-stranded DNA version of the trun-
cated SE15-8 aptamer, with addition of 5'-C6-amine and a
10-nucleic acid 5’ cap, to construct an aptasensor for detec-
tion of HER-2 receptor as an alternative to the currently
applied methods including immunohistochemistry (IHC)
and fluorescent in situ hybridization. High sensitivity and
selectivity were reported, as well as a detection limit of
0.21 ng/mL, which is far below the clinical cutoff.

Therefore, the aim of current study was to investigate
the use of a HER-2-specific aptamer, as a targeting ligand
for HER-2 positive breast cancer using polymeric nanopar-
ticles (NPs) of Ecoflex®. The attachment of this ligand to
the NPs was optimized via electrochemical impedance spec-
troscopy method. The resulted aptamer-targeted docetaxel

NPs (Apt-DTX-NPs) delivery system underwent in vitro
evaluations in comparison with non-targeted nanoparticles
to assess the effect of aptamer as the targeting agent.

2 Materials and methods
2.1 Materials

Docetaxel was provided by Cipla (India) and Ecoflex®
(Mw =100,000) by BASF Company (Germany). Plu-
ronic F-127, 3-[4, 5-dimethylthiazol-2-yl]-2,5-diphe-
nyl tetrazolium bromide (MTT), rhodamine B, N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC), potassium ferricyanide, and potassium ferrocya-
nide were purchased from Sigma Company (US). PEG
(Mw =6000), acetonitrile, dichloromethane, N,N-dimethyl
formamide (DMF) and N-hydroxysuccinimide (NHS) were
from Merck Chemical Company (Germany). Roswell Park
Memorial Institute (RPMI) medium, fetal bovine serum
(FBS), and trypsin/EDTA were supplied by Biosera Europe
(ZI du Bousquet, France), penicillin/streptomycin from
Gibco (UK), Herceptin by Roche (Switzerland), and DNA
aptamer with base sequence of (5'-AGCCGCGAGGGG
AGGGATAGGGTAGGGCGCGGCT-3") was custom-
synthetized by Genfanavaran Co, Iran. BT-474 and MDA-
468 cell lines were purchased from the Iranian Biological
Resource Center.

2.2 Preparation of DTX-loaded Ecoflex®
nanoparticles

DTX-loaded NPs were prepared by the electrospraying
technique reported by Varshosaz et al. [23, 24]. Briefly,
the organic phase, composed of DTX and Ecoflex® (in the
ratio of 1:3) dissolved in dichloromethane: dimethyl forma-
mide (with the ratio of 2.7:1), was dispersed in an aque-
ous solution containing 1% w/v of Pluronic F-127 using an
electrospray at a voltage of 20 kV, 12 cm distance between
electrodes, and feeding rate of 1 ml/hr. The result was an
aqueous suspension of polymeric nanoparticles loaded with
DTX.

2.3 Evaluation of aptamer conjugation
to DTX-NPs by electrochemical impedance
spectroscopy(EIS) method

Conjugation of aptamer molecules to DTX-NPs was per-
formed by activation of carboxyl groups of Ecoflex®
NPs by using EDC and NHS, followed by formation of
amid bonds between these activated groups and the amine
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groups of aptamer molecules. In order to compare the
amount of aptamer molecules attached to the DTX-NPs
in different conditions by EIS method, these reactions were
performed on a working electrode. Addition of NPs to the
working electrode would increase its charge transfer resist-
ance (R,,). Further increment of this value by attachment
of aptamer molecules to the DTX-NPs placed on the sur-
face of electrode was regarded as an index of the amount
of aptamer molecules attached to the NPs.

Glassy carbon working electrode (2 mm diameter) was
polished with alumina on polishing cloth and, then, placed
in ethanol and sonicated using a micro-process controlled
bench-top ultrasonic cleaner (power sonic 505, Hwashin
technology, Korea).

Analyses were performed using potentiostat/galvanostat
Autolab® instrument (Metrohm, Netherlands) in a con-
ventional 3-electrode system: a glassy carbon working
electrode, a platinum counter electrode, and an Ag/AgCl
(saturated KCl) reference electrode. The working electrode
was modified by addition of DTX-loaded NPs suspension
onto the electrode surface, which would form a NPs-
rich surface upon drying. The aptamer molecules were
attached to the NPs through the following interactions.
The modified electrode surface was washed to remove
any loosely attached NPs that would affect the alterations
in the resistance of working electrode; afterward, 2 pl of
400 mM solution of EDC and 100 mM solution of NHS
were added to the surface of the electrode and maintained
for a predetermined time period to activate -COOH func-
tional groups present on the polymer chains constructing
the NPs. Then, 2 pl of aptamer solution was added onto
the surface of working electrode to form covalent amide
bonds through the reaction of its amine functional groups
and the activated COOH groups of Ecoflex®. Impedance
was analyzed in 0.1 Hz-100 KHz frequency range, utiliz-
ing a 5 mV modulation voltage and redox probe composed
of 0.3 M KClI solution containing 1:1 mixture of 10 mM
k;[Fe(CN)gl : ky4[Fe(CN)q] [22].

2.4 Optimization of the process of aptamer
conjugation to the NPs

In order to optimize the time of reaction between the poly-
mer and EDC/NHS, as well as the reaction with aptamer
molecules, and also the washing periods needed to remove
the loosely bound aptamer molecules, a 3-factor, 3-level
Box-Behnken design was used by Design Expert Software
(version 7.1, US) and 17 different runs were done accord-
ing to the proposed conditions by the software (Table 1).
The difference between the impedance of the electrode
in different steps of the procedure in each design was
regarded as the response.
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Table 1 Box—Behnken design for optimization of reaction parameters
evaluated by electrochemical impedance spectroscopy and the related
difference in diameter of semicircular portion (R,) of impedance
plots in each run

Reaction time with  Reaction time with Washing Difference
EDC/NHS (min) aptamer (min) time (sec) in R, (Q)
20 120 105 569
55 30 30 222
20 75 30 790
20 30 105 353
55 120 30 389
55 75 105 497
55 75 105 503
90 120 105 186
55 75 105 445
20 75 180 745
55 75 105 458
55 75 105 425
55 120 180 410
90 30 105 136
55 30 180 212
90 75 180 282
90 75 30 271

2.5 Preparation of aptamer-targeted DTX-NPs
in the optimized condition of conjugation

The aptamer targeting ligand was chemically conjugated
to the DTX-NPs via an amide bond between the amine
functional group on aptamer molecule and carboxylic acid
group on Ecoflex® DTX-NPs. For this purpose accord-
ing to the optimized condition found in the previous step,
an aqueous suspension of DTX-NPs was incubated with
400 mM of EDC and 100 mM of NHS at room temperature
for 20 min, which caused activation of the aforementioned
—COOH groups. Afterward, activated NPs were incubated
for 88 min with a 100 pM aqueous solution of aptamer
as much as 2 weight% of the polymer concentration. The
obtained aptamer-targeted DTX-NPs (Apt-DTX-NPs) were
washed to remove unbound reagents [25, 26]. The same pro-
cedure was performed using Herceptin antibody instead of
aptamer in order to construct Herceptin-targeted DTX-NPs
(Hep-DTX-NPs).

2.6 Particle size, particle size distribution, and zeta
potential of NPs

The particle size, particle size distribution, and zeta poten-
tial of the NPs were determined by a laser light scattering
particle size analyzer (Malvern instrument, UK). Samples
were suspended in deionized water, and each measurement
was performed in triplicate.
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2.7 DTXloading efficiency measurement

The lyophilized powder of NPs was dispersed in an aqueous
medium containing Tween® 80 to dissolve the free drug.
Then, it was centrifuged (Eppendorf centrifuge 5430, Ger-
many) at 14,000 rpm for 15 min and filtered through Amicon
ultracentrifuge filter (cutoff 10,000 Da) (Millipore, Ireland)
to separate the free drug from the NPs. The amount of free
drug was determined by HPLC. Using the following equa-
tion, the entrapment efficiency was calculated:

total drug — free dru
Entrapment efficiency % = < g g> x 100

total drug

2.8 DTX release profiles

In vitro release of DTX from the targeted NPs was studied
in an aqueous medium of phosphate buffer (pH 7.4, 0.01 M)
and 0.5 w/v% of Tween® 80. Briefly, an aqueous suspension
of NPs was placed inside dialysis bag (cutoff 12,000 Da)
in sufficient amount of release medium under gentle stir-
ring at 37 +0.5 °C for 30 h to reach a final concentration of
1.3 ug/mL DTX when the drug cargo is thoroughly released.
This concentration equals to15% of saturated solubility
(9.8 +0.3 pg/ml) of DTX in the release medium, to keep
the sink condition. Meanwhile, 100 pl of samples was with-
drawn at predetermined time intervals and replaced with
fresh medium to maintain the volume of release media. Sam-
ples were filtered using Amicon® filters before analyzing the
DTX concentration by HPLC method.

2.9 HPLC analysis method

A UV detector at the wavelength of 230 nm and C-18 Col-
umn (Waters Spherisorb®, 5 um ODS2 4.6 X250 mm) were
applied on HPLC system (Waters, USA). The mobile phase
composed of acetonitrile—water (65:35, v/v) and the flow
rate was set at 1 ml/min [27]. The standard curve was plotted
in the range of 0.25-40 ng/ml, and peak area of DTX in each
sample was analyzed using the line equation, considering
inter-day and intra-day standard deviations.

2.10 Invitro cytotoxicity assay

BT-474 and MDA-468 were, respectively, the HER-2 positive
and HER-2 negative cell lines [28]. The cells were maintained
in RPMI 1640 culture medium supplemented with 10% FBS
and 1% penicillin (100 IU/ml)-streptomycin (100 pg/ml). Incu-
bation was done under 98% relative humidity and 5% CO,.
Cell suspensions containing 6 x 10* cell/ml of each cell line
in 96-well plates were incubated for 24 h in the aforemen-
tioned condition. When the cells were attached, the wells were
classified into groups that were treated with different samples

including aptamer-targeted docetaxel NPs (Apt-DTX-NPs),
Herceptin-targeted NPs (Hcp-DTX-NPs), non-targeted doc-
etaxel NPs (DTX-NPs), free docetaxel and control samples
including blank aptamer-targeted NPs (Apt-NPs), blank Her-
ceptin-targeted NPs (Hcp-NPs) and blank non-targeted nano-
particles (NPs). Each sample was prepared as suspensions
containing various contents of DTX; 10-100 ng/ml. Follow-
ing 24 h of incubation, 20 pl of MTT solution (5 mg/ml) was
added to each well and after another 3 h incubation period, the
supernatant was replaced with DMSO to dissolve formazan
crystals produce by alive cells. Finally, the cell survival in each
treatment group was analyzed by measuring the absorbance at
570 nm using ELISA plate reader (Biotek instrument, USA).

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 evaluated
statistically by ANOVA test followed by LSD post hoc test.

Cell Survival%

_ absorbance of test group — absorbance of blank
~ \ absorbance of control group — absorbance of blank

x 100

2.11 Cellular uptake

Cellular uptake of the targeted and non-targeted NPs was
investigated using rhodamine B (RhB) as a fluorescent probe
which was entrapped instead of DTX in the NPs [29]. Using
dialysis bag (cutoff 12,000 Da), free RhB was excluded and
the release profile of RhB from NPs was studied in order
to confirm that the fluorescence detected in the fluores-
cent microscope and flow cytometry studies was due to the
uptake of NPs into the cells, not by the penetration of the
released fluorochrome into the cells.

In order to perform the primary evaluations by microscopy,
a sterilized 18-mm coverslip was pretreated with poly-L-
lysine 0.1% solution and placed inside each well of a 12-well
cell culture plate. Afterward, 450 pl samples of BT-474 and
MDA-MB-468 cell suspensions with the concentration of 10>
cell/ml were seeded in separate wells. After an initial incuba-
tion period to let the cells to attach to the coverslip, 50 ul of
the samples including pure RhB, blank NPs (aptamer-targeted
NPs that were not loaded with RhB), RhB-loaded NPs, and
Herceptin-targeted or aptamer-targeted RhB-loaded NPs were
added to each well. After a 2-h incubation period, coverslips
were removed, gently washed with PBS, and placed on sepa-
rate slides. The resulted slides were evaluated by fluorescent
and light microscopy (Eclipse Ti-U; NIKON, Japan).

Also, in order to quantitatively compare the cellular
uptake of aptamer-targeted NPs with non-targeted NPs, flow
cytometric analysis was performed. The cells were seeded
in 6-well plates and after 24 h of initial incubation different
treatment samples were added and incubated for another 2 h.
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Afterward, cells were collected, washed, and re-suspended
in PBS for flow cytometry measurement using FACS Calibur
(Becton Dickinson, USA).

3 Results and discussion
3.1 Choosing appropriate HER-2-specific ligand

In comparison with antibodies against tumor markers,
aptamers have proven to be superior when implemented
as targeting ligands, because aptamers have demonstrated
higher selectivity and affinity, lower immunogenicity, sim-
pler synthesis procedure, more rapid tissue penetration, and
less toxic effects [30].

The aptamer used in the current study was a single-
stranded DNA molecule with a sequence resembling the
minimal version of SE15-8 RNA aptamer introduced by
Kim et al. [21] confirmed its potential as a HER-2 targeting
molecule with high affinity and specificity. In the current
study, a single-stranded DNA molecule was constructed with
the same sequence, but the uracil bases were replaced with
thymidine, also an amine modification was performed to
provide the opportunity of attachment to —-COOH groups
on the DTX-NPs constructed from Ecoflex®. The affinity
of the resulted aptamer toward HER-2 receptor was investi-
gated by Tabasi et al. [22]. In comparison with other HER-2
aptamers, main advantages that could be mentioned about
the aptamer used in the current study include: first, regard-
ing stability issues, DNA structure is not as vulnerable as
RNA toward the environmental condition and presence of
enzymes, such as RNases. Secondly, shorter sequence of this
aptamer molecule which forms a simple hairpin structure
could enhance its stability as well as simplicity and cost-
effectiveness of manufacturing process [22].

3.2 Optimization of the reaction between NPs
and aptamer molecules

The Nyquist plots obtained from EIS analysis of designed
reaction conditions were analyzed to calculate the differ-
ence between charge transfer resistances (R.,) in each design
(Table 1). The resulted plots illustrated that alteration in
reaction times led to difference in diameter of semicircle,
which represents charge transfer resistance [31].

The amount of aptamer molecules attached to the NPs
was evaluated using EIS. Analysis by EIS is an appropriate
method for measurement of changes on electrode surface.
Impedance spectra, shown as Nyquist diagram (Fig. 2), are
composed of a semicircular portion at higher frequencies,
and a linear portion at lower frequencies. The two por-
tions are associated with charge-transfer-limited process
and the diffusion process, respectively. The diameter of

@ Springer

the semicircle corresponds with interfacial charge-transfer
resistance. Presence of sample on the surface of electrode
causes a hindrance effect on charge transfer process between
Fe(CN)**~ and the electrode surface, which leads to incre-
ment of R, value [31]. In the current study, the difference
between diameters of semicircular portion of Nyquist dia-
gram, which indicates the difference between R, of the elec-
trode after being treated with different samples, was used to
judge the expected reaction. In other words, greater differ-
ence between the aforementioned values could be interpreted
as more aptamer molecules attached to the NPs.

Implementation of EIS has attracted a great deal of inter-
est in biosensor studies, since this method could offer the
opportunity of investigating the different stages of fabrica-
tion of biosensor and attachment to the analytes, via moni-
toring the changes in electrical properties with minimum
possible interruption in the biological interactions. Various
studies have been performed on the aforementioned appli-
cation of EIS as an appropriate measurement method for
aptamer based biosensors, aptasensors. For instance, Chen
et al. [32] reported an impedimetric aptasensor composed
of aptamer molecules immobilized on gold NPs onto the
electrode surface to quantify the amount of lysozyme. In
their study, EIS was used to measure the increment of charge
transfer resistance related to the increment of lysozyme con-
centration in the sample. In another study, Zhang [33] devel-
oped a novel high-performance electrochemical biosensor
for detection of DNA hybridization in chronic myelogenous
leukemia (CML). In this genosensor, EIS was implemented
to monitor R . Also for cancer diagnosis purposes, EIS
could provide a sensitive, selective, and at the same time
economical device. Some examples include the aforemen-
tioned study by Tabasi et al. [22] and also an RNA/peptide
dual aptamer probe investigated by Min et al. [34] for diag-
nosis of both PSMA positive and negative prostate cancer.
This probe included an aptamer-modified electrode which
demonstrated an increased R, when exposed to target cancer
cells, indicating a direct interaction between aptamer and
these cells.

Aptamer molecules are also under investigation as appro-
priate alternatives for other targeting ligands including
monoclonal antibodies, due to their remarkable advantages
including simplicity of chemical synthesis and storage, ver-
satility, possibility of modification, and stability [32]. But
there is lack of sensitive measurement method to quantify
small amounts of aptamer molecules attached to the deliv-
ery system without destructing the aptamer molecule. In
some of the previous studies on aptamer-targeted delivery
systems, the attachment of aptamer molecules to the drug-
loaded NPs was not quantified [25, 26], and in some cases
UV-spectrophotometric method was used [35], which is not
cost-effective due to high amount of aptamer needed to be
detected. Therefore, EIS analysis could provide a suitable
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method to offer the opportunity of quantitatively investigat-
ing the attachment of NPs to aptamer molecule, due to its
sufficient sensitivity. Thus, the parameters that are effective
on the reaction between aptamer and NPs (Table 1) could
be optimized.

Figure 1 shows the effect of the studied variables on the
impedance difference.

In the optimization process, 17 conjugation conditions
were designed by the Design Expert Software. In each
design, the diameter of the semicircular part of the Nyquist
diagram was obtained to calculate the difference between R
value, before and after addition of the aptamer molecules to
the EDC/NHS-activated NPs. This R, difference was inter-
preted as the amount of aptamer molecules attached to the
NPs surface; thus, it was considered as the response data
that were entered for each design. The results of evaluation
by Design Expert software revealed that, although a mini-
mum reaction time of about 20 min is needed for EDC/NHS-
activation, increment of this reaction time would negatively
affect the response (Fig. 1). This minimum reaction time was
obtained in our pilot studies. On the other hand, increment of
reaction time between the activated NPs and aptamer mole-
cules up to 90 min increased the regarded response, and fur-
ther increment of this reaction time would negatively affect
the response (Fig. 1). Washing period, which could simulate
the detachment or denaturation of aptamer molecules when
the drug delivery system enters aqueous environments, did
not have any significant effect on the response (Fig. 1).

An RCRW circuit was used to fit the experimental data,
afterward, using Design Expert Software. The effect of reac-
tion time needed for activation of -COOH groups, the reac-
tion time needed for attachment of aptamer molecules to the
activated DTX-NPs, and washing periods were analyzed and
the optimum condition for the conjugation of aptamer to the
NPs was suggested to be 20 min, 88.76 min, and 30 s, for
aforementioned variables, respectively.

Then, the optimum situation proposed by the software
was performed and analyzed by EIS and the Nyquist plots
were obtained before and after the addition of the aptamer

molecules to the EDC/NHS-activated DTX-Nps and the dif-
ference between R, values of these two plots was calculated
as the experimental data (Fig. 2); then, it was compared to
the predicted data to check the accuracy of the predicted
results versus the obtained ones. The predicted difference by
the software for the optimum situation was 780.43 Q while
its actual value obtained 759 Q which showed about 2% of
error in predicting the variables.

3.3 Physicochemical properties of the targeted
and non-targeted NPs

Regarding particle size distribution, entrapment efficiency,
and release efficiency, DTX-NPs resembled Apt-DTX-NPs
(Table 2), therefore, addition of the aptamer molecule did
not have any significant alteration on these characteristics,
while the differences between particle size and zeta potential
were significant.

The Ecoflex NPs demonstrated high entrapment effi-
ciency in comparison with other polymeric NPs investigated
in previous studies. For example, previously studied DTX-
loaded polymeric nanoparticles of PLA, PLGA, PLA-PCL,
and PLGA-PCL demonstrated entrapment efficiencies in
range of 19.7-47.2%, while the Ecoflex DTX-NPs fabricated
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Fig.2 Nyquist diagrams related to the optimum condition of conju-
gation the aptamer to NPs. The differences between the semicircular
portions in Nyquist plots for EDC/NHS-activated DTX-NPs and Apt-
DTX-NPs
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Fig. 1 Evaluation of the effect of each parameter on the predetermined response using Box—Behnken design
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Table 2 Comparison of physicochemical properties targeted and non-targeted nanoparticles of Ecoflex loaded with docetaxel (PDI=polydisper-

sity index, RE;,%= release efficiency over 30 h of release test)

Formulation Particle size (nm) PDI Zeta potential (mV) RE;, (%) Entrapment
efficiency
(%)
NPs 202.4+8.3 0.29+0.01 -17.6+0.4 47.1+1.6 82.0+8.5
Apt-NPs 274.7+46.1 0.44 +0.02 -9.9+0.19 47719 753+1.5
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Drug release profile from Apt-targeted NPs in comparison
with non-targeted NPs is demonstrated in Fig. 3. Release
efficiency percent of DTX in Apt-DTX-NPs and non-tar-
geted DTX-NPs were 47.69 + 1.64% and 47.09 +1.93%,
respectively, which shows no significant difference (p <0.05)
in drug release rate after modification of the NPs surface
with aptamer.

According to the DTX release profiles from DTX-NPs
and Apt-DTX-NPs, it could be concluded that drug release
from the targeted NPs was not affected significantly, by the
attachment of aptamer molecules on the surface of NPs.

3.4 Invitro cytotoxicity assay

BT-474 and MDA-MB-468 cells were treated with DTX-NP
suspension, Herceptin-targeted DTX-NP, aptamer-targeted
DTX-NPs, free drug, and control samples of DTX-free NPs
and DMSO. The survival percent of the cells in each group
are presented in Fig. 4.

In vitro cytotoxicity, investigated by MTT assay, revealed
a significant reduction in cell survival in both cell lines,
when treated with DTX-NPs compared to free DTX, at con-
centrations equal to 30-50 ng/mL of DTX (Fig. 4). Besides,
treatment of BT-474 cells (HER-2 positive breast cancer cell
line) with targeted DTX-NPs, caused a significantly lower
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Concentration (ng/mL)

Fig.4 Survival percent of a MDA-MB-468 cells and b BT-474 cells
treated with DTX-NPs, Apt-DTX-NPs, Hcp-DTX-NPs, and free drug
with different concentrations in the range of 10-100 ng/mL; and also
control samples including blank NPs (non-targeted, Apt-targeted, and
Hcp-targeted NPs that are DTX free), and DMSO with the maximum
concentration used in treatment groups. Diagrams demonstrated with
same symbol did not have significant difference (p>0.05) with each
other

cell survival, in comparison with the non-targeted NPs,
while the difference between these two treatments was not
significant in MDA-MB-468 cells (HER-2 negative breast
cancer cell line) (Fig. 4). It is noteworthy that cell survival
observed in BT-474 cells treated with Apt-DTX-NPs was
significantly (p <0.05) lower than those treated with Hcp-
DTX-NPs (Fig. 4). In order to confirm lack of toxicity in
delivery system, blank NPs were used as control which did
not show any significant cytotoxic effect, even at the highest
concentration used to treat both cell lines (Fig. 4); hence,
the safety of the suggested delivery system could be con-
firmed. Therefore, with regard to the results of MTT assay,
the designed NPs could enhance the cytotoxic effect of DTX
on breast cancer cell lines by its own (Fig. 4). Moreover, on
receptor positive cells, this effect is amplified by addition
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of targeting ligands and eventually, in the case of the tar-
geting ligand, aptamer seems to perform more efficiently
than Herceptin (Fig. 4). Increment of cellular uptake would
explain the enhanced cytotoxic effect of DTX in the targeted
delivery systems (Fig. 5).

3.5 Cellular uptake
Fluorescence micrographs of BT-474 and MDA-MB-468
cells, treated with free RhB and RhB-loaded NPs, are pre-

sented in Fig. 5. Detection of fluorescence in cells confirmed
that the sample has been up-taken by the cells because the

MDA-MB-468

Blank NPs

80 120 160 200
L

L

counts
40

T T
102 10% 104

FL2-H
4 Free RhB
g

o4

100 10! 10% 10°
FL2-H
=] |
RhB-NPs
Do
[=b
=3 M1 M2
G
01-00 10! 102 108 104
FL2-H
o Hcp-RhB-NPs
25
c M1
334
o
(8]

100 10! 102 108 104

) FL2-H
Apt-RhB-NPs

M1 M2

counts

cells were washed after being exposed to samples. Since free
RhB had not entered the cells, no fluorescence was observed
in fluorescence micrographs. In contrast, the RhB-loaded
NPs were successfully up-taken by the cells; this could
verify the ability of this nanoparticulate delivery system to
enter the cancer cells.

Quantitative analysis performed by flow cytometry
offered the possibility of comparing the cellular uptake
of blank NPs, free RhB, RhB-NPs, Apt-RhB-NPs, and
Hcp-RhB-NPs in HER-2 positive and HER-2 negative cell
lines. The obtained results are presented in Figs. 5 and
6, illustrating higher cellular uptake of entrapped RhB in
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Fig.5 Fluorescence micrographs and flow cytometry diagrams indicating the count of BT-474 and MDA-MB-468 cells in which fluorescence
was detected after treatment with blank NPs, free RhB, RhB-NPs, Apt-RhB-NPs, and Hcp-RhB-NPs
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Fig.6 Percent of BT-474 and MDA-MB-468 cells counted as fluo-
rescence event in flow cytometry analysis, after treatment with blank
NPs, free RhB, RhB-NPs, Apt-RhB-NPs, and Hcp-RhB-NPs

comparison with free RhB, and also higher cellular uptake
of aptamer or HER-2-targeted NPs in receptor positive
cells compared with non-targeted ones. Results demon-
strated significantly higher cellular uptake of entrapped
RhB in comparison with free RhB, and also higher cellular
uptake of targeted NPs in receptor positive cells compared
with non-targeted NPs. When aptamer was used as the
targeting ligand, the NPs were up-taken slightly more than
those targeted with Herceptin. These results would justify
the results of in vitro cytotoxicity assay (Fig. 4).

4 Conclusions

Aptamers are suggested as sensitive, selective, stable,
and cost-effective, substitutes for monoclonal antibod-
ies in targeted drug delivery. In this investigation, EIS is
proposed as a sensitive and reliable technique to evaluate
the amount of aptamer molecules attached as a targeting
ligand to the surface of drug delivery system. The HER-
2-specific aptamer molecule investigated in current study
demonstrated satisfying performance in comparison with
free drug in vitro. Regarding the results obtained, the elec-
trochemical impedance spectroscopy showed to be a valu-
able technique to evaluate the conjugation of aptamer to
polymeric nanoparticles and the in vitro performance of
Apt-DTX-NPs suggests this targeted delivery system has
promising potential to be utilized in delivery of anticancer
agents to HER-2 positive tumor site.
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