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A B S T R A C T

Surface modification of nanoparticles with aptamer is gaining popularity lately due to its selective targeting and
low immunogenicity. In this study, sorafenib tosylate (SFB) was loaded in biodegradable PLGA nanoparticles
prepared by solvent evaporation method. The surfaces of drug deprived and drug-loaded particles (PN and PNS,
respectively) were coupled with aptamer to target ErbB3 using EDC/NHS chemical modification. Nanoparticles
were characterized with regard to their size, shape and chemical composition by dynamic light scattering,
atomic force microscopy, FTIR and elemental analysis respectively. To evaluate the particles in vitro cell culture
studies were performed. Cell viability assay, pathway analysis and apoptosis assay showed cellular toxicity in the
presence of aptamer in PNS-Apt (p < 0.001). Metastatic progression assay showed decreased cell migration in
the presence of aptamer and SFB. Confocal laser scanning microscopy was used to visualize the receptor-
mediated time-dependent intracellular uptake and distribution of the nanoparticles throughout the cytoplasm.
The findings of the current study demonstrated the potential efficacy of the surface modified SFB-loaded par-
ticles against ErbB3.

1. Introduction

Non-specificity of the chemotherapeutic agents has triggered the use
of targeted drug delivery approaches to reduce normal tissue toxicity
(Farokhzad et al., 2006; Aravind et al., 2012). The development of
nanoparticles and liposomes has changed the face of chemotherapy.
Therapeutic agents can be loaded in nanoparticles by entrapment or
encapsulation (Muthu and Singh, 2009; Dinarvand et al., 2011). Poly-
lactide-co-glycolide (PLGA), polylactic acid (PLA) and polyglycolic acid
(PGA) are the most commonly used materials for the preparation of
nanoparticles, due to their biocompatibility and biodegradability.
Among these, PLGA is one of the most commonly used materials for the
preparation of nanoparticles. Development of nanoparticles with a
functionalized tumor-specific ligand that can selectively target the
tumor tissues remains one of the main challenges (Farokhzad et al.,
2006; Dinarvand et al., 2011).

Aptamers are short sequence RNA or DNA, which can bind, like an
antibody, with high specificity to the target molecules, cells or tissues.
However, aptamers are superior as compared to the antibodies due to
their chemical synthesis, ease of modification, little batch-to-batch

variation and physical stability (Plourde et al., 2017; Wu et al., 2015;
Ozalp et al., 2011). Different approaches regarding the use of aptamers
have been developed for the treatment of different diseases, including
their use as a single therapeutic agent against the target moiety or as a
drug conjugate. One major drawback with the use of aptamers is their
degradation by nucleases. This can be addressed by immobilizing them
on the surface of nanoparticles (McKeague and DeRosa, 2012; Jo and
Ban, 2016).

Many tumor cells are rich in receptor tyrosine kinases (RTK), re-
sponsible for different cell cycles by their intracellular kinase domain.
There is a well-known mechanism of receptor-mediated endocytosis of
ligands binding to RTK, by clathrin-dependent mechanism. These re-
ceptors are internalized in the presence of an aptamer to form endo-
somes and are subsequently degraded inside lysosomes (Graphical
Abstract). These aptamers then inhibit cytoplasmic cascade of reactions
(Szymanska et al., 2016; Belleudi et al., 2012; Roepstorff et al., 2008).
The hydrolysis in lysosome results in the subsequent release of the
therapeutic agent inside the cytoplasm.

The aim of the current study was to design an anti-ErbB3-aptamer
(Chen et al., 2003) modified sorafenib tosylate loaded nanoparticles.
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SFB is a multi-kinase inhibitor, which blocks VEGFR (another RTK).
This inhibition results in the blockage of angiogenesis and cell pro-
liferation (Guo et al., 2017; Broecker-Preuss et al., 2015). One of the
drawbacks of SFB therapy is resistance due to non-specific drug de-
livery. Therefore, the nanoparticles were surface modified with ap-
tamer to overcome this problem (Zhai et al., 2014). The prepared na-
noparticles were then characterized by dynamic light scattering, atomic
force microscopy, FTIR and elemental analysis. These formulations
were further characterized in vitro for cell viability, pathway analysis
and cellular uptake. The oxidative stress in the presence of these na-
noscaled formulations was also evaluated.

2. Materials and methods

2.1. Materials

RNA aptamer, (Apt) with 5′ cyanine 5 (Cyn 5) and 3′ C6 amino
modifier spacer group (5′-CAGCGAAAGUUGCGUAUGGGUCACAUCG
CAG-3′) was purchased from Eurogentec (Seraing, Belgium). PLGA
(R503H, 30 kDa) was obtained from Evonic (Darmstadt, Germany). 1-
ethyl-3-(3-dimethylaminopropyl)- carbodiimide (EDC), N-hydro-
xysuccinimide (NHS), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT), 2′,7′-dichlorofluorescein diacetate
(DCFDA) and tert-butyl hydroperoxide (TBHP) were purchased from
Sigma Aldrich (Darmstadt, Germany). 2-(N-morpholino) ethanesulfonic
acid (MES) was purchased from Serva (Heidelberg, Germany). Poly-
vinyl-alcohol (Mowiol 4-88) was a gift sample from Kuraray
(Hattersheim, Germany). Sorafenib tosylate was purchased from LC
Laboratories (Woburn, USA). Ethyl acetate, tetrahydrofuran and
ethanol were obtained from Chemsolute-Th. Geyer (Renningen,
Germany), Carl Roth (Karlsruhe, Germany) and Fischer Scientific
(Schwerte, Germany) respectively. All the reagents used were of ana-
lytical grade.

2.2. Cell lines and cell culture

ErbB3 positive human breast cancer cell line MDA-MB-231 was
purchased from ATCC Manassas, USA. Cells were grown in
RPMI:DMEM (50:50) (Capricorn Scientific, Ebsdorfergrund, Germany)
supplemented with 10% fetal bovine serum (Sigma Aldrich). Cells were
cultivated in humid conditions at 37 °C and 7% CO2.

2.3. Preparation of nanoparticles

Preparation of PLGA nanoparticles (PN) was done by o/w emulsion
solvent evaporation method (Kumar et al., 2004). Briefly, 50 mg of
PLGA was dissolved in 5 ml of ethyl acetate (organic phase). The or-
ganic phase was added drop wise to a 5 ml solution of 2% of PVA in
purified water (Purelab Flex 4, Elga Labwater, High Wycombe, UK).
The resultant emulsion was then homogenized using Ultra-turrax
homogenizer (IKA-T25, IKA Werke, Staufen, Germany) with 18 G dis-
persing stainless steel element at a constant speed of 14,000 rcf for
10 min. Water was added to facilitate organic solvent evaporation (see
Graphical Abstract). Sorafenib-loaded PLGA nanoparticles (PNS) were
prepared by the same method, except that SFB was dissolved in
THF:EtOH (4:1) and was mixed with PLGA solution in ethyl acetate.
The prepared nanoparticles were washed three times with purified
water followed by centrifugation (14000 rcf for 10 min) for each
washing step. Finally, nanoparticles were re-suspended in purified
water.

2.4. Surface modification of nanoparticles

Surface modification of nanoparticles was carried out using EDC
and NHS coupling reaction with a primary amine at the 3′prime end of
Apt. Nanoparticles were washed three times with purified water

followed by centrifugation and finally re-suspended in MES buffer (pH
5.5). Nanoparticles were then treated with 400 mM EDC and 200 mM
NHS for 30 min for surface activation. The particles were incubated
with Apt at a nanoparticle:Apt ratio of 1:12. This resulted in the reac-
tion of the primary amine of Apt with EDC/NHS activated nano-
particles. After 2 h of incubation, washing was done with purified water
and nanoparticles were re-suspended in purified water (see Graphical
Abstract). The modified particles were stored at

4 °C until further use.

2.5. Encapsulation efficiency and in vitro release profile

PNS were centrifuged (Eppendorf centrifuge 5418, Eppendorf,
Germany) at 14,000 rcf for 10 min. The supernatant was removed and
the pellet was dissolved in DMSO to extract the drug from the nano-
particles. Samples were analyzed by UV spectrophotometry (UV mini
1240, Shimadzu, Japan) at 265 nm. A calibration curve was recorded
with known concentrations of the drug. The solvent background was
recorded from nanoparticles without drug and encapsulation efficiency
was calculated using the following equation:

= ∗EE
Amount of drug loaded
Amount of drug added

(%) 100

Release profile of SFB from aptamer modified PLGA nanoparticles
was evaluated in PBS (pH 7.4) and in PBS (pH 5) adjusted with 0.1 N
HCl to mimic the lysosomal pH. Both contained 1% v/v Tween 80.1 ml
of nanoparticle suspension was washed thrice with PBS, followed by
centrifugation at 14,500 rcf for 10 min. The pellet was re-suspended in
1 ml PBS with 1% Tween 80 and placed in an orbital shaker, KS4000 IC
(IKA Werke, Staufen, Germany) at 150 rpm and 37 ± 0.5 °C. The
samples were removed after designated time intervals, after cen-
trifugation, the pellets were re-suspended in 1 ml PBS/HCl and returned
to the shaker. After defined time intervals, pellets were dissolved in
1 ml DMSO and analyzed by UV spectrophotometer (UV mini 1240,
Shimadzu, Japan) at 265 nm. The vehicle background was then sub-
tracted by measuring the pellet of PLGA nanoparticles, without SFB,
prepared under the same condition.

2.6. Aptamer coupling

Fluorescence of Cyn 5 labeled Apt was quantified in nanoparticles to
assess the binding of Apt with nanoparticles. For this, freshly prepared
surface modified nanoparticles were washed and fluorescence of the
supernatant and the pellet was quantified using a Fluostar Optima plate
reader (BMG Labtech, Offenburg, Germany) at λex 630 nm and λem

670 nm.

2.7. FTIR spectroscopy

The assessment of coupling of Apt with nanoparticles by Fourier
transform infrared spectroscopy (FTIR) was done by single reflection
diamond ATR module FTIR (Alpha-P, Bruker Instruments,
Massachusetts, USA). Freeze dried nanoparticles were loaded onto ATR
platinum diamond crystal. Back correction was done in the absence of
any sample. The average of 21 scans at spectral resolution of 2 cm−1

was taken automatically to obtain each spectrum. The spectrum was
collected at a range between 4000 cm−1 and 400 cm−1 and was ex-
pressed as % transmittance.

2.8. Elemental analysis

PLGA and PVA molecules lack nitrogen in their atomic structure.
However, the Apt contains nitrogen as a part of nucleotide bases. This
fact was used to analyse the presence or absence of Apt in formulations
by elemental analysis. Freeze dried samples were taken in aluminium
crucibles, weighed and loaded into the elemental analyzer combustion
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chamber (VarioMicro Cube, Elementar Analysensyteme, GmbH,
Langenselbold, Germany). Percentage of carbon, hydrogen and ni-
trogen was obtained and averages of three independent formulations
were considered.

2.9. Particle size and zeta potential

The size distribution of the formulations was measured by dynamic
light scattering (DLS) using Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK). Samples were diluted with purified water in a ratio of
1:50 and were analyzed. Before the measurement, the sample tem-
perature was equilibrated to 25 °C. All the measurements were done
independently in triplicates and the sub runs were adjusted by the in-
strument automatically. Size distribution was evaluated by intensity
distribution. Zeta potential was assessed by laser doppler velocimetry
(LDV) using the same instrument at conductivity of< 100 μS/cm.

2.10. Atomic force microscopy (AFM)

To study the morphology of the nanoparticles, samples were diluted
(1:100) with purified water and were analyzed using atomic force mi-
croscopy (Nano Wizard, JPK Instruments, Berlin, Germany). Samples
were pipette onto silicon wafers. After 10 min, the liquid was aspirated
and was let dry for 5 min. After drying, samples were analyzed by
aluminium coated silicon nitride cantilever (HQ: NSC14AL/BS,
Mikromasch, Tallinn, Estonia) at a frequency of 148 kHz and a force
constant of 5 N/m. Scan speed was adjusted between 0.5 and 1.5 Hz.
The surface roughness was measured automatically by JPK data pro-
cessing software and was mentioned in the form of root mean square
average (RMS Rq) values (Nanda et al., 1998; Sitterberg et al., 2010;
Mohebi et al., 2017).

2.11. Cell viability assay

Cell viability and IC50 values were evaluatedusing3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
10,000MDA-MB-231 cells/well (0.35 cm2) were seeded in a 96-well
plate and were incubated for 24 h. The cells were then treated with
different concentrations of SFB-loaded nanoparticles. After 5 h of in-
cubation, the medium was removed and replaced with fresh medium
and incubated further. After 12 h, the medium was removed and re-
placed with 2 mg/ml MTT reagent containing medium and incubated
for 4 h. The resultant formazan crystals were dissolved using DMSO and
absorbance was measured in a FluoStar Optima plate reader at 570 nm.
The experiment was repeated three times and the percentage cell via-
bility was calculated. IC50 values were calculated by the concentration
of nanoparticles showing 50% of the cell survival.

2.12. Internalization pathway

MDA-MB-231 cells were seeded into 96 well plates in a similar
manner as for the viability experiments. After 24 h, the cells were in-
cubated with either filipin III (6 µg/ml) or chlorpromazine (6 µg/ml) for
2 h. Cells were then treated with the formulations containing 1.5 µM
SFB. After 5 h of incubation, the medium was removed and replaced
with fresh medium. The cells were subsequently incubated for 12 h and
the cell viability was determined by MTT assay as described above.

2.13. Apoptosis assay

MDA-MB-231 cells were cultured on sterile cover slips in 24well
plates at a seeding density of50,000 cells per well (1.8 cm2) for 24 h.
Cells were washed thrice with cold PBS buffer (pH 7.4). 500 µl of dif-
ferent formulations were added to the wells. After 12 h, cells were
washed again with PBS and fixed using 4% paraformaldehyde for
15 min. Cells were counterstained using DAPI (0.1 mg/ml) solution for

20 min. Washing was performed with PBS and cells were examined
using a fluorescence microscope (CKX53, Olympus, Tokyo, Japan).

2.14. Ex vivo hemolysis assay

To determine the compatibility of the formulations with blood,
human erythrocytes were isolated from fresh blood as described pre-
viously (Pinnapireddy et al., 2017). Briefly, erythrocytes were obtained
by centrifugation of fresh blood in tubes containing EDTA. The pellet
was washed three times with PBS buffer (pH 7.4) and diluted to 1:50
with PBS. The erythrocytes were incubated together with the for-
mulations (equivalent to 1.5 µM SFB) in v-bottom microtitre plates (1 h,
37 °C) and placed in an orbital shaker. The plates were centrifuged and
the absorbance of the collected supernatant was determined at 540 nm
in a FluoStar Optima plate reader. As controls, saline (NaCl 0.9%), 1%
Triton X-100 and blood were used.

Fig. 1. A. Release profile of sorafenib tosylate from aptamer modified PLGA
nanoparticles. B. Fluorescence analysis of cyanine 5-Apt at λex/λem 630/
670 nm on sorafenib tosylate-loaded nanoparticles (PNS) and blank nano-
particles (PN), the fluorescence of Cyn 5 of pure Apt was considered as a re-
ference. All experiments were performed thrice (n = 3) and the results are the
averages of these experiments.

Table 1
Size (by dynamic light scattering and atomic force microscopy) and zeta po-
tential of nanoparticles. Three independent samples (n = 3) were considered
for the measurements and the results are the averages of these measurements.

Formulation Size ± SD (nm) Zeta
Potential ± SD
(mV)

PdI ± SD

DLS AFM

PN 179.7 ± 5.9 254.9 ± 16.2 −16.2 ± 0.7 0.19 ± 0.02
PNS 185.1 ± 10.3 259.0 ± 16.8 −14.0 ± 0.5 0.21 ± 0.05
PN-Apt 204.9 ± 12.5 263.0 ± 28.5 −18.0 ± 1.8 0.24 ± 0.03
PNS-Apt 222.3 ± 9.9 262.3 ± 19.0 −16.7 ± 2.5 0.22 ± 0.07
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2.15. Reactive oxygen species assessment

Determination of ROS production was done using 2′,7′-di-
chlorodihydrofluorescein diacetate (carboxy-H2DCFDA) conversion
into 2′,7′-dichlorofluorescein (DCF) as previously reported (Duse et al.,
2018). Briefly, MDA-MB-231 cells grown in 96 well plates for 24 h were
washed (PBS buffer; pH 7.4) and incubated with phenol red-free
medium containing 25 µM of carboxy-H2DCFDA for 45 min. The cells
were subsequently washed twice with PBS. Cells were then treated with
formulations containing 1.0 µM and 1.5 µM of SFB. After 1 h, cells were
washed again with PBS and lysed using lysis reagent (Promega, Man-
nheim, Germany).The fluorescence was observed at λex 485 nm/ λem

520 nm using a FluoStar Optima plate reader.

2.16. Metastatic progression

Inhibition of cell migration and metastasis was evaluated by wound
healing assay. MDA-MB-231cells were seeded in 24 well plate. After
24 h, cells were treated with formulations containing 5 µM SFB for 2 h
in serum-free medium. A scratch was made with a 200 µl pipette tip.
Cells were then washed twice with ice-cold PBS (pH 7.4) and fresh
medium was added. Wound closure was observed using an inverted
microscope (CKX53, Olympus, Tokyo, Japan) at different time inter-
vals. Cell migration and percentage wound healing were also calculated
using SketchAndCalcTM® along with Gimp2.10.10® application soft-
ware measuring the distance between wound closures.

2.17. Cellular uptake

For cellular uptake studies, MDA-MB-231 cells were cultured on
sterile cover slips in 12-well plates at a seeding density of 90,000 cells
per well (3.5 cm2). After 24 h, the supernatant was removed and wa-
shed three times with PBS (pH 7.4). Cells were incubated for either
30 min or 2 h with different formulations. After washing with PBS cells
were fixed with 4% paraformaldehyde for 20 min. Cell nucleus was
then counterstained with DAPI (0.1 µg/ml) for 15 min in the dark. Cells
were washed and the cover slips were mounted on to glass slides and
with FluorSave (Calbiochem Corp, La Jolla, USA). Uptake analysis was

performed using a confocal laser-scanning microscope (LSM700, Carl
Zeiss, Jena, Germany).

2.18. Statistical analysis

All experiments were performed in triplicates and the values were
presented as mean ± standard deviation unless otherwise stated. One
way ANOVA was performed to identify statistically significant differ-
ences between the groups using GraphPad Prism software. The prob-
ability values < 0.05 were considered significant. Statistical differ-
ences were denoted as “∗” p < 0.05, “∗∗” p < 0.01 and “∗∗∗”
p < 0.001.

3. Results and discussion

3.1. Preparation of nanoparticles

Size plays an important role in cellular uptake of the nanoparticles
(Prabha et al., 2002). Therefore, the concentration of PLGA and PVA
used for the preparation of nanoparticles by solvent evaporation was
adjusted in preliminary experiments. Several solvents were screened
and we found that the particle size was at its lowest (data not shown)
using ethyl acetate with drug solution in THF:EtOH (4:1). The homo-
genization step further decreased particle size. Furthermore, homo-
genization along with constant stirring and addition of water facilitated
the evaporation of organic phase (see Graphical Abstract). The formed
nanoparticles were then washed and used for further studies discussed
in following sections.

3.2. Encapsulation efficiency and in vitro release profile

A challenging issue regarding the preparation of nanoparticles is
encapsulation of drug. Encapsulation efficiency of SFB in nanoparticles
was 85.0 ± 2%. Since SFB was insoluble in water, a majority of it was
encapsulated in the PLGA matrix. Once incorporated, the amount of
SFB released from PNS was calculated in percentage and data is shown
in Fig. 1A. It is evident from the results that more than 50% drug was
released from PNS-Apt in PBS (pH 7.4) and more than 60% in PBS (pH

Fig. 2. AFM images (height) of nanoparticles with cross sectional profile (surface roughness; Rq) along the identified line (graph). Images on the right side depict the
size histogram (dynamic light scattering) of the nanoparticles. Scale bar represents 1 µm.
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5) within the first 24 h. 87.1 ± 6.2% SFB for PBS (pH 7.4) and
92.1 ± 2.4 SFB for PBS (pH 5) were subsequently released until 96 h.
The initial burst release was due to the presence of SFB on the surface of
the nanoparticles. The subsequent release was due to drug entrapment
inside nanoscale formulations. This second release phase in case of PBS
could be due to the diffusion from the pores of non-degraded PLGA
matrix as reported previously (Prakapenka et al., 2017; Jonderian and
Maalouf, 2016).

3.3. Aptamer coupling

Binding of Apt on the surface of nanoparticles was evaluated by
fluorescence analysis of Cyn 5. Fluorescence quantification at λex

630 nm and λem 670 nm confirmed the attachment of Cyn 5 labeled Apt
to the nanoparticle surface. The results showed that 73.9 ± 4 and
70.6 ± 5 percent of Apt was bound on the surface of PN and PNS
respectively (Fig. 1B).

3.4. FTIR spectroscopy

FITR was used to confirm the presence of SFB and Apt in nano-
particle formulations (supplementary data). PN showed a characteristic
peak of carboxylic acid (from PLGA) at 1751 cm−1. The presence of SFB
(in PNS) showed peaks of alkene stretching at 1503 cm−1. On the other
hand, in the spectrum of PN-Apt and PNS-Apt conjugated acid

stretching at 1703 cm−1 along with imine peaks at 1650 cm−1 were
observed. These results showed the presence of SFB in PNS as well as in
PNS-Apt. Moreover, peaks of imine showed the coupling of Apt with
PLGA in nanoparticles in PN-Apt and PNS-Apt formulations. This con-
firms the successful EDC/NHS surface coupling reaction.

3.5. Elemental analysis

Nucleotide bases of Apt contain nitrogen. Therefore, the assessment
of presence of Apt can also be done by elemental analysis. Freeze dried
nanoparticles were directly subjected to combustion in the presence of
oxygen. Percentages of carbon, hydrogen and nitrogen were calculated.
PNS showed 0.25 ± 0.06% nitrogen due to presence of SFB as com-
pared to 0% in case of PN. On the other hand, PN-Apt and PNS-Apt
showed 1.16 ± 0.45% and 0.51 ± 0.25% nitrogen content (with
respect to carbon and hydrogen percentages), respectively. This con-
firmed the results obtained from the FTIR analysis.

3.6. Particle size and zeta potential

Solvent evaporation method used to prepare nanoparticles.
Preliminary experiments were performed to optimize the concentration
of PVA, homogenization speed and drug loading. Optimized formula-
tions were then assessed for size (hydrodynamic diameter as a function
of intensity) and zeta potential. The size distribution (Polydispersity
Index; PdI) was found to be 0.19 ± 0.02 in case of PN. It was obvious
that particle size increased by incorporating the drug into nanoparticles
with a slight increase in PdI to 0.21 ± 0.05 (Table 1). On the other
hand, the presence of Apt also changed the size of the nanoparticles.
Similar increase in diameter, after attachment of Apt on the surfaces of
nanoparticles, was also reported earlier (Farokhzad et al., 2006; Guo
et al., 2017). The incorporation of SFB as well as the presence of Apt
also influenced the zeta potential. Chemical modification of surfaces of
nanoparticles required multiple washings and treatments with EDC/
NHS coupling agents. This resulted in an increase in size and zeta po-
tential of the nanoparticles. Multiple washing and EDC/NHS treatment
also influenced the PdI.

3.7. Atomic force microscopy

Morphological characterization was done using an atomic force
microscope (AFM). AFM analysis revealed spherical shaped particles
among all formulations (Fig. 2). The coupling of Apt resulted in an
increase in the size and size distribution of the modified particles.
Surface roughness (by RMS; Rq) of the nanoparticles was also calcu-
lated with 38.0 ± 14.8 nm for PN and 54.8 ± 7.1 nm in case of PN-
Apt. This increase in Rq value represented surface modification in case
of PN-Apt. More the surface roughness more will be the wettability of
the nanoparticles and thus will affect nanoparticle-cell interaction
(Nanda et al., 1998; Sitterberg et al., 2010; Marrese et al., 2017).

3.8. Cell viability assay

MTT assay was performed to assess the cell viability. Cell viability
was dose-dependent, increasing with decreasing the nanoparticle con-
centration. Maximum viability for PNS-Apt was achieved with 0.19 µM
SFB. IC50 values were 0.5 µM, 1.5 µM, 2.0 µM, 4.5 µM and 6.9 µM for
SFB, PNS-Apt, PNS, PN-Apt and PN, respectively. In case of formula-
tions without SFB, an equivalent nanoparticle amount was
considered.PN showed a cell viability of more than 80% as shown in
Fig. 4A. This depicted the safety of formulations, in the absence of Apt
or SFB. The presence of Apt along with SFB decreased cell viability
significantly. This decrease indicated the interaction between anti-
ErbB3-Apt modified particles and cells on one hand and anti-pro-
liferation effect of SFB itself on the other hand. Therefore, this combi-
nation of anti-ErbB3-Apt and drug exhibited a synergistic effect thereby

Fig. 3. A. Cell viability assay; B. Pathway analysis of PLGA nanoparticles (PN),
surface modified PLGA nanoparticles (PN-Apt), SFB-loaded PLGA nanoparticles
(PNS) and surface modified SFB-loaded PLGA nanoparticles (PNS-Apt). Each
formulation was equivalent to 1.5 µM SFB concentration in nanoparticles. All
experiments were performed thrice (n = 3) and the results are the averages of
these experiments. Statistical differences (Fig. 3A) are denoted as “*”
p < 0.05, “**”p < 0.01 and “***” p < 0.001.
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addressing the problem of resistance towards SFB (Bijman et al., 2009;
Xu et al., 1999; Göstring et al., 2012; Powell et al., 2017).

3.9. Internalization pathway

To examine the mechanism of nanoparticle internalization into
MDA-MD-231 cells, different endocytosis pathways were used.
Chlorpromazine and Filipin III were used to suppress the clathrin and
the caveolae mediated endocytosis, respectively. It was evident from
the results that cells, pre-treated with chlorpromazine, showed in-
creased cell viability as compared to control group and Filipin III group
(Fig. 3B). Chlorpromazine blocks clathrin dependent internalization

pathway of receptor tyrosine kinase (Guo et al., 2017; Broecker-Preuss
et al., 2015; Zhai et al., 2014). The presence of chlorpromazine resulted
in the blockade of nanoparticle internalization. This was evident from
the increased cell viability in chlorpromazine treated cells. On the other
hand, Filipin III blocks caveolae-mediated endocytosis. A decreased cell
viability in its presence further endorsed that the clathrin dependent
pathway as a possible mechanism of nanoparticle internalization.

3.10. Apoptosis assay

The mechanism of cell death was evaluated by DAPI staining. DAPI
is a nuclear stain, which binds to double-stranded DNA. It can be used

Fig. 4. Apoptotic assay by DAPI staining; Arrows localize the formation of apoptotic bodies (nuclear condensation and chromatin degradation): PLGA nanoparticles
(PN), surface modified PLGA nanoparticles (PN-Apt), SFB-loaded PLGA nanoparticles (PNS-Apt) and surface modified SFB-loaded PLGA nanoparticles (PNS-Apt).
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for the detection of chromatin or nuclear condensation and degrada-
tion. DAPI staining is frequently used for the localization of apoptotic
bodies which result ultimately in the death of cells (Xiao et al., 2017;
Nicolete et al., 2011). When cells were treated with different formula-
tions, significant damage and apoptotic bodies’ formation was observed
(localized by arrows in Fig. 4). Cell shrinkage and chromatin, as well as
nuclear condensation, were observed in case of cells treated with Apt
and SFB. On the other hand, untreated cells (blank) show no clear
evidence of apoptotic bodies’ formation. The presence of Apt and SFB
were therefore responsible for the apoptosis leading to cell death. These
results were also in agreement with cell viability assay, showing more
apoptotic bodies in the presence of both Apt and SFB (higher cyto-
toxicity) as compared to other formulations.

3.11. Ex vivo hemolysis assay

Compatibility of formulations with erythrocytes was evaluated by
hemolysis assay. This assay determines the release of hemoglobin from
erythrocytes after exposure to nanoparticles. Percentage of oxyhe-
moglobin formed after the reaction of released hemoglobin with at-
mospheric oxygen can be determined spectroscopically. Hemolytic
potential among all formulations was less than 15% indicating a good

haemocompatibility profile (Fig. 5). Maximum hemolysis of
13 ± 2.1% was observed in case of pure drug. From the results, it can
be concluded that the presence of Apt and SFB did not affect the normal
physiology of erythrocytes, thereby rendering the formulations suitable
for i.v. administration.

3.12. Reactive oxygen species assessment

Reactive oxygen species (ROS) can convert carboxy-H2DCFDA into
DCF and are responsible for cell death in higher concentrations. Upon
treatment of the cells with different concentration of nanoparticles
(equivalent to 1.0 µM and 1.5 µM SFB i.e. ≤IC50 from MTT assay), a
significant dose-dependent ROS production was noticed (Fig. 6). SFB
formulations showed variable results due to a decrease in cell viability
with increasing concentrations of SFB. This was in accordance with the
previously reported results i.e. the presence of any aptamer and drug
together increases the production of ROS (Sauer et al., 2001; Sasaki
et al., 2013; Son et al., 2011).

3.13. Metastatic progression

Cell progression, migration and inhibition of apoptosis are all as-
sociated with the progression of cancer. ErbB3 is one of the responsible
receptor involved in these progressions (Belleudi et al., 2012;
Roepstorff et al., 2008; Sasaki et al., 2013). On the other hand, SFB has
also been reported to inhibit metastasis (Yoshida et al., 2017; Jiang
et al., 2018). Therefore, we performed a wound healing assay to assess

Fig. 5. Hemolysis assay of the PLGA nanoparticles (PN), surface modified PLGA
nanoparticles (PN-Apt), SFB-loaded PLGA nanoparticle (PNS-Apt) and surface
modified SFB-loaded PLGA nanoparticle (PNS-Apt). 1% Triton-X 100, 0.9%
NaCl and blood were used as controls. All experiments were performed thrice
(n = 3) and the results are the averages of these experiments.

Fig. 6. ROS production after treatment with PLGA nanoparticles (PN), surface
modified PLGA nanoparticles (PN-Apt), SFB-loaded PLGA nanoparticle (PNS-
Apt) and surface modified SFB-loaded PLGA nanoparticle (PNS-Apt). Tert-Butyl
hydroperoxide (TBHP) was used as positive control. Statistical differences are
denoted as “*” p < 0.05, “**”p < 0.01 and “***” p < 0.001.

Fig. 7. Effect of formulations on cell growth; Scratching was perfromed using a
200 µl pipette tip. A. Metastatic progression by scratch test.B.Time dependent
cell migration under the influence of PLGA nanoparticles (PN), surface modified
PLGA nanoparticles (PN-Apt), SFB-loaded PLGA nanoparticles (PNS-Apt) and
surface modified SFB-loaded PLGA nanoparticles (PNS-Apt). Statistical differ-
ences are denoted as “*” p < 0.05, “**”p < 0.01 and “***” p < 0.001.
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the inhibition of metastasis. Presence of Apt and SFB blocked progres-
sion and wound healing significantly as compared to untreated cells up
to 24 h (p < 0.001). The percentage of wound healing was in de-
creasing order i.e. untreated cells > PN > PN-Apt > PNS > PNS-
Apt (100%, 98%, 95%, 91% and 89% respectively). However, after 36 h
more than 95% area was covered by the cells in all treatment cases.
Nevertheless, Apt and SFB blocked wound healing but in the presence
of only one of these or in the absence of both, cell migration rate was
higher. From these findings, it was clear that presence of Apt and SFB
have a synergistic effect in blocking metastatic progression (see Fig. 7).

3.14. Cellular uptake

Cyanine 5 was attached to the 5′ end of Apt as a fluorophore.
Detection of its fluorescence was used to visualize the uptake of the
nanoparticles. Cells were treated for two different time points (30 min
and 2 h). After 30 min of the treatment of cells, most of the nano-
particles accumulated in cytoplasm near the cell membrane. On the
other hand, upon incubation with the nanoparticles for 2 h, fluores-
cence was observed mostly near the nucleus. This was also confirmed
by z-stack images as shown in Fig. 8.The intensity plot for co-locali-
zation shows the intensity of DAPI (cell nucleus) on the x-axis and Cyn 5
(aptamer) on the y-axis. Co-localization coefficient was measured by

Fig. 8. Cellular uptake of Cyn 5 labeled nanoparticles (red) after: A. 30 min and B. 2 h; micrographs are represented in the form of z-stack images to represent the
presence of aptamer-functionalized nanoparticles near nucleus (blue; DAPI staining). Co-localization is shown in intensity plots mapping the intensity of Cyn 5
(aptamer) and DAPI (cell nucleus) of surface modified PLGA nanoparticles (PN-Apt), SFB-loaded PLGA nanoparticle (PNS-Apt) and aptamer treated cells (Apt). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ZEN software (Carl Zeiss). This ranges from 0 to 1, where 0 indicates no
co-localization and 1 indicates 100 percent co-localization.

Clathrin dependent internalization and endocytosis was found to be
responsible for the transfer of nanoparticles from cell membrane to
nucleus. ErbB3 receptors are also internalized by this mechanism
(Adilakshmi et al., 2011). Time dependent locations of nanoparticles
were due to this mechanism of transport. Increased cellular toxicity was
observed due to binding of the nanoparticles with these receptors
(Mahmoud et al., 2018). The z-stack images showed the presence of
Cyn 5 labeled aptamer in nuclear region. Co-localizations were differ-
ential, showing co-localization coefficients less than 0.4 in case of
30 min incubation time with nanoparticles. This represented the loca-
tion of nanoparticles in cytoplasm away from DAPI channel (nucleus).
However, for 2 h treatment time, co-localization coefficient was above
0.7, representing nearly the same location of DAPI and Cyn 5 suggesting
that the nanoparticles were closer to the nucleus. Based on these find-
ings, Apt modified nanoparticles may be used as a carrier for targeted
drug delivery to the cytoplasm of cells rich in ErbB3 receptors. The
presence of a drug together with aptamer would result in specific effects
to arrest the growth or even destroy the cells.

4. Conclusion

The current study was designed to improve the efficiency of SFB
cancer therapy using SFB-loaded PLGA nanoparticles coupled with anti-
ErbB3-aptamer. The main aim was to formulate surface modified SFB
nanoparticles, so that generalized toxicity of non-specific chemother-
apeutic drug entity may be reduced. Physicochemical analysis of the
formulations revealed a nanoscaled profile suitable for cellular inter-
nalization. Morphological analysis by AFM further supported these re-
sults and showed an optimal surface roughness profile for cell surface
interactions. Another positive impact of the combination was the sy-
nergism of Apt and SFB. PNS-Apt showed maximum cytotoxicity com-
pared to other formulations due to the presence of Apt and SFB to-
gether. Dose-dependent toxicity was demonstrated using the cell
viability assay. Moreover, time-dependent nanoparticles delivery, to the
cytoplasm and subsequently to the nuclear membrane, was observed by
CLSM visualization. Increasing the incubation time resulted in higher
cytotoxicity. Higher ROS production was observed in the presence of
both Apt and SFB. Ex vivo hemolysis studies demonstrated the hemo-
compatibility of the nanoparticles. The metastatic inhibition potential
of the nanoparticles, especially those with Apt and SFB was evident
from the scratch test. With the aim of developing a formulation suitable
for therapy of SFB resistant tumors, we would direct out efforts towards
the in vivo assessment of these nanoparticles.
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