Journal of Magnetism and Magnetic Materials 344 (2013) 116–123

Contents lists available at SciVerse ScienceDirect

Journal of Magnetism and Magnetic Materials
journal homepage: www.elsevier.com/locate/jmmm

Aptamer conjugated paclitaxel and magnetic ﬂuid loaded ﬂuorescently
tagged PLGA nanoparticles for targeted cancer therapy
Athulya Aravind, Remya Nair, Sreejith Raveendran, Srivani Veeranarayanan,
Yutaka Nagaoka, Takahiro Fukuda, Takahashi Hasumura, Hisao Morimoto,
Yasuhiko Yoshida, Toru Maekawa, D. Sakthi Kumar n
Bio Nano Electronics Research Center, Graduate School of Interdisciplinary New Science Toyo University Kawagoe, Saitama 350-8585, Japan

art ic l e i nf o

a b s t r a c t

Article history:
Received 14 May 2012
Received in revised form
23 April 2013
Available online 5 June 2013

Controlled and targeted drug delivery is an essential criterion in cancer therapy to reduce the side effects
caused by non-speciﬁc drug release and toxicity. Targeted chemotherapy, sustained drug release and
optical imaging have been achieved using a multifunctional nanocarrier constructed from poly (D, Llactide-co-glycolide) nanoparticles (PLGA NPs), an anticancer drug paclitaxel (PTX), a ﬂuorescent dye Nile
red (NR), magnetic ﬂuid (MF) and aptamers (Apt, AS1411, anti-nucleolin aptamer). The magnetic ﬂuid
and paclitaxel loaded ﬂuorescently labeled PLGA NPs (MF-PTX-NR-PLGA NPs) were synthesized by a
single-emulsion technique/solvent evaporation method using a chemical cross linker bis (sulfosuccinimidyl) suberate (BS3) to enable binding of aptamer on to the surface of the nanoparticles. Targeting
aptamers were then introduced to the particles through the reaction with the cross linker to target the
nucleolin receptors over expressed on the cancer cell surface. Speciﬁc binding and uptake of the aptamer
conjugated magnetic ﬂuid loaded ﬂuorescently tagged PLGA NPs (Apt-MF-NR-PLGA NPs) to the target
cancer cells induced by aptamers was observed using confocal microscopy. Cytotoxicity assay conducted
in two cell lines (L929 and MCF-7) conﬁrmed that targeted MCF-7 cancer cells were killed while control
cells were unharmed. In addition, aptamer mediated delivery resulting in enhanced binding and uptake
to the target cancer cells exhibited increased therapeutic effect of the drug. Moreover, these aptamer
conjugated magnetic polymer vehicles apart from actively transporting drugs into speciﬁcally targeted
tumor regions can also be used to induce hyperthermia or for facilitating magnetic guiding of particles to
the tumor regions.
& 2013 Elsevier B.V. All rights reserved.
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1. Introduction
Cancer treatment strategies are still dependent on the combination of conventional remedies such as radiation, chemotherapy,
and surgical removal of tumors. The systemic toxicity and undesired side effects from conventional therapies have accelerated the
progress in exploring site-speciﬁc therapies utilizing nanotechnology applications which will eliminate the tumors with limited
effect on normal tissues [1,2]. Nanomedicine has the potential to
increase the speciﬁcity of cancer therapy through the cancer cellspeciﬁc delivery of anticancer drugs using nanoparticles (NPs)
equipped with targeting moieties [1,3]. Smart combinations of
different nanoscale materials had led to the development of
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multifunctional nanoplatforms which can facilitate simultaneous
cancer diagnosis and therapy [4].
Various studies have reported on the incorporation of magnetic
resonance imaging (MRI) contrast agents and ﬂuorescent dye
simultaneously into biodegradable polymer nanomaterials for the
construction of multimodal imaging probes [4–11]. A combination
of MRI agent or optical imaging contrast agent and the chemotherapeutics loaded polymer nanoplatforms would be highly useful for
simultaneous diagnostic and therapeutic applications [4,12–17].
These multifunctional polymer NPs can be functionalized with
cancer speciﬁc ligands for simultaneous cancer-targeted MRI or
optical imaging and magnetically guided drug delivery [4,10]. The
magnetic guiding can enhance cancer targeting efﬁciency of the
particles and can aid in delivering and accumulating the drug
loaded particles at the desired place with the inﬂuence of an
external magnetic ﬁeld [4,18–20]. This can help to reduce the
unwanted side effects and also to increase therapeutic efﬁcacy of
the drugs. Few studies have reported that chemotherapeutics
bound magnetic carriers can be accumulated to the tumor sites
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under the inﬂuence of an external magnetic ﬁeld and this resulted
in effective tumor regression [21–23]. It was also demonstrated that
the amount of chemotherapeutic drug at the tumor areas increased
due to the magnetic targeting compared to the normal systemic
chemotherapy [24].
In our work we have prepared a multifunctional nanocarrier
which efﬁciently combines cancer cell targeting with imaging,
cargo (drug/dye) space, controlled release capabilities and tumor
therapy. We have chosen FDA-approved poly (D, L-lactide-coglycolide) (PLGA) polymers for developing our nanocarrier system.
PLGA is having the property of diffusion and erosion-controlled
drug release and furthermore this polymer is sensitive to pH and
temperature-dependent degradation [25–28]. Paclitaxel (PTX),
a broad spectrum anticancer drug, has been chosen for encapsulation to the polymer as the drug content [29–31]. Incorporation of
super paramagnetic properties into NPs can aid in medical
applications for hyperthermia therapy, magnetic manipulation
and multimodal imaging [25,32–34]. Nile red dye (NR) was used
to label the PLGA NPs [35]. Combination of ﬂuorescent dye and
magnetic ﬂuid (MF) along with the chemotherapeutic PTX in the
same NP enables bimodal imaging (by ﬂuorescence and magnetic
resonance, respectively) along with therapeutic feature [25]. For
tumor targeting purpose, we have chosen a 26-nucleotide guanosine-rich (G-rich) DNA sequence (AS1411) which is believed to
bind to the nucleolin receptors that is over expressed in the tumor
cells compared to the normal cells [36,37]. Thus these multifunctional nanocarriers (Apt-MF-PTX-NR-PLGA NPs) can be targeted, guided and attracted to the cancer cells by two means—
tumor speciﬁc aptamers and by applying an external magnetic
ﬁeld. Aptamers functionalized on the NPs play a vital role in
targeting the particles to a speciﬁc subset of cells. Once the
particles have been attached or internalized to the targeted areas,
optical imaging is possible using the ﬂuorescent dye incorporated
within the particles. Upon conﬁrming the exact particle localization, an external magnetic ﬁeld can be applied at those particular
sites to attract the remaining particles in circulation to the
targeted location before they are subjected to renal clearance.
Ultimately these actions can lead to increased accumulation of NPs
in the tumor site and cellular uptake resulting in enhanced
therapeutic efﬁciency. Moreover, these particles can be utilized
for magnetic ﬂuid hyperthermia (MFH) which is a kind of
nanothermotherapy in therapeutic oncology. The superparamagnetic iron oxide particles in the PLGA NPs can generate heat upon
exposure to alternative magnetic ﬁeld (AMF) [38].
Our group had already reported on the removal of cancer cells by
in vitro using clusters of aptamer conjugated magnetic NPs which is
manipulated by external rotating magnetic ﬁelds [39]. Here we
propose the multifunctional nanocarrier system [Scheme 1] comprising of (1) PTX for localized treatment, (2) NR ﬂuorescent dye for
tagging the PLGA NPs and optical imaging, (3) tumor-speciﬁc aptamers
for cell targeting, and (4) superparamagnetic NPs for hyperthermia,
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magnetic guiding and imaging. Binding speciﬁcity and cellular uptake
studies of the anti-nucleolin Apt-MF-NR-PLGA NPs were conducted in
L929 cells and MCF-7 cells. A cell-based cytotoxicity assay was
employed to verify successful entrapment and cytotoxic efﬁciency of
the anticancer drug loaded within the NPs. Cell viability of normal
ﬁbroblast L929 cells and MCF-7 cancer cells is assessed in the presence
of various nano formulations using the Alamar Blue assay. It was found
that the MCF-7 cancer cells targeted with the aptamer conjugated
polymer NPs were killed while the normal cells were unharmed.
These multifunctional nanocarriers together with the tumor speciﬁc
aptamers and external magnetic ﬁeld can act synergistically to
enhance the cancer targeting efﬁciency leading to the superior
therapeutic efﬁciency.

2. Experimental details
The 50:50 PLGA(poly lactic-co-glycolic acid), MW 30–70 kDa
with an inherent viscosity of 0.59 dL/g, polyvinyl alcohol (PVA),
MW 12–23 kDa, 87–89% hydrolyzed, penicillin/streptomycin solution, N-hydroxysuccinimide (NHS), EDC (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide), bis(sulfosuccinimidyl) suberate (BS3)
were obtained from Sigma-Aldrich. Ethyl acetate and all other
reagents used were supplied by Fisher Scientiﬁc. Paclitaxel was
obtained from Wako Chemicals. Ferroﬂuid containing magnetic
nanoparticles of iron oxide coated with anionic surfactant was
obtained from Ferrotec Coporation. Trypan blue, Nile red and
Trypsin (0.25%) were purchased from Sigma Aldrich. Alamar blue
stain was supplied by Invitrogen.
Aptamer AS1411 (NH2-5′-(GGTGGTGGTGGTTGTGGTGGTGGTGG)-3′) was purchased from Operon.
2.1. Synthesis of MF-PTX-NR-PLGA NPs
The modiﬁed single-emulsion technique/solvent evaporation
method was used to load magnetic ﬂuids, ﬂuorescent dye and
anticancer drug into the polymer NPs [19,40,41]. Brieﬂy, 65 mg of
PLGA, 1 mg of paclitaxel and 10 μl of Nile red dye dissolved in 2 ml
ethyl acetate was added to 2.2% aqueous solution of PVA containing 0.5 mg ml−1 of BS3 and 3 ml magnetic ferroﬂuid (MF) at two
different concentrations (0.005 mg/ml and 50 mg/ml). This mixture was sonicated at room temperature using an ultrasonic
processor system at 40% amplitude for 2 min in continuous mode.
The excess solvent was evaporated by continuous stirring for 3 h
followed by centrifugation to remove excess of aqueous solution.
The separated NPs were washed in distill water three times.
2.2. Aptamer functionalization of MF-PTX-NR-PLGA NPs
Amine modiﬁed AS1411 aptamer was conjugated on to the
carboxyl group of the NPs using the common conjugation strategy

Scheme 1. Multifunctional nanocarrier
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of carbodiimide chemistry [29]. The carboxyl groups on the NP
surface was converted to succinimide by using 1-ethyl-3-[3–
dimethylaminopropyl] carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS), which was then allowed to react
with NH2-AS1411 aptamer. Brieﬂy, a weighed quantity of the NPs
was washed three times with 250 μL aliquots of a 10 mM PBS (pH
7.4) buffer and incubated with 200 μL of 400 mmol/L EDC and
200 μL of 100 mmol/L NHS for 15 min at room temperature with
gentle shaking. The resulting NHS-activated particles are covalently linked to 10 μL aliquot of a 100 mM solution of aminemodiﬁed AS1411 aptamer. The sample was allowed to react for
two hours with constant mixing at room temperature, and three
ﬁnal washes were performed using the 20 mM Tris–HCl, 5 mM
MgCl2 at pH 8.0. The resulting aptamer–NP bioconjugates were
resuspended and preserved in suspension form in DNase RNase
free water at 4 1C before use.
2.3. Particle characterization studies
The shape and surface morphology of NPs were studied using
Field Emission Transmission Electron Micrograph, TEM (JEM2200-FS), Atomic Force Microscope, AFM (Asylum Research) and
Scanning Electron Microscope, SEM (JSEM 7400F). Dynamic light
scattering analysis (Malvern Zetasizer Nano-ZS) was employed to
analyze the size distribution and zeta potential of MF-PTX-NRPLGA NPs in dispersion. X-ray photoelectron spectroscopy, XPS
(AXIS His-165 Ultra, Kratos Analytical) was conducted to conﬁrm
the successful attachment of aptamers on to the NP surface. The
samples were dropped onto a clean silicon substrate and dried
before the experiment. The magnetization effect of MF-PTX-NRPLGA NPs at low ferroﬂuid concentration and high ferroﬂuid
concentrations were analyzed using Vibrating Sample Magnetometer, VSM (Lakeshore).
2.3.1. Drug encapsulation Studies
Initially a standard absorbance curve was established with a
series of standard paclitaxel solution to facilitate the determination of the exact amount of drug within the nanoparticles (data
not shown). Determination of the paclitaxel quantity within the
nanoparticles was done by the UV–visible spectrophotometer at an
absorbance of 227 nm. Based on this data, the drug incorporation
efﬁciency was calculated for PTX-PLGA NPs and MF-PTX-PLGA NPs.
Drug content and drug entrapment (%) is represented by Eqs. (1)
and (2), respectively [35]
Drug encapsulated ¼ Drug total−Drugfiltrate

ð1Þ

Drug encapsulation efficiency ð%Þ
¼ ðAmount of paclitaxel within the nanoparticlesÞ=
ðAmount of paclitaxel used in formationÞ  100

ð2Þ

glass based bottom well dish at a density of 1  104 cells/ml. The
plates were incubated at 37 1C and grown to 70% conﬂuency. Cells
were treated with a ﬁxed concentration, i.e.100 μg/ml, of MF-NRPLGA NPs and Apt-MF-NR-PLGA NPs for 2 h. In our earlier work it
was proved that 2 h incubation was quite sufﬁcient for the
internalization of polymer NPs inside live cells [29]. In addition,
it was already reported that the aptamer-conjugated NPs were
rapidly taken up by the cells due to the targeted binding and
endocytosis which ultimately led to the higher level of NP
internalization into cells within 2 h compared to the nontargeted particles [42]. At the end of the incubation period, the
cell monolayers were rinsed three times with 1 ml of PBS buffer
(0.01 M, 7.4) to remove excess NPs. MCF-7 plates treated with AptMF-NR-PLGA NPs were stained with Lysotracker to mark the
location of lysosomes within the cells and to understand the
localization of NPs within the cell. After staining, the cells were
washed with PBS (0.01 M, PH 7.4) buffer to remove excess dye and
the cells were viewed and imaged under a confocal laser scanning
microscope.

2.4.2. Cytotoxicity assay
Cytotoxic assays like Alamar blue which is based on the cellular
metabolic activity of cells were performed on normal as well as tumor
cells to evaluate the cytotoxic potential of the NPs. Both the normal
cells and tumor cells were treated with varying concentrations
(250 μg/ml, 500 μg/ml and 1000 μg/ml) of magnetic ﬂuid, MF-PLGA
NPs, MF-PTX-PLGA NPs and Apt-MF-PTX-PLGA NPs for 5 days. Cells
treated with only culturing media were used as respective controls.
The media was changed on second and fourth days following the drug
treatment; no further drug dose was added.
Alamar blue assay evaluates the proliferation and metabolic
activity of cells. The mitochondrial reductase enzymes in living
cells are active and reduce Alamar blue to form a different-colored
product from the blue dye. This reducing ability of the cells
accounts to the active metabolism taking place within the cells.
When the samples are cytotoxic, the reducing ability of the cells
decreases. The ﬂuorescence intensity of Alamar blue assay was
quantiﬁed at 580–610 nm. Based on this reading cell viability was
calculated. All the experiments were repeated in triplicate and the
viability of cells was determined on the ﬁfth day of the treatment.
Phase contrast studies were conducted to supplement the results
of cytotoxic assay. The normal as well as tumor cells were cultured
in 6 well plate with a density of approximately 50,000 cells per
well and treated with the different nano formulations for 5 days
and subjected to phase contrast microscopy.

3. Results and discussion
3.1. Particle characterization analysis

2.4. In vitro studies
Normal L929 mouse ﬁbroblast cells and MCF-7 breast cancer
cells obtained from Riken bioresource center, Japan were cultured
in monolayers to 80% conﬂuence using 25 cm2 tissue culture
ﬂasks. The cultures were maintained in Dulbecco's minimal
essential medium, (DMEM, Gibco) supplemented with 10% fetal
bovine serum (FBS, Gibco) and 1% penicillin-streptomycin solution
(Gibco) in a 5% CO2-humidiﬁed atmosphere at 37 1C.
2.4.1. Binding efﬁciency and cellular uptake studies
Cellular uptake and targeting efﬁciency of MF-NR-PLGA NPs
and Apt-MF-NR-PLGA NPs (particles prepared without anticancer
drug) were studied in MCF-7 cells and L929 cells with the help of
confocal microscopy. MCF-7 cells and L929 cells were seeded in

The surface morphology of MF and MF-PTX-NR-PLGA NPs was
investigated using TEM. The TEM characterization of the magnetic
ﬂuid revealed a size about 10 nm [Fig. 1a]. The TEM [Fig. 1b] and AFM
images [Fig. 2a & b] showed that MF-PTX-NR-PLGA NPs were spherical
in shape. The surfaces of the particles were smooth and the size
distribution ranged from 50 nm to 300 nm in diameter. Particle size
distribution of the NPs was also studied using Zetasizer and the
average particle size was noted to be 218 nm with zeta potential
−2773 mv. Polydispersity index below 0.1 further indicated the
dispersion stabilization of the nanoparticles.
The encapsulation efﬁciency of paclitaxel within PTX-PLGA NPs
was found to be 40.44 74.5%. The drug concentration in MF-PTXPLGA NPs varied from 36.12 73.5% (low MF concentration) to
2974.5% (high MF concentration).
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Fig. 1. TEM images of (a) Magnetic ﬂuid and (b) MF-PTX-NR-PLGA NPs.

Fig. 2. (a & b): AFM image of MF-PTX-NR-PLGA NPs with their height images.

Fig. 3. Magnetization curves of (a) MF-PTX-NR-PLGA NPs at low concentration of magnetic ﬂuids (Fe3O4—0.005 mg/ml) and (b) MF-PTX-NR-PLGA NPs at high concentration
of magnetic ﬂuids (Fe3O4—50 mg/ml).
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The super paramagnetic behavior of the entrapped magnetic
ﬂuid in the PLGA core was conﬁrmed by the magnetization studies
using VSM. From the Fig. 3 it is evident that MF-PTX-NR-PLGA NPs
exhibited super paramagnetic behavior at room temperature both
at high and low concentrations of magnetic ﬂuids. The saturation
magnetization of MF-PTX-NR-PLGA NPs at low concentrations of
magnetic ﬂuids [Fig. 3a] is less compared to that of MF-PTX-NRPLGA NPs with high concentrations of magnetic ﬂuids [Fig. 3b]
but they still show sufﬁcient magnetization for their magnetic

Fig. 4. X-ray photoelectron spectroscopy (XPS) peaks of the NPs. Wide scan spectra
of the (a) MF-PTX-NR-PLGA NPs and (b) Apt-MF-PTX-NR-PLGA NPs. Inset contains
the nitrogen spectra of the NPs. N1s signal spectra of (c) MF-PTX-NR-PLGA NPs and
(d) Apt-MF-PTX-NR-PLGA NPs.

properties to be useful from the point of view of magnetic carrier
technology.
The surface elemental compositions of MF-PTX-NR-PLGA NPs
and Apt-MF-PTX-NR-PLGA NPs were identiﬁed by X-ray Photoelectron spectroscopy. By utilizing XPS instrumentation, we also
conﬁrmed the coupling of aptamer onto the NP surfaces. The wide
spectrum of MF-PTX-NR-PLGA NPs showed mainly carbon peak at
284 eV and oxygen peak at 532 eV [Fig. 4a]. The peaks at 99 eV and
152 eV are due to the photoelectrons from the silicon substrate
used in the XPS experiment. This analysis support the fact that the
drug as well magnetic ﬂuids is loaded within the NP as the N peak
which is the characteristic element of paclitaxel and Fe peak,
characteristic of magnetic ﬂuids are absent in the wide spectra of
MF-PTX-NR-PLGA NPs. The VSM data has already shown that MF
has been included within the NPs. Therefore the absence of Fe
peak and N peak clearly suggests that MF as well as paclitaxel has
been fully internalized within the core of the NPs.
In the case of Apt-MF-PTX-NR-PLGA NPs wide spectra, in
addition to the carbon and oxygen peak we observed a small
nitrogen peak at 398 eV [shown in the inset of Fig. 4] and
phosphorus peak (131 eV) [Fig. 4b]. Since the presence of nitrogen
and phosphorous among the chemical composition of the samples
could only be credited to the aptamer and the aptamer conjugation bond, it was conﬁrmed that the NPs surfaces were successfully decorated with aptamers which aid in targeted drug delivery.
The N peak of MF-PTX-NR-PLGA NPs and Apt-MF-PTX-NR-PLGA
NPs are shown in inset of Fig. 4c & d, respectively.
To conﬁrm the embedding of magnetic ﬂuid within the PLGA
core we also performed Point SEM-EDS at different time intervals.
The initial EDS data suggests that the smooth surface of the NPs
were devoid of Fe [Fig. 5a]. Later, the electron beam exposure
caused the etching of the polymer NP surface leading to the
presence of a small Fe peak in the EDS analysis. The Fe peak
became sharper upon increasing the surface etching by electron

Fig. 5. Point SEM-EDS of MF-PTX-NR-PLGA NPs. (A) The immediate exposure of particles to electron beam showed that the particle surface to be smooth and spherical. No Fe
peak was detected in the EDS spectra. (B) Prolonging the exposure of electron beam for few minutes resulted in the surface etching of the particles. The point EDS spectra at
this stage gave a Fe peak which clearly indicated the entrapment of magnetic ﬂuids inside the particles.
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Fig. 6. Confocal microscopy images showing: (a) uptake of Apt-MF-NR-PLGA NPs in L929 cells (a normal cell line); (b) uptake of MF-NR-PLGA NPs (non-targeted NPs) by
MCF-7 cells; (c) uptake of Apt-MF-NR-PLGA NPs (targeted NPs) by MCF-7 cells (tumor cell line). For each condition, particles were incubated with cells for 2 h. (Magniﬁcation
100  ).

Fig. 7. Confocal laser scanning microscopy images show the internalization of aptamer conjugated magnetic-ﬂuorescent PLGA NPs in cells (2 h incubation). (a) Bright ﬁeld
images of MCF-7 cells. (b) Green ﬁlters at excitation wavelength of 488 nm shows the green ﬂuorescence from the Lysotracker dye which was used to stain the lysosomes.
(c) Red ﬁlters at excitation wavelength 561 nm shows the red ﬂuorescence from Apt-MF-NR-PLGA NPs. (d) Overlay of the bright ﬁeld, green ﬁlter and red ﬁlter images.
(Magniﬁcation 100  ). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).

irradiation [Fig. 5b]. Thus we can conclude that the magnetic ﬂuids
are loaded within the particles and not present on the surface of
the NPs.
3.2. In vitro studies
Cytoplasmic nucleolin is found to be present in tumor cells at
elevated levels compared to the normal cells [37]. We have
conjugated anti-nucleolin aptamers to the MF-NR-PLGA NPs
(without paclitaxel drug) for binding speciﬁcity and uptake studies. A representative diagram for confocal imaging is shown in
Fig. 6. Any detectable internalization of Apt-MF-NR-PLGA NPs in
L929 cells (normal cells) was not observed after the incubation
[Fig. 6a]. However, the uptake of the targeted NPs (Apt-MF-NRPLGA NPs) was observed to be more than the non-targeted NPs
(MF-NR-PLGA NPs) in MCF-7 cells (tumor cells) during the
same period of time interval [Fig. 6b & c]. We also conﬁrmed
the cellular localization of particles within the lysosomes by

staining the cells with Lysotracker which marks the lysosomes
within the cell [Fig. 7]. Thus, it was proved that the targeted NPs
have a tremendous potential for site-speciﬁc delivery and the
detection of various cancer cell lines by incorporating appropriate
targeting moiety on the surface.
The in vitro differential cytotoxicity of MF, MF-PLGA NPs, MFPTX-PLGA NPs and Apt-MF-PTX-PLGA NPs were investigated in
L929 cells and MCF-7 cells using Alamar Blue assay. The cells were
treated with three different concentrations (250 μg/ml, 500 μg/ml
and 1000 μg/ml) of the NP formulations for 5 days in triplicate.
As shown in Fig. 8a & b, any acute cytotoxic effect was not
observed when the cells were treated with MF moreover the
MF-PLGA NPs were found to be highly biocompatible in nature.
The targeted drug loaded particles were found to spare the normal
cells while they killed about 85% of the tumor cells within 5 days
[Fig. 8a & b]. The non-speciﬁc uptake and toxicity of the MF-PTXPLGA NPs in the normal cells is due to their surface properties.
This issue can be resolved by labeling the particles with a proper
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Fig. 8. (a) Cytotoxicity of magnetic ﬂuid, MF-PLGA NPs, MF-PTX-PLGA NPS and Apt-MF-PTX-PLGA NPs on normal, L929 cell lines. (b) Cytotoxicity of magnetic ﬂuid, MF-PLGA
NPs, MF-PTX-PLGA NPs and Apt-MF-PTX-PLGA NPs cancer MCF7 cell lines.

Fig. 9. Phase contrast images of L929 cells and MCF-7 cells after treating the cells with different NP formulations. (Magniﬁcation: 10  ).

targeting ligand [Fig. 8a]. The results also demonstrated that the
Apt-MF-PTX-PLGA NPs showed higher rate of cytotoxicity in tumor
cells than non targeted MF-PTX-PLGA NPs [Fig. 8b].Thus we can
conclude that the targeting ligand plays a prominent role in
delivering the cargo to the selected subset of cells.
Additionally, the effects of all the nano formulations used for
cytotoxicity assay were explored in detail with the help of phase
contrast microscopy. Normal and cancer cell lines were cultured in
6 well plates with a density of approximately 50,000 cells per well
and treated with different nano formulations at a concentration of
500 μg/ml for 5 days. The media was changed on the second and
fourth day and no new doses of particles were added. After 5 days
treatment, the cells were observed under phase contrast microscope. The cells treated with magnetic ﬂuid and MF-PLGA NPs
were active to a great extent; only a small percentage of cell death
was noted in both cells [Fig. 9 a–b and e–f]. In the case of MF-PTXPLGA NPs treated cells, both the normal L929 cells as well as MCF7 cells were affected due to the drug release from the particles
which are passively uptaken by the cells during the incubation
time [Fig. 9c & g]. However, Apt-MF-PTX-PLGA NPs did not pose
any serious intrinsic toxicity to the normal L929 cells [Fig. 9d]; the
cells being viable and healthy, while these particles destroyed a
major percentage of the MCF-7 cells plated [Fig. 9h]. This result
directly supports the in vitro cytotoxicity assay.
The magnetization effect of the cell internalized particles was
investigated using VSM. MCF-7 cells treated with Apt-MF-PTX-NRPLGA NPs [Fig. 10] exhibited super paramagnetism to an extent.
This result conﬁrms the credibility of these targeted particles for

Fig. 10. VSM analysis of Apt-MF-PTX-NR-PLGA NPs treated MCF-7 cancer cells.

further therapeutic and imaging applications such as magnetic
guiding mediated drug delivery, hyperthermia and MRI imaging.

4. Conclusion
Our work reports on the synthesis, characterization and in vitro
applications of tumor speciﬁc aptamer conjugated anticancer
drug, ﬂuorescent dye and magnetic ﬂuid embedded PLGA NPs.
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The aptamer conjugation on the particles have enabled enhanced
cellular uptake into the targeted cells and have disabled the
undesired toxicity in non-targeted cells. The improved speciﬁcity
and internalization of these multifunctional nanocarriers and its
rapid release of anticancer drug inside cancer cell lysosomes
greatly facilitate the treatment of cancer with minimized systemic
toxicity. In addition, these multifunctional NPs which were both
magnetic ﬁelds responsive and useful as drug delivery systems
were synthesized in a reproducible and simple way. Moreover,
these multifunctional NPs can be exploited for various applications
since it combine several perspectives like targeted drug delivery,
hyperthermia therapy and MRI imaging in a single platform.
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