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Design and synthesis of aptamer AS1411-conjugated
EG@TiO2@Fe2O3 nanoparticles as a drug delivery
platform for tumor-targeted therapy

Nahid Mansouri,a Razieh Jalal, *ab Batool Akhlaghinia, a Khalil Abnous c and
Roya Jahanshahi a

Nucleolin, an RNA binding protein, is considered to be a target for developing cancer therapies and

diagnostics. Herein, we have reported a designed nucleolin-targeted AS1411 aptamer conjugated to

guanidinium groups of epibromohydrin functionalized TiO2@g-Fe2O3 nanoparticles (AS1411@GMBS@

EG@TiO2@Fe2O3, NP–Apt) to increase drug delivery in targeted tumor tissues. The structure and

morphology of the obtained NPs were characterized by FT-IR, VSM, EDX, HRTEM, and TEM analysis.

Doxorubicin (DOX) was entrapped in NP–Apt (NP–Apt–DOX) with an entrapment efficiency of 47.59 �
3.98%. NP–Apt–DOX revealed homogeneous characteristics with narrow particle size distributions. The

in vitro drug release of NP–Apt–DOX was pH-dependent with initial rapid release (within 6 h) followed

by sustained release for 72 h. Fluorescence microscopy and MTT assay were used to assess the cellular

uptake and anti-proliferation activity of NP–Apt–DOX against nucleolin-positive (A375 and C26) cells.

NP–Apt–DOX showed higher cellular uptake and more enhanced cytotoxicity in nucleolin-expressing

cancer cells than in L929 fibroblasts as a nucleolin-negative cell line through increasing intracellular ROS

levels. Significant tumor growth inhibition and prolonged animal survival were observed in mice bearing C26

colon carcinoma treated with NP–Apt–DOX. Overall, AS1411@GMBS@EG@TiO2@Fe2O3 is a pH-responsive

sustained release system and offers promise as an effective and safe system for targeted drug delivery.

1 Introduction

Nanoparticles can deliver high doses of both hydrophilic and
hydrophobic drugs to target organs in a controlled release
manner and improve drug biodistribution and efficacy due to
their high surface area to volume ratio.1,2 Targeted drug delivery
can enhance the localized distribution and minimize the adverse
effects of the chemotherapeutic agents. In the last decade,
targeted drug delivery involving magnetic nanoparticles has
become known as one of the most promising approaches for
cancer therapy. Among all magnetic nanoparticles, superpara-
magnetic iron oxide nanoparticles (SPIONs) such as magnetite
(Fe3O4) or maghemite (g-Fe2O3) have attracted great attention
due to their biocompatibility, biodegradability and non-cytotoxic
effects to humans.3 SPIONs have been shown to possess the highest
drug loading efficiency amongst other drug nanocarriers.4

They tend to agglomerate into larger particles, which is due
to their high surface-to-volume ratio, high surface energy and
magnetic property. The surface of SPIONs is often coated with
various biocompatible materials such as metallic gold, silica,
and titanium oxide (TiO2) in order to reduce their aggregation.3,5

Moreover, uncoated SPIONs owing to their hydrophobic nature
are coated by plasma proteins when injected into the blood.6

TiO2 nanoparticles are considered as an efficient chemothera-
peutic drug delivery system due to their low-cost, high chemical
stability, excellent biocompatibility, and the possibility of surface
modification. Moreover, TiO2 nanoparticles can produce reactive
oxygen species (ROS) under ultraviolet (UV) irradiation.7 TiO2

nanoparticles are insoluble in water, and their surface requires
covering with water dispersible agents. The Ti–O bonds in the
outer shell of TiO2-coated SPIONs can be broken to form
covalent bonds with hydroxyl groups.8–10 Some evidence has
shown that the TiO2 surface can interact with doxorubicin
(DOX), a chemotherapeutic drug, via a pH-dependent bond
and release it under acidic conditions of the endosome or tumor
microenvironment.11,12

The active targeting strategy, as one of the strategies for nano-
carrier delivery to cancer cells, involves the ligand-mediated
targeting of nanocarriers to specific cancer cell membrane
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receptors.13–15 Such single-targeting nanocarriers improve the
efficacy of chemotherapeutic drugs and minimize their toxic side
effects. Among them, aptamers are an attractive class of targeting
agents owing to their low toxicity and immunogenicity, high
thermal stability, low production costs, and large-scale
synthesis.16,17 AS1411, a quadruplex-forming DNA aptamer,
has been widely used as a molecular imaging and tumor-
targeting agent, because it can bind with high affinity to
nucleolin, an RNA-binding nucleolar phosphoprotein, which
is overexpressed on the surface and in the cytoplasm of certain
cancer cells.18,19 AS1411 uptake in cancer cells appears to occur
by fluid phase endocytosis (macropinocytosis) in a nucleolin
expression-dependent manner.20–22 Reyes-Reyes et al. (2015)
reported that activation of EGFR and Rac1 played a role in
AS1411 activity and their inhibition resulted in a reduction of
AS1411-mediated macropinocytosis and AS1411 antiprolifera-
tive activity. They suggested that AS1411 binding to nucleolin
leads to methuosis, a nonapoptotic cell death associated with
micropinocytosis hyperstimulation.18

In this study, we have developed a novel magnetic targeted
drug delivery system based on a nucleolin-targeted aptamer
conjugated to guanidinium groups of epibromohydrin functio-
nalized TiO2@g-Fe2O3 nanoparticles, named AS1411@GMBS@
EG@TiO2@Fe2O3 (NP–Apt). TiO2@g-Fe2O3 nanoparticles were
first synthesized and functionalized with epibromohydrin
(E@TiO2@Fe2O3) (Scheme 1). The resulting epoxy ring was
then opened with guanidine hydrochloride (EG@TiO2@Fe2O3).
We have hypothesized that the positively-charged ganidinium
groups would facilitate the membrane transport of nano-
particles, due to the formation of bidentate hydrogen bonds

with the anionic cell membranes of the cancer cells.23,24

N-(g-Maleimidobutyryloxy)succinimide ester (GMBS), as an
amine-to-sulfhydryl cross linker, was used to functionalize
EG@TiO2@Fe2O3 nanoparticles with the anti-nucleolin AS1411
DNA aptamer. The NHS ester and maleimide groups of GMBS
can react with the amine groups of guanidinium and the
thiol groups of AS1411 to form amide and thioether bonds,
respectively. The 50 thiol-modified AS1411 aptamer was subse-
quently conjugated to maleimide-terminated GMBS@EG@TiO2@
Fe2O3 nanoparticles in order to reduce non-specific cellular
uptake. The AS1411 aptamer would bind to nucleolin, which is
overexpressed on the surface of cancer and angiogenic endothelial
cells. Herein, DOX, a fluorescent anthracycline antibiotic, was
employed as a typical chemotherapeutic drug.25,26 Like other
chemotherapeutic drugs, the clinical usage of DOX can be
limited due to its serious dose-dependent side effects, mainly
cardiotoxicity and myelosuppression.27,28 NP–Apt–DOX would
be taken up by nucleolin-positive cancer cells by receptor-
mediated endocytosis and DOX would be released in the acidic
environment of lysosomes/endosomes and enter into the cyto-
plasm of the target cells.

We observed that the novel nucleolin-targeted superpara-
magnetic iron oxide nanoparticles (SPIONs) could efficiently
entrap DOX and exhibited a pH-dependent drug release
profile with initial rapid release, followed by sustained release.
NP–Apt–DOX was more markedly taken up and had stronger
cytotoxic effects in nucleolin-positive cells than nucleolin-
negative cells. In addition, this drug delivery system could
improve the therapeutic efficacy of DOX in in vivo experimental
models.

Scheme 1 Schematic representation of the AS1411@EG@TiO2@Fe2O3 (NP–Apt) nanoparticle preparation process. The amine-functionalized
EG@TiO2@Fe2O3 nanoparticles were attached to the GMBS linker through an amide bond, and then the maleimide-terminated nanoparticles were
conjugated with the 50 thiol-modified AS1411 aptamer to produce NP–Apt. GMBS: N-(g-maleimidobutyryloxy)succinimide ester; TCEP: tris-
(2-carboxyethyl)phosphine.
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2 Experimental
2.1 Materials

All chemical reagents and solvents were purchased from Merck
chemical company and were used as received without further
purification. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), N-(g-maleimidobutyryloxy)succinimide ester
(GMBS), tris(2-carboxyethyl)phosphine (TCEP) and dimethyl-
formamide (DMF) were purchased from Sigma Aldrich (USA).
The AS1411 DNA aptamer (HS-C6-50-TTG GTG GTG GTG GTT
GTG GTG GTGGTG G-30, 28 bp) was synthesized using a DNA
synthesizer apparatus (Macrogen, South Korea). Roswell Park
Memorial Institute 1640 (RPMI1640) culture medium, fetal
bovine serum (FBS), trypsin–EDTA, and penicillin–streptomycin
were obtained from Biosera (France).

2.2 Preparation of guanidinated epibromohydrin
functionalized TiO2@c-Fe2O3 (EG@TiO2@Fe2O3)

TiO2@g-Fe2O3 nanoparticles were prepared using a previously
reported method in the literature.29 FeCl3�6H2O (5.11 g,
18.9 mmol) and FeCl2�4H2O (2.21 g, 17.43 mmol) were dis-
solved in 50 mL deionized water under an argon atmosphere at
ambient temperature. Afterwards, the solution was stirred
magnetically (5 min), followed by the addition of titanium
tetrachloride (2 mL, 18 mmol). A solution of NH4OH (0.6 M,
400 mL) was then added dropwise (drop rate = 1 mL min�1) into
the stirring mixture. When the reaction pH reached 9.0, the
addition of NH4OH solution was stopped. Next, the mixture was
diluted with deionized water (200 mL) and stirred vigorously for
30 min at 50 1C, in a water bath. At this time, the resulting particles
were separated from the solution with the aid of a magnetic
bar. The particles were further washed with deionized water
(5 � 20 mL) and oven-dried at 40 1C for 24 h. Thereafter, the
particles were subsequently calcined under an argon atmosphere
at 400 1C for 1 h to obtain anatase TiO2 and under oxygen at 250 1C
for 2 h to afford the g-Fe2O3@TiO2 nanoparticles.

To synthesise epibromohydrin-functionalized TiO2@g-Fe2O3

(EG@TiO2@Fe2O3) nanoparticles, g-Fe2O3@TiO2 particles (2 g)
were dispersed in epibromohydrin (6 mL) via sonication for
30 min. The subsequent suspension was heated at 60 1C under
vigorous stirring within 24 h. The obtained nanoparticles were
then separated using an external magnet, washed several times
with MeOH, and dried at 40 1C under a vacuum for 14 h.
Afterwards, E@TiO2@Fe2O3 (1.5 g) nanoparticles were dis-
persed in dry toluene (7 mL) via sonication for 20 min. Sub-
sequently, guanidine hydrochloride (0.38 g, 0.004 mmol) and
sodium bicarbonate (0.67 g, 0.008 mmol) were added to the
mixture and refluxed for 48 h. Then, the final product was
separated by magnetic decantation, and washed in turn with
dry CH2Cl2 (3 � 15 mL) and EtOH (3 � 15 mL), before being
dried at 40 1C.

2.3 Preparation of AS1411 aptamer conjugated to
AS1411@GMBS@EG@TiO2@Fe2O3 (NP–Apt)

A bifunctional cross-linker GMBS was used to functionalize
EG@TiO2@Fe2O3 nanoparticles with the anti-nucleolin AS1411

DNA aptamer. First, the EG@TiO2@Fe2O3 nanoparticles
(10 mg) in the previous step were well suspended in a mixture
solution of conjugation buffer (100 mM PBS, 150 mM NaCl, pH
7.3) and DMF (7 : 3) containing excess GMBS (4 mg) for 12 h.
The resulting maleimide-modified NPs were collected by
centrifugation and were extensively washed with DMF and
PBS buffer. Then, 20 nmol of DNA was incubated with three
equivalents of TCEP to obtain free sulfhydryl groups. After-
wards, the DNA was mixed with maleimide-modified NPs in
conjugation buffer and shaken at room temperature for 24 h.
The AS1411@GMBS@EG@TiO2@Fe2O3 nanoparticles were
recovered by centrifugation and washed with the conjugation
buffer. All the supernatant was collected for UV/vis absorbance
measurements.30

2.4 Characterization of nanoparticles

The FT-IR spectra were recorded on pressed KBr pellets using
an AVATAR 370 FT-IR spectrometer (Therma Nicolet spectrometer,
USA) at room temperature in the range between 4000 cm�1 and
400 cm�1 with a resolution of 4 cm�1, and each spectrum was
the average of 32 scans. High resolution transmission electron
microscopy (HR-TEM) and transmission electron microscopy
(TEM) analysis were performed using Philips CM30 HR-TEM
and ZEISS LEO-912 AB Omega TEM microscopes, respectively.
The analysis of the particle size was performed using Digimizer
software. Elemental compositions were determined with an
SC7620 energy-dispersive X-ray analyzer (EDX) presenting a
133 eV resolution at 20 kV. Room temperature magnetization
isotherms were obtained using a vibrating sample magnetometer
(VSM, LakeShore 7400). The zeta potential was determined
using a Zeta Compact zetameter (CAD Instruments, France).
The hydrodynamic diameter and electrophoretic mobility
measurements were carried out using a particle size analyzer
(VASCO 3, France).

2.5 Drug loading

DOX solutions with different concentrations (50–700 mM) were
mixed with an aqueous solution of 1 mg mL�1 EG@TiO2@
Fe2O3 nanoparticles (NPs) and the mixtures were shaken at
room temperature. After 12 h, the resulting DOX/EG@TiO2@
Fe2O3 (NP–DOX) was collected by centrifugation and the absor-
bance of the supernatants at 489 nm (lmax of DOX) was
measured by using an AE-UV 1606 UV-vis spectrophotometer
(A & E Lab, UK).31 Moreover, DOX loading on Apt@GMBS@
EG@TiO2@Fe2O3 nanoparticles (NP–Apt) was performed, as
mentioned above, by soaking NP–Apt (1 mg mL�1) in a solution
of DOX (160 mM). The entrapment efficiency (EE%) and loading
content (LC%) of DOX onto the NPs and NP–Apt were deter-
mined using eqn (1) and (2):

Loading efficiency %ð Þ

¼ Total mg of drug added� mg of drug in supernatant

Total mg of drug added
� 100:

(1)
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Drug loading content %ð Þ

¼ Total mg of drug added� mg of drug in supernatant

Total mg of NPs
� 100:

(2)

To evaluate the influence of pH on EE%, a combination
solution of DOX (160 mM) and NPs (1 mg mL�1) with different
pH levels (5.5–8.3) was shaken at room temperature for 12 h.
After collecting the resulting NP–DOX, the absorbance of the
supernatant at 489 nm was measured.

2.6 Drug release

In vitro DOX release from NP–DOX and NP–Apt–DOX (DOX/
Apt@GMBS@EG@TiO2@Fe2O3) was performed at various pH
values (100 mM PBS buffer pH 7.4 and 5.8; and 100 mM acetate
buffer pH 4.2). 1 mg mL�1 of NP–DOX suspension (equivalent
to 80 mM DOX) was shaken at 140 rpm and 37 1C for three days.
The samples were taken at designated time intervals and
the same amount of buffer was added to the samples for the
next measurements. The supernatants were collected after
centrifugation and the amount of DOX release was measured
spectrometrically.32,33 The cumulative release of DOX was
calculated using eqn (3):34

Cumulative release of DOX ð%Þ

¼ Amount of released DOX

Amount of total DOX in NPs�DOX
� 100:

(3)

2.7 Hemolysis assay

Normal human blood from a healthy volunteer donor was
collected in a plasma tube (90 USP units of sodium heparin).
The red blood cells (RBCs) were collected by centrifugation at
4000 rpm for 10 min at 4 1C; after that, the cells were rinsed five
times with PBS. The diluted RBC suspension in PBS buffer
(1 : 10) was added to 10 mM PBS buffer (pH = 7.4) containing
different concentrations of NPs, NP–DOX or NP–Apt–DOX (1.2
to 120 mg mL�1) and shaken at 120 rpm and room temperature
for 1 or 24 h. Water and PBS were used as positive (100%
hemolysis) and negative (0% hemolysis) controls, respectively.
The mixtures were then centrifuged at 5000 rpm for 1 min and
the supernatants were analyzed for hemoglobin release at
540 nm using an Optizen 3220 UV-vis spectrophotometer
(Mecasys, Daejon, South Korea). The percentage of hemolysis
was calculated as the following equation.35

%Hemolysis

¼ Absorbanceof sample�Absorbanceof negative control

Absorbanceof positive control�Absorbanceof negative control

�100:

(4)

2.8 In vitro cytotoxicity assay

Human melanoma A375 cells, murine colon carcinoma C26 and
mouse fibroblast L929 cells were obtained from the National Cell

Bank (Pasteur Institute of Iran, Tehran). BALB/c mice were obtained
from the Animal Laboratory of the Department of Biology, Ferdowsi
University of Mashhad. Human melanoma A375 cells, murine
colon carcinoma C26 and mouse fibroblast L929 cells were cultured
in RMPI 1640 medium supplemented with 10% FBS and 1%
penicillin–streptomycin at 37 1C in a humidified incubator with a
5% CO2 and 95% air humidified atmosphere.

Cell viability was measured by MTT assay. The cells (3.2 �
103 cells per well) were cultured in a 96-well plate for 24 h. Then,
the medium was replaced with medium containing different
concentrations of NPs, NP–DOX, NP–Apt–DOX and free DOX. After
2 h incubation, the medium was exchanged with fresh medium,
followed by incubation of the plates at 37 1C for 24 h. Then, 20 mL
of MTT (0.5 mg mL�1 in PBS) was added to each well and
incubated for 4 h. The formazan crystals were dissolved in
150 mL of DMSO by shaking for 10 min. The cell viability was
quantified by measuring the absorbance at 570 nm using an
ELx800 microplate reader (BioTek Instruments Inc., Winooski,
VT, USA). The cell viability was calculated using eqn (5):

Cell viability ð%Þ ¼ ATest � ABlank

AControl � ABlank
� 100 (5)

The IC50 (the concentration for 50% of maximal inhibition
of cell proliferation) values were calculated from the semi-
logarithmic dose–response curve using the GraphPad Prism 6
software package (GraphPad).

2.9 In vitro cellular uptake assays

The intracellular iron was observed by the Prussian blue stain-
ing method. Briefly, 2 � 105 cells per well were seeded into
6-well plates and incubated for 24 h. The cells were treated with
NPs or NP–Apt at concentrations of 30 mg mL�1 for 2 h incuba-
tion. Then, the medium was exchanged with fresh medium and
incubated for 24 h at 37 1C. The cells were washed three times
with cold PBS and fixed with 4% v/v paraformaldehyde in PBS
for 20 min at 4 1C. After staining with an equal volume of 5%
hydrochloric acid and 5% potassium ferrocyanide trihydrate for
15 min, they were counterstained with 0.5% neutral red for
2 min. The preparations were washed with deionized water and
the cells were rapidly dehydrated through alcohol treatment.
The stained cells were observed and photographed using a light
microscope at �20 and �40 magnifications.36

The cellular uptake of NPs, NP–DOX, NP–Apt–DOX and free
DOX was further studied by fluorescence microscopy. Glass
cover slips were deposited in the wells of a six-well plate. The
cells were seeded at a density of 2 � 105 cells per well and
allowed to adhere to the glass cover slips for 24 h. Next, the cells
were treated with 30 mg mL�1 NPs, NP–Apt–DOX and free DOX
for 6 h. The cover slips were then washed with PBS and placed on a
slide for analysis by fluorescence microscopy (Olympus BX51,
Tokyo, Japan). The DOX red fluorescence intensity in the cells
was quantified using ImageJ software (Version 1.44). The corrected
total cell fluorescence (CTCF) was calculated as eqn (6):37

CTCF = Integrated density � (area of selected cell

� mean fluorescence of background readings) (6)
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2.10 Reactive oxygen species (ROS) detection

The level of intracellular ROS was determined using the 20,70-
dichlorofluorescein-diacetate (DCFH-DA) fluorescent probe.38

The cells were seeded at a density of 3 � 103 cells per well in
6-well plates and incubated at 37 1C for 24 h. The cells were
treated with free DOX, NPs, NP–DOX and NP–Apt–DOX for 2 h.
Then, the medium was exchanged with fresh medium and
incubated at 37 1C for 24 h. After being trysininized and washed
with PBS, the cells were treated with 10 mM DCFH-DA dye for
one hour. The intracellular ROS level was examined by flow
cytometry (Becton Dickinson FACSCaliburt; BD Biosciences,
San Jose, CA) and the data were analyzed using FlowJo V.7.6.1
software.

2.11 In vivo assay

The in vivo efficacy of NPs, NP–DOX, NP–Apt–DOX and free
DOX was investigated in a C26 colon carcinoma mouse model.
All animal experiments were carried out and approved by the
University Animal Ethics Committee of the Ferdowsi University
of Mashhad. C26 cells with a density of 5 � 105 cells per 0.1 mL
PBS were injected subcutaneously into the right flank of female
BALB/c mice aged 8 weeks. After one week, the mice with a
tumor size ranging from 50 mm3 to 150 mm3 were randomly
classified into five different experimental groups, including
saline (control), free DOX, NP, NP–DOX, and NP–Apt–DOX
groups. In the DOX group, the mice were treated with DOX
four times (1.25 mg per kg body weight every other day; total
DOX, 5 mg kg�1). In the NP group, the mice were administered
four times (1 mg per kg body weight every other day; total NPs,
4 mg kg�1). In the NP–DOX and NP–Apt–DOX groups, the mice
were treated with NP–DOX or NP–Apt–DOX four times with
similar doses to the DOX and NP groups (total DOX, 5 mg kg�1;
total NPs, 4 mg kg�1). The mice in the control group were
treated only with saline. The injections were performed intra-
venously via the tail vein. The tumor volume was calculated
using the formula as follows:

Tumor volumes mm3
� �

¼ a� b� w

2
(7)

where ‘‘a’’ and ‘‘b’’ are the largest and smallest diameters of the
tumor, respectively, and ‘‘w’’ is its height. The fold change
differences between the pre-treatment volume of the tumors
and the volume of the tumors after one-month treatment were
calculated.39 The toxicities of NPs, NP–Apt, NP–DOX, NP–Apt–
DOX and free DOX were evaluated by monitoring the mice’s
body weights and survival rates. The tumor volume and body
weight of the mice were tested every other day up to one month.
The mice with a body weight loss of more than 20% of the
initial weight or with a tumor size of 6500 mm3 were eutha-
nized and not considered for further analysis.

2.12 Statistical analysis

Statistical analysis was performed using Tukey’s one-way
analysis of variance test (ANOVA) using Prism 6 (GraphPad
Software, La Jolla, CA). Results were expressed as mean � SD or
SEM. p o 0.05 was considered to be statistically significant.

3 Results and discussion
3.1 Characterization of nanoparticles

AS1411@GMBS@EG@TiO2@Fe2O3 (NP–Apt) as a novel efficient
and magnetically recoverable nanoparticle was synthesized based
on the procedure displayed in Scheme 1. The structure of the
fabricated NPs was fully characterized by different techniques
including FT-IR, VSM, EDX, HRTEM, and TEM.

To confirm the successful functionalization of the NP
surface, FT-IR spectroscopy was conducted for every step of
the catalyst fabrication (Fig. 1). As exhibited in Fig. 1a, the
characteristic absorption band at around 698–571 cm�1 was
attributed to the stretching vibrations of Fe–O bonds in
g-Fe2O3, which was covered by the broad absorption band of
Ti–O at 850–500 cm�1 in the TiO2 lattice.29 Moreover, the
typical band at 1619 cm�1 and the broad absorption band
centered at ca. 3428 cm�1 were correlated to the bending and
stretching vibrations of the surface attached hydroxyl groups
and the adsorbed water molecules, respectively.29 The presence
of the epoxy groups immobilized on the TiO2@g-Fe2O3 frame-
work was attested by the methylene C–H stretching band at
2923–2872 cm�1 (Fig. 1b). The appearance of the indicative
bands at around 3378 and 1454 cm�1, regarding in turn the
N–H and C–N vibrational stretching, well affirmed the ring
opening of the epoxy group with guanidine (Fig. 1c).29 Here,
GMBS as a hetero-bifunctional cross-linker containing N-hydroxy-
succinimide (NHS) ester and maleimide groups was used to
modify the surface of EG@TiO2@Fe2O3 NPs to produce the
GMBS@EG@TiO2@Fe2O3 NPs. In fact, the NHS ester group of
GMBS can readily react with primary amines at pH 7–9 to form
covalent amide bonds and its maleimide group reacts with thiol
groups at pH 6.5 to 7.5 to form a thioether bond.40 As can be seen
in the FT-IR spectrum of the GMBS@EG@TiO2@Fe2O3 NPs, the
absorption bands at 694 cm�1, 1635 cm�1, and 3500–3100 cm�1

were attributed to the maleimide double bond, CQO and N–H
stretching (amide), respectively, which indicated the immobiliza-
tion of GMBS on the surface of EG@TiO2@Fe2O3 NPs by amide
bond formation (Fig. 1d). Furthermore, the ring of maleimide in
GMBS was recognized by the appearance of the absorption bands
around 1150–900 cm�1 (C–N–C stretching in the maleimide ring
and CQC–H bending of the allyl group) and 1750–1550 cm�1

(CQO and CQC stretching bands of cyclic imides) (Fig. 1d). The
FT-IR spectra were also attained for GMBS and the AS1411
aptamer in order to assess their binding to EG@TiO2@Fe2O3

NPs. All bands observed for GMBS (Fig. 1j) and the AS1411
aptamer (Fig. 1i) were in good agreement with those previously
reported.41,42 Subsequently, 50 thiol-modified AS1411 was conju-
gated to GMBS@EG@TiO2@Fe2O3 NPs (maleimide-modified NPs)
to produce Apt@GMBS@EG@TiO2@Fe2O3 NPs. The absorption
bands at around 984–860 cm�1 for the stretching and vibration
modes of deoxyribose, 1200–1000 cm�1 for the phosphate and
deoxyribose groups, and 1800–1300 cm�1 for nucleobases con-
firmed that Apt has been conjugated to GMBS (Fig. 1e).43,44

Furthermore, the absorption peaks at 1639 cm�1, 1359 cm�1,
and 1072 cm�1 are assigned to thymine C2QO or guanine
C6QO6 stretching, thymine CH3 bending, and the symmetric
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stretching vibration of the PO2
� phosphate group (ns PO2

�)
or the C–O–C deoxyribose stretching, respectively (Fig. 1e).45 The
disappearance of the weak bands at 2648 cm�1 and 2520 cm�1

that are characteristic of the stretching vibrations of the thiol
(S–H) group and the appearance of a peak at 860 cm�1 (C–S
stretching vibration) affirmed the formation of a thioether bond
between the maleimide group of GMBS and the thiol group of
the AS1411 aptamer. Moreover, the band related to the C–S–C

thioether stretching of the formed thioether bond (710–570 cm�1)46

was covered by the absorption bands of Fe–O bonds in g-Fe2O3

(698–571 cm�1) and Ti–O in the TiO2 lattice (850–500 cm�1)
(Fig. 1e). Multiple approaches were taken to conjugate DOX to
various aptamers such as direct physical conjugation and bio-
conjugation of NPs to DOX.47 The FT-IR spectrum of DOX
(Fig. 1h) showed absorption bands corresponding to the ali-
phatic C–H stretching vibration (2915 cm�1), CQO ketone
(1720 cm�1), the N–H bending vibration of the primary amine
(1608 cm�1), the CQO stretching of intra-hydrogen bonded
quinone (1574 cm�1), and the skeletal vibration of the aromatic
ring (1405 cm�1), which were in good agreement with those
previously reported for DOX.48 The DOX/Apt@GMBS@EG@
TiO2@Fe2O3 spectrum (Fig. 1f) showed a shift of the absor-
bance bands of DOX from 1608 cm�1 to 1625 cm�1 and from
1574 cm�1 to 1582 cm�1 and the intensity of these bands also
decreased and became wider, indicating the association of
DOX with Apt@GMB@SEG@TiO2@Fe2O3 NPs. Since DOX
contains flat aromatic rings, it might be intercalated into the
G-quaderuplex AS1411 aptamer.49,50 The increase in the intensity
of aptamer vibrations (1800–1300 cm�1 and 1200–1000 cm�1)
after DOX loading on NP–Apt can be attributed to some degree
of G-quadruplex destabilization, suggesting that some degree of
drug intercalation occurs with the AS1411 aptamer.51 DOX
seems to be complexed with the AS1411 aptamer via outside
binding and intercalation.52 After the loading of DOX on
the EG@TiO2@Fe2O3 NPs (Fig. 1g), characteristic bands at
1608 cm�1 corresponding to the N–H bending vibrations,
at 1270 cm�1 corresponding to the bone structure, and at
1122 cm�1 corresponding to the C–O stretching vibration of
DOX were observed at 1622 cm�1, 1286 cm�1 and 1112 cm�1,
respectively, indicating the interaction of DOX with EG@
TiO2@Fe2O3 NPs.

The magnetic behaviors of TiO2@Fe2O3 and Apt@GMBS@
EG@TiO2@Fe2O3 NPs were evaluated using a vibrating sample
magnetometer (VSM) at ambient temperature (Fig. 2a). As is
evident from the resulting magnetization curves, the saturation
magnetization values of TiO2@Fe2O3 and Apt@GMBS@EG@
TiO2@Fe2O3 NPs are 23.79 and 22.60 emu g�1, respectively. The
small diminution in the saturation magnetization value of the
Apt@GMBS@EG@TiO2@Fe2O3 NPs can be related to the slight
mass enhancement due to the surface modification. The magneti-
zation curves indicated no hysteresis loop, which points to the
superparamagnetic characteristic of both NPs. The energy-
dispersive X-ray analysis (EDX) of the Apt@GMBS@EG@
TiO2@Fe2O3 NPs discloses the presence of P, N, S, C, O, Ti,
and Fe elements, which confirms the successful fabrication of
the EG@TiO2@g-Fe2O3 platform and the conjugation of the
AS1411 aptamer on the GMBS@EG@TiO2@Fe2O3 NPs (Fig. 2b).
The HR-TEM images of EG@TiO2@Fe2O3 are presented in
Fig. 3a. As is obvious, the nanoparticles have relatively good
monodispersity in the entire structure. Also, in the EG@TiO2@
Fe2O3 structure, a grey titania shell with a thickness of about
5–10 nm surrounded the dark g-Fe2O3 core with an average
size of about 10–20 nm. The small size of the EG@TiO2@
Fe2O3 nanoparticles assigns them unique physicochemical and

Fig. 1 FT-IR spectroscopy of (a) TiO2@g-Fe2O3 nanoparticles, (b) E@TiO2@
Fe2O3 nanoparticles (epibromohydrin functionalized TiO2@g-Fe2O3), (c) EG@
TiO2@Fe2O3 nanoparticles (guanidinated epibromohydrin functionalized
g-Fe2O3@TiO2), (d) GMBS-modified EG@TiO2@Fe2O3 nanoparticles (GMBS@
EG@TiO2@Fe2O3), (e) AS1411@GMBS@EG@TiO2@Fe2O3 nanoparticles (AS1411
conjugated to GMBS@EG@TiO2@Fe2O3), (f) DOX/AS1411@GMBS@EG@
TiO2@Fe2O3 nanoparticles (DOX loaded on AS1411@GMBS@EG@TiO2@
Fe2O3), (g) DOX/EG@TiO2@Fe2O3 nanoparticles (DOX loaded on EG@TiO2@
Fe2O3), (h) DOX, (i) the AS1411 aptamer, and (j) GMBS (N-(g-malei-
midobutyryloxy)succinimide ester). DOX: doxorubicin.
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biological properties such as an enhanced reactive area, as well
as the ability to cross cell and tissue barriers, which makes
them promising carriers towards novel drug delivery. Moreover,
the presence of guanidinium groups on the surface of
EG@TiO2@Fe2O3 can help to internalize particles into the cells
through either electrostatic interactions with the sulfuryl group
of heparan sulfate proteoglycans or hydrogen bonds with lipids
of the cell surface.53,54 The morphology of the Apt@GMBS@
EG@TiO2@Fe2O3 NPs was characterized by TEM. As evident in
the TEM images (Fig. 3b), the nanoparticles are relatively
spherical and have good monodispersity. The particle size
distribution is shown in Fig. 3c. The average particle size of
the Apt@GMBS@EG@TiO2@Fe2O3 NPs (47 nm) obtained by
TEM analysis was lower than that of DLS analysis. A decrease is
expected since TEM estimates the crystalline size of particles
while DLS measures the hydrodynamic radius.55 Furthermore,
the crystalline structure of the TiO2@g-Fe2O3 nanoparticles has
been previously identified by XRD (X-ray powder diffraction)
analysis.29

In addition, the average diameter, polydispersity index (PDI),
and zeta potential were determined for NPs, NP–DOX, NP–Apt,
and NP–Apt–DOX. The particle sizes of NP–DOX and NP–Apt–
DOX were higher than those of NPs and NP–Apt and all of them
were on a nanometric scale (Table 1). The hydrodynamic size of
the nanoparticles measured by DLS depends on both the core
radius of the nanoparticles and the size and type of surface
structures. DOX contains hydrophilic groups such as hydroxyl,
carbonyl, and amine groups that interact well with water. The
observed increase in the size of the NPs and NP–Apt after DOX
loading may be due to the layering of DOX onto the surface of
the NPs and NP–Apt and the interaction of DOX with water.
This is in agreement with previous studies that reported a
significant increase in the size of nanoparticles when a high
DOX loading concentration was used.56–58 The adherence of the
positively charged DOX to the surface of the tested nano-
particles might also contribute to the reduction of their relative
negative surface charge as evident from the zeta potential
results (Table 1). NP–Apt–DOX showed a narrow and unimodal
size distribution (PDI r 0.3), indicating its homogeneous
characteristics (Table 1).59,60 An increase in the PDI value of

NP–DOX (0.30) with respect to that of the NPs (0.23) indicated a
wider size distribution of NP–Apt–DOX, which might be attri-
buted to the heterogeneous loading of DOX on the surface of
the NPs. It should, of course, be noted that the values of the PDI
were not greater than 0.3, which indicated a narrow particle
size distribution of NP–DOX. Moreover, the PDI values of
NP–Apt and NP–Apt–DOX were lower than that of the NPs
due to their more homogeneous particle size distribution to
provide more uniform drug release. The zero points of the zeta
potential of the bare NPs and NP–Apt were at about pH = 3.72
and pH = 4.75, respectively, and their surface charges were
negative at pH Z 7 (Fig. 3d). The results of zeta potential
analysis showed that all tested NPs had a negative charge with
values ranging from �12.8 to �33.1 mV (Table 1). Conjugation
of the AS1411 aptamer to the surface of the NPs caused a shift
in zeta potential, which is attributed to the negative charge of
the aptamer. Additionally, the loading of DOX on the NPs and
NP–Apt could decrease the negative charge of the particles
owing to the positive charge of DOX (pKa 8.3) at pH = 7.4.
The maleimide-terminated NPs were conjugated with 50

thiol-modified Apt to produce NP–Apt. The absorbance of
the supernatant at 260 nm after conjugation of Apt to the
maleimide-terminated NPs showed a decrease from 0.52 to
0.1, indicating that the percentage of immobilization was about
80%. The electrophoretic mobility of the free AS1411 aptamer
was matched to that of a 28 bp linear size marker, whereas the
NPs and NP–Apt almost remained in the wells of the agarose gel
due to their large molecular weights (Fig. 3e). The absence of a
free Apt band in the agarose gel electrophoresis of NP–Apt
revealed that Apt might be conjugated to the NPs.

3.2 DOX-loading profiles and in vitro release study

In order to study the NPs’ capacity as drug carriers, in vitro
drug-loading and drug-release experiments were performed.
The evaluation of EE% and LC% of the NPs was performed
by spectrophotometric analysis. The percent of DOX loading
content was increased by enhancing the concentration of
DOX over the range of 50–700 mM (Fig. 4A). The EE% values
were decreased by increasing the concentration of DOX and
remained almost constant at concentrations over 160 mM.

Fig. 2 (a) VSM (vibrating sample magnetometer) curves of TiO2@g-Fe2O3 (A) and Apt@GMBS@EG@TiO2@g-Fe2O3 nanoparticles (B); and (b) EDX
(energy-dispersive X-ray) analysis of Apt@GMBS@EG@TiO2@g-Fe2O3 nanoparticles.
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Thus, 160 mM was determined as the optimal concentration of
DOX for loading onto the NPs since enough drug could be
loaded at this concentration while conserving DOX at the same

time. The entrapment efficiency and loading capacity of DOX
were about 48% and 6%, respectively. The higher DOX loading
capacity achieved in our study relative to some previous studies
may be partly due to the smaller particle size of EG@TiO2@
Fe2O3 NPs and the differences in the reactive functional groups
on the surface of the nanoparticles.32,61 Recently, Sakhtianchi
et al. (2019) reported that the DOX entrapment and loading on
aptamer-functionalized PEG-coated SPION/mesoporous silica
core–shell nanoparticles were 64.47% and 13.17%, respectively,
which were higher than those of the present study.62 This
difference with our results can be attributed to the use of a
mesoporous scaffold in their study. Additionally, the amount of
DOX entrapment in the NPs was enhanced by increasing the pH
of the medium from 5.5 to 8.3 because of the more negative
zeta potential of the NPs (Fig. 4B). Given that the surface charge
of the NPs was more negative and the amount of DOX loaded

Table 1 Particle size, PDI, and zeta potential of all EG@TiO2@Fe2O3

formulations

Formulations Particle sizea (nm) PDI Zeta potential (mV)

NPs 92.2 � 7.3 0.23 � 0.02 �26.2 � 1.1
NP–DOX 231.7 � 6.3 0.30 � 0.01 �12.8 � 0.1
NP–Apt 292.5 � 5.5 0.18 � 0.01 �33.1 � 3.2
NP–Apt–DOX 443.0 � 7.3 0.18 � 0.03 �21.2 � 1.0

a Based on z-average results; PDI: polydispersity index; DOX: doxorubi-
cin; NPs: EG@TiO2@Fe2O3 nanoparticles; NP–DOX: DOX/EG@TiO2@
Fe2O3 nanoparticles; NP–Apt–DOX: DOX/AS1411@GMBS@EG@TiO2@
Fe2O3 nanoparticles. All data are shown as mean � SD of 2–3 independent
preparations.

Fig. 3 (a) Representative HR-TEM (high resolution transmission electron microscopy) images of EG@TiO2@Fe2O3 nanoparticles, (b) representative TEM
images of Apt@GMBS@EG@TiO2@Fe2O3 nanoparticles, (c) particle size distribution of Apt@GMBS@EG@TiO2@Fe2O3 nanoparticles obtained from the
TEM image analysis, (d) zeta-potential of EG@TiO2@Fe2O3 nanoparticles (black) and Apt@GMBS@EG@TiO2@Fe2O3 nanoparticles (red) as a function of
pH, and (e) agarose gel electrophoresis of maleimide-modified EG@TiO2@Fe2O3 nanoparticles conjugated with the AS1411 aptamer. Lane 1: DNA
molecular weight 100 bp ladder. Lane 2: AS1411 aptamer. Lane 3: AS1411@GMBS@EG@TiO2@Fe2O3 nanoparticles.
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was increased at basic pH values, therefore the interaction
between DOX and the NPs was maybe electrostatic. The
in vitro drug release from the NPs and NP–Apt was investigated
at different time intervals and various pH values (4.2, 5.8 and
7.4). As evident in Fig. 5, the release of DOX from the NPs and
NP–Apt was similar. The DOX release was pH-dependent with
initial rapid release (within 6 h) followed by sustained release
for 72 h. The highest DOX release was observed at pH = 4.2,
which is similar to the lysosomal pH, and the release of DOX at
pH = 5.8 (mimicking the pH of the tumor microenvironment)
was much faster than that at pH = 7.4. The sustained release of
DOX indicated that a proportion of DOX remained associated
with the NPs; therefore, NP–DOX and NP–Apt–DOX might
improve the DOX therapeutic efficacy and reduce the toxicity
of DOX. The loading of a drug on nanoparticles not only
protects the drug from the physiological environment and

improves its stability but also provides sustained release of
the drug and increases the drug efficacy.63 The amounts of DOX
released by NP–DOX and NP–Apt–DOX in acetate buffer
(pH 4.2) and PBS (pH 5.8) were about 3- and 1.7-fold higher
than that in neutral media (PBS, pH 7.4), respectively, which
may be due to the decrease of the negative surface charge of
the NPs and the higher solubility of DOX in acidic media.64

No significant difference in the DOX release profiles of
NP–DOX and NP–Apt–DOX was observed. The low release of
DOX in the normal physiological environment indicates the
limitation of DOX release from NP–DOX and NP–Apt–DOX
in the blood.65 The pH of endosomes and lysosomes is about
5.5–6.8, and 4.0–5.0, respectively. Therefore, such an acid-
dependent DOX release feature of NP–DOX and NP–Apt–DOX
is very beneficial for DOX delivery systems in cancer
therapy.66–68 In addition, the presence of various amine groups
was found to facilitate endosomal escape and improve the intra-
cellular drug delivery.69 For instance, Deming et al. revealed
that the presence of polyarginine in polymerosomes based on
polylucine-b-polyarginine provided functionality for efficient
intracellular delivery of polymersomes.70 Kim et al. reported that
the release of DOX from DOX-loaded micelles based on poly-
(2-hydroxyethyl methacrylate)-b-poly(L-histidine) was pH-dependent
and the micelles had higher toxicity against human colon HCT116
carcinoma cells at acidic pH than alkaline pH.71 Herein, the
presence of multiple guanidinium groups on the NPs and NP–Apt
seems to target them to acidified lysosomes/endosomes, where
DOX is released and enters into the cytoplasm.

3.3 In vitro cytotoxicity

Here, the cell experiments were conducted in two high
nucleolin-expressing cell lines (C26 and A375 cells) which are
resistant to DOX and a nucleolin-negative cell line (L929
cells).21,72,73 To ensure the biocompatibility of the EG@TiO2@
Fe2O3 particles, their cytotoxicity was examined against L929
cells using MTT assay. The cell viability of all tested concentrations
of NPs was over 80%, indicating that the EG@TiO2@Fe2O3

particles had excellent biocompatibility (Fig. 6A). As evident in

Fig. 5 In vitro release profile of DOX from NP–DOX and NP–Apt–DOX
nanoparticles at various pH. DOX: doxorubicin; EG@TiO2@Fe2O3: guani-
dinated epibromohydrin functionalized TiO2@g-Fe2O3. Data represent the
means � SD of 2–3 independent experiments. NP–DOX: DOX/EG@TiO2@
Fe2O3 nanoparticles; NP–Apt–DOX: DOX/AS1411@GMBS@EG@TiO2@
Fe2O3 nanoparticles.

Fig. 4 Entrapment efficiency and the drug loading capacity of EG@TiO2@Fe2O3 nanoparticles at (A) different original DOX concentrations and
(B) different loading pH values. DOX: doxorubicin; EG@TiO2@Fe2O3: guanidinated epibromohydrin functionalized TiO2@Fe2O3. Data represent the
means � SD of 2–3 independent experiments.
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Fig. 6B and C, the cytotoxicity of NP–DOX and NP–Apt–DOX for
C26 and A375 cells was concentration dependent and their IC50

values were markedly lower than those of free DOX ( p o 0.001
for both cell lines) and NP–DOX ( p o 0.05 for C26 and p o
0.001 for A375). The observed stronger cytotoxicity of NP–Apt–
DOX against C26 and A375 cells as compared with free DOX
and NP–DOX is mainly due to the aptamer-mediated enhanced
cellular uptake and higher intracellular DOX concentration.
The observed lower IC50 values of NP–Apt–DOX, NP–DOX and
free DOX against C26 cells compared with A375 cells might be
because of the higher level of DOX resistance in A375 cells
(Table 2). DOX alone is ineffective against malignant melanoma
cell lines and clinical melanomas due to the frequent develop-
ment of resistance through the high expression of drug efflux
pumps.21,74–76 The IC50 value of NP–Apt–DOX for L929 cells
(Fig. 6D) was about 3.59- and 16.61-fold higher than those of
A375 and C26 cells, respectively, indicating that NP–Apt–
DOX was more effective in cell proliferation inhibition in

nucleolin-expressing cells (Table 2). Additionally, the hemolysis
analysis of the NP, NP–DOX, NP–Apt and NP–Apt–DOX samples
(Fig. 7) showed that the hemolytic activity of various types of the
studied nanoparticles at pH = 7.4 and at all tested concen-
tration ranges (1.2–120 mg mL�1) was less than 2% at one and

Fig. 6 Cytotoxic effects of the nanoparticles on the cell viability of human melanoma A375 cells, murine colon carcinoma C26 and mouse fibroblast
L929 cells. (A) The cell viability of cells treated with various concentrations of NPs for 24 h. IC50 graphs of DOX, NP–DOX, and NP–Apt–DOX in A375 (B),
C26 (C), and L929 (D) cells. Data represent the means � SEM of 2–3 independent experiments. DOX: doxorubicin; NPs: EG@TiO2@Fe2O3 nanoparticles;
NP–DOX: DOX/EG@TiO2@Fe2O3 nanoparticles; NP–Apt–DOX: DOX/AS1411@GMBS@EG@TiO2@Fe2O3 nanoparticles.

Table 2 IC50 values of doxorubicin and doxorubicin-loaded nanoparticles
for A375, C26 and L929 cells

Cell line

IC50 (mM)

NP–Apt–DOX NP–DOX DOX

C26 0.49 � 0.02***,# 0.80 � 0.17** 1.78 � 0.22
A375 2.27 � 0.01***,### 4.49 � 0.25 4.22 � 0.23
L929 8.14 � 0.13***,## 5.66 � 0.68 5.69 � 0.28

DOX: doxorubicin; NP–DOX: DOX/EG@TiO2@Fe2O3 nanoparticles;
NP–Apt–DOX: DOX/AS1411@GMBS@EG@TiO2@Fe2O3 nanoparticles.
All data are shown as mean � SD of 2–3 independent preparations.
**p o 0.01 and ***p o 0.001 vs. DOX group; #p o 0.05; ##p o 0.01;
###p o 0.001 vs. NP–DOX group.

Paper NJC



This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020 New J. Chem., 2020, 44, 15871--15886 | 15881

Fig. 7 Hemolysis percentage after one hour (a) and 24 hours (b) of incubation of red blood cells with the EG@TiO2@Fe2O3 nanoparticles (NPs);
DOX/EG@TiO2@Fe2O3 nanoparticles (NP–DOX); and DOX/AS1411@GMBS@EG@TiO2@Fe2O3 nanoparticles (NP–Apt–DOX).

Fig. 8 Cellular uptake of nanoparticles in human melanoma A375 cells, murine colon carcinoma C26 and mouse fibroblast L929 cells. (A) Inverted
fluorescence images of untreated (control) and treated A375, C26, and L929 cells with DOX, NPs, NP–DOX, and NP–Apt–DOX. (B) The CTCF (corrected
total cell fluorescence) was measured using ImageJ in 10 fields of view for each treatment. (C) Prussian blue staining images of untreated (control) and
treated A375, C26, and L929 cells with NPs, NP–DOX, and NP–Apt–DOX. **p o 0.01; ***p o 0.001 vs. DOX-treated cells or NP–DOX-treated cells.
DOX: doxorubicin; NPs: EG@TiO2@Fe2O3 nanoparticles; NP–DOX: DOX/EG@TiO2@Fe2O3 nanoparticles; NP–Apt–DOX: DOX/AS1411@GMBS@EG@
TiO2@Fe2O3 nanoparticles.
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24 h. This finding is in line with other studies showing that the
incorporation of DOX in various formulations can decrease the
toxicity of DOX to a very great extent.77–79 NP–Apt at a dose of
120 mg mL�1 had the highest hemolysis percentage (0.96%),
which was less than 2%, which means that it is non-hemolytic.80

3.4 Cellular uptake assays

The ability of NPs to facilitate cellular uptake of DOX and its
accumulation into A375, C26 and L929 cells was assessed by
using fluorescence microscopy and the results were quantified
as the CTCF. As evident in Fig. 8A and B, NP–DOX could
enhance the fluorescence intensity in the A375 and C26
cell lines compared with the bare NPs and free DOX. Each
guanidinium group on the surface of the EG@TiO2@Fe2O3

nanoparticles has a positive charge under physiological condi-
tions and can interact with anionic phospholipid head groups.
The guanidinium groups can also form hydrogen bonds with
sulfuryl groups of heparan sulfate proteoglycans. The uptake of
NP–DOX into cells may be through phospholipid-mediated

internalization and heparan sulfate proteoglycan-mediated
internalization.24,53,54 The differences in the cellular uptake
of NP–DOX between cancer cells and normal cells may be
related to the differences in the endocytosis pathways, the
membrane fluidity, and the relative cell-surface charge and
area between cancer and normal cells.72,81–84 The uptake of
NP–Apt–DOX displayed a significant increase in A375 and C26
cells relatives to L929 cells and more uptake of NP–Apt–DOX
than that of NP–DOX and free DOX was observed by A375 and
C26 cells (p o 0.01 and p o 0.001 relative to NP–DOX and
free DOX, respectively), confirming that the AS1411 aptamer
could facilitate cellular uptake of particles. The presence of
iron nanoparticles in the cells was visualized by Prussian blue
staining. NP–Apt treated A375 and C26 cells, but not L929 cells,
showed more blue pigment as compared with the cells treated
with bare NPs (Fig. 8C), indicating that aptamer-conjugated
NPs could transfer from the membrane to the cytoplasm
of nucleolin-expressing cells, therefore leading to enhanced
uptake of NP–Apt.21,22

Fig. 9 Flow cytometry analysis of the intracellular reactive oxygen (ROS) level in untreated (control) and treated human melanoma A375 cells and
murine colon carcinoma C26 cells with DOX, NPs, NP–DOX, and NP–Apt–DOX and quantification of the mean DCF fluorescence intensity in each
treatment group (mean � SD). *p o 0.05; ****p o 0.0001 vs. untreated cells. DOX: doxorubicin; NPs: EG@TiO2@Fe2O3 nanoparticles; NP–DOX: DOX/
EG@TiO2@Fe2O3 nanoparticles; NP–Apt–DOX: DOX/AS1411@GMBS@EG@TiO2@Fe2O3 nanoparticles.
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3.5 Intracellular ROS level

The ability of NPs, NP–DOX and NP–Apt–DOX to induce ROS
generation in A375 and C26 cells was monitored because the
generation of ROS has been considered as the major cause of
DOX toxicity.85 The intracellular ROS level was significantly
increased in cells exposed to NP–DOX and NP–Apt–DOX relative
to those exposed to free DOX (Fig. 9). NP–Apt–DOX caused an
increase in the ROS accumulation in C26 and A375 cells by
2.5- and 2.9-fold, respectively, compared to DOX. The higher
intracellular ROS generation detected in cells treated with
NP–DOX and NP–Apt–DOX may be ascribed to the higher
cellular uptake of DOX.

3.6 In vivo therapeutic efficacy

A C26 colon carcinoma mouse model was used to assess the
efficacy of all NP formulations in tumor growth inhibition. After
tumors had established, the mice were assigned to five groups
and intravenously injected with saline, NPs, NP–DOX, NP–Apt–
DOX and free DOX. The tumor volume and body weight of

the mice were measured every other day up to one month.
As evident in Fig. 10a, the tumor size was significantly decreased
in mice receiving NP–Apt–DOX as compared with animals
receiving free DOX or NP–DOX at an equivalent dose of DOX
from day 23 to the end of the experiment. The fold increase
in the volume of the tumors between the pre-treatment and one
month after initial treatment with saline, NPs, free DOX,
NP–DOX, and NP–Apt–DOX was about 37-, 33-, 28-, 29-, and
22-fold, respectively, suggesting that NP–Apt–DOX has greater
tumor inhibitory efficacy. The greater efficacy of NP–Apt–DOX
in the colon cancer mouse model in terms of tumor volume as
compared with NP–DOX may be ascribed to the diffusion of
NP–DOX away from the tumor site over time.86 No significant
change in the body weight of the mice administered with
NP–Apt–DOX, NP–DOX, and NPs was observed, indicating that
they had no obvious side effect at the tested concentration
(Fig. 10b). Herein, a medium dose of doxorubicin (1.25 mg kg�1/
2 days; total doxorubicin 5 mg kg�1) was used, which previous
studies have shown to have no significant effect on the body
weight of mice compared with control animals (Fig. 10b).87 All the

Fig. 10 In vivo anticancer efficacy of nanoparticles in a C26 colon carcinoma mouse model. (a) Tumor growth rate, (b) body weight, and (c) survival rate
of mice bearing C26 colon carcinoma tumors treated with saline (control), DOX, NPs, NP–DOX, and NP–Apt–DOX. The data represent the means � SD
(n = 6). *p o 0.05; **p o 0.01; ***p o 0.001 vs. DOX and NP–DOX groups. DOX: doxorubicin; NPs: EG@TiO2@Fe2O3 nanoparticles; NP–DOX:
DOX/EG@TiO2@Fe2O3 nanoparticles; NP–Apt–DOX: DOX/AS1411@GMBS@EG@TiO2@Fe2O3 nanoparticles.
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mice in the DOX group and one of six animals in the saline group
were dead or reached their end points (defined as a body weight
loss of 420% of the initial weight or a tumor size of Z6500 mm3)
one month after tumor implantation (Fig. 10c). Three of six
mice and four of six animals, respectively, in the NP–DOX and
NP–Apt–DOX groups, survived at one month following trans-
plantation. A significant increase in survival was observed in
the mice in the NP–Apt–DOX group compared to the animals
in the NP–DOX and DOX groups. The prolonged survival time
in the NP–Apt–DOX group is probably due to the more effective
DOX delivery through nucleolin-mediated tumor cell targeting.
Based on these data, this therapy seems to be safe and efficient
in a mouse model of colorectal cancer. A significant reduction
in tumor size and increased animal survival rate in mice
receiving anti-nucleolin functionalized DOX-loaded magnetic
PLGA-based nanoparticles were also observed by Mosafer et al.32

Although the survival rate for the NP–Apt–DOX and NP–DOX
groups was the same, NP–Apt–DOX was more effective in suppres-
sion of tumor growth in mice bearing C26 colon carcinoma,
indicating the higher anti-tumor efficacy of NP–Apt–DOX.

4 Conclusions

In the present study, EG@TiO2@Fe2O3 nanoparticles were
successfully functionalized with guanidinated epibromohydrin
and then conjugated to the AS1411 aptamer as a multifunc-
tional strategy for targeted delivery and selective targeting of
nucleolin-positive cells. The presence of guanidinated groups
and the AS1411 aptamer played a critical role in loading and
targeted delivery of DOX to cancer cells. This DOX delivery
system had high cellular uptake due to the specific interactions
with nucleolin proteins in nucleolin-positive cancer cells.
Furthermore, NP–Apt–DOX exhibited a significantly enhanced
anticancer and therapeutic efficacy of DOX. NPs and NP–Apt
had no significant toxicity in vivo and in vitro, suggesting that
EG@TiO2@Fe2O3 and Apt@EG@TiO2@Fe2O3 nanoparticles
can be used as safe platforms for targeted drug delivery in
photodynamic therapy, magnetic hyperthermia, and photo-
thermal therapy due to the presence of TiO2 and Fe2O3, which
requires further investigation.
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