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Nanobiotechnology refers to methods and techniques
inspired by biology to develop products at the nanometer
scale. This modern concept describes the way nanotech-
nology is used to create devices in order to study biological
systems. It is based on the overlapping of multidisciplinary
sciences converging to create novel nanostructures that are
similar to nature to sense and deliver biomacromolecules.
This special issue is compiled with seven articles that explore
new approaches on the development of products to address
medical/biological problems for diagnosing and treating
diseases. Two of them are reviews about the application of
nanoparticles in drug delivery and diagnosis.

Biocompatible and biodegradable materials have great
potential in nanobiotechnology. The review by A. Shrivastav
et al. focuses on nanoparticles based on natural occurring
polymeric material, polyhydroxyalkanoates, and their appli-
cations in drug delivery.

Diagnosis and treatment of some kinds of cancers can
be difficult such as gliomas, which show high resistance to
chemotherapy and radiotherapy. The potential of nanobio-
technology for drug delivery, imaging, diagnosis, and therapy
was addressed in the review by N. Y. Hernández-Pedro et al.

The development of nanoscale tools for understanding
the mechanisms of cellular functions and monitoring the
behavior of biomolecules, cell surface interactions, as well as
new approaches in drug and gene delivery was the focus of
five articles.

The penetration of antineoplastic drugs into solid tumors
is a hurdle that can be bypassed by the use of nanodevices, as
showed by Y. Liu et al., in which a crosslinked multilamellar

liposomal vesicle formulation with a tumor-penetrating pep-
tide, iRGD, is able to improve the delivery of doxorubicin to
breast tumor cells in vitro and in vivo.

D. Shahbazi-Gahrouei et al. illustrate the potential of
magnetic nanoparticles for detection and quantification of
cell surface antigens in prostate cancer cells. The transfection
of RNA by L. Russoa et al., antisense oligonucleotide by J.
Xie et al., and plasmid DNA by L. Prossen et al. show the
potential of nanobiotechnology for gene therapy and control
of antiproliferative diseases.

We are certain that the articles published in this special
issue will contribute to the development and application of
nanobiotechnology especially as a biological tool for diagnos-
tics and the treatment of diseases.

Susana N. Diniz
Alejandro Sosnik

Huiling Mu
Claudete J. Valduga



Hindawi Publishing Corporation
BioMed Research International
Volume 2013, Article ID 581684, 12 pages
http://dx.doi.org/10.1155/2013/581684

Review Article
Advances in the Applications of Polyhydroxyalkanoate
Nanoparticles for Novel Drug Delivery System

Anupama Shrivastav, Hae-Yeong Kim, and Young-Rok Kim

Institute of Life Sciences and Resources&Department of Food Science and Biotechnology, College of Life Sciences, KyungHeeUniversity,
Yongin 446-701, Republic of Korea

Correspondence should be addressed to Young-Rok Kim; youngkim@khu.ac.kr

Received 5 January 2013; Accepted 9 June 2013

Academic Editor: Claudete J. Valduga

Copyright © 2013 Anupama Shrivastav et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Drug delivery technology is emerging as an interdisciplinary science aimed at improving human health. The controlled delivery
of pharmacologically active agents to the specific site of action at the therapeutically optimal rate and dose regimen has been
a major goal in designing drug delivery systems. Over the past few decades, there has been considerable interest in developing
biodegradable drug carriers as effective drug delivery systems. Polymeric materials from natural sources play an important role in
controlled release of drug at a particular site. Polyhydroxyalkanoates, due to their origin from natural sources, are given attention as
candidates for drug delivery materials. Biodegradable and biocompatible polyhydroxyalkanoates are linear polyesters produced by
microorganisms under unbalanced growth conditions, which have emerged as potential polymers for use as biomedical materials
for drug delivery due to their unique physiochemical and mechanical properties.This review summarizes many of the key findings
in the applications of polyhydroxyalkanoates and polyhydroxyalkanoate nanoparticles for drug delivery system.

1. Introduction

Drug deliveries have become important tools in the medical
field and have been extensively investigated because of the
strong demand for the controlled delivery of pharmaco-
logically active materials to cells, tissue, and organs. Many
drug-delivery methods have been developed using polymers
as drug carriers as they can effectively deliver the drug
to a target site and thus increase the therapeutic benefit,
while minimizing side effects. Because of the flexibility of
polymers, it becomes possible to engineer multiple func-
tionalities required for efficient drug delivery, simultaneously
maintaining biocompatibility, facile manufacturing, and sta-
ble formulation. It is important that the biomaterial should
complete the requirement of physical properties, but it is also
essential to accomplish its biocompatibility test. Some of the
traditionally used polymers like silicone have been suspected
to cause cancer [1]. Therefore, there is a need for nontoxic,
biodegradable, and biocompatible polymers.

One of the alternatives to conventional polymers is
biodegradable plastic or biopolymer. Among the various
biodegradable polymers available, there is growing interest in
the group of biopolymers known as polyhydroxyalkanoates
(PHAs) which are the polyesters of various hydroxyalkanoate
monomers accumulating as energy/carbon storage materials
by granular inclusions in the cytoplasm of various bac-
terial cells, usually under unbalanced growth conditions.
General structure of PHA is shown in Figure 1. There are
approximately 150 different types of hydroxyalkanoic acids at
present known as the constituents of these bacterial storage
polyesters.

Bacterial PHAs could be bifurcated into two groups
depending on the number of carbon atoms in themonomeric
units: short-chain-length (SCL) PHAs, which consist of 3–
5 carbon atoms, and medium-chain-length (MCL) PHAs,
which consist of 6–14 carbon atoms [2]. PHAs are hydropho-
bic and crystalline in nature. Biologically produced PHAs are
composed only of chirally pure (R)-configurationmonomers.
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Figure 1: General structure of polyhydroxyalkanoates (PHAs) and
examples of their structural derivatives.

Beijerinck first observed PHAs as refractile bodies inside bac-
terial cells in 1888. However, the PHA composition was estab-
lished by Lemoigne in 1926. Bacterial polyhydroxyalkanoates
(PHAs) have attracted much attention as environmentally
degradable thermoplastics [3, 4]. They are being viewed as
potentially useful for replacing many synthetic polymers in a
wide range of agriculture, marine, and medical applications.

The PHA polymers are stored in the bacterial cells as
defined granules.These granular particles consist of polyester,
proteins, and lipids. The composition was for the first time
investigated by Griebel in 1968 for PHB granules of Bacillus
megaterium, which consist of 97.7% of polyester, 1.87% of
proteins, and 0.46% of lipids or phospholipids [5].

Particular attention has been focused on the use of poly(3-
hydroxybutyrate) (PHB) and related copolymers, mostly
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), as
carriers for drug delivery or scaffolds in tissue engineering.
PHB and PHBV have many advantages when compared
to other chemically produced polymers like polyglycolate,
polylactate, and poly(lactide-co-glycolide) which include
excellent biocompatibility, biodegradability, easier processi-
bility, and the controllable retarding properties which can be
modulated by variations in processing and molecular weight
of the polymer composition. PHB in combination with other
biocompatible and nontoxic polymers would also have an
enhanced scope in biomedical applications [6]. The main
advantage of using PHA in the medical field is that it is
biodegradable and can be inserted into the human body, and
it does not have to be removed again. Another distinguished
characteristic of PHA is that it is biocompatible, generating a
mild foreign-body response to any implant.

PHAs have been in the attention of many companies
as biodegradable and biocompatible alternatives to synthetic
polymers for a very long time. In 1976, Imperial Chemical
Industries (ICI Ltd., UK) recognized the potential applica-
bility of PHB to replace some of the oil-derived synthetic
polymers. One of the contributions of PHA to medicine has
been in the cardiovascular area. Tepha Inc., based in Cam-
bridge, MA, has been devoted to manufacturing pericardial

patches, artery augments, cardiological stents, vascular grafts,
heart valves, implants, tablets, sutures, dressings, dusting
powders, prodrugs, andmicroparticulate carriers using PHA.
The first PHA-based product approved by FDA for clinical
application is the TephaFLEX absorbable suture prepared
from P4HB (http://www.tepha.com/). In 2007, the FDA had
cleared its marketing in the USA, indicating a bright future
for a practical application of PHAs in biomedical areas [7].

2. PHA Biosynthesis

PHAs are synthesized by varieties of Gram-positive and
Gram-negative bacteria, andmore than 300 differentmicroo-
rganisms are known to synthesize and accumulate PHAs
intracellularly including Azotobacter sp., Pseudomonas sp.,
Bacillus sp., and Methylobacterium sp. [8]. These types of
microbes are carrying metabolic ability to biosynthesize
PHAs molecules and accumulate them in their cytoplasm as
carbon and energy sources in the shape of granules under
nutrient-limiting conditions with excess carbon [9, 10].

The comprehensive investigation was done for metabolic
biosynthetic pathways for PHA synthesis in Cupriavidus
necator (formerly known as Ralstonia eutropha). This path-
way is common in a wide range of bacteria. A 𝛽-ketothiolase
catalyzes the formation of a carbon-carbon bond of two
acetyl-CoA moieties. NADPH-dependent acetoacetyl-CoA
reductase catalyzes the reduction of acetoacetyl-CoA formed
in the first reaction to 3-hydroxybutyryl-CoA (Figure 2)
[11]. PHB is synthesized by polymerization of (R)-3-
hydroxybutyryl-CoAmolecules by the PHB synthase leading
to the formation of PHB granules (Figure 3). Two moles of
acetyl-CoA are used to form anHB unit of the polymer, while
an HV unit is formed by the reaction of acetyl CoA and
propionyl-CoA [12].

PHA synthesis is also affected by the ratio of NADH to
NAD+. CoA level in the cells is high during cell growth due
to the rapid flux of acetyl-CoA into the tricarboxylic acid
(TCA) cycle. When a nutrient, such as the nitrogen source,
is exhausted, there is increase in the NADH/NAD+ ratio
which inhibits the enzymes of the TCA cycle. As the flux
of acetyl-CoA decreases, CoA levels decrease, removing the
inhibition of 𝛽-ketothiolase. Acetyl-CoA or propionyl-CoA
may enter the PHA biosynthetic pathway to produce 3HB or
3HV monomers [13, 14].

Cupriavidus necator has been the most commonly
used strain for the industrial production of poly-(R)-3-
hydroxybutyrate (PHB), poly((R)-3-hydroxybutyrate-co-4-
hydroxybutyrate) (P3HB4HB), and poly((R)-3-hydroxybu-
tyrate-co-(R)-3-hydroxyvalerate) (PHBV). Other bacteria
including Alcaligenes latus, Aeromonas hydrophila, Pseu-
domonas oleovorans, Pseudomonas putida, and recombinant
Escherichia coli are also used for PHV and PHBV production.

PHAs can be produced from recombinant E. coli by het-
erologously expressing the required PHB biosynthesis genes
while providing appropriate cultivation conditions. PHA
production in plants has also been taken into consideration.
Recently, native PHA granules and in vitro synthesized PHA
granules have been increasingly considered for applications
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Figure 2: PHB synthesis pathway of R. eutropha and regulatory circuits. In the three-step PHB synthesis pathway, two acetyl-CoAmolecules
are coupled to form acetoacetyl-CoA in a condensation reaction catalysed by 𝛽-ketothiolase.The 𝛽-ketothiolase is negatively regulated by the
product coenzyme A (HSCoA), which is also a product when acetyl-CoA enters the TCA cycle under nonlimited conditions. The product
is subsequently and stereoselectively reduced to (R)-3-hydroxybutyryl-CoA in a reaction catalysed by NADPH-dependent acetoacetyl-CoA
reductase. High concentration of NADPH and NADH inhibits the citrate synthase of the TCA cycle, which ensures the availability of acetyl-
CoA for the 𝛽-ketothiolase. Finally, PHB is synthesized by polymerization of (R)-3-hydroxybutyryl-CoA molecules by the PHB synthase.
Hatched arrows indicate negative regulatory effects. Reprinted with permission from Kessler and Witholt [11], Copyright (2001), Elsevier.
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Figure 3: Schematic presentation of PHB granule formation within the cytoplasm of PHB producing microorganism. PHB is synthesized by
polymerization of (R)-3-hydroxybutyryl-CoAmolecules by PHB synthase leading to the formation of PHB granules. PHB inclusions consist
of a hydrophobic core of amorphous PHB surrounded by phospholipid and various proteins.

as functionalized micro- or nanoparticles in biotechnology
and biomedicine.

3. Biodegradability of PHA

One of the unique properties of biological PHA materials is
their biodegradability in various environments. PHAs are of
biological origin; they could be completely broken down in to
water and carbon dioxide bymicroorganisms found in a wide

range of environments, such as soil, water, and sewage [16]. A
number of microorganisms such as bacteria and fungi in soil,
sludge, and sea water excrete extracellular PHA degrading
enzymes to hydrolyze solid PHA into water soluble oligomers
and monomers and subsequently utilize the resulting prod-
ucts as nutrients within cells. The hydrolytic and enzymatic
degradation processes of P(3HB-co-4HB) films were studied
by monitoring the time-dependent changes in molecular
weights and weight loss. P(3HB-co-4HB) films were shown
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to be hydrolyzed by both PHA depolymerase and lipase [17–
19].

Pişkin reported that the deprivation of PHB in vivo is
faster than in vitro hydrolysis at body temperature, indicating
that enzymes existing in vivo catalyze the degradation [20].
In vivo degradation of P(3HB-co-4HB) films in rats was
studied wherein P(3HB-co-4HB) films were implanted into
the intraperitoneal area of rat, and changes in molecular
weights were monitored over a period of 4 months. A 20%
decrease in the value of Mn was observed with no notable
signs of cytotoxicity in the implantation area [19]. PHA
implants and other medical devices are degraded at the site
of implantation in animals. PHA polymers are degraded by
the action of nonspecific lipases and esterases in nature [21].
Löbler et al. detected lipase activities in the rat gastrointestine
near the PHA implant, suggesting the involvement of lipases
in the metabolism of PHA in vivo [22].

Degradation of PHA matrices in the tissues of the host
organism offers the possibility of coupling this phenomenon
with release of bioactive compounds, such as antibiotic
or antitumor drug. If a PHA insert is impregnated with
a compound, the degradation over time will release the
compound, acting as an automatic dosing agent. The kinetics
of dosing of a compound from a PHA matrix can be tuned
by altering the polymer properties, along with the use of
different types of PHA with different monomer side chains.

4. Biocompatibility of PHA

The suitability of PHA for inclusion in drug delivery or
other biomedical applications will depend not only on the
biodegradation properties but also on their biocompatibility.
For use in medical applications, materials must be biocom-
patible, which means that they should not cause severe
immune reactions when introduced to soft tissues or blood
of a host organism during degradation in the body to be
considered biocompatible.

PHAs not only appear in microorganisms as storage
materials but are also ubiquitous in other natural plants
as well as animals, and their metabolism and excretion
are both well understood. The monomeric component of
P(3HB) and R-3-hydroxybutanoic acid is a product of cell
metabolism, produced during fatty acid oxidation in the liver.
This hydroxyl acid is a ketone body that is biosynthesized
in mitochondria of the liver and is used by the brain as a
fuel source. 3-Hydroxybutyric acid is a normal constituent of
human blood in concentrations between 0.3 and 1.3mM [23].
An attractive progress has been made after the finding of the
very widespread dispersal of PHB as a low molecular weight
oligomer (120–200 monomers) in microorganisms, plants,
and animals, including humans. In many cases, this form of
PHB is found as a PHB calcium polyphosphate complex in
membranes that seems to function as an ion channel through
cell membranes [24].

Various medical applications of PHA have been explored
extensively in recent years. PHAs have been used to develop
devices including nerve repair devices, repair patches, car-
diovascular patches, orthopaedic pins, adhesion barriers,

guided tissue repair/regeneration devices, nerve guides, ten-
don repair devices, bone-marrow scaffolds, tissue engineered
cardiovascular devices, and wound dressings [25–27]. So
far, various tests on animal models have shown polymers,
from the PHA family, to be compatible with a range of
tissues. Surface properties of PHA films have been shown
to be favourable for proliferation and attachment of tissue
cells [28, 29], suggesting that PHA is suitable for scaffolding
materials in tissue engineering. NIH 3T3 fibroblast cells
have been shown to adhere and proliferate on PHA mem-
branes [30]. Also, mesenchymal stem cells were also shown
to adhere and proliferate on several PHA substrates, with
a terpolymer poly(hydroxybutyrate-co-hydroxyvalerate-co-
hydroxyhexanoate) (P(HB-co-HV-co-HHx)) [31, 32].

PHA matrices have also been tested for hemocompati-
bility by inspecting the response of mammalian blood when
incubated with polymer films. It was shown that PHB or
P (HB-co-HV), when in contact with blood, did not affect
platelet responses, nor did the polymer activate the comple-
ment system. However, the polymer purification procedures
had to be followed to significantly reduce the amount of
bacterial cell wall material associated with the purified PHA
[33, 34].

In evaluating P(3HB) as a potential drug delivery matrix,
Korsatko et al. reported no significant differences in cellular
growth with mice fibroblasts. Small, low molecular weight,
crystalline particles of P(3HB) which represent one of the
degradation products are expected to rise in vivo from
the absorption of P(3HB) [35]. At low concentration, these
small P(3HB) particles were found to be well tolerated
by macrophages, fibroblasts, Kupffer cells, and hepatocytes.
Macrophages, Kupffer cells, and to a lesser extent fibroblasts
and osteoblasts were found to phagocytise the small particles
of P(3HB) (1–20𝜇m), and the evidence of biodegradation by
macrophages was also found [36].

In vivo and in vitro biocompatibility of PHB and P(HBV)
copolymers has been studied in which the effects of P(HB-
co-HV) polymers on the growth of CHO (Chinese hamster
ovary) cells in culture were monitored over a 60-hour period.
The polymers, used as solvent cast films, did not inhibit
growth of cells during this period, thereby suggesting good
biocompatibility [37]. Juni and Nakano studied the in vivo
biocompatibility of PHB by injecting microspheres (100 𝜇m)
into the rat thigh muscle [38]. Transient acute inflammation
was observed which was terminated 7 days after injection.
The microspheres were further reported as being encap-
sulated by connective tissue during a 4-week postinjection
study period.

Despite the initial acute inflammation observed in var-
ious in vivo studies with P(HB-HV) which is probably in
response to the trauma of implantation or injection, P(HB-
HV) polymers generally showed good in vitro and in vivo
biocompatibility [39].

5. Polyhydroxyalkanoates in Drug Delivery

Polyhydroxyalkanoates are generally biodegradable and ther-
moprocessable, making them attractive as biomaterials for
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applications in conventional medical devices, drug delivery,
and tissue engineering. Biodegradable polymers containing
an entrapped drug can be placed in the body, and they
are used for localized drug delivery accompanied with the
controlled release of a drug over a period of months [40].
Degradation of PHA polymers in the tissues of the host
organism offers the possibility of coupling this phenomenon
with the release of bioactive compounds, such as antibiotic or
antitumor drug.

5.1. PHA Particles as Drug Carriers. PHAs are biocompatible
and hydrophobic; they can also be turned into films, porous
matrices, microcapsules, microspheres, and nanoparticles.
Drugs can be entrapped or microencapsulated in a PHA
homopolymer or copolymer. Microsphere- or microcapsule-
based delivery systems have been extensively used for
the delivery of a number of drugs such as anesthetics,
antibiotics, anti-inflammatory agents, anticancer agents, hor-
mones, steroids, and vaccines [41, 42].

Use of PHA microspheres as carriers for steroids was
reported by Gangrade and Price [43]. PHB and P(3HB-3HV)
were used to prepare microspheres containing progesterone
as a model drug. The incorporation of progesterone into
the microspheres was very efficient, and over 80% of the
theoretical content was incorporated.The in vitro release was
the slowest from a microsphere prepared from a copolymer
containing 9% HV, which was less porous than the micro-
spheres prepared from other polymers.

In the early 1990s, PHAs became candidates for use as
drug carriers due to their biodegradability, biocompatibility,
and their degradation by surface erosion.The potential use of
P(3HB) and P(3HB-co-3HV) in drug delivery has been evalu-
ated in a number of studies. PHAmaybe a potential candidate
in treating highly resistant infections, as PHA drug delivery
systems showed the ability for provision and maintenance
of adequate concentrations of antibiotics at infection sites
[44, 45]. PHB, PHBV, and P(3HB-4HB) were shown to be
useful in the construction of biodegradable, implantable rods
for the local delivery of antibiotics in chronic osteomyelitis
therapy [46–48]. When comparing the in vitro and in vivo
releases of the anticancer agent lomustine from PHB and
PLA microspheres as potential carriers for drug targeting, it
was found that the drug was released faster from the PHB
microspheres [49]. Incorporation of ethyl or butyl esters of
fatty acids into the PHB microspheres increased the rate of
the drug release [50].

Sendil et al. used polyhydroxybutyrate-co-hydroxyvaler-
ates (PHBV) of various 3-hydroxyvalerate contents contain-
ing antibiotic tetracycline which is known to be effective
against many of the periodontal disease-related microor-
ganisms, for the construction of a controlled release system
[51]. Tetracycline was loaded in the PHBV microspheres and
microcapsules both in its acidic from (TC) and in neutral
form (TCN) followed by the analysis of the properties by in
vitro release studies of the resultant systems. It was observed
that release was complete before any signs of degradation
were observed.

A study using PHB microspheres demonstrated that
release of the antitumor drug rubomycin inhibited prolif-
erative activity of Ehrlich’s carcinoma in mice [52]. P(3HB)
nanoparticles containing prednisolone were prepared using
high-pressure homogenization by Koosha et al. [53]. Biphasic
release pattern was observed up to 50% of drug loading, with
an initial burst effect followed by slow release of drug, and
the completion was achieved in 1 to 2 days. Kawaguchi et al.
reported the preparation of microspheres of PHB contain-
ing the antitumor drug 2,3-diacyl-5-fluoro-2-deoxyuridine
[54]. The PHB sphere showed low toxicity and good compat-
ibility in mice and rats. Recently, the application of PHA as
a drug delivery carrier in anticancer study was reported by
Lu et al. [55]. A sustained release system of P13 K inhibitor
(TGX221) based on PHA nanoparticle was developed and
used to block the proliferation of cancer cell lines. TGX221
was gradually released from PHA-based nanoparticles, and
the growth of cancer cell lines was significantly slower in cells
treated with TGX221 nanoparticles.

Recently, Shah et al. determined the efficacy and bioavail-
ability of cisplatin, a chemotherapeutic agent used against
a variety of tumors, in the form of cisplatin-loaded self-
assembled amphiphilic copolymer nanoparticles [15]. Novel
amorphous amphiphilic block copolymer P(3HV-co-4HB)-
b-mPEG was synthesized from bacterial copolyester poly(3-
hydroxyvalerate-co-4-hydroxybutyrate) coupled via transes-
terification reaction using bis(2-ethyl hexanoate) tin catalyst
to monomethoxypoly(ethylene glycol). The in vitro release
profile of cisplatin from the core hydrophobic domain
showed a sustained release of the drug. TEM and confocal
microscopy examination revealed clearly the internalization
of cisplatin-loaded NPs into the tumor cells (Figure 4) and
also revealed a suppression effect by the NPs on tumor cell
growth, and they also revealed enhancement of apoptotic
process of the tumor cells.

5.2. Surface Functionalization of PHA Nanoparticles through
Engineered PHA Synthase. In 2005, Peters and Rehmdemon-
strated that PHA granule formation was not affected by
the fusion of GFP with the N-terminus of the PHA syn-
thase [56]. Further studies were carried out to engineer the
PHA synthase as a conjugated form with the enzyme 𝛽-
galactosidase [57]. Conjugated 𝛽-galactosidase was stable for
several months under various storage conditions. This work
showed that protein engineering of the PHA synthase to
produce functionalized PHA granules could be a useful tool
for developing biological particles for various applications.
PHA granules were used as biological template structures
for molecular biomimetics by Jahns et al. [58]. The PHA
synthase was fused to genetically engineered proteins for
inorganic surface (GEPIs) and additionally to the ZZ domain
of Staphylococcus aureus. PHA granules with a multifunc-
tional surface displaying both specific binding sites for
certain inorganic substances (gold or silica) and for IgG were
produced (Figure 5). These granules may serve as suitable
tools for medical imaging procedures when an antibody-
mediated targeted delivery of an inorganic contrast agent is
desired.
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(a) (b)

(c) (d)

Figure 4: Microscopic study showing the cellular internalization of the P(3HV-co-4HB)-b-mPEG NPs: (a) CLSM images of the DU145
prostate cancer cells treated with free rhodamine-123 for 12 h; (b) cells treated with rhodamine-loaded NPs for 12 h (scale bar 10𝜇m); (c) TEM
images showing the uptake of NPs in DU145 prostate cancer cells incubated for 6 h (scale bar = 100 nm); (d) cells incubated for 12 h (scale
bar = 200 nm). Arrows in the figure represent intracellular localization of NPs. Reprinted with permission from Shah et al. [15], Copyright
(2012), Elsevier.

Kim et al. reported a novel system for surface-initiated
enzymatic polymerization to modify a solid substrate with
biocompatible and biodegradable polymer PHB [59]. Poly-
histidine and N-terminus tagged PHA synthase from Ralsto-
nia eutrophaH16 was used as an initiator for the polymeriza-
tion through transitionmetal complexes,Ni+2-nitrilotriacetic
acid (Ni-NTA) (Figure 6). This system made it possible to
initiate polymerization under physiological conditions and,
through the specificity of enzyme, tailor the properties of
the surface in a highly controlled manner by catalysing the
polymerization in the designated area. The modification of
solid substrates with PHB could potentially yield polymer-
coated implants or controlled release devices for the applica-
tions in drug delivery and tissue engineering. Further work
by the same group demonstrated a new approach to end
functionalization of PHB using genetically engineered PHA
synthase and to modify solid surfaces (Figure 7). Modifi-
cation of PHA end groups by protein engineering aids in
the introduction of various functionalities into PHAs which
will allow it to interact with specific ligands or receptors.
This new approach will be a useful tool to develop novel

classes of block copolymers of which one block is a member
of the PHA family with potentially 100 different types of
monomers, and the other block is a protein with custom-
designed sequences and functionalities.Modification of PHA
end groups through protein engineering will provide an
effective way of introducing diverse functionalities into the
biopolymer, which will further broaden its spectrum to other
receptors or ligands of interest for advanced delivery systems
[60].

5.3. PHA Nanoparticles-Based Targeted Drug Delivery.
Recently, there is a growing interest in the development
of novel drug delivery systems using nanotechnology.
Nanoparticles represent a promising drug delivery system
of controlled and targeted release and have become an
important area of research in the field of drug delivery
because they have the ability to deliver a wide range of
drugs to various areas of the body for sustained periods
of time. The surface properties of Nanoparticles can be
modified for targeted drug delivery. A wide variety of
drugs can be delivered using nanoparticles via a number
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Figure 6: AFM images of the synthesized PHB film on the silicon surface. (a) The cross section (b) taken at the 10 𝜇m horizontal line. Part
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Figure 8: SEM image of RBITC loaded PHA nanoparticles.
Reprinted with permission from Yao et al. [61], Copyright (2008),
Elsevier.

I II III IV V

Figure 9: Representative photographs of each group’s tumor. I:
normal saline; II: freeDOX; III:DOX/P(HB-HO)NPs; IV:DOX/FA-
PEG-P(HB-HO) NPs; V: DOX/FA-PEG-P(HB-HO) NPs + 1mM
free folic acid. Reprinted with permission from Zhang et al. [62],
Copyright (2010), Elsevier.

of routes. Nanoparticles can be used to deliver hydrophilic
drugs, hydrophobic drugs, proteins, vaccines, biological
macromolecules, and so forth [64].

Targeted drug delivery systems are designed to deliver
drugs at the proper dosage for the required amount of
time to a specific site of the body where it is needed,
thereby preventing any adverse effects drugs may have on
other organs or tissues. Targeted delivery assumes great
importance particularly in the case of highly toxic drugs
such as chemotherapeutic drugs and highly active and fragile
biotechnological molecules such as peptides and proteins. It
is widely believed that active targeting, through the modi-
fication of nanoparticles with ligands, has the potential to
enhance the therapeutic efficacy and reduce the side effects
relative to conventional therapeutics [65]. In cancer therapy,
the presence of targeting ligands can greatly enhance the
retention and cellular uptake of nanoparticles via receptor-
mediated endocytosis even though tumor accumulation is
largely determined by the physicochemical properties of
nanoparticles [66]. This can then lead to higher intracellular
drug concentration and increase therapeutic activity, which
is particularly important for bioactive macromolecules (e.g.,
DNA and siRNA) that require intracellular delivery for
bioactivity [67].

Microspheres of PHB for the targeted delivery of forma-
linized vaccine of Staphylococcal enterotoxin B, to the gut-
associated lymphoid tissues, were reported by Eldridge et al.
[68]. Tissue penetration was specific to Peyer’s patches for
microspheres of 10 𝜇m or less in diameter. In addition, the
PHB microspheres exhibited very good absorption.

Yao et al. developed a receptor-mediated drug deliv-
ery system in which rhodamine B isothiocyanate (RBITC)
model drug was targeted to cancer cells or macrophages
by incorporating with P(HB-co-HHx) and associating with
a recombinant PhaP phasin protein from C. necator. SEM
image of RBITC-loaded nanoparticles is shown in Figure 8
[61]. These recombinant phasins were fused to ligands
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mannosylated human 𝛼1 acid glycoprotein (hAGP) and
human epidermal growth factor (hEGF) for targeting can-
cer cells or macrophages, respectively. hAGP is recognized
by receptors on macrophages, and hEGF is recognized by
receptors on hepatocellular carcinoma cells. Proper targeting
of PHA/RBITC nanoparticles to each cell line was demon-
strated by fluorescence microscopy which showed that the
nanoparticles were directed to the correct type of tissue by
intake through correct type of cell, proving targeted delivery.

Biopolymer-based nanocarriers with targeting capability
for imaging and drug delivery to tumors through molecular
recognition of the cancer specific marker, integrin, were
developed by Kim et al. [69]. The Arg-Gly-Asp (RGD) motif
was used as a ligand to target 𝛼

𝑣
𝛽
3
integrins, which have

been identified as cell surface receptors that mediate the
adhesion of cells to the extracellular matrix and are highly
expressed in various cancer cells. PHA synthase was fused
to RGD-containing peptide through protein engineering,
and further expression in recombinant E. coli was done,
followed by purification. The engineered enzyme was used
to produce an amphiphilic protein-polymer hybrid with a
specific end functionality.The resulting block copolymerwith
RGD peptide at one end was readily self-assembled into a
micellar structure in the presence of substrate 3HB-CoA and
was successfully used to target tumor cells.

Zhang et al. developed a novel targeting drug delivery sys-
tem using poly(3-hydroxybutyrate-co-3-hydroxyoctanoate)
[P(HB-HO)] as the drug carrier, folic acid (FA) as the

targeting ligand, and doxorubicin (DOX) as the model
anticancer drug [62].The average size, drug loading capacity,
and encapsulation efficiency of the prepared DOX-loaded,
folate-mediated P(HB-HO) nanoparticles (DOX/FA-PEG-
P(HB-HO) NPs) were found to be around 240 nm, 29.6%,
and 83.5%, respectively. The intracellular uptake tests of the
nanoparticles (NPs) in vitro showed that the DOX/FA-PEG-
P(HB-HO) NPs were more efficiently taken up by HeLa cells.
In addition, DOX/FA-PEG-P(HB-HO) NPs (IC

50
= 0.87𝜇M)

showed greater cytotoxicity to HeLa cells than the other
treated groups. In vivo antitumor activity of the DOX/FA-
PEG-P(HB-HO) NPs showed a much better therapeutic
efficacy in inhibiting tumor growth, and the finalmean tumor
volume was 178.91 ± 17.43mm3, significantly smaller than
normal saline control group (542.58 ± 45.19mm3) (Figure 9)
which shows that these NPs are effective in selective delivery
of anticancer drug to the folate receptor-overexpressed cancer
cells.

Recently, Lee et al. demonstrated a new approach to
prepare a nanocarrier system with targeting capability for
imaging and drug delivery to cancer cells by integrating
the unique catalytic characteristics of PHA synthase with
simple oil into water emulsion methods (Figure 10) [63].
The effective coupling between the hydrophobic surface of
PHB nanoparticle and PHB chain grown from the enzyme
fused with a specific ligand provided a simple way of
functionalizing nanoparticle with active protein layers in
aqueous environment. The surface of nanoparticles was
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functionalized with tumor-specific ligand, RGD4C, fused
with PHA synthase. The functionalized PHB nanoparticles
showed a specific affinity to MDA-MB 231 breast cancer cells
indicating that the tumor-specific ligand, RGD4C, was effec-
tively displayed on the surface of PHB nanoparticles through
enzymatic modification and confered targeting capability on
the drug carrier.

6. Conclusion

Increased interest in the use of PHA for medical applications
had arisen the response to the need for the emerging field of
drug delivery, where a much wider range of biodegradable
and biocompatible polymers are being sought for use as
drug carriers. Because of their versatility and wide range
of properties, biodegradable PHAs are being used as novel
drug delivery systems. In particular, PHA-based drug carrier
holds tremendous promise in the areas of cancer therapy and
controlled delivery of drugs including steroids, vaccines, and
other biological molecules. They can be formulated for tar-
geted drug delivery to tumours or organs. Various successful
studies using PHAas a drug carrier have clearly demonstrated
that PHA possesses biodegradability and biocompatibility for
drug carrier use. PHA has a wide variety of applications,
among which the medical applications seem to be the most
economically practical area. With the currently increased
interest level and the extensive research being carried out in
this area, PHAs are potentially emerging as environmentally
friendly materials of the next generation with a wide range of
applicability.
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Magnetofection is a nanoparticle-mediated approach for transfection of cells, tissues, and tumors. Specific interest is in using
superparamagnetic iron oxide nanoparticles (SPIONs) as delivery system of therapeutic genes. Magnetofection has already been
described in someproof-of-principle studies; however, fine tuning of the synthesis of SPIONs is necessary for its broader application.
Physicochemical properties of SPIONs, synthesized by the co-precipitation in an alkaline aqueousmedium,were tested after varying
different parameters of the synthesis procedure.The storage time of iron(II) sulfate salt, the type of purified water, and the synthesis
temperature did not affect physicochemical properties of SPIONs. Also, varying the parameters of the synthesis procedure did
not influence magnetofection efficacy. However, for the pronounced gene expression encoded by plasmid DNA it was crucial
to functionalize poly(acrylic) acid-stabilized SPIONs (SPIONs-PAA) with polyethyleneimine (PEI) without the adjustment of
its elementary alkaline pH water solution to the physiological pH. In conclusion, the co-precipitation of iron(II) and iron(III)
sulfate salts with subsequent PAA stabilization, PEI functionalization, and plasmid DNA binding is a robust method resulting in
a reproducible and efficient magnetofection. To achieve high gene expression is important, however, the pH of PEI water solution
for SPIONs-PAA functionalization, which should be in the alkaline range.

1. Introduction

Nanomedicine is one of the several potential applications
of nanotechnology that focuses on development of faster
diagnosis, enhanced drug delivery, improved imaging, and
efficient therapies, particularly in the field of cancer. Can-
cer nanomedicine utilizes nanoparticles of different origins,
structures, shapes, and properties, ranging from 10 to 100 nm
in size. Nowadays, especially nanoparticles exhibiting mag-
netic properties are in development for protein separation
and pathogen detection, magnetic resonance imaging (MRI)
contrast enhancement, destruction of cancer cells by hyper-
thermia, and targeted drug delivery [1]. Among all the types
ofmagnetic nanoparticles, biocompatible superparamagnetic
iron oxide nanoparticles (SPIONs) with functionalized sur-
face to conjugate therapeutic agent and deliver it to the

targeted site are currently very prosperous in research for
development of cancer treatment strategies. Furthermore,
SPIONs have already demonstrated their potential in cancer
gene therapy by magnetofection [2–4]. Magnetofection is
based on the utilization of functionalized SPIONs coupled
with nucleic acids and guided by an external magnetic field
to the targeted cells in order to facilitate the introduction of
nucleic acids into the cells [5].

Magnetofection has already proven to be efficient non-
viral transfection method in vitro and in vivo [1, 2, 6–8]. It
can be used for transfection of plasmids, small interfering
siRNA, short hairpin shRNA, and antisense oligonucleotides
[9–11]. In order to obtain sufficient magnetofection efficacy
with high cell survival rate, the properties of SPIONs are
crucial. The physical and chemical properties of SPIONs
largely depend on the type and specific conditions of the
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synthesis method. The most widely used methods for SPI-
ONs’ synthesis are co-precipitation, precipitation in different
types of microemulsions, sol-gel synthesis, hydrothermal
synthesis, electrochemical deposition, sonochemicalmethod,
and thermal decomposition [12, 13]. All listed SPIONs’
synthesis methods have their advantages and disadvantages,
but in the terms of magnetofection it is important that
synthesis method provides as unique particles as possible
with an appropriate shape, size, surface properties, and
magnetic core composition [14]. The conditions in SPI-
ONs’ synthesis, for example, the iron(II)/iron(III) ratio, the
temperature, and the pH of reaction solutions, have been
shown to influence the physicochemical properties of SPI-
ONs [15].

Recently we developed de novo synthesis of SPIONs
on the principle of the Massart co-precipitation method
with subsequent surface modification with biocompatible
poly(acrylic acid) (PAA) and poly(ethyleneimine) (PEI). The
synthesized SPIONs were spherical and 8 ± 1 nm in diameter
with iron oxide maghemite magnetic core, superparamag-
netic properties, and zeta potential of −24 ± 2mV at pH
9.5, indicating negative SPIONs’ surface charge. After coating
of SPIONs with polyanion PAA, diameter of SPIONs-PAA
increased to 10±1 nm and zeta potential to −47±2mV at pH
8.5, indicating good stability of SPIONs-PAA magnetic fluid.
Additional functionalization of SPIONs-PAAwith polycation
PEI shifted negative zeta potential to positive 20 ± 1mV at
pH 8.0. Furthermore, in vitro experiments of magnetofection
on four different cell lines demonstrated biocompatibility
of prepared SPIONs-PAA-PEI-pDNA complexes with 70%
cell survival. Magnetofection with SPIONs-PAA-PEI-pDNA
complexes proved an effective in vitro as well as in vivo
transfection, comparable to other established and effective
non-viral gene delivery methods, that is, electroporation and
lipofection [2]. PEI, which was used for functionalization
of SPIONs-PAA, has been successfully used as non-viral
transfection agent for decades now [16, 17]. Relatively high
PEI transfection efficacy was ascribed to his endosomolytic
activity [16]; however, its wider use is hindered by high
cytotoxicity in vitro due to the relatively high molecular
weight as well as low and cell type unspecific transfection
efficacy in vivo [2, 18].

In order to effectively introduce magnetofection into
cancer treatment modalities, further research on optimiza-
tion of SPIONs’ synthesis procedure is necessary. With this
goal we have investigated the effect of several variables
in the steps of SPIONs’ synthesis and PEI water solution
preparation on physicochemical properties of SPIONs and
magnetofection efficacy in murine B16F1 melanoma cell line
in vitro. An extensive study was conducted demonstrating
the robustness of the synthesis method resulting in repro-
ducible magnetofection efficacy of prepared SPIONs-PAA-
PEI-pDNA complexes in vitro regardless of the variability in
the synthesis conditions. However, only the pH of PEI water
solution had significant effect on the magnetofection efficacy.

2. Materials and Methods
2.1. Synthesis of SPIONs. SPIONs were synthesized by co-
precipitation of iron(III) and iron(II) sulfates (Fe

2
(SO
4
)
3
×

H
2
O and FeSO

4
× 7H
2
O, 98%; Alfa Aesar, Ward Hill, MA,

USA) in an alkaline aqueous medium according to the
Massartmethod [19].The synthesis procedure was conducted
briefly as follows: 250mL 0.5M aqueous solution of iron(III)
and iron(II) ions in a weight-to-weight (w/w) ratio of 1.5 : 1
was prepared. Then 150mL of 25% ammonium hydroxide
solution (NH

4
OH, Sigma-Aldrich, St. Louis, MO, USA) was

added during the magnetic stirring at 600 rpm with further
stirring for 30min at room temperature. After SPIONs’ pre-
cipitation, the alkaline medium was decanted and replaced
with an equal amount of purified water. The washing was
repeated 3 times.

In SPIONs’ synthesis procedure three variables were
evaluated: reagents (fresh or more than one year stored (long
stored) iron(II) sulfate salt with 20% and 27% of bound
water, respectively), purified water for salt dissolution and
SPIONs’ washing (DEMI water with pH 4.9 and conductivity
of 3.2 𝜇S/cm at 25∘C or distilled water with pH 5.5 and
conductivity of 0.8𝜇S/cm at 25∘C), and synthesis temperature
(23 ± 2∘C or 60∘C). Thus, six different SPIONs’ synthesis
batches were prepared (Figure 1). All synthesis procedures
were repeated three times, and the data pooled together.

2.2. Stabilization of SPIONs with PAA. For stabilization of
prepared magnetic fluid SPIONs were coated in situ with
PAA (poly(acrylic acid, sodium salt) solution, 45% (w/w)
in H
2
O, average 𝑀

𝑤
of 8 kDa, Sigma-Aldrich, Steinheim,

Germany). 100mLofmagnetic fluid and 100mLof PAAwater
solution of equal mass concentrations at 10mg/mL were
mixed under magnetic stirring at 400 rpm for 5min at room
temperature. Thereafter, magnetic fluid of SPIONs coated
with PAA (SPIONs-PAA) was sterilized by filtration using
0.22𝜇m pore size syringe filter (Techno Plastic Products,
TPP, Trasadingen, Switzerland). Concentration of iron oxide
in SPIONs was determined by thermogravimetric analysis
(HB43, Mettler Toledo, Greifensee, Switzerland). For evalu-
ation of physicochemical properties and further experiments
stock solution of SPIONs-PAA was diluted either with DEMI
or distilled water to a working concentration of 1mg/mL.

2.3. Characterization of Physicochemical Properties of SPIONs
and SPIONs-PAA. The specific surface area (SSABET) of heat-
dried SPIONs was determined by the Brunauer-Emmett-
Teller (BET) method (Tistar 3000, Micromertics, Norcross,
GA). SPIONs’ diameter (𝑑BET) was calculated using the
equation 𝑑BET = 6/(SSABET × 𝜌THEO), where SSABET is the
specific surface area determined by BET method and 𝜌THEO
is a theoretical density of the studied phase (𝜌THEO =

4.9 g/cm3).
The size, shape, and morphology of SPIONs were eval-

uated using transmission electron microscopy (TEM) (2000
FXwith EDSAN10000; JEOL, Tokyo, Japan). For size estima-
tion, ten diameters of SPIONs from representative samples on
TEMmicrographs were measured.

Characterization of the synthesized SPIONs’ phase con-
tent was made by X-ray diffractometry (XRD) (Miniflex II,
RIGAKU, Tokyo, Japan) measured within the range of a
diffraction angle 2𝜃 from 20∘ to 70∘ with a step of 0.02 degree.
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The hydrodynamic diameter distribution profiles of SPI-
ONs and SPIONs-PAA were determined by dynamic light
scattering (DLS) (LB-550V, HORIBA, Kyoto, Japan) in buty-
lene glycol (1,3-Butanediol, 99%, Alfa Aesar GmbH & Co
KG, Karlsruhe, Germany). From the data obtained by DLS
also polydispersity index (PdI) of SPIONs and SPIONs-PAA
was calculated using the equation PdI = (𝜎/𝑑)2, where 𝜎 is a
standard deviation and d is a mean diameter.

The zeta potential of magnetic fluids containing SPIONs
at pH = 9.5 and SPIONs-PAA at pH = 8.5 was determined
by zetameter (Zetasizer Nano ZS; Malvern Instruments,
Malvern, UK) measuring electrophoretic mobility at 21∘C
applied to the Henry equation. The pH value of magnetic
fluids containing SPIONs and SPIONs-PAAwasmeasured by
pH meter (S47K; Mettler Toledo, Greifensee, Switzerland).

2.4. Cell Line, Culturing, and Plating for Magnetofection.
Murine melanoma cell line B16F1 (American Type Culture
Collection, Manassas, VA, USA) was cultured in advanced
minimum essential medium (MEM, Gibco by Life Tech-
nologies, Grand Island, NY, USA) supplemented with 5%
fetal bovine serum (FBS, Gibco), 10mM L-glutamine (Glu-
taMAX, Gibco), 100U/mL penicillin (Grünenthal, Aachen,
Germany), and 50mg/mL gentamicin (Krka, Novo Mesto,
Slovenia). For experiments, cells were grown as a monolayer
in 15 cm Petri dish (TPP) and maintained in a humidified
atmosphere of 5% CO

2
at 37∘C until they reached at least

80% confluence. Then, the medium was removed, and cells
were washed with phosphate-buffered saline (PBS; Merck
Millipore, Darmstadt, Germany) and detached with 0.25%
trypsin/EDTA in Hank’s buffer (Gibco). For trypsin inacti-
vation an equal volume of MEM with FBS was added, cells
were then collected in 50mL conical falcon tube (TPP),
centrifuged and counted in a hemocytometer. 5 × 104 cells
per well were plated on a clear-bottomed 24-well test plate
(TPP) in 1mL of MEM; 24 h after plating cells reached 90–
95% confluence, and magnetofection was performed.

2.5. Plasmid DNA. For magnetofection the plasmid DNA
(pDNA) encoding enhanced green fluorescent protein
(eGFP) under the control of the constitutive cytomegalovirus
(CMV) promoter (pCMV-EGFP-N1; BD Biosciences
Clontech, Palo Alto, CA, USA) was used. pCMV-EGFP-N1
was amplified in a competent Escherichia coli (TOP10; Life
Technologies, Carlsbad, CA, USA) and purified using Qiagen
Maxi-Endo-Free Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol. The quality and quantity of
isolated pDNA were determined using spectrophotometer
(Epoch Microplate Spectrophotometer, Take3 Micro-Volume
Plate, BioTek, Bad Friedrichshall, Germany) and agarose gel
electrophoresis. The working concentration of 1mg/mL was
prepared with endotoxin-free water.

2.6. SPIONs-PAA Complexes Functionalization. For func-
tionalization of SPIONs-PAA complexes, PEI (polyethyl-
enimine—branched, average 𝑀

𝑤
of 25 kDa, Sigma-Aldrich,

Steinheim, Germany) water solution with concentration of
0.1mg/mL was prepared. In all procedures SPIONs-PAA to

PEI mass ratio of 0.6 : 1 was used. In the first part of the
study examining the effect of SPIONs’ synthesis conditions
onmagnetofection efficacy, PEI water solution prepared with
dissolution of PEI using vortex mixer (Yellowline IKA, TTS
2, Staufen, Germany), pH unadjusted, and filtration through
0.22 𝜇m membrane was used for SPIONs-PAA-PEI-pDNA
complexes preparation (Figure 1).

In the second part of the study examining the effect of
PEI water solution preparation on magnetofection efficacy,
SPIONs synthesized at 23 ± 2∘C, using long stored iron(II)
sulfate salt and DEMI water for salt dissolution and SPIONs’
washing were used for SPIONs-PAA-PEI-pDNA complexes
preparation. In the PEI water solution preparation procedure
three variables were varied, and their influence on mag-
netofection efficacy was evaluated. The first one was the
comparison of vortex mixer to magnetic stirrer (Rotamix
560MMH, Tehtnica, Zelezniki, Slovenia) for the dissolution
of the viscos PEI into an aqueous medium (Topical irrigation
solution, Aqua B. Braun, Melsungen, Germany). The second
variable was the pH value adjustment after dissolution (pH
remained 10.5 or was adjusted to 7.4 with 1MHCl), and
lastly we tested the effect of filtration of PEI through 0.22 𝜇m
membrane on magnetofection efficacy. Thus, eight different
PEI water solutions were prepared (Figure 1). The pH of
PEI water solutions was measured by a pH meter (S40
SevenMulti, Mettler Toledo, Greifensee, Switzerland).

2.7. SPIONs-PAA-PEI-pDNA Complexes Preparation for Mag-
netofection. Functionalized SPIONs-PAA complexes with
pDNA were prepared immediately prior to magnetofection.
The complexes were prepared by mixing 20𝜇L of PEI
(0.1mg/mL) with 1.2𝜇L of SPIONs-PAA (1mg/mL) and
addition of 2𝜇L pDNA (1mg/mL). Therefore, the final mass
ratio of SPIONs-PAA, PEI, and pDNA was 0.6 : 1 : 1.

2.8. Electrophoretic Examination of the Ability of SPIONs-
PAA-PEI Complexes to Bind pDNA. We examined the com-
plex formation of pDNAandSPIONs-PAA-PEI by agarose gel
electrophoresis. SPIONs-PAA-PEI-pDNA complexes were
prepared using all synthesis batches of SPIONs separately.
The pDNA without enzymatic restriction and PEI-pDNA
complexes were used as controls. All samples and DNA lad-
der (MassRuler DNA Ladder, Mix, ready-to-use, Fermentas
Thermo Fisher Scientific, Waltham, MA, USA) were admin-
istered on an agarose gel (1% (w/v)) stained with SYBR Safe
(SYBR Safe DNA Gel Stain, Life Technologies, Grand Island,
NY, USA). Electrophoresis was run at 100V for 45min.
Visualization of the bands was performed under ultraviolet
transilluminiscence (GelDoc-It TS 310; Ultra-Violet Products
(UVP), Upland, CA, USA).

2.9. Magnetofection. SPIONs-PAA-PEI-pDNA complexes
were added to murine B16F1 melanoma cells growing in
1mL of MEM. The cell culture plate was placed on an
array of Nd-Fe-B (surface magnetic flux density of 245mT
and magnetic gradient of 40 T/m; Supermagnete, Uster,
Switzerland) permanent magnets for 15 minutes. Thereafter,
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the cells were incubated at 37∘C in a 5% CO
2
humidified

atmosphere for 24 h.

2.10. Magnetofection Efficacy Evaluation. The expression of
eGFP in the cells indicatingmagnetofection efficacywas visu-
alized after 24 h by fluorescencemicroscopy and quantified by
flow cytometry.

The photomicrographs of transfected cells expressing
eGFP were recorded with digital camera (Olympus DP50,
Hamburg, Germany) attached to fluorescent microscope
(Olympus IX70) at 488 nm excitationwavelength and 507 nm
emission wavelength.

The percentage of transfected cells expressing eGFP and
the median fluorescence intensity of the eGFP expression
were determined by flow cytometer (BD FACSCanto II;
Becton Dickinson, San Jose, CA, USA). For measurements
cells were trypsinized, collected in 15mL conical falcon tubes
(TPP), and centrifuged. The supernatant was removed; cells
were resuspended in 1mL of PBS and transferred to 5mL
polystyrene round-bottom tubes (Becton Dickinson).

2.11. Statistical Analyses. All quantitative data are presented
as mean (AM) ± standard error (SEM). The data were
beforehand tested for normality of distribution using the
Shapiro-Wilk test and statistically processed by SigmaPlot
statistical software (version 12.0, Systat Software, London,
UK). Differences between two experimental groups were
statistically evaluated by Student t-test, and for multiple
comparison one-way ANOVA analysis of variance followed
by the Holm-Sidak test was used. Alpha level was set to
0.05. A probability level of 𝑃 < 0.05 was considered to be
statistically significant.

3. Results

3.1. Variables in the Synthesis of SPIONs. Six different mag-
netic fluids containing SPIONs were prepared accordingly to
the detailed description at theMaterials andMethods section.
Physicochemical properties of SPIONs and SPIONs-PAA,
pDNA binding capacity of SPIONs-PAA-PEI complexes and
magnetofection efficacy of SPIONs-PAA-PEI-pDNA com-
plexes in murine B16F1 melanoma cells were evaluated in
a relation to specific SPIONs’ synthesis condition. Variables
evaluated in this workwere the storage time of iron(II) sulfate
salt, the purified waters, and the temperature of SPIONs’
synthesis, being the most critical parameters that could
influence the physicochemical properties of the particles
(Figure 1).

3.1.1. The Effect of Different SPIONs’ Synthesis Conditions on
Physicochemical Properties of SPIONs and SPIONs-PAA

(1) Specific Surface Area of SPIONs. After SPIONs’ synthesis,
all magnetic fluids were separately heat-dried and the SSABET
of SPIONs was determined using the BET method. The
SSABET of all SPIONs’ synthesis bathes and their calculated
dBET are shown in Figure 2(a).The SSABET of SPIONs ranged
from 90.8 ± 4.7m2/g to 124.4 ± 7.2m2/g and calculated 𝑑BET

from 9.9 ± 0.6 nm to 13.6 ± 0.7 nm (Figure 2(a)).The SPIONs
synthesized at 23 ± 2∘C had statistically significantly larger
SSABET and consequently smaller calculated 𝑑BET compared
to SPIONs synthesized at 60∘C. The results indicated that
variability in SPIONs’ surface was affected by the temperature
of SPIONs’ synthesis but not by other two tested variables.

The image recorded by TEM confirmed the calcu-
lated dBET of SPIONs. SPIONs were approx. 10 nm in
diameter, spherical, crystalline, and slightly agglomerated
(Figure 2(b)).

(2) Crystal Structure and Chemical Composition of SPIONs.
The iron oxide chemical composition of SPIONs was verified
by the XRD diffraction (Figure 2(c)). Diffraction patterns of
all SPIONs’ synthesis batches had six diffraction peaks with
indices (220), (311), (400), (422), (511), and (440) correspond-
ing to pure iron oxide maghemite and/or magnetite. These
results demonstrated that all SPIONs’ synthesis batches were
of pure iron oxides and that tested variables did not influence
the chemical composition of SPIONs.

(3) Hydrodynamic Diameter and Polydispersity Index of SPI-
ONs and SPIONs-PAA. For the stabilization of magnetic fluid
containing SPIONs and prevention of SPIONs’ agglomera-
tion, coating of SPIONs was performed. The coating of SPI-
ONs with PAAmarkedly increased an average hydrodynamic
diameter of the particles from 39.6 ± 1.9 nm to 56.5 ± 1.7 nm
in all SPIONs’ synthesis batches. PdI of SPIONs and SPIONs-
PAA from all SPIONs’ synthesis batches were 0.1 or less, indi-
cating a narrow particle size distribution andmonodispersity.
However, the hydrodynamic diameter distribution profiles
and polydispersity index of SPIONs as well as SPIONS-PAA
have similar and narrow size distributions irrespective of
SPIONs’ synthesis conditions (Figures 2(d) and 2(e)).

(4) Zeta Potential of Magnetic Fluids Containing SPIONs and
SPIONs-PAA. To determine the surface charge of SPIONs and
SPIONs-PAA, zeta potential wasmeasured. Zeta potentials of
SPIONs ranged from −20.2 ± 1.8mV to −26.6 ± 1.9mV at pH
9.5, and no significant differences between different synthesis
batches were obtained. After coating SPIONs with PAA zeta
potentials increased to the more negative values, ranging
from −46.1 ± 1.6mV to −50.3 ± 1.8mV at pH 8.5, indicating
the more negatively charged surface of SPIONs-PAA than
that of SPIONs (Figure 2(f)). This designates that the coating
of SPIONs with PAA provides stabilization of magnetic fluid
as well as the foundation for the further functionalization of
SPIONs-PAA’s surface with PEI.

3.1.2. The Effect of Different SPIONs’ Synthesis Conditions on
the Ability of SPIONs-PAA-PEI Complexes to Bind pDNA.
For testing pDNA binding capacity to SPIONs-PAA-PEI
complexes prepared from all SPIONs’ synthesis batches
agarose gel electrophoresis was performed (Figure 2(g)).
SPIONs-PAA-PEI-pDNA complexes, PEI-pDNA complexes,
and pDNA were loaded onto agarose gel. The electrophoretic
mobility of the samples and possible retardation of pDNA
were monitored. Gel analysis showed that SPIONs-PAA-PEI
stayed in the loading pockets of the agarose gel demonstrating
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Figure 1: Study design scheme (a), variables in the synthesis of SPIONs (b), and preparation of PEI water solution (c). Encircled PEI water
solution (P5) was used in the first part of the study examining the effect of SPIONs’ synthesis conditions on magnetofection efficacy, whereas
SPIONs’ synthesis batch (S1) was used in the second part of the study examining the effect of PEIwater solution preparation onmagnetofection
efficacy.

the ability of all SPIONs-PAA-PEI complexes to bind pDNA.
Retardation of PEI-pDNA complexes was also noticed in
the loading pockets, whereas pDNA moved towards the
anode through the agarose gel. These results indicate that
all SPIONs’ synthesis batches effectively bound pDNA after
coating with PAA and functionalization with PEI. Also,
pDNA was bound onto PEI per se.

3.1.3. The Effect of Different SPIONs’ Synthesis Conditions on
Magnetofection Efficacy in Murine B16F1 Melanoma Cells. To
determine whether SPIONs’ synthesis condition can affect
efficacy of magnetofection in murine B16F1 melanoma cells,
SPIONs-PAA-PEI-pDNA complexes using SPIONs from dif-
ferent synthesis batches were separately added to the cells that
were thereafter exposed to Nd-Fe-B magnets for 15min.

24 h after magnetofection, the expression of eGFP in
the cells indicating transfection efficacy was visualized by
fluorescence microscopy and quantified by flow cytome-
try (Figure 3). The images taken under fluorescence epi-
illumination indicated that SPIONs-PAA-PEI-pDNA com-
plexes prepared from all SPIONs’ synthesis batches success-
fully transfected cells. eGFP fluorescence reached similar
level in exposed group of cells transfected with differ-
ent SPIONs’ synthesis batches. For subsequent quantitative
determination of magnetofection efficacy the adherent cells
were harvested and analyzed by flow cytometry. The results
showed that there were no statistically significant differences

in the percentages of fluorescent cells as well as in the median
fluorescence intensities between the cells transfected with
SPIONs-PAA-PEI-pDNA complexes prepared from different
SPIONs’ synthesis batches. The magnetofection efficacy was
comparable using SPIONs-PAA-PEI-pDNA complexes pre-
pared from all SPIONs’ synthesis batches; the percentage of
fluorescent cells ranged from 33.5 ± 1.9% to 35.5 ± 0.9% and
fluorescence intensity from 3,486±313 a.u. to 4,145±288 a.u.

3.2. The Effect of PEI Water Solution Preparation on Magneto-
fection Efficacy in Murine B16F1 Melanoma Cells. For testing
the effect of PEI water solution preparation on transfection
and magnetofection efficacy of pDNA in murine B16F1
melanoma cells, eight different water solutions of branched
polymer PEI, required as an enhancer for subsequent bind-
ing of pDNA to SPIONs-PAA, with the concentration of
0.1mg/mL were prepared. Dissolution of PEI in sterile water
with vortex mixer or magnetic stirrer, final pH adjustment,
and filtration through 0.22𝜇mmembrane were the variables
in the preparation. Immediately prior to magnetofection
SPIONs-PAA-PEI-pDNA complexes were prepared from
SPIONs’ synthesis batch S1 using different PEIwater solutions
(Figure 1). Transfection of cells with PEI-pDNA prepared
from all PEI water solutions was used as a control.

The images of murine B16F1 melanoma cells taken
24 h after transfection and magnetofection by fluorescence
microscopy and the results of the measurements by flow
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Figure 2: Physicochemical properties of SPIONs, SPIONs-PAA, and the ability of SPIONs-PAA-PEI complexes to bind pDNA. (a) Specific
surface area (SSABET) and calculated diameter (dBET) of SPIONs from all synthesis batches. Data are presented as AM ± SEM from three
independent replicates. (b) The TEM micrograph of the representative SPIONs’ sample (S1). SPIONs were crystalline, spherical, approx.
10 nm in diameter, and slightly agglomerated. (c) X-ray diffraction patterns of SPIONs from all synthesis batches. All diffractograms exhibit
characteristic peaks for iron oxidemaghemite and/ormagnetite. (d)Thehydrodynamic diameter distribution profiles of SPIONs and SPIONs-
PAA. Distribution profiles of all the synthesis batches showed related shift in the hydrodynamic diameters after coating SPIONs with PAA.
(e) The hydrodynamic diameter (dDLS) and calculated polydispersity index (PdI) of SPIONs and SPIONs-PAA. There were no significant
differences in dDLS and PdI of SPIONs and SPIONs-PAA prepared under variable synthesis conditions. (f) Zeta potential (mV) of magnetic
fluids containing SPIONs and SPIONs-PAA. After coating SPIONs with PAA zeta potentials increased to the more negative values, indicating
the more negatively charged surface of SPIONs-PAA than that of SPIONs. (g)The ability of SPIONs-PAA-PEI complexes to bind pDNA.The
samples were loaded onto agarose gel in the following order: DNA size marker (M), pDNA without digestion enzyme restriction (pDNA),
PEI-pDNA complexes (PEI-pDNA), and SPIONs-PAA-PEI-pDNA complexes (S1–S6) prepared from all SPIONs’ synthesis batches separately.
Longer arrows indicate retardation of pDNA bound to either PEI or SPIONs-PAA-PEI from all the synthesis batches. The pDNA alone
migrated through the gel towards the anode.
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Figure 3: The effect of different SPIONs’ synthesis on magnetofection efficacy in murine B16F1 melanoma cells. (a) The expression of
eGFP in murine B16F1 melanoma cells visualized by fluorescence microscopy. The images were taken 24 h after magnetofection under ×60
magnification. Formagnetofection SPIONs-PAA-PEI-pDNA complexes were prepared using SPIONs from all synthesis batches (fromMF S1
to MF S6). The first row of images represents cells under visible light (VIS) and the second under fluorescent light (FLU). Scale bar, 200 𝜇m.
(b)The expression of eGFP inmurine B16F1melanoma cells quantified by flow cytometry.The results were obtained 24 h aftermagnetofection
with SPIONs-PAA-PEI-pDNA complexes prepared from different SPIONs’ synthesis batches (from MF S1 to MF S6). Bars and squares
represent AM and SEM of the percentage of fluorescent cells and the median fluorescence intensity, respectively.

cytometer demonstrated successful transfection of pDNA
into cells either by SPIONs-PAA-PEI-pDNA complexes or
using PEI only (Figure 4). Using PEIwater solutions prepared
by a vortexmixer or magnetic stirrer, with the pH unadjusted
(pH = 10.5) and either filtrated through 0.22𝜇m membrane
or not, resulted from 34.8 ± 0.3% to 40.7 ± 1.1% of
fluorescent cells and from 3,622 ± 176 a.u. to 4,198 ± 82 a.u.
of fluorescence intensity after transfection with PEI-pDNA
complexes, and from 38.4±2.9% to 41.7±3.2% of fluorescent
cells and from 3,152 ± 168 a.u. to 3,613 ± 417 a.u. of fluo-
rescence intensity after magnetofection. Although an evident
difference in the fluorescence intensity among transfection
with PEI-pDNA complexes (Figure 4(a), images taken under
fluorescent light, from PEI-pDNA P5 to PEI-pDNA P8) and
magnetofection (Figure 4(a), images taken under fluorescent
light, fromMF P5 to MF P8) can be observed in the images,
there were no statistically significant differences between
the means of fluorescence intensities and the percentages
of fluorescent cells measured by flow cytometer. The pH

adjustment of elementary alkaline PEI water solutions to the
physiological statistically significantly reduced the expression
of eGFP as measured by the decrease of fluorescent cells
by approx. 10% and fluorescence intensity by 600 a.u. after
transfection with PEI-pDNA complexes and by approx. 17%
and 600 a.u. after magnetofection, respectively.

4. Discussion

Our results demonstrate that the described procedure of
SPIONs’ synthesis by the co-precipitation of iron(II) and
iron(III) sulfate salts with subsequent PAA stabilization, PEI
functionalization, and pDNA binding is a robust method
leading to reproducible magnetofection of murine B16F1
melanoma cells. Synthesis using fresh or long stored iron(II)
sulfate salts as a reagent, DEMI or distilled water, and room
temperature or 60∘C did not significantly affect the physico-
chemical properties of SPIONs, the ability of binding pDNA,
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Figure 4: The effect of PEI water solution preparation on magnetofection efficacy in murine B16F1 melanoma cells. (a) The expression of
eGFP in murine B16F1 melanoma cells visualized by fluorescence microscopy. The images under ×60 magnification were taken 24 h after
transfection with PEI and pDNA complexes (from PEI-pDNA P1 to PEI-pDNA P8) and magnetofection (from MF P1 to MF P8) using
eight different PEI water solutions. The first and the third row of images represent cells under visible light (VIS) and the second and the
fourth row represent cells under fluorescent light (FLU). Scale bar, 200𝜇m. (b) The expression of eGFP in murine B16F1 melanoma cells
quantified by flow cytometry. The results were obtained 24 h after transfection with PEI and pDNA complexes (from PEI-pDNA P1 to PEI-
pDNA P8) and magnetofection (from MF P1 to MF P8) using different PEI water solutions. Bars and squares represent AM with SEM of
the percentage of fluorescent cells and the median of fluorescence intensity, respectively. Asterisks indicate statistically significant differences
between percentages of fluorescent cells after transfection or magnetofection, while circles denote the differences in the median fluorescence
intensities after transfection or magnetofection ( ∘,∗𝑃 < 0.05).

and magnetofection efficacy. The only factor significantly
affectingmagnetofection efficacy was the pH of PEI water so-
lution used for functionalization of SPIONs-PAA, which
should be in alkaline range in order to obtain pronounced
gene expression.

SPIONs’ synthesis method and the synthesis conditions
vary greatly between different research groups. Iron oxide
nanoparticle size distribution, their surface, and magnetic
properties can be easily affected through the synthesis
procedure [14]. The co-precipitation method is simple and
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very effective; however, the main disadvantage is a relatively
wide particle size distribution and rather large size of the
particles. Our study demonstrates that with the described
co-precipitation synthesis method regardless of the variables,
such as the storage time of iron(II) sulfate salt, the type of
purified water, and the synthesis temperature, we can obtain
iron oxide nanoparticles with a narrow size distribution of
approx. 10 nm in diameter, spherical in shape, crystalline,
and slightly agglomerated.The physicochemical properties of
SPIONs’ synthesis batch S1, including the size, are the same as
physicochemical properties of SPIONs used in our previous
study [2], which extrapolates that also magnetic properties
of this and all other SPIONs’ synthesis batches should be
the same, since their size did not alter more than 1–4 nm
in diameter [20]. Despite the adequate magnetic properties
of SPIONs and SPIONs-PAA the exposure of murine B16F1
melanoma cells in vitro to an external magnetic field does not
significantly increase transfection efficiency of SPIONs-PAA-
PEI-pDNA complexes [2].

The effect of storage time of iron(II) sulfate salt was
evaluated in our study. Recently, it was proposed that
only fresh iron(II) salt should be used in SPIONs’ syn-
thesis, as the use of long stored and oxidized iron(II) salt
in the co-precipitation method could lead to insufficient
magnetic properties and thus lower magnetofection effi-
cacy [21]. However, the authors did not state the duration
of storage time, which in turn could significantly affect
the magnetic properties. In our study, we compared the
iron(II) sulfate salts with different storage time and per-
centages of bound water and demonstrated that this is not
the critical parameter in the synthesis procedure and that
regardless of the storage time magnetofection efficacy is
pronounced.

In the previous studies it was demonstrated that higher
pH (>11) and ionic strength of reaction solution provide
small particles and narrow size distribution [22]. In our study
we used ammonium hydroxide as a precipitating reagent
resulting in the pH 11 of the obtained magnetic fluid. In
addition, our results demonstrate that small changes in the
conductivity of water, which could influence ionic strength
and the ratio between iron(II) and iron(III) ions do not affect
the physicochemical properties of SPIONs as well as the
subsequent magnetofection efficacy.

Recently, in the published protocol for SPIONs’ synthe-
sis using a co-precipitation method, the temperature used
was 90∘C [21]; however, the recommended temperature for
SPIONs’ synthesis via co-precipitation stands in the range
from 20∘C to 90∘C [14]. In order to make the method more
simple and robust, we tested two different temperatures,
room temperature, and 60∘C for SPIONs’ synthesis. Our
results demonstrate that the synthesis performed at both
temperatures lead to the size of SPIONswith approx. 10 nm in
diameter; nevertheless at room temperature the size is signif-
icantly smaller compared to the size of SPIONs synthesized
at 60∘C. Furthermore, magnetofection of cells is not affected
by this difference of SPIONs’ size. Therefore, our results
indicate that the synthesis of SPIONs for magnetofection can
be effectively performed at room temperature.

In the second part of the study, important parameters
for the functionalization of SPIONs and subsequent binding
of pDNA were evaluated. PEI is a well-known transfection
reagent, and it is also used for the coating and/or function-
alization of many different nanoparticles [23–25]. However,
its effectiveness and usefulness in transfection greatly depend
on the specific steps in the preparation of PEI water solution,
such as filtration through 0.22𝜇mmembrane for sterilization
and removal of an undissolved PEI, heating for the complete
dissolution of PEI, and final pH adjustment to the physiolog-
ical pH (7.4) [26]. We tested three parameters in PEI water
solution preparation: the type of dissolving method (using
vortex mixer or magnetic stirrer), pH adjustment to 7.4, and
filtration through 0.22𝜇m membrane in order to examine
their effect on the functionalization of SPIONs-PAA’s surface
with PEI and consequentmagnetofection efficacy. In contrast
to other studies [27], our results demonstrate that pH is a very
important parameter for pronounced magnetofection effi-
cacy. It was shown that low pH in endolysosomes/lysosomes
influenced further protonation of amine groups of branched
PEI and consequent release of transfection complexes from
endolysosomes/lysosomes via proton sponge effect [18]. The
results of our study demonstrate that the pH adjustment of
PEI water solution from 10.5 to physiological 7.4 significantly
reduces transfection efficiency of both, PEI-pDNA, and
SPIONs-PAA-PEI-pDNA complexes. In accordance with the
study conducted by Thomas and Klibanov [18], we can spec-
ulate that at lower pH in our hands, maximum protonation
degree of PEIwas approached.Therefore, further protonation
in endolysosomes/lysosomes was reduced leading to dimin-
ished release of pDNA from the endolysosomes/lysosomes
via the proton sponge effect and consequently to the lower
transfection efficiency.

Generally, SPIONs with different biocompatible coat-
ings have already been used as a drug (chemotherapeutics,
therapeutic proteins) or gene (therapeutic pDNA, antisense
oligonucleotides) carriers for targeted delivery to specific
tissues [11, 28–31]. Physicochemical properties and magneto-
fection efficacy of SPIONs synthesized in our study are com-
parable to physicochemical properties and magnetofection
efficacy of SPIONs used in our previous study as well as to
other non-viral transfectionmethods, such as lipofection and
electroporation [2].

5. Conclusion

Our results demonstrate that physicochemical properties and
magnetofection efficacy are not affected by varying specific
parameters in the synthesis of SPIONs by the co-precipitation
with the synthesis conditions and the reagents we used. In
principal the robustness of co-precipitation results in a repro-
ducible and efficient magnetofection. The only factor that
significantly affects the magnetofection efficacy is the pH of
water solution of PEI, which is used for the functionalization
of SPIONs-PAA. It should be in an alkaline range in order
to obtain pronounced gene expression. SPIONs used in the
present study as well as those described in our previous study
exhibit comparable physicochemical properties and mag-
netofection efficacy [2]. Thus, the results of our study could



10 BioMed Research International

lead to the preparation of the guidelines for the synthesis
procedure with subsequent broader utilization of SPIONs-
PAA-PEI complexes for magnetofection, as we demonstrate
the robustness of the co-precipitation of iron(II) and iron(III)
sulfate salts and reproducibly pronounced gene expression
after magnetofection with SPIONs-PAA-PEI.
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A novel antisense oligonucleotide (ASO) carrier, polyethylenimine conjugated to linoleic acid (PEI-LA), was synthesized and
evaluated for delivery of LOR-2501 to tumor cells. LOR-2501 is an ASO targeting ribonucleotide reductase R1 subunit (RRM1).
In this study, PEI-LA was synthesized by reacting PEI (Mw ∼ 800) with linoleoyl chloride. Gel retardation assay showed complete
complexation between PEI-LA and LOR-2501 at N/P ratio above 8. No significant cytotoxicity was observedwith these complexes at
the tested dosage levels. Interestingly, at N/P ratio of >6, levels of cellular uptake of PEI-LA/LOR-2501 were double that of PEI/LOR-
2501 complexes of the same N/P ratio. PEI-LA/LOR-2501 induced downregulation of 64% and 70% of RRM1 at mRNA and protein
levels, respectively. The highest transfection activity was shown by PEI-LA/LOR-2501 complexes at N/P ratio of 10. Finally, using
pathway specific inhibitors, clathrin-mediated endocytosis was shown to be the principle mechanism of cellular internalization of
these complexes. In conclusion, PEI-LA is a promising agent for the delivery of ASOs and warrants further investigation.

1. Introduction

Antisense oligonucleotide (ASO) therapy is an emerging
therapeutic modality for the treatment of human diseases,
including cancer [1–3]. An ASO targets a specific mRNA
sequence, reducing its expression [4–6]. A number of ASOs
have entered clinical trial [7–9]. However, clinical success for
ASO has been very limited, possibly due to the lack of an
effective delivery system [10–12]. LOR-2501 is a 20-mer phos-
phorothioate ASO targeting the R1 subunit of ribonucleotide
reductase [13], an enzyme associated with drug resistance.
LOR-2501 has shown potent antitumor activities in murine
xenograft tumors of the lung, the liver, the ovary, the brain,
the breast, and the pancreas. LOR-2501 has been studied in
a phase I clinical trial in 2006 for the treatment of prostate
cancer [13, 14]. The efficacy of LOR-2501 is dependent
on its successful delivery to the cytoplasm. Polyethylenimine
(PEI) is a homopolymer with high positive charge density
and endosomolytic activity [15–17]. High molecular weight
(25 kDa) PEI has frequently been used for gene delivery [18–
20]. However, it is fairly cytotoxic [21–23]. Low molecular

weight (∼800Da) PEI demonstrates much lower cytotoxicity
but is much less active in transfection [22, 24, 25]. Previous
studies have shown that conjugating PEI to a lipophilic
moiety greatly improved its transfection activity [26, 27]. In
the present study, a novel conjugate, PEI-LA was synthesized
and evaluated as a carrier for ASO. PEI-LA/LOR-2501 was
evaluated in KB cells for biological activity. The mechanism
of cellular internalization was also investigated.

2. Materials and Methods

2.1. Materials. PEI-800 (polyethylenimine 800Da), triethy-
lamine, and linoleoyl chloride were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Sucrose and anhydrous dieth-
ylether were purchased from Fisher Scientific (Pittsburgh,
PA, USA). CellTiter 96 AQueous One Solution Cell Prolif-
eration Assay System (MTS Assay Kit) was purchased from
Promega (Madison,WI,USA). LOR-2501 (5-CTCTAGCGT
CTT AAA GCC GA-3, fully phosphorothioate substituted)
was purchased from Alpha DNA.
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2.2. Synthesis and Characterization of PEI-LA Conjugate.
PEI-LA was synthesized by N-acylation of PEI-800. Briefly,
32mg PEI-800 was dissolved in 2.5mL dichloromethane.
Triethylamine (50 𝜇L) and then 48mg linoleoyl chloride,
dissolved in 2.5mL dichloromethane, were slowly added to
the stirring solution of PEI. The reaction proceeded for 12 h
at room temperature. An excess of diethylether was used to
precipitate and then wash the product PEI-LA. Finally, the
product was dried under vacuum for 2 h. The product was
then analyzed by 1HNMR (300MHz, CDCl

3
). The charac-

teristic proton chemical shifts are in PEI, –NCH
2
–CH
2
N–,

𝛿 ∼ 2.50–3.50 ppm (m, 40H); in LA, 𝛿 0.87 ppm (t, 3H, ter-
minal –CH

3
), 1.25 ppm (m, 16H, –(CH

2
)
3
CH
3
and –(CH

2
)
5
–),

1.75 ppm (b, 2H, –(CH
2
)
5
CH
2
CO–), 2.01 ppm (m, 4H,

–CH
2
CHCHCH

2
CHCHCH

2
–), 2.25 ppm(b, 2H,=CHCH

2
CH=),

and 5.74 ppm (b, 4H, –CH=CHCH
2
CH= CH–).

2.3. Determination of PEI-LA/ASO Complex Formation. An
agarose gel retardation assay was conducted to determine the
capacity of PEI-LA to form an electrostatic complex with
ASO. ASO LOR-2501 was combined with PEI-LA to form
complexes at N/P ratios of 1–10.The samples weremaintained
at room temperature for 30min and then loaded onto a 1%
(w/v) agarose gel containing 0.5 𝜇g/mL ethidium bromide.
Electrophoresis was conducted at 100V for 20min. The gel
was imaged under UV light on an ImageMaster VDS (Phar-
macia, Sweden).

2.4. Particle Size and Zeta Potential Analysis. Particle size of
PEI-LA/ASO complexes was determined by dynamic light
scattering (DLS) on an NICOMP submicron particle sizer
370 (Santa Barbara, CA, USA) under the volume-weighted
setting. The zeta potential of PEI-LA was determined on
a ZetaPALS instrument (Brookhaven Instruments Corp.,
Worcestershire, NY, USA) after dilution to a volume of 1.4mL
in 0.1X PBS.

2.5. Cell Culture. KB cells (a subline of HeLa) were grown
in Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen,
Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin. The cells were
maintained at 37∘C under a humidified atmosphere contain-
ing 5% CO

2
.

2.6. Cytotoxicity Assay. KB cells were seeded at a density of
1 × 104 cells/cm2 in a 96-well plate 24 h prior to transfection.
Cells were washed three times with serum-free media and
incubated with PEI-LA/LOR-2501 with varying N/P ratios.
Transfection media was removed after 4 h. Fresh culture
media was then added, and the cells were incubated at 37∘C
for an additional 44 h. Then, cell viability was analyzed by
MTS assay per the manufacturer’s instructions. Briefly, 20 𝜇L
MTS solution was added to each well, and the plate was
incubated for 1 h at 37∘C.Optical density at 490 nmwas deter-
mined on a standard plate reader. Cell survival was reported
as a percentage of the untreated control.

2.7. Confocal Microscopy. KB cells were seeded in a cham-
bered cover glass slide overnight and treated with either flu-
orescent Cy3-LOR-2501 or PEI-LA/Cy3-LOR-2501 for 1 h at
37∘C. Cellular nuclei were stained with Hoechst 33342 (Invit-
rogen, Grand Island, NY, USA) for 5min at room temper-
ature. Internalization of free or complexed Cy3-LOR-2501
was observed by an Olympus FV1000 confocal microscope
(Olympus Optical Co., Tokyo, Japan).

2.8. Flow Cytometry. KB cells were seeded in a 24-well plate
at a density of 5 × 104 cells/well. After 24 h of incubation at
37∘C, cells were washed with serum-free media and treated
with PEI-LA/LOR-2501, free LOR-2501, or PEI/LOR-2501 in
serum-free media for 1 h. Following treatment, cells were
washed with DMEM, harvested, fixed in 4% formalin, and
analyzed on an EPIC XL flow cytometer (Beckman Coulter
Inc., CA, USA).

2.9. Quantitative Analysis of mRNA by RT-PCR. The effect of
LOR-2501 complexes on R1 mRNA level was determined by
RT-PCR. KB cells were seeded in a 6-well plate at a density
of 1 × 104 cells/cm2 overnight at 37∘C. Cells were treated with
PEI-LA/LOR-2501 with varyingN/P ratios, free LOR-2501, or
PEI/LOR-2501 in serum-free media for 4 h. After treatment,
cells were washed three times with 1X PBS, and fresh media
was added. Cells were incubated for an additional 44 h.
After incubation, media was removed and cells were treated
with 1mL TRIzol reagent per well. RNA was then extracted
and purified according to the manufacturer’s protocol. RNA
was quantified on a NanoDrop 2000 spectrophotometer
by measuring OD at 260 nm (Thermo Scientific, Waltham,
MA, USA) and converted to cDNA by SuperScript III
first-strand synthesis system (Invitrogen, Grand Island, NY,
USA) according to the manufacturer’s instruction. A PHC-
3 thermal cycler (Bio-RAD, Hercules, CA, USA) was used
to amplify the cDNA which was then combined with SYBR
Green and the appropriate primers for amplification by real-
time PCR. R1 mRNA was normalized against 𝛽-actin.

2.10. Determination of R1 Protein Expression by Western
Blot. Western blot was used to determine the effect of
LOR-2501 on R1 protein expression. KB cells, treated as
described in the section above, were lysed with a lysis buffer
(150mMNaCl, 50mM Tris-HCl pH 7.4, 1% v/v NP40) con-
taining a protease inhibitor cocktail (Roche). Protein was
quantified by BCA assay (Pierce, Rockford, IL, USA). Then,
20𝜇g protein samples were loaded onto a 10% SDS-PAGE
gel for electrophoresis. Proteins were then transferred to
a nitrocellulose membrane. Transferred blots were blocked
with 5% nonfat milk in Tris-buffered saline/Tween-20 for 1 h
and immunoblotted against the primary antibodies, either
goat anti-human R1 (Dako, Carpinteria, CA, USA) or rabbit
anti-human GAPDH antibody (Santa Cruz, Santa Cruz,
CA, USA), at 4∘C overnight. This was followed by incu-
bation with horseradish peroxidase-conjugated rabbit anti-
goat IgG (Pierce, Rockford, IL, USA) or goat anti-rabbit IgG
(Amersham Biosciences, Piscataway, NJ, USA) for 1 h at
room temperature. Blots were developed on an enhanced
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Figure 1: Agarose gel analysis of PEI-LA/LOR-2501 complexes. A
series of PEI-LA/LOR-2501 complexes were prepared at varyingN/P
ratios and analyzed on a 1% agarose gel, as described in Section 2.3.

chemiluminescence (ECL) detection system (GE Healthcare,
Waukesha, WI, USA) [28, 29].

2.11. Treatment with Endocytosis Inhibitors. KB cells were
seeded in a 24-well plate at a density of 5× 104 cells/well. After
24 h of incubation at 37∘C, cells were washed with serum-
free media and treated with media containing wortmannin
(10 𝜇M), filipin (1𝜇M), or sucrose (1M) for 1 h. Wortman-
nin, filipin, and sucrose are specific inhibitors of macro-
pinocytosis, caveolae/lipid raft-mediated endocytosis, and
clathrin-mediated endocytosis respectively. After removing
the inhibitor solution, cells were treated with FAM-LOR-2501
or PEI-LA/Cy3-LOR-2501 for 1 h. Cells were then washed
twice with PBS and fixed in 4% formalin. Cellular uptake was
analyzed on an EPICS XL flow cytometer.

3. Results

3.1. Characterization of PEI-LA/LOR-2501 Complexes. De-
gree of complexation between PEI-LA and LOR-2501 was
measured by an agarose gel retardation assay. As shown in
Figure 1, PEI-LA was able to completely retard LOR-2501 at
N/P above 8. The results of particle size and zeta potential
analyses are shown in Figure 2.The data showed that increas-
ing the concentration of PEI-LA induced a reversal of zeta
potential fromnegative to positive. Particle sizemeasurement
by dynamic light scattering revealed the successful formation
of PEI-LA/LOR-2501 particles of under 200 nm in diameter
at N/P above 8.

3.2. Cytotoxicity of PEI-LA/LOR-2501 Complexes. The cyto-
toxicity of PEI-LA/LOR-2501 complexes was measured in KB
cells by MTS assay. As shown in Figure 3, cell viability was
maintained at over 90% across all PEI-LA/LOR-2501 com-
plexes (𝑃 > 0.05).

3.3. Confocal Microscopy. In order to investigate the uptake
of PEI-LA/LOR-2501 by KB cells, confocal microscopy
was employed (Figure 4). The results showed extensive
internalization of fluorescently labeled Cy3-LOR-2501 (red,
Figure 4(b)) and trafficking to the cytosol. Blue Hoechst
33342 stain was used for observation of the cellular nuclei
(Figure 4(a)). A phase contrast image (Figure 4(c)) and an
overlay of fluorescent images (Figure 4(d)) are shown as well.
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Figure 2: Zeta potential of PEI-LA/LOR-2501 complexes. A series of
PEI-LA/LOR-2501 complexes were prepared at varying N/P ratios.
Zeta potential and particle size were then measured, as described in
Section 2.4.

0

20

40

60

80

100

N/P ratio

C
el

l v
ia

bi
lit

y 
(%

)

Ctrl PEI 1 2 4 6 8 10

Figure 3: Cytotoxicity of PEI-LA/LOR-2501 complexes. A series of
PEI-LA/LOR-2501 complexes were prepared at varying N/P ratios
and then added to KB cells. Cell viability was determined by MTS
assay at 44 h after transfection.
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(a) (b)

(c) (d)

Figure 4: Intracellular localization of PEI-LA/LOR-2501 complexes. KB cells were incubated with PEI-LA complexed to Cy3-labeled LOR-
2501 and then evaluated by confocal microscopy. Cy3 fluorescence is shown in red with Hoechst 33342 nuclear stain shown in blue.

3.4. Flow Cytometry. Similarly, flow cytometry was used to
study the uptake of the PEI-LA/LOR-2501 complexes by KB
cells. As shown in Figure 5(a), when the N/P ratio of PEI-
LA/LOR-2501 complexes was 8, the cells exhibited markedly
increased fluorescence intensity relative to those treated
with fluorescent-free ASO. Moreover, PEI-LA/LOR-2501 was
shown to have higher delivery efficiency than PEI-800
(Figure 5(b)).

3.5. Determination of R1 mRNA Expression by Quantitative
RT-PCR. Functional delivery of LOR-2501 with PEI-LA was
confirmed by real-time RT-PCR analysis (Figure 6). It was
shown that PEI-LA/LOR-2501 induced downregulation of
R1 mRNA expression. Greater downregulation was observed
at higher N/P ratio. With the control PEI/ASO complexes,
mRNAdecreased by only 20%.Much greater downregulation
of 51% to 64% was encountered for PEI-LA/LOR-2501 com-
plexes at N/P ratios of 6 and 10, respectively. Free LOR-2501
showed only a slight capacity for mRNA downregulation.

3.6. Determination of R1 Protein Expression by Western Blot.
Western blot analysis was conducted to determine the effect
of PEI-LA/LOR-2501 on R1 protein level. As shown in
Figure 7, free ASO and PEI/LOR-2501 exhibited minimal
decreases in R1 protein levels. At higher N/P ratios, the PEI-
LA/LOR-2501 complexes showed significant downregulation
activity. From N/P 6 to 10, protein downregulation increased
from 59% to 70%.

3.7. Treatment with Inhibitors. Mechanistic study (Figure 8)
of the cellular uptake and traffickingmechanisms is critical to
the understanding of the relationship between nanoparticle
design and transfection efficiency [30, 31]. Inhibition by
filipin, a lipid raft/caveolae-mediated endocytosis inhibitor,
reduced uptake by 10%. Inhibition by sucrose, a clathrin-
mediated endocytosis inhibitor, reduced uptake by 81%.
Inhibition by wortmannin, a macropinocytosis inhibitor,
reduced uptake by 52%. Taken together, it is apparent that
PEI-LA utilizes all three modes of endocytic transport, with



BioMed Research International 5

20

15

10

5

0
Ctrl ODN 2 4 6 8 10

N/P ratio

M
ea

n 
flu

or
es

ce
nc

e i
nt

en
sit

y

(a)

20

15

10

5

0
6 8 10

N/P ratio

M
ea

n 
flu

or
es

ce
nc

e i
nt

en
sit

y

PEI/LOR-2501

PEI-LA/LOR-2501

(b)

Figure 5: Effect of N/P ratio on cellular uptake of ODN complexes.
(a) Cellular uptake of PEI-LA/Cy3-LOR-2501. (b) Cellular uptake of
PEI-LA/ASO and of PEI/ASO. A series of PEI or PEI-LA/LOR-2501
complexes were prepared at varying N/P ratios. Cellular uptake was
determined by mean fluorescence intensity by flow cytometry.

clathrin-mediated endocytosis taking on a leading role in
PEI-LA/LOR-2501 delivery.

4. Discussion

Clinical translation of ASO-based therapies has been limited
by inefficient delivery of oligonucleotides [32, 33]. In this
study, a novel carrier, PEI-LA, was designed and synthesized
for use as a delivery agent. PEI-LAhas demonstrated excellent
properties as a transfection agent. Gel retardation demon-
strated total complexation between PEI-LA and LOR-2501 at
N/P of 8. Further, no significant cytotoxicity was observed
with formulations at the tested dosage levels.

Surface charge of PEI-LA/ASO is an important factor in
determining efficiency of cellular uptake. At the N/P ratio
>8 (Figure 2), zeta potentials of PEI-LA/ASO increased and
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Figure 6: Downregulation of R1 mRNA in KB cells. A series of PEI-
LA/LOR-2501 complexes were prepared at varying N/P ratios. R1
mRNA levels were determined by qRT-PCR, relative to 𝛽-actin, as
described in Section 2.9.

C
on

tro
l

Fr
ee

 O
D

N

R1

GAPDH

2 :
 1

4 :
 1

6 :
 1

8 :
 1

10
 : 1

Figure 7: Downregulation of R1 protein in KB cells. A series of
PEI-LA/LOR-2501 complexes were prepared at varying N/P ratios.
R1 protein and GAPDH levels were determined by Western blot, as
described in Section 2.10.

then plateaued at between +25 and +35mV. PEI-LA/ASO
complexes bearing a positive surface potential should facili-
tate efficient interaction with a negatively charged cell surface
[34, 35].

We evaluated the uptake of PEI-LA/ASO in KB cells and
found that PEI-LA/ASO generated outstanding transfection
activities compared to free ASO. In fact, as we increased PEI-
LA/ASO N/P ratio to greater than 6, the cellular uptake of
PEI-LA/ASO reached double that of PEI-800 complexes at
the same N/P ratio. In addition, PEI-LA/ASO showed much
higher transfection efficiency relative to unconjugated low
molecular weight PEI as shown by the relative increases in
mRNA and protein downreglation. This is consistent with
previous reports on hydrophobically modified PEI by Kim et
al. and by Teng et al. [26, 27]. The most potent transfection
activity was shown with the PEI-LA/LOR-2501 formulation
at N/P of 10. The LA moiety has two cis-double bonds,
whereas in the previously reported PEI-oleic acid conjugate
[27], oleic acid contained a single cis-double bond. The
superior transfection activity of PEI-LA is possibly due to the
polyunsaturated characteristic of the LAmoieties, whichmay
promote bilayer disruption and increased endosomal escape
of the ASO following internalization by endocytosis.
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Figure 8: The effect of inhibitor treatment on PEI-LA/Cy3-LOR-
2501 uptake. KB cells were treated with various pathway specific
endocytosis inhibitors and incubated with PEI-LA/Cy3-LOR-2501
complexes. Cellular uptake was determined by flow cytometry, as
described in Section 2.11.

The PEI-LA/LOR-2501 complexes showed increased cel-
lular uptake compared to the control PEI/LOR-2501 com-
plexes and greater target downregulatory activities. This may
be due to the stabilization of the complexes due to the
hydrophobic interactions between the LAmoieties. It is inter-
esting that some uptakes were observed with free Cy3-labeled
oligos. This may be due to nonspecific cellular uptake due to
the use of serum-free media. The observed downregulation
was modest. It is worth noting that free LOR-2501 has shown
potent antitumor activities in the absence of delivery agent in
vivo [13], which suggests that it may have some capacity for
cellular entry on its own.

Observations by confocal microscopy and data from
flow cytometry showed successful delivery of ASO into the
cell. Subcellular distribution of the PEI-LA/ASO, as shown
in Figure 4, indicated that ASO (red) was localized in the
cytoplasm but not in the nucleus (blue). Finally, experi-
ments using internalization inhibitors showed that clathrin-
mediated endocytosis was the principle mechanism of entry.
Identification of these trafficking mechanisms will be benefi-
cial to further optimization of the formulation.

5. Conclusion

PEI-LA is a promising novel agent for the delivery of ASO.
The addition of LA to low molecular weight PEI increases
delivery efficiency without introducing vehicle-related cyto-
toxicity. PEI-LA/LOR-2501 was able to efficiently down-
regulate R1 mRNA and protein levels and, therefore, is a
promising candidate for further development. Future studies
will evaluate PEI-LA/LOR-2501 in in vivomodels to evaluate
its therapeutic potential.
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Catanionic vesicles are supramolecular aggregates spontaneously forming in water by electrostatic attraction between two
surfactants mixed in nonstoichiometric ratios. The outer surface charges allow adsorption to the biomembrane by electrostatic
interactions. The lipoplex thus obtained penetrates the cell by endocytosis or membrane fusion. We examined the possible
cytotoxic effects and evaluated the transfection efficiency of one vesicle type as compared to known commercial carriers. We
show that the individual components of two different vesicles types, CTAB (cetyltrimethylammonium bromide) and DDAB
(didodecyldimethylammonium bromide) are detrimental for cell survival. We also assayed the cytotoxicity of SDS-DDAB vesicles
and showed dose and time dependency, with the DDAB component being per se extremely cytotoxic. The transfection efficiency
of exogenous RNA mediated by SDS-CTAB increases if vesicles assemble in the presence of the reporter RNA; finally, freezing
abrogates the transfection ability. The results of our experimental strategy suggest that catanionic vesicles may be adopted in gene
therapy and control of antiproliferative diseases.

1. Introduction

Catanionic vesicles are supramolecular aggregates formed by
mixing in non-stoichiometric ratios cationic and anionic
surfactant species [1]. Surfactants of opposite charge tend
to aggregate in polar solvents, such as water. The electro-
static interactions between the polar heads and hydrophobic
tails favor the formation of self-assembled and organized
supramolecular structures [2]. The occurrence of this phe-
nomenon depends upon the so-called “critical micellar con-
centration” (CMC)which represents the concentrationwhere
the surfactants in solution aggregate to form spontaneously
micelles with different morphologies. In addition, the diverse
shapes depend on the geometry of the individual surfactant
molecule. The relationship between molecular geometry of
the surfactant and the morphology of the self-organized
structures can be determined by the packing parameter P,

originally introduced by Israelachvili and coworkers [3].This
parameter is defined as the ratio between the volume of the
hydrophobic tract (V) and the area of the polar head (a)
multiplied by the length of the chain (L) being part of the
same surfactant (𝑃 = 𝑉/𝑎𝐿). The modulus of P is suggestive
of the type of structure/shape that surfactants tend to assume
upon aggregation. The formation of vesicles is, therefore,
possible when the packing parameter reaches an optimal
value thus leading to the formation of a double layer [4].

Previous work from our laboratory, where the phase
diagram was presented, indicated that to form quasispherical
vesicles, it is necessary tomix the surfactants at nonequimolar
concentrations since at stoichiometric ratio the two compo-
nents precipitate [1].

Concerning the potential use of these complexes in
biotechnological and biomedical applications, it should be
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pointed out that the interaction of vesicles with other
molecules, such as DNA, RNA, or other biopolymers, results
in the formation of the above mentioned lipoplex. This
represents a potential tool to deliver genetic material across
the cell membrane via plasma-membrane fusion and/or
endocytosis. As a matter of fact, previous work from our
laboratory showed that it is possible to form complexes
between DNA and vesicles with an excess positive charge
at the surface, which could be potentially delivered within
the cell [5, 6]. However, vesicles may show a cytotoxic effect,
which is directly related to time of exposure and dose of
administration. The literature focused on this specific aspect
is not very abundant [7, 8], even though recent work from
our laboratory showed that tumor cells exhibit a higher
sensitivity to treatment with SDS-CTAB vesicles as compared
to normal mouse fibroblasts [9]. However, in spite of their
cytotoxicity, it is possible to adjust the experimental condi-
tions such as time and dose of treatment to allow a successful
vesicle-mediated transfection with subsequent expression of
exogenous genetic material [9–11]. In addition, pilot studies
indicate that catanionic vesicles may be utilized in anticancer
therapy [11].

In the present work, we report on the cytotoxic action
of both the individual surfactants and vesicles formed by
the same ones, on HEK-293 cultured cells. In addition, we
quantitatively evaluated the transfection, mediated by SDS-
CTAB vesicles, of an exogenous RNA and measured the level
of translation of the reporter protein. Strictly speaking, in
fact, one should talk in terms of messenger RNA translation
rather than gene expression. The data discussed here clearly
indicate that after transfection, the nucleic acid is translated
into protein with the correct structure and at abundant
level. The novelty of the data discussed here consists of the
fact that naked RNA, a very vulnerable biomacromolecule,
is protected by the interaction with vesicles. Finally, these
data add further evidence that vesicles may find a use in
biotechnology and gene therapy.

2. Experimental Section

2.1. Vesicle Preparation and Characterization. Vesicles were
prepared and characterized as previously published and
extensively discussed [5, 6, 9]. Briefly, the micellar solutions
of SDS and DDAB were mixed in water, The individual
concentrations for each surfactant were 0,02133 g (SDS) and
0,01607 g (CTAB or DDAB) in 10.00 g of H

2
O. Purification

was made by dissolving the individual species in hot ethyl
alcohol, under stirring with subsequent precipitation and
filtering the surfactant solution by cold acetone. The salts
were recovered and vacuum-dried at 70∘C. Their purity was
determined by conductivity methods in water at 25.0∘C.
Mixtures of the single species were prepared in conductivity
water (𝜒 close to 1∗ 10−7Ω−1 cm−1, at room temperature) and
heated above the respective Krafft points of each surfactant
[12]. Thereafter, the solutions were mixed together. The
dynamic light scattering (DLS) unit determining vesicle size
is a Malvern Zeta Nanosizer, working at 632.8 nm in back
scattering mode.

2.2. Cell Cultures and In Vivo Translation. Cells were main-
tained according to standard cell culture protocols. Transfec-
tion experiments in vivo were done in a Human Embryonal
Kidney cell line (HEK-293). In general, 1 × 105 cells per
well were seeded on 12 well polylysine-treated plates without
antibiotics. Cells were allowed to reach at least 80% conflu-
ence prior to transfection.We used Plasmid pOT.CAT-A98 to
generate CAT-A98 mRNAs. The RNAs used for transfection
were transcribed in vitro using a commercial kit (RiboMax)
and were phenol-chloroform-extracted (5 : 1 v/v at pH 4.7),
ethanol-precipitated, and further purified on Sephadex G-50
or G-25 columns (GE Healthcare); CAT-A98 mRNAs were
5-capped and polyadenylated. As control, CAT-A98 mRNAs
were transfected using Lipofectamine 2000 (Invitrogen) in
Opti-MEM culture medium (Invitrogen). Briefly, transfec-
tions were performed with RNA and Lipofectamine at a ratio
of 1 : 2.5 as previously published [13]. CAT was transfected at
different molar concentrations (as indicated in the captions
of the figures). Where appropriate, CAT mRNA was added
before the formation of vesicles, or alternatively to preformed
ones. Cells were exposed to the RNA/transfection mixture
for 4 hours. Subsequently, this was replaced with fresh,
serum-containing medium, and incubation was continued
for 3 hours. Cells were collected, lysed, and probed for CAT
protein using a CAT-ELISA Kit (Roche). ELISA data were
normalized to total protein concentrations of cells assessed
by the Bradford assay [14].

2.3. Evaluation of Cell Viability. Cell viability was evaluated
by the colorimetric Mosmann assay [15] on both HEK-293
and 3T6 cells (see also legends of the figures). This quan-
titative method has been extensively illustrated in previous
works, for instance see [9]. In any case, absorbance values
measured at 570 nm can be directly converted into number
of vital cells.

2.4. Statistics. All experiments andmeasurements were inde-
pendently replicated 3 times. Statistical analysis was done
by one-way ANOVA test [12] followed by comparative LSDs
(Least Significant Differences) test. Results were considered
significant when 𝑃 < 0.05.

3. Results and Discussion

3.1. Estimates of Vesicle Size andChargeDensity. Thevesicular
mixtures were prepared as previously reported [1, 5, 6, 9].
The shelf life of these dispersions is up to four months long,
and we could not observe any tendency to phase separation
over a three-month period. The thermodynamic stability
of the vesicles is controlled by several parameters such as
the overlapping of curvature elasticity, bending energy, and
electrostatic terms [16–19]. The surface charge density is
governed by the partition of the two surfactants between the
bilayer and the bulk and is therefore controlled by Gibbs
energy of transfer for the two species [17, 18]. DLS gives
relevant information on vesicle size and polydispersity. In our
case, the average hydrodynamic value is centered on 300 nm
(Figure 1(c)). A single population is evident with a unimodal
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Figure 1: Estimation of the vesicle size by DLS. Size distribution of
the SDS-DDAB vesicle monitored prior (a) and after filtration (b).
(c) Integration of the data reported in panel (b). Concentration of
the vesicle was 3.8mmol kg−1; the total surfactant concentration was
4.05mmol kg−1. The pore size of the filter was 450 nm.

distribution function, which is comparable to other vesicular
dispersions of the catanionic family [9, 20–24].The negligible
peak observed in Figure 1(a) is attributable to a very small
fraction of aggregated vesicles which, as a matter of fact, is
eliminated by filtration (Figure 1(b)).

3.2. Cytotoxicity of Individual Surfactants and Vesicles. In this
work, we compared the cytotoxic action of the individual
surfactants SDS, CTAB, and DDAB on HEK-293 cells. Treat-
ment time was four hours at increasing vesicle concentra-
tions. The four-hour treatment time was chosen since this
is required in the subsequent transfection experiments. In
any case, it is worth noting that the CTAB component is
more toxic than SDS (Figure 2(a)). Moreover, the mortality
rate is directly proportional to the concentration for both
surfactants. DDAB per se exhibited a dramatically higher
toxicity than CTAB (not shown).

In a second series of experiments, we have compared the
toxic effects of two different vesicles, SDS-CTAB and SDS-
DDAB, after four hours of exposure and in the same range of

0

20

40

60

80

100

120

Control
Concentration 

Sa
le

s (
%

)

SDS
CTAB

25 𝜇M 50 𝜇M 75 𝜇M 100𝜇M

(a)

Control 25
0

20

40

60

80

100

120
Sa

le
s (

%
)

Concentration 

SDS-CTAB
SDS-DDAB

25 𝜇M 50 𝜇M 75 𝜇M

(b)

0

20

40

60

80

100

120

Control

Sa
le

s (
%

)

Vesicle concentration

SDS-CTAB

[25𝜇M] [50𝜇M] [75𝜇M]

SDS-CTAB + RNA

(c)

Figure 2: Effect of the separate surfactants and vesicles on the
viability of HEK-293 cells. (a) Purple bars show the effect of
SDS, while yellow bars show the toxicity of CTAB. (b) Compared
cytotoxicity of SDS-CTAB (red bars) and SDS-DDAB (green bars).
(c) Cytotoxicity of vesicle/RNA lipoplexes.
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Figure 3: Transfection efficiency of mRNA-CAT. In this experi-
ment, the RNA was added to preformed vesicles. The intracellular
level of CAT is lower in the case of SDS-CTAB vesicles as com-
pared to a commercial transfection system (Lipofectamine). See
text for further details. LIPO (Lipofectamine); V[25 𝜇M] (25𝜇M
vesicle concentration); V[50𝜇M] (50𝜇M vesicle concentration);
V[100𝜇M] (100𝜇M vesicle concentration); CAT (naked CAT
mRNA).

concentrations used in the previous experiments. As shown
in Figure 2(b), the SDS-DDAB vesicles are far more toxic
than the SDS-CTAB ones. This validates the former results
obtained with the individual surfactants (Figure 2(a)) and
suggests that the higher cytotoxic effect is mainly due to
the DDAB component forming the vesicular aggregate. This
is the rational for the use of SDA-CTAB vesicles in all
subsequent experiments. Cytotoxicity of vesicles with bound
RNAwas also investigated (Figure 2(c)). Results show a slight
increase in cell mortality which may be ascribed to the toxic
effect of free RNA present in the mixture.

3.3. RNase Protection Assay: Transfection of Chloramphenicol-
Acetyltransferase Reporter mRNA. Chloramphenicol-Acetyl-
transferase (CAT) is a bacterial enzyme whose messenger
RNA (mRNA) can be translated into active protein in eukary-
otic cells. We transfected the CATmRNA into HEK-293 cells
using SDS-CTAB vesicles.The rationale of these experiments
is that CAT is not normally present in higher cells; therefore,
the detection of this enzyme is the diagnostic sign that
the CAT mRNA has been successfully transferred across
the plasma membrane by the vesicles and, subsequently,
translated into protein within the cytoplasm matrix. We
quantified the intracellular concentration of enzyme by the
immunoenzymatic assay ELISA; finally, the level of CAT was
normalized to the total protein content of the cells.

We compared the efficiency of RNA intracellular delivery
of our vesicles with Lipofectamine, a commercially available
liposome transfection system. Transfection of naked CAT
mRNA represented the negative control and, evidently, is
almost totally hydrolyzed by the RNases normally present
in the cytoplasm. As matter of fact, messenger RNA exists
in a quasilinear molecular configuration which is easily
hydrolyzed by the resident RNases. In the first experiments,
we added the CAT mRNA to preformed vesicle. One can
expect that in this case, the RNA is anchored via electrostatic
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Figure 4: Transfection efficiency of mRNA CAT after treatment
with RNase. In this experiment, the mRNA CAT was added to the
surfactantmixture prior to the vesicle formation.This result strongly
suggests that the RNA is internalized within the vesicle aqueous
space and is thus protected by the nucleolytic attack. Panel (A):
vesicles not treated with RNase (last two bars to the right) exhibit
a higher efficiency than Lipofectamine. Panel (B): comparison
between RNase untreated and treated vesicles. The numbers at the
bottom of the bar indicate the vesicle concentration (𝜇M).

interactions to the surface of the vesicles. The results of
Figure 3 show that the immunoreaction between the CAT
protein and anti-CAT antibody is, as expected, almost absent
in the case of the transfection with naked CAT mRNA (bar
to the right); this is consistent with the idea that the RNA
is demolished by the RNases present in the cytoplasm and
therefore becomes unavailable to be translated into protein.
The transfection efficiency at the indicated concentrations
of SDS-CTAB is indeed lower than the one exhibited by
Lipofectamine (bar to the left) but is in any case quite
satisfactory. One way to explain this lower efficiency is that
the RNA located partly or totally on the external surface
of the RNA is, again, attacked and inactivated by the cell
RNases. Therefore, in the next experiments, we formed the
vesicle in the presence of CAT mRNA: the assumption is
that in this case the RNA would be included in the aqueous
space internal to the vesicles. We treated these lipoplexes
with RNase and subsequently transfected the cells as reported
above. The results of Figure 4 show an improved transfecting
performance of the vesicles, and Figure 4 demonstrates that
in this case the RNA is protected by the nucleolytic attack.
Actually, the efficiency increases with the concentration and
becomes almost twice higher (at 100𝜇Mvesicles) with respect
to Lipofectamine used as control (last bar to the left and first
to the right, resp.). This strongly suggests that actually the
RNA molecule is internalized and protected within the vesi-
cle. Subsequently to transfection, the CAT mRNA is released
in the cytoplasm where it can be translated into protein. In
the last set of experiments discussed here, we probed the
role of the storage temperature; as a matter of fact, previous
evidence from our laboratory [1, 8] suggests that vesicles are
quite stable in a temperature range of 15–25∘C. To test the idea
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Figure 5: Effect of freezing on the transfection efficiency. Vesicles
were formed in the presence of mRNA CAT and kept frozen at
−20∘C for 24 hours. After thawing, the aggregates were treated with
RNase and transfected into HEK-293 cells. Data clearly indicate that
the RNase treatment almost abolishes the translation of CATmRNA
into protein. LIPO (Lipofectamine); V[25 𝜇M] (25𝜇M vesicle con-
centration); V[50𝜇M] (50 𝜇M vesicle concentration); V[100𝜇M]
(100𝜇M vesicle concentration); CAT (naked CAT mRNA).

that freezing damages, or abolishes, the transfecting efficiency
of the vesicles, we froze and kept them at a temperature of
−25∘C for about 24 hours. Data reported in Figure 5 clearly
show that freezing almost abolishes the transfection capacity
of the SDS-CTAB vesicles. The data of this ELISA assay
demonstrate, in fact, that after freezing, the translation of
the CAT mRNA drops almost to the same level as the one
exhibited by the naked RNA (first bar to the left).Therefore, it
is plausible to assume that freezing alters the supramolecular
organization of the vesicles and consequently abrogates their
activity of potential molecular biomachines for the delivery
of bioactive polymers. As a matter of fact, from these data,
we can infer that also other bio-macromolecules may be
transferred inside the cells. One interesting aspect, yet to be
investigated, is the mode of cell death. Previous evidence
from our laboratory indicates that administration of vesicles
to cultured cells causes apoptosis [9]. This is a multistep and
very complexmode for a cell to die.Therefore, the elucidation
of the key step in the process of cell death may help to set
up the best experimental condition which, to minimal cell
mortality, corresponds to an optimal delivery of the cargo
macromolecule (or also small molecules) of biotechnological
interest. Finally, a very important and original result shown
in this work is that the interaction of CAT mRNA with the
vesicles causes it to internalize within the supramolecular
aggregate. To our knowledge, this is the first example of an
mRNA being delivered within a cell and translated into a
protein with a properly folded conformation as shown by
the data obtained with the experiment of RNA protection.
The ELISA approach in fact evidences the interaction of
antigen/antibody (CAT protein/antiCAT-antibody) only if
the antigen is found in the proper and very likely active
molecular structure.

4. Conclusions

In conclusion, the data discussed in this work evidence
that it is possible to define an experimental situation where
the cell mortality caused by the exposure to the vesicles is
minimal.This is a crucial aspect to maximize the transfection
efficiency of catanionic vesicles. The formation of vesicles
in the presence of the molecule to be delivered inside the
cell is of crucial importance for its internalization within
the inner aqueous medium. Furthermore, the vesicles are
stable at room temperature and have a relatively long shelf
life. They must be stored at room temperature and should
not be frozen since this would disrupt their supramolecular
structure thus abolishing their capacity of molecular deliv-
ery. Catanionic vesicles efficiently deliver genetic material
across the cell membrane. Transfection efficiency increases
if vesicles are formed in the presence of RNA. Treatment
with RNase suggests the internal localization of RNA the
nucleic acid.
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Glioblastoma multiforme (GBM) is one of the most deadly diseases that affect humans, and it is characterized by high resistance
to chemotherapy and radiotherapy. Its median survival is only fourteen months, and this dramatic prognosis has stilled without
changes during the last two decades; consequently GBM remains as an unsolved clinical problem.Therefore, alternative diagnostic
and therapeutic approaches are needed for gliomas. Nanoparticles represent an innovative tool in research and therapies in GBM
due to their capacity of self-assembly, small size, increased stability, biocompatibility, tumor-specific targeting using antibodies or
ligands, encapsulation and delivery of antineoplastic drugs, and increasing the contact surface between cells and nanomaterials.
The active targeting of nanoparticles through conjugation with cell surface markers could enhance the efficacy of nanoparticles
for delivering several agents into the tumoral area while significantly reducing toxicity in living systems. Nanoparticles can exploit
some biological pathways to achieve specific delivery to cellular and intracellular targets, including transport across the blood-brain
barrier, which many anticancer drugs cannot bypass. This review addresses the advancements of nanoparticles in drug delivery,
imaging, diagnosis, and therapy in gliomas. The mechanisms of action, potential effects, and therapeutic results of these systems
and their future applications in GBM are discussed.

1. Introduction

Cancer is themost common cause of death inmany countries.
Central nervous system (CNS) tumors are an important
cause of morbidity andmortality worldwide. It was estimated
that 22,340 new cases of primary malignant brain and CNS
tumors were diagnosed in the United States in 2011. Approx-
imately 3,000 of them were new cases in childhood whereas
about half of all CNS tumors weremalignant in adults [1].The
distribution of CNS tumors shows that approximately 60%
of these tumors have the typical glioblastoma histopathology
[2]. Glioblastoma multiforme (GBM) comprises a heteroge-
neous group of neoplasms that differ in their location within
the CNS; it is responsible for the 51% of all primary gliomas
in adults and represents the second cause of cancer death

in adults less than 35 years old [3]. Despite advances in
diagnosis and treatment of GBM, their prognosis, incidence,
and mortality rates remain poor.

Conventional treatment for malignant gliomas includes
the use of chemotherapeutic drugs, radiotherapy, and inter-
ventional surgery [4]. However, both chemotherapy and
radiotherapy give inconsistent results in terms of prolonging
survival and response to treatment [5]. The median survival
for GBM in patients subjected to the conventional multi-
modal therapies is 14.6 months, and the progression-free
survival for recurrent GBM is less than 24 weeks [6, 7]. The
conventional treatment for GBM shows some drawbacks that
limit its potential use in therapy such as neurotoxicity, lack
of specificity, poor drug accumulation in tumors, and severe
side effects. Also, the blood-brain barrier (BBB) plays an
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important role limiting strategies of therapy, because several
drugs have little or no solubility to cross this physical barrier.

Many approaches have been used to treat gliomas; how-
ever all of them have failed in modifying the prognostic and
quality of life of patients suffering this devastating disease
in the last decade. As the nanotechnology has expanded
its application to biomedicine and biomedical areas, nan-
otoxicology has emerged to elucidate the relationship of
the physical and chemical properties (size, shape, surface
chemistry, composition, and aggregation) of nanostructures
with induction of toxic biological responses [8]. Because
these structures are small sized (less 100 nm), simple per-
formed, fast and cheap in cost, they have been widely used
in cytotoxic in vitro studies [9, 10]. Recently, nanotechnology
is considered as a new tool for its application in diagnosis
and treatment of malignant gliomas. Nanotechnology has
revolutionized the conventional way in which gliomas ther-
apy, diagnosis, and treatment are achieved mainly due to
recent advances in material engineering, drug availability,
and the advantage of targeting cancer cells, simply due to
being accumulated and entrapped in cancer cells.This review
is therefore primarily devoted to the current approaches used
in imaging and treatment of gliomas. In addition, we present
a brief description of the most commonmaterials used in the
design, composition, structure, and drug delivery systems by
nanoparticles.

2. Use of Nanoparticles in Gliomas Diagnosis

In the imaging field, the development of nanoparticles as
contrast agents has allowed obtaining detailed cellular and
molecular imaging, monitoring drug delivery specifically
to tumoral areas, and providing data for efficient surgical
removal of solid tumors [11, 12].

Positron Emission Tomography (PET) is a well-estab-
lished imaging modality that uses signals emitted by
positron-emitting radiotracers to construct images about
the distribution of the tracer in vivo [13, 14]. PET has
provided valuable biophysiological information on various
central nervous system disorders. In brain tumors, different
radiotracers have been applied in PET studies to evaluate
tumor blood flow and metabolism, as well as to detect
tumors. Radiotracers such as 18F-labeled fluorodeoxyglucose
([18F]-𝛼-methyl-tyrosine, L- andD-S-(3-[18F] fluoropropyl)
homocysteine have been used for the PET imaging of
tumors, but L- and D-S-(3-[18F] fluoropropyl)homocysteine
biodegradation products generate a high background signal
in the tissues [15]. In contrast, [2-18F]-2-deoxy-fluoro-D-
glucose (FDG) has been the most frequently used marker
for the evaluation of glucose metabolism in brain tumors.
However, the utility of FDG-PET imaging for detection of
brain cancer is controversial due to the small differences
in rate of glucose utilization between normal brain and
brain malignance (the FDG uptake is usually similar to
that in normal white matter), and FDG-PET is effective in
differentiating recurrent tumor from radiation necrosis for
high-grade tumors, but it has limited value in defining the

Figure 1: Brain tumour. Coloured 3D diffusion tensor imaging
(DTI) and magnetic resonance imaging (MRI) scans of the brain of
a 29-year-old with a low-grade glioma in the left frontal lobe. A DTI
scan shows the bundles of white matter nerve fibers and is being
used here for presurgical planning.The fibers transmit nerve signals
between brain regions and between the brain and the spinal cord.
A glioma arises from glial cells; nervous system supports cells. DTI
scans show the diffusion of water along white matter fibers, allowing
their orientations and the connections between brain regions to be
mapped.

extent of tumor involvement and recurrence of low-grade
lesions [16, 17].

On the other hand, magnetic resonance imaging (MRI)
is a widely accepted modality for providing anatomical
information and high spatial-resolution anatomic images pri-
marily based on contrast derived from the tissue-relaxation
parameters T(1)- and T(2)∗-weighted sequences. MRI is
capable of visualizing various intracranial lesions and detect-
ing the correlation between the major white matter fiber
bundle and glioma lesions. The biggest advantage of a brain
MRI is that it provides a good anatomical background
without bone artifacts, and it is also capable of exhibiting
the panorama and three-dimensional location of the tumor
[18]. Nowadays, a novel neuroimaging modality has been
developed for patients with brain tumors named functional
magnetic resonance imaging (fMRI), which allows to obtain
not only noninvasive measurements, localization, and lat-
eralization of specific brain activation areas, but also the
possibility to evaluate motor and speech functions, helping
in the selection of the most appropriate, sparing treatment,
and function-preserving surgery. However, fMRI cannot be
considered as a fully established modality of diagnostic
neuroimaging due to the lack of guidelines of the responsible
medical associations as well as the lack of medical certifica-
tion of important hardware and software components [19]
(Figure 1).

To overcome these limitations, there are significant efforts
in developing alternative imaging methods that are capable
of enhancing the signal or generating bright and positive
contrast [20, 21]. Some nanoparticles such as liposomal



BioMed Research International 3

conjugates are known to accumulate in tumors due to
the enhanced permeability of tumor blood vessels and the
retention effect [22]. However, it still may not be possible
to accurately localize an area of increased activity using
PET images alone because of the absence of identifiable
anatomic structures in nonrigid tissues, such as abdomen
or brain [23, 24]. The greatest advantage of performing
combined MRI compatible with PET scanners (PET/MRI)
not only is to reduce radiation exposure, but also should
theoretically be possible to obtain “perfect” spatial records
of molecular/functional PET and anatomic/functional MRI
studies [25, 26].

The use of macromolecular agents based on dendrigraft
poly-L-lysines (DGLs), using chlorotoxin (CTx) as a tumor-
specific ligand, has been explored with promising results in
the field of clinical diagnosis of brain tumors using MRI
studies, where it has been showed that the signal enhance-
ment of mice treated with CTx-modified contrast reached
peak level at 5min for both glioma and liver tumor, signif-
icantly higher than unmodified counterpart. Most impor-
tantly, the signal enhancement of CTx-modified contrast
agent is maintained much longer when it was compared to
controls [27]. Recently, Veiseh et al. developed a nanovector
comprised of a superparamagnetic iron oxide nanoparticle
core coatedwith polyethylene-glycol- (PEG-)grafted chitosan
and polyethylenimine (PEI). The functionality of the con-
struct was achieved with short interfering RNA (siRNA)
and the tumor-targeting peptide, chlorotoxin (CTx), to
improve tumor specificity and potency. Receptor-mediated
cellular internalization of nanovectors and the consequent
gene knockdown through targeted siRNA delivery and the
specific contrast of brain tumor cells were confirmed by flow
cytometry, quantitative RT-PCR, fluorescence microscopy,
andMRI studies [28].This finding is especially important for
tumors such as glioma which is known hard to be diagnosed
due to the presence of BBB.

Magnetic nanoparticles (MNPs) represent a promising
nanomaterial for the targeted therapy and imaging of malig-
nant brain tumors. Conjugation of peptides or antibodies to
the surface of MNPs allows direct targeting of the tumor
cell surface and potential disruption of active signaling
pathways present in tumoral cells [29]. It is known that
magnetic nanoparticles also exhibit a higher longitudinal
relaxivity, providing intrinsic signal enhancement on T1-
weighted images [30]. Varieties of magnetic nanoparticles
have been introduced as contrast agents forMRI andmolecu-
lar imaging probes because of their super ability in shortening
transverse relaxation times inT1- andT(2)∗-weighted images,
which leads to a strong decrease in signal intensity of
target organs or so-called “negative contrast” on conventional
T(2)∗-weighted images.

The arginine-glycine-aspartic acid (RGD) sequence is
currently the basic module for a variety of RGD-containing
peptides which display preferential binding to 𝛼 and 𝛽

3

integrins, which play a key role in tumor angiogenesis
and metastasis and were not detectable in normal blood
vessels [31]. This probe could detect the tumor location with
fluorescence imaging and assess the tumor-targeting efficacy
of probe with radioactive analysis [32]. It has been proposed

that the imaging techniques PET and MRI will greatly
benefit from the use of bifunctional nanoprobe conjugates,
such as polyaspartic-acid- (PASP-) coated iron oxide (IO)
nanoparticles conjugated with cyclic RGD peptides and the
macrocyclic chelating agent 1,4,7,10-tetraazacyclododecane-
N,N,N,N-tetraacetic acid (DOTA) for integrin 𝛼v𝛽3
recognition. A displacement competitive binding assay indi-
cates that DOTA-IO-RGD conjugates bound specifically to
integrin 𝛼v𝛽3 in vitro. Small-animal PET and T2-weighted
MRI showed integrin-specific delivery of conjugated RGD-
PASP-IO nanoparticles and prominent reticuloendothelial
system uptake. This bifunctional imaging approach may
allow for earlier tumor detection with a high degree of
accuracy [33–35].

2.1. IronMagneticNanoparticles Auxiliary onDiagnosis. Over
the past two decades, magnetic iron oxide nanoparticles
(MPIOs) have been subject of extensive studies as an
important class of MRI contrast agents for medical imaging
[36, 37]. An MPIO, in general, is composed of maghemite
(Fe
2
O
3
, 𝛾-Fe

2
O
3
) or magnetite crystals less than 20 nm in

diameter. These nanocrystals contain thousands of Fe atoms
and approach saturation magnetization under a magnetic
field typical for MRI [38]. In some in vivo studies it has been
reported that absorption of these particles can occur through
interactions with biological components such as proteins
and cells; afterwards, they can distribute into various organs
where theymay remain in the same nanostructure or become
metabolized [39]. It is known that MPIOs causes toxicity
through the production of an excess of reactive oxygen
species (ROS), including free radicals such as the superoxide
anion, hydroxyl radicals, and the nonradical hydrogen perox-
ide. High ROS levels can damage cells by peroxidizing lipids,
disrupting DNA, modulating gene transcription, altering
proteins, and resulting in decline of physiological function
and cell apoptosis/death [40] (Figure 2).

Superparamagnetic iron oxide particles (SPIOs) enhance
contrast in MRI, which allows clinicians to monitor anatom-
ical, physiological, and molecular changes during the evo-
lution of a disease or treatment. Following intravenous
injection, these nanoparticles accumulate in macrophages
residing in the liver, bone marrow, and spleen, as well as
tumors and sites of inflammation [41]. These particles are
rapidly internalized by the mononuclear phagocytic system;
consequently, they have been used inmodels of cellmigration
and homing in C6 models in vivo [42]. However the current
applications for SPIO nanoparticles are limited because they
have an average diameter of 80 nm in size, and it has shown
relatively low toxicity in some in vivo applications [43–
46]. Because SPIOs have a better resolution in MRI than
conventional imaging, some changes in their structure has
been developed to improve their diameter and diminish the
adverse effects. Recently, these particles have been modified
in ultrasmall superparamagnetic iron oxide (USPIO) parti-
cles which have diameters less than 50 nm and a longer half-
life in the circulation system, allowing inclusively the labeling
of macrophages migrating to remote areas [47].
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Figure 2: Proposed mechanism by Shubayev et al. [40] for MNP-induced macrophage recruitment into neuronal tissues. (1) Exposure to
cytotoxic MNPs stimulated the formation of ROS in resident cells. (2) ROS promotes expression and release of proinflammatory cytokines,
such as TNF-𝛼.Through its two receptors (TNFR), TNF-𝛼 activates p38 andERKmitogen-activated protein kinases pathways to (3) induce the
expression of matrix metalloproteinases (MMPs) in its inactive, pro-MMP form. In addition, (4) ROS can directly promote MMP activation
from proform. MMPs are the only enzymes in the body capable of degrading blood-brain and blood-nerve barriers (BBB/BNB), which (5)
promotes infiltration of circulating macrophages (mΦ) into neuronal tissues. MNP size and surface chemistry determine the mechanisms
and the target cells of MNP internalization, as well as extent of neurotoxicity of MNPs (the figure is taken and modified from [40]).

Other nanoparticles composed of iron are the mono-
crystalline iron oxide nanoparticles (MIONs), which are
nanoconjugates that permit accurate delineation of tumor
margins which lead to an increase long-lasting signal of the
tumor in T1-weighted sequences. In animal models, they
constitute a contrast agent that is taken up by endocytosis
by malignant glioma cells [48, 49]. The use of MIONs is a
promising strategy to avoid surgically induced intracranial
contrast enhancement, which is known to be a potential
source of error in intraoperative MRI imaging of patients
[50]. Currently, they have been used in animal models.

Manganese oxide nanoparticles have shown a prominent
MRI T1 contrast using a U87MG glioblastoma xenograft
model, and it has been confirmed that the particles can

accumulate efficiently in tumor area to induce effective T1 sig-
nal alteration [51]. Additionally, pH-sensitive poly(lactic-co-
glycolic acid) (PLGA)-encapsulatedmanganese oxide (MnO)
nanocrystals have shown an excellent bright contrast on
MRI following endocytosis of nanoparticles into the low pH
compartments within the cells. Subsequently, these particles
are degraded, andMnO dissolves to releaseMn2+ causing the
cells to appear bright on MRI. The magnitude of the change
in MRI properties is as high as 35-fold, making it the most
dynamic MRI contrast agent reported. Possible applications
of these MnO particles include slow release of Mn2+, tumor
targeting, and confirmation of cell uptake [52].

Gadolinium [Gd(H
2
O)
8
]3+ is the contrast agent mainly

used in magnetic resonance imaging. However, it is known
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that high levels of gadolinium in vivo cause toxicity; therefore
it requires the metal to be complexed by strong organic
chelators. Gadolinium III (Gd III) is a highly paramag-
netic complex with seven unpaired electrons, which have a
strong impact on the relaxation of influenced water protons.
Advances in colloidal nanocrystal synthesis have led to the
development of ultrasmall crystals of gadolinium oxide (US-
Gd
2
O
3
), with 2-3 nm in diameter, the smallest and the

densest of all Gd-containing nanoparticles. Each nanocrystal
can generate signal contrast of several orders of magnitude
higher than a gadolinium chelate. Currently, US-Gd

2
O
3
has

been successfully used to label glioma cells GL-261 from
localization and visualization in vivo usingMRI. Because very
high amounts of Gd are efficiently internalized and retained
into the cells, it has been possible to detect the bright in T1-
weightedMRI images [53].The properties of the gadolinium-
based particles give promising opening to a particle-assisted
in imaging field.

Ultrashort echo time (UTE) imaging is able to track
materials with extremely short T(2)∗-weighted and very
fast signal decay [54, 55]. With very short echo time (TE),
typically below 0.1 milliseconds, UTE imaging allows signal
acquisition with little T(2)∗-weighted influence. The use
of UTE imaging has allowed obtaining positive contrast
imaging of U87MG human glioblastoma cells targeted with
iron nanoparticles (IONPs) conjugated with a small RGD
sequence, which has a high affinity to bound to cells over-
expressing 𝛼v𝛽3 integrin such as ovarian carcinomas, breast
carcinomas, gliomas, and other solid tumors [56–59]. A high
concentration of RGD-containing probesmust accumulate to
overcome the limited sensitivity for the detection of contrast
media. Therefore, UTE imaging may open the opportunity
for the applications of magnetic nanoparticles with a strong
T1 effect but also extremely short T(2)∗-weighted [60].

Besides PET and MRI, fluorophores have been used in
imaging applications. However, their use has been limited by
poor quantum yield, poor tissue penetration of the excitatory
light, and excessive tissue autofluorescence. The use of inor-
ganic fluorescent particles that offer a high quantum yield is
frequently limited due in part to the toxicity of the particles.

2.2. Nanoshells and Quantum Dots. Metal nanoshells and
quantumdots are complexes that have shown good resolution
in glioma imaging. Metal nanoshells are composed of a silica
core surrounded by a thin metal shell or ultrathin coating of
silver or gold [61]. These nanoparticles can be produced to
absorb or scatter light, depending on the relative dimensions
of the core size and shell thickness [62, 63]. Nanoshells
have been used most commonly to treat murine gliomas.
However, gold nanoshells have been used as contrast agents
in optical imaging [64, 65], showing that these agents can
both increase the surrounding water proton signals in the
T1-weighted image and reduce the signal in T2-weighted
images. Also, these nanoparticles exhibit strong absorption
in the range of 600–800 nm, and their optical properties are
strongly dependent upon the thickness of the gold-silver alloy
shell. The intravenous administration of gold nanoshells has
resulted in limited tumor accumulation, which represents a

major challenge for contrast agents in optical imaging [64,
65].Thus, these nanoshells have the potential to be utilized for
tumor cell ablation due to physical characteristics (i.e., size,
structure, and core), which when they are irradiated using
laser light, they produce localized heat sufficient to damage
tumor cells, ensuring aminimal thermal injury to the healthy
tissue surrounding [66, 67].

Other nanoparticles which are now under extensive
research are nanoshell conjugates of luminescent rare-
earth-doped sodium ytterium fluoride (NaYF

4
), which are

nanocrystalline infrared-to-visible upconversion phosphors,
ytterbium (Yb), and erbium (Er) codoped NaYF

4
. These

nanoparticles could be complexed with human serum albu-
min to originatewater-dispersible nanoparticles, which could
act as promising upconverting fluorescence labels when
they are conjugated with cyclic arginine-glycine-aspartic acid
(cRGD) sequence, specifically targeting both human glioblas-
toma cell lines and melanoma cells overexpressing 𝛼v𝛽3 inte-
grin receptors. These characteristics offer an appropriate tool
for targeted imaging of focal diseases [68, 69]. Rare-earth-
doped nanoparticles utilize near-infrared upconversion, and
they have been used to overcome the optical limitations of
traditional fluorophores, but currently they are not typically
suitable for biological application due to their insolubility in
aqueous solution, lack of functional surface groups for conju-
gation with certain biomolecules, and potential cytotoxicity.

Quantum dots (QDs) are based on semiconductor com-
pounds consisting of a cadmium-based core surrounded
by an inert layer of metallic shell [70, 71]. Similar to gold
nanoshells, quantum dots have excellent optical properties
that are dependent on particle size. The tunable optical prop-
erties of these agents have primarily been used in preclinical
optical imaging for a variety of cancer applications, including
cellular and molecular imaging of brain tumors, including
gliomas [72–74].

Near-infrared QDs composed of Cd(NO3)2, Hg(NO3)2,
NaHTe (CdHgTe, CdTeSe/CdS), and a thiol group as sta-
bilizer in gelatin solution are newly emerged as inorganic
fluorescent probes. They provide several advantages over
organic fluorophores for biological imaging, including broad
excitation spectra coupled with narrow, tunable emission
spectra and high resistance to photobleaching [75]. Lately,
QDs have been used as excellent alternatives of traditional
dyes in many fluorescence-based bioanalytical techniques
[69, 76]. They exhibited strong fluorescence ranging from
580 to 800 nm that could be tuned by molar ratios of
Hg2++ and gelatin. Compared with bare CdHgTe QDs, the
photostability of this compact complex nanostructure is
remarkably improved. The fluorescence of CdHgTe/gelatin
nanospheres was much more resistant to the interference
from certain endogenous biomolecules such as human serum
albumin, transferrin, and hemoglobin [77].

In glioma cell cultures, nanospheres were small enough
to be taken up by cells, and the fluorescence of QDs was
not quenched inside the cells. Moreover, no morphologi-
cal change of the cells was observed, indicating that the
nanospheres were biocompatible. Some in vivo studies have
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shown that the CdHgTe/gelatin nanospheres are immedi-
ately distributed to all over the vessels by blood circulation
after injection. A network of blood vessels could be distin-
guished in fluorescence images, and the dynamic changes of
nanospheres in the superficial vessels were clearly observed
[78]. Although, these particles could be used as promising
nanocarriers for proteins, DNA, and small molecules in the
research of in situ, real time monitoring of drug release and
therapy studies in the near future.

In Table 1 are summarized some of the most applied
nanoparticles in diagnosis of gliomas.

3. Nanoparticles as Therapeutics
for Brain Tumors

Despite considerable advancements in therapy of malignant
gliomas in the last years, treatment outcomes are mostly
unsatisfactory. A promising way to bypass these impairments
and to elicit the specific delivering of drugs to treat tumors
within the CNS is the employment of biodegradable poly-
meric NPs, which can be loaded with different chemother-
apeutic drugs to induce selective toxicity, and additionally,
modulate cellular and humoral immune responses when
looking for a specific immune response against tumoral cells
[79]. Awide variety of NPs have been designed, each onewith
particular properties (certain size, shape, and composition)
in a scale of strategies such as conjugated antigens, which are
recognized by specific receptors [80]; antigens encapsulated
within NPs, which offer the ability to protect the antigen
from degradation; labeled NPs, which are also recognized
by specific receptors and allow an effective tracking of their
migration; and the use of NPs as vehicles for specific delivery
of chemotherapeutic drugs [81, 82]. Some of the more
representative nanoparticles used as carriers in the treatment
of gliomas are described below.

3.1. Lipid Carriers. Liposomes are concentric bilayered vesi-
cles surrounded by a phospholipid membrane. They are
related to micelles which are generally composed by hydro-
philic and hydrophobic regions. The amphiphilic nature of
liposomes, their facility of surface modification, and a good
biocompatibility profile make them an appealing solution for
increasing the circulating half-life of proteins and peptides.
They may contain hydrophilic compounds, which remain
encapsulated in the aqueous interior, which may escape
encapsulation through diffusion out of the phospholipid
membrane. Liposomes can be designed to adhere to cellular
membranes to deliver a drug payload or simply transfer drugs
through endocytosis [83–86]. In vitro and in vivo experiments
have indicated that the activity of a range of drugs or their
active metabolites may be enhanced by their encapsulation
in liposomes [87–89].

Paclitaxel is a chemotherapeutic that inhibits cell division
through promotion of the assembly and stabilization of
microtubules. Unfortunately, paclitaxel is highly hydropho-
bic, and its absorption across the BBB is also poor. To
overcome this limitation, paclitaxel has been conjugated
to liposomes [90]. Recently, Xin et al. determined the

potential of Angiopep-conjugated PEG-PCL nanoparticles
loaded with paclitaxel as a dual-targeting drug delivery
system in the treatment of glioma. Nanoparticles were conju-
gated to Angiopep (ANG-NP) for enhanced delivery across
the BBB as well as for targeting the tumor via lipopro-
tein receptor-related protein-mediated endocytosis. Treat-
ment with paclitaxel-loaded ANG-NP resulted in enhanced
inhibitory effects in both the antiproliferative and cell apop-
tosis assay on U87MG glioma cells. Also, the transport ratios
across the BBB model in vitro using transwell membrane
were significantly increased, and the cell viability of U87
MG glioma cells after crossing the BBB was significantly
decreased by ANG-NP-paclitaxel [91]. Additionally, pacli-
taxel has been attached to an amphiphilic block copolymer
of PEG-poly(lactic acid) (PLA) to form a polymer-drug
conjugate. Due to the amphiphilicity of this conjugate, after
self-assembling in aqueous medium, the paclitaxel molecule
was trapped in the core part of the micelles formed and
gets well protected, and the PEG segments constitute the
upper part of the micelles, and they remain soluble in water
[92]. The PEG-PLA-paclitaxel micelles displayed enhanced
inhibition ability to tumor growth as shown by the body
weight change, survival time, and tumor image size. This
improved therapeutic effect was ascribed to the enhanced
permeation and retention effect of the PEG-PLA-paclitaxel
micelles. Fluorescent imaging of the brain slice further
confirmed that rats treated with blank PEG-PLAmicelles and
PEG-PLA-paclitaxel micelles can pass the BBB and remain
in the brain, which displayed higher cell uptake and stronger
inhibition and apoptosis toward glioma cells [91].

Curcumin is a polyphenolic compound derived from the
Indian spice turmeric. It has been shown to exert antitumor
effects in many different cancer cell lines and animal models
either by proapoptotic, antiangiogenic, anti-inflammatory,
immunomodulatory, and antimitogenic effects [93–95].
Some potential molecular targets for curcumin include
insulin-like growth factor (IGF), serine threonine protein
kinase (Akt), mitogen-activated protein kinase (MAPK),
signal transducer, the activator of transcription 3 (STAT3),
nuclear factor kappa 𝛽 (NF𝜅𝛽), and Notch [96, 97].
These pathways are all thought to be active in malignant
brain tumors, raising the possibility that curcumin could
be effective in treating these diseases [98, 99]. Lim et
al. used nanoparticle-encapsulated curcumin to treat
medulloblastoma and glioblastoma cells, causing a dose-
dependent decrease in growth of multiple brain tumor
cell cultures. The reduction in viable neoplastic cells was
associated with a combination of G2/M arrest and apoptotic
induction [100]. Also, curcumin has been used in a spherical
core-shell nanostructure formed by amphiphilic methoxy
polyethylene glycol-poly(caprolactone) (mPEG-PCL) block
copolymers and was effectively transported and delivered
into C6 glioma cells through endocytosis of the nanoparticles
and localized around the nuclei in the cytoplasm. In vitro
studies proved that the cytotoxicity of these nanoconjugates
would be result of a pro-apoptotic effect against rat C6
glioma cell line in a dose-dependent manner [101].

Celecoxib, a cyclo-oxygenase- (COX-) 2 inhibitor, has
been reported to mediate growth inhibitory effects and to
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induce apoptosis in various cancer cell lines [102]. Cele-
coxib has been conjugated to poly-D,L-lactide-co-glycolide
(PLGA) and tested in glioma finding that the celecoxib recov-
ered in the nanoparticles showed similar antitumor activity
against U87MG cells and C6 cells in a dose-dependent
manner. These results show that PLGA nanoparticles incor-
porating celecoxib are promising candidates for antitumor
drug delivery [103].

Although doxorubicin (DOX) has not been used as
treatment in brain tumors, because it has poor distribution
and limited penetration, it is one of themost likely candidates
for CNS chemotherapy [104]. Here, we describe some studies
where liposomeswere used as carriers ofDOX.The liposomal
encapsulation of DOX using polyethylene glycol (PEG) lipo-
somes has shown a long circulation time in plasma, reduced
cardiac toxicity, and improved penetration of DOX across
the BBB by leading to increased efficacy of the distribution
and accumulation into tumors [105]. The first studies com-
pared the accumulation between free doxorubicin and PEG-
liposome encapsulated in glioma C6 cells models, showing
an increase in their uptake and accumulation by glioma cells
compared to conventional liposomes or free doxorubicin.
Also, the incorporation of PEG into this liposomemembrane
allowed a long circulating half-life, slow plasma clearance,
and a reduced volume of distribution [106].

Nanoconjugates coupled with liposomes could be a new
treatment of gliomas, because they increase both the uptake
of and specificity to glioma cells. The chlorotoxin (CTx) is a
scorpion-derived peptide, which binds with high specificity
to glioma cell surface as a specific chloride channel and
matrix metalloproteinase-2 blocker. It was firstly applied
to establish the CTx-modified doxorubicin- (DOX-)loaded
liposome delivery system for targeting brain glioma and
improving the anticancer efficacy. Recently, it has been
developed in BALB/c mice-bearing U87 tumor xenografts,
a novel liposome system with a uniform distribution, high
encapsulation efficiency, and adequate loading capacity of
both fluorescent probe and DOX. The biodistribution of
DOX-loaded liposomes by body imaging and antiglioma
pharmacodynamics were studied finding that CTx-modified
liposomes were drastically accumulated in subcutaneous and
intracranial tumors, showing higher tumor growth inhibition
and lower blood toxicity in the armpit tumor model. In
vivo results exhibited good correlation of glioma targeting of
the CTx-modified liposomes, with the CTx as the targeting
ligand [107].

In order to increase the uptake of these nanoparticles,
specific ligands were coupled to the distal ends of the PEG
chains to increase their uptake through receptor-mediated
targeting while maintaining PEG stability. The membrane
transferrin receptor (Tr) mediated endocytosis or internal-
ization of the complex of transferrin bound iron, and the
transferrin receptor is the major route of cellular iron uptake.
This efficient cellular uptake pathway has been exploited
for the site-specific delivery not only of anticancer drugs
and proteins but also of therapeutic genes into proliferating
malignant cells that overexpress the transferrin receptors
[108, 109]. Studies have shown that PEG liposomes coupled to
transferrin are able to achieve preferential receptor-mediated

targeting of C6 glioma in vitro [110, 111]. On the other hand,
lactoferrin (Lf) and the procationic liposomes (PCLs) have
been conjugated to develop DOX-loaded Lf-PCL (DOX-Lf-
PCL) nanoparticles. In primary culture and glioma cell C6
model, DOX-Lf-PCLs showed significantly higher uptake,
and their in vivo systemic administration increases the
accumulation of Lf-PCLs in the brain [87]. These studies
suggested that nanoconjugates and Lf-PCLs were available
for brain drug delivery representing potential future clinical
application.

4. Nanocrystals

Nanocrystals are aggregates of molecules that can be com-
bined into a crystalline form of the drug surrounded by
a thin coating of surfactant. They have extensive uses in
materials research, chemical engineering, and as quantum
dots for biological imaging; there is no carrier material as
in polymeric nanoparticles [112–114]. Nanocrystalline species
may be prepared from a hydrophobic compound and coated
with a thin amphiphilic layer. It has been demonstrated that
the size and shape of nanocrystals play an important role in
their biological activity [115].

Somenanocrystals have shown to inhibit the proliferation
in different cancer cells lines [116]. Silver nanoparticles (Ag-
NPs) have recently been the focus of intense research due to
their capacity to induce the expression of genes associated
with cell cycle progression, DNA damage, and apoptosis
in human cells at noncytotoxic doses [117]. The toxicity of
starch-coated AgNPs have been studied in normal human
lung fibroblast cells (IMR-90) and human glioblastoma cells
(U251); uptake of AgNPs is predominantly done by endo-
cytosis and partly adhered to membranous surfaces. Once
inside, AgNPs show a uniform intracellular distribution of
both cytoplasm and nucleus. The accumulation of these
particles causes DNA damage and reduces cellular ATP
content, causing damages in mitochondria and increasing
the production of reactive oxygen species (ROS) in a dose-
dependentmanner in glioma cells. Also, it has been proposed
that AgNPs can induce DNA damage leading to cell cycle
arrested in G2/M phase and enhancing the apoptosis rate of
cancer cells [118–121].

The combination of AgNPs with magnetic nanoparticles
hyperthermia (MNPH) treatment has been used as treatment
in glioma model. AgNPs had significant effect on enhancing
thermoinduced killing in vitro. In the glioma-bearing rat
model, AgNPs combined with MNPH enhance Bax (Bcl-2–
associated X protein) expression in cancer cells, which was
correlated with cell apoptosis induction. The mechanism of
thermosensitization by AgNPs might be related to the release
of Ag+ cation from the silver nanostructures inside cells. Ag+
cation has the ability to capture electrons and thus functions
as an oxidative agent [18, 122].

Based on thermodynamic constraints, metallic Ag cores
have been modified with (in)organic ligands allowing the
synthesis of protein-conjugated Ag

2
S nanoparticles that

increase physical and chemical stability [123]. Recently,Wang
et al. observed cell death that might result from the interac-
tion between mitochondria proteins and Ag+ released from
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nanocrystals, which were predominantly endocytosed, and
partly adhered to themembrane surface [78]. Evenwhen high
dosages can be achievedwith nanocrystals and poorly soluble
drugs can be formulated to increase their bioavailability via
treatment with an appropriate coating layer, studies about
the stability of nanocrystals and the cytotoxicity of these
nanoparticles, with respect to their size and shape, are needed
in order to advance in nanotechnology for tumor treatment,
cure and to predict the possible toxic side effects on the body
[18, 78].

4.1. Nanotubes. Self-assembling sheets of atoms arranged in
tubes are defined as nanotubes. They may be organic or
inorganic in composition and can be produced as single- or
multiwalled structures.They have large internal volumes, and
the external surface can be easily functionalized. While they
are potentially promising for pharmaceutical applications,
human tolerance of these compounds remains unknown,
toxicity reports are conflicting, and extensive researches
regarding the biocompatibility and toxicity of nanotubes
are needed [124]. Carbon nanotubes (CNTs) are formed by
rolling sheets of graphite-like carbon with hollow tubes.They
are categorized based on the number of carbon layers assem-
bled together: single-walled (SW), double-walled (DW), and
multiwalled (MW). The diameters vary according to the
number of layers: 0.4–2 nm for SWNTs, 1–3.5 nm forDWNTs,
and 2–100 nm for MWCNTs [125]. The length of these tubes
can be extended to tens of micrometers and is dependent on
the method of production.

As in nanovectors, CNTs have the advantage of provid-
ing a versatile, biodegradable, and nonimmunogenic deliv-
ery alternative to viral vectors for molecular therapy or
immunotherapy as direct delivery of antigens to antigen
presenting cells (APCs) or microglia in the central nervous
system [126]. Kateb et al. evaluated the efficacy ofmultiwalled
carbon nanotubes (MWCNTs) as potential nanovectors for
delivery of macromolecules into microglia (MG) using the
cell line BV2 (a microglia cell line) to determine the capacity
to uptake MWCNTs by BV2 cells in vitro, demonstrating the
ability of BV2 cells to more efficiently internalize MWCNTs
as compared to glioma cells without any significant signs
of cytotoxicity. They were able to visualize ingestion of
MWCNTs into MG, cytotoxicity, and loading capacity of
MWCNTs under normal culture conditions, suggesting that
MWCNTs could be used as a novel, nontoxic, and biodegrad-
able nanovehicles for targeted therapy in brain tumors.

On the other hand, this group also analyzed the internal-
ization of these nanotubes in an intracranial glioma model
and characterized some changes in tumor cytokine produc-
tion following intratumoral injection of MWCNTs in GL261
murine gliomamodel. Authors demonstrated that MWCNTs
were preferentially detected in tumor macrophages (MPs),
and to a lesser extent in MG. In addition to MG and MP,
a small fraction of glioma cells, which are not typically
capable of phagocytosis, also became positive for MWCNTs;
FACS and quantitative RT-PCR were performed to analyze
the inflammatory response and cytokine profile. A transient
influx of MP was seen in both normal brain and GL261

gliomas in response to MWCNTs; whereas no significant
change in cytokine expression was noted in normal group
[127]. They concluded that CNTs can potentially be used as
a nanovector delivery system to modulate MP function in
tumors.

4.2. Inorganic Nanoparticles. Ceramic nanoparticles are typi-
cally composed of inorganic compounds such as silica or alu-
mina. Originally used with silica-based materials [128], this
approach was extended to organosilicates [129], transition
metal oxides [130], metalloid [131], and metal sulfides [132]
to produce a myriad of nanostructures with a characteristic
size, shape, and porosity. Generally, inorganic nanoparticles
may be engineered to evade the reticuloendothelial system
by varying their size and surface composition. Moreover, the
nanoparticle structure is porous, and it provides a physical
encasement to protect an entrapped molecular payload from
degradation or denaturation. Mesoporous silica materials
contain a complex “worm-like” network of channels through-
out the interior of the solid nanoparticles. It is relatively
easy to modify the surfaces of these particles with unique
functionalities via a variety of chemical transformations.
Several functional groups can be introduced onto the sur-
face of inorganic nanoparticles, ranging from saturated and
unsaturated hydrocarbons to carboxylic acids, thiols, amines,
and alcohols. Inorganic nanoparticles are relatively stable
over broad ranges of temperature and pH, yet their lack of
biodegradation and slow dissolution raises safety questions,
especially for long term administration [133, 134].

4.3. Dendrimers. Dendrimers are polymer-based macro-
molecules formed frommonomeric or oligomeric units, such
that each layer of branching units doubles or triples the num-
ber of peripheral groups. These structures are considered as
one of the most promising polymer architectures in biomed-
ical applications in recent years [135, 136]. Such structures are
highly branched, multigenerational nanoparticles consisting
of exterior end groups that can be functionalized [137–139].
Examples included the encapsulation of therapeutic agents
inside the dendrimers and attachment of drugs, targeting
moieties and functional groups on the surface of them by
covalent bounding or physical absorbing, which afforded the
possibility to produce the desired multifunctional nanocarri-
ers for drug delivery.

The avoid area within dendrimer and the extent of its
branching, the size control, and its facility ofmodification and
preparation offer great potential for drug delivery. Generally,
they have a symmetrical structure, with the potential to create
an isolated “active site” core area through chemical function-
alization. The modification of the degree of branching may
allow for encapsulation of a molecule within this structure
[140]. For instance, a dendrimer may become water soluble
when its end groups are functionalized with hydrophilic
groups, such as carboxylic acids. Thus, water-soluble den-
drimers may be designed with internal hydrophobicity,
suitable for the incorporation of a hydrophobic drug. The
frequently used genetic transfection agent polyfect consists of
dendrimer molecules radiating from a central core. Amino
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groups at the terminal ends of the dendrimer branches are
positively charged at physiological pH, therefore interacting
with the negatively charged phosphate groups of nucleic acids
[141]. However, dendrimers require further improvements
in cytotoxicity profiles, biocompatibility, and biodistribution
into the body.

Drug carriers such as dendrimers have been used for
therapeutic purposes in the treatment of gliomas. These
nanomaterials were conjugated to D-glucosamine as the
ligand for enhancing their permeability across BBB and
tumor targeting.The efficacy ofmethotrexate- (MTX-)loaded
dendrimers was established against U87 MG and U343
MGa cells. Permeability of rhodamine-labeled dendrimers
and MTX-loaded dendrimers across an in vitro BBB model
and their distribution into vascular human glioma tumor
spheroids were also studied. Glycosylated dendrimers were
found to be endocytosed in significantly higher amounts
than nonglucosylated dendrimers by the cell lines mentioned
above. These MTX-loaded dendrimers were also able to
kill even MTX-resistant cells highlighting their ability to
overcome MTX resistance. In addition, the amount of MTX
transported across BBB was three to five times more after
loading in the dendrimers. Glycosylation further increased
the cumulative permeation of dendrimers across BBB and
hence increased the amount ofMTX available across it.These
results shown that glucosamine not only can be used as an
effective ligand for targeting glial tumors but also enhanced
their permeability across BBB [142].

Furthermore, the poly(amidoamine) (PAMAM) den-
drimer was employed as a carrier to codeliver antisense-
miR-21 oligonucleotide (as-miR-21) and 5-fluorouracil (5-
FU) to achieve delivery of as-miR-21 to human glioblastoma
cells and enhance the cytotoxicity of 5-FU antisense ther-
apy. PAMAM could be simultaneously loaded with 5-FU
and as-miR-21, forming a complex smaller than 100 nm in
diameter. Both the chemotherapeutant and as-miR-21 could
be efficiently introduced into tumor cells. The codelivery
of as-miR-21 significantly improved the cytotoxicity of 5-
FU and dramatically increased the apoptosis of U251 cells,
while the migration ability of the tumor cells was decreased.
These results suggest that the codelivery system may have
important clinical applications in the treatment of miR-21-
overexpressing glioblastoma [143].

5. Antibodies Conjugated to Nanoparticles

Tumor-specific targeting using achievements of nanotech-
nology is a mainstay of increasing efficacy of antitumor
drugs. One of the most significant advances in tumor-
targeted therapy is the surface modification of nanoparticles
with monoclonal antibodies (mAbs) alone or in combination
with antineoplastic drugs in cancer therapy [144]. Another
important advantage of this technology is the possibility of
masking the unfavorable physicochemical characteristics of
the incorporated molecule. In particular, the treatment of
brain tumors takes advantage of this characteristics due to
efficient and specific brain delivery of the anticancer drugs
[145]. These different strategies can be exploited for a variety

of biomedical applications such as cancer immunotherapy
that manipulate the immune system for therapeutic benefits
and minimize adverse effects [146].

In order to improve direct tumor targeting and to avoid
the damage of nontumor cells Fujita et al. [147] synthesized
a new polycefin variant conjugated to two monoclonal anti-
bodies of different specificities in a promising drug carrier
poly(𝛽-l-malic acid) (PMLA) polymer, natural product of
Physarum polycephalum [148] that is used as a carrier matrix
of biopharmaceuticals with some advantages such as lack of
toxicity in vitro and in vivo, nonimmunogenicity, biodegrad-
ability, stability in the bloodstream, and easy cellular uptake
[149–152]. Also, they studied the drug accumulation in
glioma-bearing animals finding that the polycefin variant
with the combination of mouse anti-TfR [153, 154] and
human tumor-specific antibody 2C5 [155, 156] provides the
most efficient drug delivery route throughmouse endothelial
system and into implanted human brain tumor cells. It was
not achieved by variants with single mAbs or devoid of
antibodies. The presence of two or more different antibodies
at the same time on drug delivery systems, especially on
polycefin variants, may be important for future specific drug
delivery and therapeutic efficacy in tumor treatment.

Another interesting approach is the use of immunoli-
posomes, which are antibodies conjugated to the liposomes
using the antibody motif of protein A (ZZ) as an adaptor.
Feng et al. [157] used the immunoliposomes to deliver sodium
borocaptate (BSH) encapsulated in liposomes composed of
nickel lipid (a lipid derivatized with a nickel-chelating head
group) and antiepidermal growth factor receptor (EGFR);
antibodies were conjugated to the liposomes using the anti-
body affinity motif of protein A (ZZ) as an adaptor into
EGFR-overexpressing glioma cells. Immunohistochemical
analysis using an anti-BSH monoclonal antibody revealed
that BSH was delivered effectively into the cells but not into
EGFR-deficient glioma or primary astrocytes. In an animal
model of brain tumors, both the liposomes and the BSHwere
only observed in the tumor. Moreover, enriched boron or 10B
conjugated with anti-EGFR antibodies by ZZ-His provides
a selective delivery system into glioma cells, and this was
confirmed by inductively coupled plasma-atomic emission
spectrometry (ICP-AES) both in vitro and in vivo [157].

5.1. Solid Lipid Nanoparticles. Solid lipid nanoparticles are
lipid-based submicron colloidal carriers. They were initially
designed in the early 1990s as a pharmaceutical alternative
to liposomes and emulsions. In general, they are more stable
than liposomes in biological systems due to their relatively
rigid core consisting of hydrophobic lipids that are solid at
room and body temperatures, surrounded by a monolayer of
phospholipids [158]. These aggregates are further stabilized
by the inclusion of high levels of surfactants. Because of their
facility of biodegradation, they are less toxic than polymer
or ceramic nanoparticles. Also, they have controllable phar-
macokinetic parameters and can be engineered with three
types of hydrophobic core designs: a homogenous matrix,
a drug-enriched shell, or a drug-enriched core. It has been
demonstrated that the compound payload can leave the
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hydrophobic core at warmer temperatures. Conversely, the
compound payload enters the hydrophobic core at lower
temperatures. These principles are used to load and unload
solid lipid nanoparticles for the delivery of therapeutic agents,
taking advantage of recent techniques to selectively produce
hypo- and hyperthermia. These nanoparticles can be used to
deliver drugs orally, topically, or via inhalation.

Recently, Kuo and Liang used innovative catanionic solid
lipid nanoparticles (CASLNs) prepared in microemulsions
carrying carmustine (BCNU) (BCNU-CASLNs) that were
grafted with antiepithelial growth factor receptor (EGFR)
(anti-EGFR/BCNU-CASLNs) and applied to inhibit the
propagation of human brain malignant glioblastomas cells
due to gliomas normally express certain types of growth
factor receptor. The catanionic surfactants (1Mm) yielded
the smallest particle size of BCNUCASLNs and the largest
entrapment efficiency of BCNU with a moderate toxicity to
human brain-microvascular endothelial cell and a tolerable
expression of TNF-𝛼. Thereby, anti-EGFR/BCNU-CASLNs
could have a potential use in anticancer chemotherapy for
clinical application [159].

These nanoparticles could be loaded with others types
of chemotherapeutics such as doxorubicin (DOX). The use
of CASLNs loaded with DOX and grafted with antiepithelial
growth factor receptor (EGFR) (anti-EGFR/DOX-CASLNs)
suppressed the propagation of malignant U87MG cells. At
1mM concentrations of these catanionic surfactants con-
jugated with hexadecyltrimethylammonium bromide and
sodium anionic sodium dodecylsulfate, CASLNs entrapped
the largest quantity of DOX, concluding that catanionic
surfactants at 1mM and 100% of cacao butter (CB) could
be satisfactory conditions for preparing anti-EGFR/DOX-
CASLNs to inhibit proliferation of malignant U87MG cells,
and the grafted anti-EGFR could substantially enhance the
delivery efficiency of DOX to U87MG cells [160].

Above all, these nanoparticles are not used yet in clinical
trials against glioblastoma or others types of brain tumors,
but this innovative approach can be an effective delivery
system with high targeting efficacy against brain tumors due
to the great capacity to deliver chemotherapeutic agents and
to reduce toxicity.

In Table 2 we are summarized some of the most applied
nanoparticles for treatment of gliomas.

6. Special Considerations

While it is important to achieve an increased uptake of
functional targeting nanoparticles by GBM cells, it is also
important to consider the biodistribution of the nanoparticles
in blood circulation and liver accumulation, highlighting the
importance of controlling ligand loading in order to achieve
optimal performance for therapeutic and imaging applica-
tions for multivalent nanoparticle-based systems [161].

7. Perspectives

Nowadays, several research groups are actively trying to
combine a variety of functions into NPs as platforms for

targeting different immune and tumoral cells and to develop
diverse strategies to modulate specific treatments. A major
effort toward successfulNP-based therapeuticswill be needed
to avoid extensive and nonspecific immunostimulatory or
immunosuppressive reactions to the nanomaterials, once
they have been administered into the body, in order to find
a right balance between any remaining potential damage and
the health and quality of life of patients. This implies the
future development of new or adapted methods appropriate
to assess new medicinal tools involving NPs. Although many
questions still require extensive investigation, the available
data suggest that a variety of NPs can be engineered to
become part of the next generation of immunomodulatory
platforms and treatments [80].

Nanoparticles exploit biological pathways to achieve pay-
load delivery to cellular and intracellular targets, including
transport across the BBB. The central nervous system is pro-
tected by this barrier which maintains its homeostasis. How-
ever, many potential drugs for the treatment of diseases of the
central nervous system (CNS) cannot reach the brain in high
concentrations. This physical barrier limits the brain uptake
of the vast majority of neurotherapeutics and neuroimaging
contrast agents [7, 17]. One possibility to deliver drugs to the
CNS is the employment of polymeric nanoparticles. Modi-
fication of the nanoparticle surface with covalently attached
targeting ligands or by coating with certain surfactants had
enabled the adsorption of specific plasma proteins.The ability
of these carriers to overcome BBB appears to be receptor-
mediated endocytosis in brain capillary endothelial cells.The
possibility to employ nanoparticles for delivery of proteins
and other macromolecules across the BBB suggests that this
technology holds great promises for noninvasive therapy
of the CNS diseases. Recently, some studies have shown
the distribution, pharmacokinetics, and drugs delivery into
the brain in rodents and found that nanoparticles greater
than approximately 100–150 nm in diameter will tend to
accumulate in tumors due to their higher extravasation
in comparison with normal vasculature [16, 162]. Rapid
advances and emerging technologies in nanoparticles have
shown a profound impact on cancer diagnosis, treatment,
and monitoring. Now, the interest of researchers is defining
physical and chemical characteristics to provide an effective
therapy without side effects.

8. Conclusion

Studies on the biological composition, administrations, and
adverse events of new nanomaterials suited for biomedical
applications are important for therapeutic drug delivery and
the development of innovative and better treatments [163].
Furthermore, the engineering of the particle backbone struc-
ture, size, shape of the nanoparticle surface, and the core itself
provides yet another dimension of physical control that can
be directed toward an increased strength, increased chemical
specificity, or heat resistance. Most polymeric nanoparticles
are biodegradable and biocompatible and have been adopted
as a preferred method for drug delivery. Since nanopar-
ticles come into direct contact with cellular membranes,
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their surface properties may determine the mechanism of
internalization and intracellular localization [164]. They also
exhibit a good potential for surfacemodification via chemical
transformations, provide excellent pharmacokinetic control,
and are suitable for the entrapment and delivery of a wide
range of therapeutic agents.

The use of nanoparticles could be a good option in
diagnosis and treatment of gliomas. Studies suggest that a
variety of NPs can be engineered to become part of the
next generation of agents delivery and specific treatment on
gliomas.Theuse of a biocompatible systemofNPs, conjugates
should reduce the toxicity and side effects of systemic drugs
administration and therefore improve the quality of life in
cancer patients. However, several studies conducted largely
on mice have shown undesired side effects such as inflam-
matory response including substantial lung neutrophil influx
and mortality at high doses. In addition, NPs may feasibly
represent a useful imaging tool to diagnosis and followup;
also, it to be used to assess/monitor efficacy of antiangiogenic
or other antitumour treatments, thus improving the clini-
cal management of brain tumours. Nevertheless, additional
research is required in multifunctional NPs based drug
delivery systems to overcome the problems and understand
how nanoparticles interact with biological systems and the
environment for effective therapy.
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gadolinium oxide nanoparticles to image brain cancer cells in
vivo with MRI,” Contrast Media & Molecular Imaging, vol. 6,
no. 4, pp. 209–218, 2011.

[54] M. D. Robson and G. M. Bydder, “Clinical ultrashort echo
time imaging of bone and other connective tissues,” NMR in
Biomedicine, vol. 19, no. 7, pp. 765–780, 2006.

[55] J. Rahmer, P. Börnert, and S. P.M.Dries, “Assessment of anterior
cruciate ligament reconstruction using 3D ultrashort echo-time
MR imaging,” Journal of Magnetic Resonance Imaging, vol. 29,
no. 2, pp. 443–448, 2009.

[56] X. Chen, Y. Hou, M. Tohme et al., “Pegylated Arg-Gly-Asp
peptide: 64Cu labeling and PET imaging of brain tumor 𝛼v𝛽3-
integrin expression,” Journal of NuclearMedicine, vol. 45, no. 10,
pp. 1776–1783, 2004.

[57] B. Jia, J. Shi, Z. Yang et al., “99mTc-labeled cyclic RGDfK dimer:
initial evaluation for SPECT imaging of glioma integrin 𝛼v𝛽3
expression,” Bioconjugate Chemistry, vol. 17, no. 4, pp. 1069–
1076, 2006.

[58] S. Cruet, C. Salamanca, G. W. E. Mitchell, and N. Auersperg,
“𝛼v𝛽3 and vitronectin expression by normal ovarian surface
epithelial cells: role in cell adhesion and cell proliferation,”
Gynecologic Oncology, vol. 75, no. 2, pp. 254–260, 1999.

[59] I. Dijkgraaf, J. A. W. Kruijtzer, C. Frielink et al., “𝛼v𝛽3 integrin-
targeting of intraperitoneally growing tumors with a radiola-
beled RGD peptide,” International Journal of Cancer, vol. 120,
no. 3, pp. 605–610, 2007.



BioMed Research International 17

[60] L. Zhang, X. Zhong, L. Wang et al., “T1-weighted ultrashort
echo time method for positive contrast imaging of mag-
netic nanoparticles and cancer cells bound with the targeted
nanoparticles,” Journal of Magnetic Resonance Imaging, vol. 33,
no. 1, pp. 194–202, 2011.

[61] L. R. Hirsch, A. M. Gobin, A. R. Lowery et al., “Metal
nanoshells,” Annals of Biomedical Engineering, vol. 34, no. 1, pp.
15–22, 2006.

[62] C. Loo, L. Hirsch, M. H. Lee et al., “Gold nanoshell bioconju-
gates for molecular imaging in living cells,” Optics Letters, vol.
30, no. 9, pp. 1012–1014, 2005.

[63] J. L. West and N. J. Halas, “Engineered nanomaterials for
biophotonics applications: improving sensing, imaging, and
therapeutics,” Annual Review of Biomedical Engineering, vol. 5,
pp. 285–292, 2003.

[64] A. W. H. Lin, N. A. Lewinski, J. L. West, N. J. Halas,
and R. A. Drezek, “Optically tunable nanoparticle contrast
agents for early cancer detection: model-based analysis of gold
nanoshells,” Journal of Biomedical Optics, vol. 10, no. 6, Article
ID 064035, 2005.

[65] C. E. Talley, J. B. Jackson, C. Oubre et al., “Surface-enhanced
Raman scattering from individual Au nanoparticles and
nanoparticle dimer substrates,” Nano Letters, vol. 5, no. 8, pp.
1569–1574, 2005.

[66] D. E. Gheorghe, L. Cui, C. Karmonik et al., “Gold-silver
alloy nanoshells: a new candidate for nanotherapeutics and
diagnostics,”Nanoscale Research Letters, vol. 6, article 554, 2011.

[67] A. R. Lowery, A. M. Gobin, E. S. Day, N. J. Halas, and J. L.
West, “Immunonanoshells for targeted photothermal ablation
of tumor cells,” International Journal of Nanomedicine, vol. 1, no.
2, pp. 149–154, 2006.

[68] D. J. Naczynski, T. Andelman, D. Pal et al., “Albumin nanoshell
encapsulation of near-infrared-excitable rare-earth nanoparti-
cles enhances biocompatibility and enables targeted cell imag-
ing,” Small, vol. 6, no. 15, pp. 1631–1640, 2010.

[69] W. Cai, D. W. Shin, K. Chen et al., “Peptide-labeled near-
infrared quantum dots for imaging tumor vasculature in living
subjects,” Nano Letters, vol. 6, no. 4, pp. 669–676, 2006.

[70] P. Reiss, M. Protière, and L. Li, “Core/shell semiconductor
nanocrystals,” Small, vol. 5, no. 2, pp. 154–168, 2009.

[71] H. Arya, Z. Kaul, R. Wadhwa, K. Taira, T. Hirano, and S. C.
Kaul, “Quantum dots in bio-imaging: revolution by the small,”
Biochemical and Biophysical Research Communications, vol. 329,
no. 4, pp. 1173–1177, 2005.

[72] A. M. Smith, H. Duan, A. M. Mohs, and S. Nie, “Bioconjugated
quantum dots for in vivo molecular and cellular imaging,”
Advanced Drug Delivery Reviews, vol. 60, no. 11, pp. 1226–1240,
2008.

[73] M. A. Popescu and S. A. Toms, “In vivo optical imaging using
quantum dots for the management of brain tumors,” Expert
Review ofMolecularDiagnostics, vol. 6, no. 6, pp. 879–890, 2006.

[74] H. Jackson, O. Muhammad, H. Daneshvar et al., “Quantum
dots are phagocytized by macrophages and colocalize with
experimental gliomas,”Neurosurgery, vol. 60, no. 3, pp. 524–530,
2007.

[75] S. Kim, Y. T. Lim, E. G. Soltesz et al., “Near-infrared fluorescent
type II quantum dots for sentinel lymph nodemapping,”Nature
Biotechnology, vol. 22, no. 1, pp. 93–97, 2004.

[76] N. Y. Morgan, S. English, W. Chen et al., “Real time in vivo
non-invasive optical imaging using near-infrared fluorescent
quantum dots,” Academic Radiology, vol. 12, no. 3, pp. 313–323,
2005.

[77] Y. Wang, C. Ye, L. Wu, and Y. Hu, “Synthesis and charac-
terization of self-assembled CdHgTe/gelatin nanospheres as
stable near infrared fluorescent probes in vivo,” Journal of
Pharmaceutical and Biomedical Analysis, vol. 53, no. 3, pp. 235–
242, 2010.

[78] H. J. Wang, L. Yang, H. Y. Yang et al., “Antineoplastic activities
of protein-conjugated silver sulfide nano-crystals with different
shapes,” Journal of Inorganic Biochemistry, vol. 104, no. 1, pp. 87–
91, 2010.

[79] J. Banchereau and A. K. Palucka, “Dendritic cells as therapeutic
vaccines against cancer,”Nature Reviews Immunology, vol. 5, no.
4, pp. 296–306, 2005.

[80] R. Klippstein and D. Pozo, “Nanotechnology-based manipula-
tion of dendritic cells for enhanced immunotherapy strategies,”
Nanomedicine, vol. 6, no. 4, pp. 523–529, 2010.

[81] G. P. Adams andL.M.Weiner, “Monoclonal antibody therapy of
cancer,” Nature Biotechnology, vol. 23, no. 9, pp. 1147–1157, 2005.

[82] D. Schrama, R. A. Reisfeld, and J. C. Becker, “Antibody targeted
drugs as cancer therapeutics,” Nature Reviews Drug Discovery,
vol. 5, no. 2, pp. 147–159, 2006.

[83] D. Papahadjopoulos, A. Portis, and W. Pangborn, “Calcium
induced lipid phase transitions and membrane fusion,” Annals
of the New York Academy of Sciences, vol. 308, pp. 50–66, 1978.

[84] B. E. Ryman, R. F. Jewkes, and K. Jeyasingh, “Potential applica-
tion of liposomes to therapy,” Annals of the New York Academy
of Sciences, vol. 308, pp. 281–307, 1978.

[85] D. D. Lasic, P. M. Frederik, M. C. A. Stuart, Y. Barenholz, and T.
J. McIntosh, “Gelation of liposome interior. A novel method for
drug encapsulation,” FEBS Letters, vol. 312, no. 2-3, pp. 255–258,
1992.

[86] A. D. Bangham, “Surrogate cells or Trojan horses.The discovery
of liposomes,” BioEssays, vol. 17, no. 12, pp. 1081–1088, 1995.

[87] H. Chen, Y. Qina, Q. Zhang et al., “Lactoferrin modified
doxorubicin-loaded procationic liposomes for the treatment of
gliomas,” European Journal of Pharmaceutical Sciences, vol. 44,
no. 1-2, pp. 164–173, 2011.

[88] Y. Qin, H. Chena, Q. Zhang et al., “Liposome formulated with
TAT-modified cholesterol for improving brain delivery and
therapeutic efficacy on brain glioma in animals,” International
Journal of Pharmaceutics, vol. 420, no. 2, pp. 304–312, 2011.

[89] W. Gong, Z. Wang, N. Liu et al., “Improving efficiency of
adriamycin crossing blood brain barrier by combination of
thermosensitive liposomes and hyperthermia,” Biological and
Pharmaceutical Bulletin, vol. 34, no. 7, pp. 1058–1064, 2011.

[90] S. Fellner, B. Bauer, D. S. Miller et al., “Transport of paclitaxel
(taxol) across the blood-brain barrier in vitro and in vivo,”
Journal of Clinical Investigation, vol. 110, no. 9, pp. 1309–1318,
2002.

[91] H. Xin, X. Jiang, J. Gu et al., “Angiopep-conjugated
poly(ethylene glycol)-co-poly(𝜀-caprolactone) nanoparticles
as dual-targeting drug delivery system for brain glioma,”
Biomaterials, vol. 32, no. 18, pp. 4293–4305, 2011.

[92] J.Wang,W. Liu, Q. Tu et al., “Folate-decorated hybrid polymeric
nanoparticles for chemically andphysically combined paclitaxel
loading and targeted delivery,” Biomacromolecules, vol. 12, no. 1,
pp. 228–234, 2011.

[93] H. Hatcher, R. Planalp, J. Cho, F. M. Torti, and S. V. Torti,
“Curcumin: from ancient medicine to current clinical trials,”
Cellular andMolecular Life Sciences, vol. 65, no. 11, pp. 1631–1652,
2008.



18 BioMed Research International

[94] B. B. Aggarwal, A. Kumar, and A. C. Bharti, “Anticancer poten-
tial of curcumin: preclinical and clinical studies,” Anticancer
Research, vol. 23, no. 1, pp. 363–398, 2003.

[95] R. K. Maheshwari, A. K. Singh, J. Gaddipati, and R. C. Srimal,
“Multiple biological activities of curcumin: a short review,” Life
Sciences, vol. 78, no. 18, pp. 2081–2087, 2006.

[96] A. B. Kunnumakkara, P. Anand, and B. B. Aggarwal, “Curcumin
inhibits proliferation, invasion, angiogenesis and metastasis
of different cancers through interaction with multiple cell
signaling proteins,” Cancer Letters, vol. 269, no. 2, pp. 199–225,
2008.

[97] J. Ravindran, S. Prasad, and B. B. Aggarwal, “Curcumin and
cancer cells: how many ways can curry kill tumor cells selec-
tively?” AAPS Journal, vol. 11, no. 3, pp. 495–510, 2009.

[98] G. P. Atkinson, S. E. Nozell, and E. N. Benveniste, “NF-𝜅B and
STAT3 signaling in glioma: targets for future therapies,” Expert
Review of Neurotherapeutics, vol. 10, no. 4, pp. 575–586, 2010.

[99] A. L. Schmidt, A. L. Brunetto, G. Schwartsmann, R. Roesler,
and A. L. Abujamra, “Recent therapeutic advances for treating
medulloblastoma: focus on new molecular targets,” CNS and
Neurological Disorders, vol. 9, no. 3, pp. 335–348, 2010.

[100] K. J. Lim, S. Bisht, E. E. Bar, A. Maitra, and C. G. Eberhart,
“A polymeric nanoparticle formulation of curcumin inhibits
growth, clonogenicity and stem-like fraction inmalignant brain
tumors,”Cancer Biology andTherapy, vol. 11, no. 5, pp. 464–473,
2011.

[101] J. Shao,D. Zheng, Z. Jiang et al., “Curcumindelivery bymethoxy
polyethylene glycol-poly(caprolactone) nanoparticles inhibits
the growth of C6 glioma cells,” Acta Biochimica et Biophysica
Sinica, vol. 43, no. 4, pp. 267–274, 2011.

[102] M. Tsujii, S. Kawano, S. Tsuji, H. Sawaoka, M. Hori, and R.
N. DuBois, “Cyclooxygenase regulates angiogenesis induced by
colon cancer cells,” Cell, vol. 93, no. 5, pp. 705–716, 1998.

[103] T.H. Kim, Y. I. Jeong, S. G. Jin et al., “Preparation of polylactide-
co-glycolide nanoparticles incorporating celecoxib and their
antitumor activity against brain tumor cells,” International
Journal of Nanomedicine, vol. 6, pp. 2621–2631, 2011.

[104] A. J. Primeau, A. Rendon, D. Hedley, L. Lilge, and I. F. Tannock,
“The distribution of the anticancer drug doxorubicin in relation
to blood vessels in solid tumors,” Clinical Cancer Research, vol.
11, no. 24, part 1, pp. 8782–8788, 2005.

[105] T. Siegal, A. Horowitz, and A. Gabizon, “Doxorubicin encap-
sulated in sterically stabilized liposomes for the treatment of
a brain tumor model: biodistribution and therapeutic efficacy,”
Journal of Neurosurgery, vol. 83, no. 6, pp. 1029–1037, 1995.

[106] A. Gabizon and F. Martin, “Polyethylene glycol-coated (pegy-
lated) liposomal doxorubicin. Rationale for use in solid
tumours,” Drugs, vol. 54, supplement 4, pp. 15–21, 1997.

[107] B. Kateb, M. Van Handel, L. Zhang, M. J. Bronikowski, H.
Manohara, and B. Badie, “Internalization of MWCNTs by
microglia: possible application in immunotherapy of brain
tumors,” NeuroImage, vol. 37, supplement 1, pp. S9–S17, 2007.

[108] S. P. Vyas, A. Singh, andV. Sihorkar, “Ligand-receptor-mediated
drug delivery: an emerging paradigm in cellular drug targeting,”
Critical Reviews inTherapeutic Drug Carrier Systems, vol. 18, no.
1, pp. 1–76, 2001.

[109] Z. M. Qian, H. Li, H. Sun, and K. Ho, “Targeted drug delivery
via the transferrin receptor-mediated endocytosis pathway,”
Pharmacological Reviews, vol. 54, no. 4, pp. 561–587, 2002.

[110] A. Kito, J. Yoshida, N. Kageyama, N. Kojima, andK. Yagi, “Lipo-
somes coupled with monoclonal antibodies against glioma-
associated antigen for targeting chemotherapy of glioma,” Jour-
nal of Neurosurgery, vol. 71, no. 3, pp. 382–387, 1989.

[111] D. A. Eavarone, X. Yu, and R. V. Bellamkonda, “Targeted
drug delivery to C6 glioma by transferrin-coupled liposomes,”
Journal of BiomedicalMaterials Research, vol. 51, no. 1, pp. 10–14,
2000.

[112] W. C. W. Chan and S. Nie, “Quantum dot bioconjugates for
ultrasensitive nonisotopic detection,” Science, vol. 281, no. 5385,
pp. 2016–2018, 1998.

[113] B. Dubertret, P. Skourides, D. J. Norris, V. Noireaux, A. H.
Brivanlou, and A. Libchaber, “In vivo imaging of quantum dots
encapsulated in phospholipid micelles,” Science, vol. 298, no.
5599, pp. 1759–1762, 2002.

[114] X. Gao, Y. Cui, R. M. Levenson, L. W. K. Chung, and S. Nie,
“In vivo cancer targeting and imaging with semiconductor
quantum dots,” Nature Biotechnology, vol. 22, no. 8, pp. 969–
976, 2004.

[115] Y. Xiang, L. Liang, X. Wang, J. Wang, X. Zhang, and Q.
Zhang, “Chloride channel-mediated brain glioma targeting of
chlorotoxin-modified doxorubicine-loaded liposomes,” Journal
of Controlled Release, vol. 152, no. 3, pp. 402–410, 2011.

[116] H. Vallhov, S. Gabrielsson, M. Strømme, A. Scheynius, and
A. E. Garcia-Bennett, “Mesoporous silica particles induce size
dependent effects on human dendritic cells,” Nano Letters, vol.
7, no. 12, pp. 3576–3582, 2007.

[117] M. Ahamed, M. S. AlSalhi, and M. K. J. Siddiqui, “Silver
nanoparticle applications and human health,” Clinica Chimica
Acta, vol. 411, no. 23-24, pp. 1841–1848, 2010.

[118] P. V. AshaRani, G. L. K. Mun, M. P. Hande, and S. Valiyaveettil,
“Cytotoxicity and genotoxicity of silver nanoparticles in human
cells,” ACS Nano, vol. 3, no. 2, pp. 279–290, 2009.

[119] S. Kim, J. E. Choi, J. Choi et al., “Oxidative stress-dependent
toxicity of silver nanoparticles in human hepatoma cells,”
Toxicology in Vitro, vol. 23, no. 6, pp. 1076–1084, 2009.

[120] C. Carlson, S.M.Hussein, A.M. Schrand et al., “Unique cellular
interaction of silver nanoparticles: size-dependent generation of
reactive oxygen species,” Journal of Physical Chemistry B, vol.
112, no. 43, pp. 13608–13619, 2008.

[121] P. V. Asharani, N. Xinyi,M. P. Hande, and S. Valiyaveettil, “DNA
damage and p53-mediated growth arrest in human cells treated
with platinum nanoparticles,” Nanomedicine, vol. 5, no. 1, pp.
51–64, 2010.

[122] L. Yang, H. J. Wang, H. Y. Yang et al., “Shape-controlled
synthesis of protein-conjugated silver sulfide nanocrystals and
study on the inhibition of tumor cell viability,” Chemical
Communications, no. 26, pp. 2995–2997, 2008.

[123] C. Levard, E. M. Hotze, G. V. Lowry, and G. E. Brown Jr.,
“Environmental transformations of silver nanoparticles: impact
on stability and toxicity,” Environmental Science & Technology,
vol. 46, no. 13, pp. 6900–6914, 2012.

[124] J. J. Li and K. D. Zhu, “Spin-based optomechanics with carbon
nanotubes,” Scientific Reports, vol. 2, article 903, 2012.

[125] M. J. Meziani and Y. P. Sun, “Protein-conjugated nanoparticles
from rapid expansion of supercritical fluid solution into aque-
ous solution,” Journal of the American Chemical Society, vol. 125,
no. 26, pp. 8015–8018, 2003.

[126] C. Salvador-Morales, E. Flahaut, E. Sim, J. Sloan,M. L.H.Green,
and R. B. Sim, “Complement activation and protein adsorption
by carbon nanotubes,”Molecular Immunology, vol. 43, no. 3, pp.
193–201, 2006.



BioMed Research International 19

[127] C.Klumpp,K.Kostarelos,M. Prato, andA. Bianco, “Functional-
ized carbon nanotubes as emerging nanovectors for the delivery
of therapeutics,” Biochimica et Biophysica Acta, vol. 1758, no. 3,
pp. 404–412, 2006.

[128] C. T. Kresge, M. E. Leonowicz, W. J. Roth, J. C. Vartuli, and J. S.
Beck, “Ordered mesoporous molecular sieves synthesized by a
liquid-crystal template mechanism,” Nature, vol. 359, no. 6397,
pp. 710–712, 1992.

[129] T. Asefa, M. J. MacLachlan, N. Coombs, and G. A. Ozin,
“Periodic mesoporous organosilicas with organic groups inside
the channel walls,”Nature, vol. 402, no. 6764, pp. 867–871, 1999.

[130] Z. R. Tian,W. Tong, J. Y.Wang, N. G. Duan, V. V. Krishnan, and
S. L. Suib, “Manganese oxide mesoporous structures: mixed-
valent semiconducting catalysts,” Science, vol. 276, no. 5314, pp.
926–930, 1997.

[131] G. S. Armatas and M. G. Kanatzidis, “Mesostructured germa-
nium with cubic pore symmetry,” Nature, vol. 441, no. 7097, pp.
1122–1125, 2006.

[132] P. N. Trikalitis, K. K. Rangan, T. Bakas, and M. G. Kanatzidis,
“Varied pore organization in mesostructured semiconductors
based on the [SnSe4]4− anion,” Nature, vol. 410, no. 6829, pp.
671–675, 2001.

[133] I. Roy, S. Mitra, A. Maitra, and S. Mozumdar, “Calcium
phosphate nanoparticles as novel non-viral vectors for targeted
gene delivery,” International Journal of Pharmaceutics, vol. 250,
no. 1, pp. 25–33, 2003.

[134] S. H. Wu, C. Y. Mou, and H. P. Lin, “Synthesis of mesoporous
silica nanoparticles,” Chemical Society Reviews, 2013.

[135] R. S. Dhanikula, A. Argaw, J. F. Bouchard, and P. Hildgen,
“Methotrexate loaded polyether-copolyester dendrimers for
the treatment of gliomas: enhanced efficacy and intratumoral
transport capability,”Molecular Pharmaceutics, vol. 5, no. 1, pp.
105–116, 2008.

[136] Y. Ren, C. S. Kang, X. B. Yuan et al., “Co-delivery of as-miR-21
and 5-FU by poly(amidoamine) dendrimer attenuates human
glioma cell growth in vitro,” Journal of Biomaterials Science, vol.
21, no. 3, pp. 303–314, 2010.

[137] M. Tan, X. Wu, E. K. Jeong, Q. Chen, and Z. R. Lu, “Peptide-
targeted nanoglobular Gd-DOTA monoamide conjugates for
magnetic resonance cancer molecular imaging,” Biomacro-
molecules, vol. 11, no. 3, pp. 754–761, 2010.

[138] E. C. Wiener, M. W. Brechbiel, H. Brothers et al., “Dendrimer-
basedmetal chelates: a new class ofmagnetic resonance imaging
contrast agents,”Magnetic Resonance in Medicine, vol. 31, no. 1,
pp. 1–8, 1994.

[139] Z. Cheng, D. L. J. Thorek, and A. Tsourkas, “Gadolinium-
conjugated dendrimer nanoclusters as a tumor-targeted T
1 magnetic resonance imaging contrast agent,” Angewandte
Chemie, vol. 49, no. 2, pp. 346–350, 2010.

[140] C. C. Lee, J. A. MacKay, J. M. J. Fréchet, and F. C. Szoka,
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Targeting nanoparticles by conjugating various specific ligands has shown potential therapeutic efficacy in nanomedicine. However,
poor penetration of antitumor drugs into solid tumors remains a major obstacle. Here, we describe a targeting strategy for
antitumor drug delivery by conjugating a crosslinkedmultilamellar liposomal vesicle (cMLV) formulationwith a tumor-penetrating
peptide, iRGD. The results showed that iRGD peptides could facilitate the binding and cellular uptake of drug-loaded cMLVs and
consequently enhance the antitumor efficacy in breast tumor cells, includingmultidrug-resistant cells.Moreover, colocalization data
revealed that iRGD-conjugated cMLVs (iRGD-cMLVs) entered cells via the clathrin-mediated pathway, followed by endosome-
lysosome transport for efficient drug delivery. Finally, in vivo study indicated that iRGD-cMLVs could deliver anticancer drugs
efficiently to mediate significant tumor suppression.

1. Introduction

For optimal anticancer treatment with cytotoxic drugs, it
is necessary to sustain antitumor effects over a prolonged
period at an efficacious drug concentration without induc-
ing severe systemic toxicity. Therefore, as an alternative to
conventional medicine for cancer therapeutics, nanoparticle-
based drug delivery systems have been widely evaluated
and utilized to modulate the toxicity profile of anticancer
drugs and improve drug circulation time [1–3]. Long-
circulating liposomes, such as polyethylene-glycol-(PEG-)
coated liposomes, have become one of the most popular
nanocarriers for delivering therapeutics and have shown
the ability to passively accumulate in tumors as a result
of enhanced permeability and retention (EPR) effect [4, 5].
Ultimately, however, active targeting to tumor cells via the

inclusion of a tumor-targeting molecule on the nanocarriers
is expected to provide more effective cancer therapy [1,
6, 7]. Once extravasated in the tumor environment, the
targeting molecules will likely foster the active attachment of
nanoparticles to tumor cells expressing the specific receptors
for elevated antitumor activity.

Scientific investigations have identified diverse tumor-
targeting molecules that can be exploited by nanoparticles
to actively target cancer cell-specific markers with unique
phenotypes in tumors. For example, it has been reported that
drug carriers conjugated with targeting ligands, such as anti-
Her2 antibody [8], folate [9], or transferrin (Tf) [10], have
achieved therapeutic benefit by successfully targeting human
epidermal receptors (HER), folate receptors, and transferrin
receptor (TfR), respectively, all of which are overexpressed
on tumor cells. The cell- or tissue-specific ligand-receptor



2 BioMed Research International

interaction contributes to the increased efficacy as a result
of enhanced uptake of the complex into tumor cells by
receptor-mediated endocytosis. However, a major obstacle
against the clinical application of this targeting strategy has
been the poor penetration of the targeted payload through
the vascular wall and into the tumor parenchyma, especially
in solid tumors, which have a high interstitial pressure [11,
12]. Recently, a tumor-penetrating peptide, iRGD (CRGD-
KGPDC), was identified and reported to increase vascular
and tissue penetration in a tumor-specific and neuropilin-
1-dependent manner, as compared to conventional RGD
peptides [13, 14]. Like conventional RGD peptides, iRGD
homes to tumor sites by binding to 𝛼

𝑣
𝛽
3
and 𝛼

𝑣
𝛽
5
integrins,

which are highly expressed in tumor endothelium [13, 15, 16],
thus enhancing the therapeutic effect of antitumor drugs on
suppressing tumor growth and/or metastasis. After binding,
the iRGD peptide is thought to be proteolytically cleaved
to produce CRGDK fragment, which favors binding to
neuropilin-1 receptor, thus facilitating the penetration of
drugs into the tumor [17].

Here, we explored whether the iRGD peptide could
enhance cancer drug delivery and antitumor activity when
conjugated to liposomal nanoparticles. Our previous studies
evaluated nanoparticles based on a crosslinked multilamellar
liposomal vesicle (cMLV), and we found that they exhibited
remarkable stability, sustained release kinetics of encapsu-
lated doxorubicin, and improved therapeutic efficiency in
vivo [18].Therefore, in this study,we tested the hypothesis that
cMLV nanoparticles conjugated with iRGD peptides could
enhance the delivery of the antitumor drug doxorubicin. We
demonstrated that iRGD could increase both binding and
uptake of Dox-loaded cMLV in 4T1 tumor cells. Moreover,
the colocalization data showed that iRGD peptides could
change the intracellular endocytic routes of cMLV particles,
which was further confirmed by the drug-inhibition exper-
iment. Data also showed that systemic injection of iRGD-
conjugated nanoparticles could more efficiently suppress
tumor growth in the breast tumor model. These results
confirmed that the tumor-penetrating peptide iRGD could be
a promising means of targeted drug delivery to tumor sites.

2. Materials and Methods

2.1. Materials. Mice. Female 6- to 10-week-old BALB/c mice
were purchased from Charles River Breeding Laborato-
ries (Wilmington, MA). All mice were held under specific
pathogen-reduced conditions in the Animal Facility of the
University of Southern California (USA). All experiments
were performed in accordance with the guidelines set by the
National Institutes of Health and the University of Southern
California on the Care and Use of Animals.

Cell Lines, Antibodies, and Reagents. 4T1 tumor cells (ATCC
number: CRL-2539) and JC cells (ATCC number: CRL-
2116) were maintained in a 5%CO

2
environment with Dul-

becco’s modified Eagle’s medium (Mediatech, Inc., Manassas,
VA) supplemented with 10% FBS (Sigma-Aldrich, St. Louis,
MO) and 2mM of L-glutamine (Hyclone Laboratories, Inc.,
Omaha, NE). The mouse monoclonal antibodies against

clathrin, caveolin-1, and EEA1 were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). The mouse
monoclonal antibody to Lamp-1 was purchased from Abcam
(Cambridge, MA). Alexa488-TFP ester and Alexa488-goat
anti-mouse immunoglobulin G (IgG) were obtained from
Invitrogen (Carlsbad, CA). Chlorpromazine (CPZ) and Fil-
ipin were obtained from Sigma-Aldrich (St. Louis, MO)
and used at appropriate concentrations according to the
manufacturer’s protocols.

2.2. Synthesis of iRGD-cMLVs. Preparation of liposomes was
based on the conventional dehydration-rehydration method.
All lipids were obtained from NOF Corporation (Japan).
1.5 𝜇mol of lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-(1-rac-glycerol)
(DOPG), and maleimide-headgroup lipid 1,2-dioleoyl-sn-gl-
ycero-3-phosphoeth-anolamine-N-[4-(p-maleimidophenyl)
butyramide (MPB-PE) were mixed in chloroform to form a
lipid composition with a molar ratio of DOPC :DOPG :MPB
= 4 : 1 : 5, and the organic solvent in the lipid mixture was
evaporated under argon gas, followed by additional drying
under vacuum overnight to form dried thin lipid films.
The resultant dried film was hydrated in 10mM Bis-Tris
propane at pH 7.0 with doxorubicin at a molar ratio of 0.2 : 1
(drugs : lipids) with vigorous vortexing every 10min for 1 h
and then applied with 4 cycles of 15 s sonication (Misonix
MicrosonXL2000, Farmingdale, NY) on ice at 1min intervals
for each cycle. To induce divalent-triggered vesicle fusion,
MgCl

2
was added to make a final concentration of 10mM.

The resulting multilamellar vesicles were further crosslinked
by addition of dithiothreitol (DTT, Sigma-Aldrich) at a
final concentration of 1.5mM for 1 h at 37∘C. The resulting
vesicles were collected by centrifugation at 14,000 g for 4min
and then washed twice with PBS. For iRGD conjugation
to cMLVs, the particles were incubated with 0.5 𝜇mol of
iRGD peptides (GenScript, Piscataway, NJ) for 1 h at 37∘C.
For pegylation of cMLVs, both unconjugated and iRGD-
conjugated particles were further incubated with 0.5𝜇mol of
2 kDa PEG-SH (Laysan Bio Inc., Arab, AL) for 1 h at 37∘C.
The particles were then centrifuged and washed twice with
PBS. The final products were stored in PBS at 4∘C.

2.3. Characterization of Physical Properties. The hydrody-
namic size and size distribution of iRGD-cMLVs were mea-
sured by dynamic light scattering (Wyatt Technology, Santa
Barbara, CA).

2.4. In Vitro Drug Encapsulation and Release. To study the
loading capacity of Dox, iRGD-cMLV(Dox) nanoparticles
were collected and then washed twice with PBS, followed by
lipid extraction of vesicles with 1% Triton X-100 treatment.
Dox fluorescence (excitation 480 nm, emission 590 nm) was
then measured by a Shimadzu RF-5301PC spectrofluorom-
eter (Japan). To obtain the release kinetics of Dox from
liposomes, Dox-loaded iRGD-cMLVs were incubated at 37∘C
in 10% fetal-bovine-serum-(FBS-) containing media, the
releasing media were removed from iRGD-cMLVs incubated
at 37∘C for quantification of Dox fluorescence every day, and
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freshmedia were replaced for continuousmonitoring of drug
release.

2.5. In Vitro Cytotoxicity. 4T1 and JC cells were plated at a
density of 5×103 cells per well in D10 media in 96-well plates
and grown for 6 h. The cells were then exposed to a series of
concentrations of cMLV(Dox) or iRGD-cMLV(Dox) for 48 h,
and the cell viability was assessed using the Cell Proliferation
Kit II (XTT assay) fromRocheApplied Science (Indianapolis,
IN) according to the manufacturer’s instructions. Cell via-
bility percentage was determined by subtracting absorbance
values obtained from media-only wells from drug-treated
wells and then normalizing to the control cells without drugs.
Thedatawere analyzed by nonlinear regression to get the IC

50

value.

2.6. In Vitro Binding and Internalization Study. 4T1 cells
were plated at a density of 2 × 105 cells per well in D10
media in 24-well plates and grown overnight. The cells
were incubated with two concentrations (0.2 𝜇g/mL and
0.04 𝜇g/mL) of iRGD-cMLV(Dox) or cMLV(Dox) for 30min
at 4∘C (for binding assay) or 2 h at 37∘C (for internalization
assay). After incubation, the cells were washed twice with
PBS to remove the unbound nanoparticles. Binding and
cellular uptake of particles were determined by measuring
doxorubicin fluorescence using flow cytometry.

2.7. Confocal Imaging. Fluorescence images were acquired
on a Yokogawa spinning-disk confocal scanner system
(Solamere Technology Group, Salt Lake City, UT) using a
Nikon eclipse Ti-E microscope equipped with a 60 × /1.49
Apo TIRF oil objective and a Cascade II: 512 EMCCD
camera (Photometrics, Tucson, AZ, USA). An AOTF
(acousto-optical tunable filter) controlled laser-merge
system (Solamere Technology Group Inc.) was used to
provide illumination power at each of the following laser
lines: 491 nm, 561 nm, and 640 nm solid state lasers (50mW
for each laser).

To label liposomal particles, DiD lipophilic dyes were
added to the lipid mixture in chloroform at a ratio of 0.01 : 1
(DiD : lipids), and the organic solvent in the lipid mixture
was evaporated under argon gas to incorporate DiD dyes
into a lipid bilayer of vesicles. To detect iRGD peptides,
both iRGD-cMLV and unconjugated cMLV particles were
incubated with 50 nmol of Alexa488-TFP ester (Invitrogen)
for 2 h in 0.1M sodium bicarbonate buffer (pH= 9.3). After
2 h incubation, the reaction was stopped, and unbound dye
molecules were removed via buffer exchange into PBS (pH
= 7.4) using a Zeba desalting spin column (Fisher Scien-
tific). For the detection of intracellular nanoparticles, DiD-
labeled iRGD-cMLV or DiD-labeled unconjugated cMLV
were incubated for 30min at 4∘C with HeLa cells that were
seeded overnight on polylysine-coated glass bottom dishes
(MatTek Corporation, Ashland, MA).Then the samples were
incubated at 37∘C to initiate particle internalization at the
indicated time points. The culture dish was then rinsed,
fixed with 4% formaldehyde, permeabilized with 0.1% Triton
X-100, and then immunostained with the corresponding

antibodies specific to clathrin, caveolin-1, EEA1, or Lamp-1
and counterstained with DAPI (Invitrogen, Carlsbad, CA).

2.8. Uptake Inhibition Assay. HeLa cells (1 × 105 cells)
were preincubated with Chlorpromazine (CPZ, 25𝜇g/mL)
or Filipin (10 𝜇g/mL) for 30min to disrupt the clathrin- or
caveolin-mediated pathway. The cells were then incubated
with DiD-labeled iRGD-cMLV or unconjugated cMLV for
1 h at 37∘C in the presence of CPZ and filipin. The cells were
then washed twice with PBS. The cellular uptake of particles
was determined by measuring DiD fluorescence using flow
cytometry and normalized on the basis of fluorescent inten-
sity acquired from the untreated cells.

2.9. In Vivo Antitumor Activity Study. BALB/c female mice
(6–10 weeks old) were inoculated subcutaneously with 0.2 ×
106 4T1 breast tumor cells. The tumors were allowed to
grow to a volume of ∼50mm3 before treatment. On day 10,
the mice were injected intravenously through tail vein with
PBS (control group), cMLV (2mg/kg Dox), and iRGD-cMLV
(2mg/kg Dox) every three days (five mice per group). Tumor
growth and body weight were then monitored until the end
of the experiment.The length and width of the tumor masses
were measured with a fine caliper every three days after
injection. Tumor volume was expressed as 1/2 × (length ×
width2).

3. Results

3.1. Preparation of iRGD-cMLVNanoparticles. Theprocedure
for the preparation of crosslinked multilayer liposomal
vesicles (cMLV) was adapted from a recently reported
multistep procedure based on the conventional dehydration-
rehydration method to form covalent crosslinkers between
adjacent lipid bilayers [19], as illustrated in Figure 1(a). This
method employed a divalent cation-triggered vesicle fusion
to yield a multilamellar structure, from which interbilayer
crosslinkers were formed across the opposing sides of lipid
bilayers through the reactive headgroups with dithiothreitol
(DTT).The iRGDpeptides (CRGDKGPDC)were conjugated
to the surface of cMLVs through the functional thiol-reactive
maleimide headgroups of maleimide-headgroup lipid,
1,2-dioleoyl-sn-glycero-3-phosphoeth-anolamine-N- [4-(p-
maleimidophenyl) butyramide](MPB-PE). As a final step,
the surface of the iRGD-conjugated cMLV (iRGD-cMLV)
was pegylated with thiol-terminated PEG to further improve
the blood circulation time of vesicles [5, 20].

The physical properties of synthesized iRGD-cMLV were
characterized. The hydrodynamic size of these targeted
nanoparticles was measured by dynamic light scattering
(DLS), and the result showed the mean diameter of iRGD-
cMLV to be ∼230 ± 11.23 nm (Figure 1(b)), which was similar
to that of unconjugated cMLV (∼220 ± 6.98 nm). Moreover,
it has been confirmed that doxorubicin-(Dox-) encapsulation
efficiency of ∼85% can be achieved via this preparation
procedure. An in vitro drug release assay also showed that
iRGD-cMLV exhibited slow and sustained release kinetics
(up to 2 weeks) in a serum environment (Figure 1(c)).
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Figure 1: Characterization, release profile, and conjugation of iRGD-cMLVs. (a) Schematic illustration of the synthesis of iRGD-conjugated
crosslinked multilamellar vesicle (iRGD-cMLV). (b) The hydrodynamic size distribution of iRGD-cMLVs measured by dynamic light
scattering (DLS). Data represented the mean ± SD of at least three experiments with 𝑛 = 3. (c) In vitro release kinetics of doxorubicin (Dox)
from iRGD-cMLVs. Error bars represent standard error of the mean; 𝑛 = 3 for each formulation. ((d), (e)) Confirmation of the conjugation
of iRGD peptides onto the cMLV nanoparticles by confocal imaging. DiD-labeled iRGD-cMLVs (d) and DiD-labeled cMLVs (e) were reacted
with Alexa488 dye for 1 h at room temperature followed by confocal imaging. Scale bar represents 5 𝜇m.
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Next, we examined whether iRGD peptides were con-
jugated to the surface of cMLV via the maleimide head-
groups. To this end, fluorescent 1,1-dioctadecyl-3,3,3,3-
tetramethylindodicarbocyanine-(DiD-) labeled cMLV parti-
cles were used to visualize both unconjugated and conjugated
particles. In addition, Alexa488 dye was utilized to label
iRGD peptides through the amine group of lysine residues
on iRGD peptides (CRGDKGPDC). The results showed
that a significant colocalization of DiD-labeled iRGD-cMLV
particles with Alexa488-labeled iRGD peptides was observed
(Figure 1(d)), while no Alexa488 signals were detected on
unconjugated cMLV particles (Figure 1(e)), suggesting that
iRGD peptides were successfully conjugated to cMLV parti-
cles.

3.2. Cytotoxicity and Cell Uptake of iRGD-cMLV(Dox). We
next determined the effect of iRGD-conjugated cMLV
nanoparticles on cytotoxicity levels in cells as compared
to unconjugated cMLV nanoparticles. Dox-loaded cMLV
(cMLV(Dox)) and Dox-loaded iRGD-cMLV (iRGD-
cMLV(Dox)) were incubated with 4T1 or JC cells. JC cells
represent a model drug-resistant tumor cell line over-
expressing P-glycoprotein and exhibiting drug-resistant
phenotype both in vitro and in vivo [21]. After 48 h
incubation, the cytotoxicity of Dox liposomes was
measured by a standard XTT assay. In vitro cytotoxicity
data revealed that iRGD-cMLV showed slightly smaller IC

50

(0.011 ± 0.0037 𝜇g/mL) in 4T1 cells as compared to cMLV
(0.018±0.0025 𝜇g/mL) (Figure 2(a)). A significant difference
of cytotoxicity between iRGD-cMLV(Dox) and cMLV(Dox)
was observed in JC cells, in which iRGD-cMLV(Dox)
showed a lower IC

50
(2.01 ± 0.22 𝜇g/mL) value than that

of cMLV(Dox) (3.19 ± 0.32 𝜇g/mL, 𝑃 < 0.05, Figure 2(b)).
The XTT results indicated that delivery of Dox with iRGD-
conjugated cMLV was more potent in inhibiting tumor cell
proliferation.

To investigate whether the enhanced cell cytotoxicity
of iRGD-cMLV resulted from an increased cellular uptake
of nanoparticles, the cellular binding and uptake of iRGD-
cMLV and cMLV were examined. For the binding assay,
cMLV(Dox) or iRGD-cMLV(Dox) was incubated with 4T1
tumor cells at 4∘C for 30min. Then the bound nanoparticles
on the cell surface were determined by detecting doxorubicin
signals via flow cytometry after removing the unbound
nanoparticles. As shown in Figure 2(c), at both concentra-
tions, a significantly higher integrated mean fluorescence
intensity (MFI) was observed when the cells were incubated
with iRGD-cMLV(Dox), indicating that iRGD-cMLVs can
facilitate the attachment of nanoparticles to the cells via the
integrin receptor expressed on the surface of tumor cells (𝑃 <
0.01). Additionally, the cellular accumulation of doxorubicin
in 4T1 cells was determined by integrated MFI after the cells
were incubated with cMLV(Dox) or iRGD-cMLV(Dox) at
37∘C for 2 h. The results showed that a remarkably enhanced
cell uptake of doxorubicin was observed when the cells were
incubated with iRGD-cMLV(Dox) (𝑃 < 0.01, Figure 2(d)),
suggesting that the increased cellular accumulation of dox-
orubicin was facilitated by iRGD peptides. Taken together,

the iRGD peptides promoted both binding and uptake of
drug-loaded nanoparticles in tumor cells, thereby enhancing
the drug concentration in cells and improving the cytotoxicity
of drugs.

3.3. Internalization and Intracellular Pathways of iRGD-
cMLVs. Wenext investigated the entrymechanism and intra-
cellular process of iRGD-cMLV into tumor cells to determine
whether iRGD peptides could change the pathway by which
nanoparticles are endocytosed. Endocytosis is known as
one of the main entry mechanisms for various nanoscale
drug carriers [22, 23]. Several studies have reported the
involvement of clathrin- and caveolin-dependent pathways
in nanoparticle-mediated endocytosis [24–26]. Therefore,
to investigate the role of clathrin- or caveolin-dependent
endocytosis of iRGD-cMLVs, we visualized the individual
fluorescent DiD-labeled cMLVs or iRGD-cMLVs with endo-
cytic structures (clathrin or caveolin) after 15min incubation
at 37∘C. As shown in Figure 3(a), a significant colocaliza-
tion of unconjugated cMLV particles with caveolin-1 signals
was observed, while no colocalization between unconju-
gated cMLV particles and clathrin structures was detected,
indicating that the caveolin pathway may be involved in
the endocytosis of cMLVs. However, after 15min incuba-
tion, iRGD-cMLV particles were colocalized with clathrin
structures, whereas, no significant colocalization between
iRGD-cMLV particles and caveolin-1 signals was observed
(Figure 3(b)), suggesting that the endocytosis of iRGD-
cMLVs could be clathrin dependent. The quantification of
iRGD-cMLVs and cMLVs colocalized with caveolin-1 or
clathrin structures by analyzingmore than 30 cells confirmed
that the clathrin-mediated pathway could be involved in the
entry of iRGD-cMLVs, while the endocytosis of cMLVs could
be caveolin-1 dependent (Figures 3(c) and 3(d)). The role of
clathrin-dependent endocytosis of iRGD-cMLV was further
examined by drug-inhibition assays shown in Figure 3(e).
Chlorpromazine (CPZ) is known to block clathrin-mediated
internalization by inhibiting clathrin polymerization [27],
while filipin is a cholesterol-binding reagent that can dis-
rupt caveolin-dependent internalization [28, 29]. As shown
in Figure 3(e), CPZ (10 𝜇g/mL) significantly decreased the
uptake of iRGD-cMLV particles in HeLa cells, while no
significant inhibitory effect on their uptake was observed
when cells were pretreated with Filipin (10𝜇g/mL). However,
pretreatment of cells with Filipin remarkably decreased the
uptake of unconjugated cMLV particles (𝑃 < 0.01), whereas
no inhibitory effect on their uptake was observed in CPZ-
pretreated cells. Results from the inhibition assay further
confirmed that iRGD-cMLV endocytosis is mediated by
the clathrin-dependent pathway, while unconjugated cMLV
particles enter cells via caveolin-dependent endocytosis.

Once inside the cells, the intracellular fate of the
endosomal contents has been considered as an important
determinant of successful drug delivery [30]. It was also
proposed that nanoparticles might transport to the early
endosomes in a GTPase Rb5-dependent manner and also
proceed through the conventional endocytic pathway (endo-
somes/lysosomes) [31–33], probably resulting in enzymatic
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Figure 2: In vitro cytotoxicity, binding, and internalization of iRGD-cMLVs and cMLVs in tumor cells. ((a), (b)) In vitro cytotoxicity of
cMLV(Dox) and iRGD-cMLV(Dox) in 4T1 tumor (a) and multidrug-resistant JC cells (b). The cytotoxicity was measured by a standard
XTT assay. Error bars represent the standard deviation of the mean from triplicate experiments. ((c), (d)) Binding and internalization of
cMLV(Dox) and iRGD-cMLV(Dox) to 4T1 cells. 4T1 cells were incubated with cMLV(Dox) and iRGD-cMLV(Dox) for 30min at 4∘C (c)
or 2 h at 37∘C (d). Both binding and cellular uptake of nanoparticles were determined by measuring doxorubicin fluorescence using flow
cytometry. Statistical analysis was performed with Student’s t-test. Error bars represent the standard deviation of the mean from triplicate
experiments.

destruction of lipid membrane for drug release in lysosomes
[30]. To further investigate the subsequent intracellular
fate of iRGD-cMLV nanoparticles, DiD-labeled iRGD-cMLV
particles were evaluated for their colocalization with the
early endosome (EEA-1) [34] and lysosome (Lamp-1) [31]
markers at different incubation times at 37∘C. As shown in
Figure 4(a), most iRGD-cMLV particles were found in the

EEA1+ early endosomes after incubation of 30min, validating
the involvement of early endosomes in the intracellular fate
of targeted cMLV particles. In addition, after 2 h incuba-
tion, a significant colocalization of iRGD-cMLVs with lyso-
somes was observed, suggesting that iRGD-cMLVsmay tran-
sport to early endosomes and further travel to lysosomes
for possible release of drug from liposomes and endocytic
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Figure 3: Clathrin-mediated internalization of iRGD-cMLVs and caveolin-dependent endocytosis of cMLVs. ((a), (b)) HeLa cells were
incubated with DiD-labeled cMLV nanoparticles (red, (a)) or DiD-labeled iRGD-cMLVs particles (red, (b)) for 30min at 4∘C to synchronize
internalization. The cells were then incubated at 37∘C for 15min, fixed, permeabilized, and immunostained with anti-clathrin (green) or
anti-caveolin-1 antibody (green). The nucleus of cells was counterstained with DAPI. Scale bar represents 10𝜇m. ((c), (d)) Quantification of
cMLV and iRGD-cMLV particles colocalized with clathrin (c) or caveolin-1 signals (d) after 15min of incubation. Overlap coefficients were
calculated using Manders’ overlap coefficients by viewing more than 30 cells of each sample using the Nikon NIS-Elements software. Error
bars represent the standard deviation of the mean from analysis of multiple images (∗∗∗𝑃 < 0.005). (e) Inhibition of clathrin-dependent
endocytosis by chlorpromazine (CPZ, 25 𝜇g/mL) and caveolin-dependent internalization by Filipin (10𝜇g/mL). The uptake of DiD-labeled
cMLV and DiD-labeled iRGD-cMLV nanoparticles was determined by measuring DiD fluorescence via flow cytometry. Error bars represent
the standard deviation of the mean from triplicate experiments (∗𝑃 < 0.05, ∗∗𝑃 < 0.01).

compartments to cytosol. When taken together, the results
showed that iRGD-cMLVs enter tumor cells via clathrin-
dependent and receptor-mediated endocytosis, followed by
transport through early endosomes and lysosomes.

3.4. Therapeutic Effect of iRGD-cMLV(Dox) in Breast Tumor
Animal Model. We have demonstrated that iRGD-
conjugated cMLVs can enhance uptake of nanoparticles into
cells, resulting in an increased concentration of doxorubicin
and in vitro cytotoxicity. Here, a breast tumor animal model

was used to evaluate the in vivo therapeutic efficacy of
iRGD-cMLV(Dox), compared with that of cMLV(Dox).
At day 0, BALB/c mice were inoculated subcutaneously
with 4T1 breast tumor cells. At day 10, mice were injected
intravenously with iRGD-cMLV(Dox) or cMLV(Dox) at
doses of 2mg/kg Dox equivalents every three days. Tumor
growth and body weight were then monitored until the end
of the experiment (Figure 5(a)). As shown in Figure 5(b),
mice in the group receiving 2mg/kg cMLV(Dox) showed
a significant tumor inhibition as compared to mice in
the untreated group (𝑃 < 0.01). In addition, a marked



8 BioMed Research International

Merged EEA1 iRGD-cMLV

(a)

Lamp-1 iRGD-cMLVMerged

(b)

Figure 4: Involvement of early endosomes and lysosomes in the intracellular trafficking of iRGD-cMLVs. HeLa cells were incubated with
DiD-labeled iRGD-cMLV nanoparticles (red) for 30min at 4∘C to synchronize internalization. The cells were then incubated at 37∘C for
45min and immunostained with anti-EEA1 antibody (green, (a)) or for 2 h and immunostained with anti-Lamp1 antibody (green, (b)). The
nucleus of cells was counterstained with DAPI. Scale bar represents 10 𝜇m.

suppression of tumor growth was observed in the group
treated by iRGD-cMLV(Dox), suggesting that iRGD peptides
could further enhance the therapeutic effect of drug-loaded
nanoparticles in vivo. During the whole experiment, no
weight loss was seen in any of the mice (Figure 5(c)),
indicating the absence of systemic toxicity from cMLV
and iRGD-cMLV formulations. The enhanced antitumor
activity of iRGD-cMLV (Dox) was further confirmed by
a significant reduction on tumor weight of mice treated
with iRGD-cMLV(Dox), as compared to that treated with
cMLV(Dox) (Figure 5(d)).

4. Discussion

Nontargeted, long-circulating liposomes, such as Doxil/
Caelyx, have been extensively evaluated to deliver chemo-
therapeutic drugs to treat cancers via the enhanced perme-
ability and retention mechanism [35–37]. Although signif-
icant efforts have been made to enhance their therapeutic
activity, the relatively inherent instability of conventional
liposomes in the presence of serum component, resulting
in rapid drug release profile, has been considered as an
obstacle in their development for cancer treatment [38]. In
order to develop a liposomal formulation with sustainable

release kinetics and improved stability, a cMLV formulation
of Dox has been explored as a new nanocarrier platform
with promising features of enhanced vesicle stability and
reduced systemic toxicity, resulting in improved in vivo
therapeutic efficiency [18]. Although cMLVs have shown
improved antitumor activity, direct delivery of these particles
with targeting ligands could potentially further enhance
efficacy and minimize toxicity.

Most currently investigated targeting strategies concen-
trate on directing nanoparticles to tumor cells by utilizing the
specific receptor/ligand overexpressed on tumor cells [6, 39,
40]. For instance, RGD (arginine-glycine-aspartate) peptides
have been conjugated to drug-loaded nanoparticles to target
integrin receptors, which are overexpressed on neovascular
endothelial cells [13, 15, 16]. Although the development of
targeted payload for anticancer drug delivery has shown
potential enhanced therapeutic effect, poor penetration of
nanoparticles to tumor cells still thwarts clinical treatment
of solid tumor [11, 12]. Therefore, a novel iRGD peptide has
been recently identified and reported to increase vascular
and tissue penetration in a tumor-specific and neuropilin-1-
(NRP-1-) dependentmanner [13, 15, 16].TheC-terminalmotif
CendR of iRGD peptide has been identified as a mediator
of cell and tissue penetration through the interaction with



BioMed Research International 9

D0 D10 D19

i.v. injection every
3 days (total 4 times)

Monitor tumor growth

(a)

700

600

500

400

300

200

100

0
10 13 16 19 22 25 28

∗

∗

∗
∗

Control
cMLV(Dox)
iRGD-cMLV(Dox)

Tu
m

or
 si

ze
 (m

m
3
)

Days after tumor inoculation

(b)

Bo
dy

 w
ei

gh
t (

g)

15

17.5

20

22.5

25

8 13 18 23 28

Control
cMLV(Dox)
iRGD-cMLV(Dox)

Days after tumor inoculation

(c)

Control cMLV(Dox) iRGD-cMLV(Dox)

Tu
m

or
 w

ei
gh

t (
g)

0

0.2

0.4

0.6

0.8

1

𝑃 < 0.05

𝑃 < 0.01

𝑃 < 0.05

(d)

Figure 5: Antitumor effect of iRGD-cMLVs and cMLVs in the 4T1 breast tumor model. (a) Schematic diagram of the experimental protocol
for the in vivo tumor study. (b) Tumor growth was measured after treatment without injection (control), cMLV(Dox), and iRGD-cMLV(Dox)
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neuropilin-1 receptor, a cell-surface receptor that is involved
in the regulation of vascular permeability [41, 42]. For
example, it has been reported that the successful infection of
many viruses required proteolytic cleavage of capsid proteins
to expose the CendR motifs to neuropilin-1 receptor, which
could trigger the endocytosis of viral particles into cells
[43]. Moreover, several studies have reported that peptides
containing CendR motifs could bind to NRP-1 receptor and
cause cellular internalization and vascular leakage [44], sug-
gesting that iRGD peptides could have similar effects when
covalently coupled to a drug delivery nanocarrier. Previously,
we demonstrated the enhanced therapeutic ability of cMLV
formulations with reduced systemic toxicity, as compared to
that of unilamellar liposome or Doxil-like liposomes [18].
Therefore, in this study, we conjugated iRGD peptides to
this relatively stable cMLV particles and evaluated, both in
vitro and in vivo, the effect of these targeted nanoparticles.
A similar accumulative drug release profile was observed in
iRGD-cMLV formulation as compared to cMLV formula-
tions, due to a similar size distribution and lipid composition
of these two formulations. The results showed that iRGD-
cMLVs presented superior cytotoxicity resulting from the
enhanced binding and uptake of targeted nanoparticles in
cells. Moreover, enhanced uptake and penetration of Dox via
iRGD-cMLV vesicles enabled the improved in vivo therapeu-
tic activity in tumors. iRGD-cMLVs treatment of 4T1 tumors
exhibited significant inhibition of tumor growth compared
to that treated with cMLVs, further suggesting the potential
application of iRGD to drug delivery via nanoparticles.

Furthermore, our imaging study on the entry mechanism
of iRGD-cMLVs provided some edifying details about the
intracellular fate of these particles. Specifically, the results
showed that iRGD-cMLV particles enter cells via clathrin-
dependent endocytosis, while the internalization of uncon-
jugated cMLV particles is caveolin-mediated. The different
endocytic pathways utilized by iRGD-cMLVs might result
from the interaction of nanoparticles with cells via iRGD-
integrin binding. The results also suggested that the receptor
mediated internalization possibly promoted cell attachment,
resulting in an enhanced cellular uptake. Although it has
been hypothesized that multiple pathways were involved in
endosomal transport [24, 25, 45], our data showed that both
iRGD-cMLVs and cMLVs home to early endosomes and
further traffic to lysosomes [18].The involvement of lysosome
in the intracellular trafficking routes of both iRGD-cMLVs
and cMLVs might facilitate drug release kinetics because
enzymes, such as phospholipases, in the endolysosomal
compartments can promote disruption of liposomal bilayers
[46, 47].

5. Conclusions

This study has evaluated the potential therapeutic effects
of a tumor-penetrating peptide, iRGD, by conjugating it
with Dox-loaded cMLVs in tumor treatment. We have
demonstrated that iRGD-cMLVs can serve as a new targeting
strategy to facilitate the penetration of antitumor drugs into
tumor cells and further enhance the therapeutic efficacy of

drugs both in vitro and in vivo. In addition, the endocytic
pathways involved in the entry of iRGD-cMLVs have been
investigated to shed some light on the possible mechanism of
enhanced cellular uptake of targeted nanoparticles.
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Cell surface antigens as biomarkers offer tremendous potential for early diagnosis, prognosis, and therapeutic response in a variety
of diseases such as cancers. In this research, a simple, rapid, accurate, inexpensive, and easily available in vitro assay based on
magnetic nanoparticles and magnetic cell separation principle was applied to identify and quantitatively analyze the cell surface
antigen expression in the case of prostate cancer cells. Comparing the capability of the assay with �ow cytometry as a gold standard
method showed similar results.e results showed that the antigen-speci�cmagnetic cell separationwith antibody-coatedmagnetic
nanoparticles has high potential for quantitative cell surface antigen detection and analysis.

1. Introduction

e biomarkers as early warning signs for diseases are
physiological and pathological changes in expression level
or state, which correlate with the progression in a variety of
diseases such as cancers [1, 2]. As the biomarkers show a
disease state very speci�cally and sensitively, they can be used
for the early diagnosis, differentiation between disease types
with higher accuracy, disease monitoring during and aer
therapy, and as possible therapeutic targets [3–5]. Among the
biomarkers, cell surface antigens play a key role in cellular
functions and pathomechanism of diseases in a variety of
cancers and since many of them are restrictedly produced
against a speci�c tumor, they can act as ideal biomarkers [6].
It is clear that cancer patients would bene�t enormously from
a better availability of such effective molecular indicators that

help in the development of new diagnostic and therapeutic
methods [7, 8].

Although the potential applications of cell surface anti-
gens in cancer diseases appear extraordinarily promising
idea, the greatest potential for using this type of biomarkers
for cancer lies in improving the technology for cancer cells
antigen discovery. So, rapid, simple, accurate, and inexpen-
sive detection methods of the relevant marker are very basic
and important. Currently, a wide range of technologies are
used for detection and characterization of surface antigens;
however, the most widely used method is the analysis of cell
surface antigens by �ow cytometry [9, 10]. Although the �ow
cytometry is the gold standardmethod for accurate and auto-
mated measurements of cell surface antigens, this technique
is not only expensive and only available in specialized centers
but also requires sophisticated equipment and reagents as



2 BioMed Research International

well as highly trained personnel. Furthermore, in resource-
limited countries the access to the technical support and
quality assurance programs for �ow cytometry is oen not
readily available [11, 12].

Recently, a new technique has been developed usingmag-
netic nanoparticles coupled to antibodies, as a non�ow cyto-
metric method, which identi�es cell surface antigen expres-
sion by speci�c antibody-antigen reaction easier, faster, more
efficiently, and at lower cost than the other methods [13].
In addition, the use of magnetic nanoparticles as molecular
imaging probes enables noninvasive in vivo studies of antigen
expression of diseases in various internal organs [14, 15].

In this work, a rapid and accurate in vitro assay based
on magnetic nanoparticles and magnetic cell separation
principle was described and developed to discover and
quantitatively analyze the cell surface antigen expression of
Prostate Speci�c Membrane Antigen (PSMA). is assay
relies on the fact that prostate cancer cells overexpress the
PSMA [16, 17].

2. Materials andMethods

2.1.Materials. Sulfo-SMCC cross-linker (Sulfosuccinimidyl-
4-(N-maleimidomethyl) cyclohexane-1-carboxylate), Traut’s
Reagent (2-iminothiolane), and cysteine were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Nanomag-
D-spio nanoparticles in suspension (diameter: 20 nm, sur-
face: CLD-NH2, 5mg/mL; 2.4mg Fe/mL) were obtained
from micromod Partikeltechnologie GmbH (Rostock, Ger-
many). Midi MACS sorting device, LD, and MS high-
gradient magnetic �eld (HGMF) columns were purchased
from Miltenyi Biotec GmbH (Gladbach, Germany). PD-10
columns were purchased from GE Healthcare (Piscataway,
NJ). e Bradford reagent was purchased from BioRad
(Hercules, CA). Amicon centrifugal �lters (0.5mL capacity,
10 kDa MWCO) were purchased from Millipore (Billerica,
MA).

All other chemicals were supplied by Aldrich and used
as received. J591 monoclonal antibody was obtained from
Professor Neil H. Bander (Cornell University, New York,
USA). Cell culture media and fetal bovine serum (FBS) were
obtained from GIBCO, Invitrogen Corporation (Carlsbad,
CA, USA). Prostate cancer cell lines, DU145 and LNCaP,
were purchased fromnational cell bank of Iran (Pasture Insti-
tute, Tehran, Iran) and Cell Lines Service (CLS, Eppelheim,
Germany).

2.2. Conjugation of J591 Antibody with Nanoparticles. e
monoclonal J591 antibody was thiolated and conjugated
to maleimide functionalized nanomag-D-spio nanoparticles
(Figure 1). erefore, the sulfo-SMCC cross-linker was �rst
added to nanomag-D-spio particles with CLD-NH2 sur-
face to introduce maleimide groups. Speci�cally, 100 𝜇𝜇L of
14.35 𝜇𝜇M Sulfo-SMCC solution in DMSO was added to
5mg of nanoparticles in PBS-EDTA buffer under gentle
shaking for 1 h at room temperature. Aer incubation, the
suspension was washed with PBS-EDTA buffer with PD-10
size exclusion columns to remove unreacted sulfo-SMCC. In

the next step, primary amines of J591 monoclonal antibodies
were modi�ed with 2-iminothiolane to introduce sul�ydryl
groups. Typically, 8 𝜇𝜇L of 7mM Traut’s reagent solution was
added to 400 𝜇𝜇L of pure antibody solution in PBS-EDTA
buffer (1mg/mL) and shaken for 1 h at room temperature.
To remove unconjugated 2-iminothiolane, the solution was
washed three times by 10-kDa cutoff Amicon centrifugal
�lter units with PBS as an eluent.

e antibody conjugation to SPIO nanoparticles was
achieved by addition of the maleimide functionalized parti-
cles to the SH-labeled antibody and incubation under gentle
shaking for 3 h at room temperature. Remaining functional
groups were blocked by addition of 100𝜇𝜇L of 20mM freshly
prepared cysteine solution. Finally, the antibody-labeled
SPIO nanoparticles were puri�ed on magnetic columns
(MACS separator).

2.3. Characterization. e hydrodynamic particle size and
the width of the particle size distribution (polydispersity
index) of nanoparticles were obtained via photon correlation
spectroscopy (PCS) using a Malvern Nano Series ZS particle
size analyzer (Malvern Instruments, Worcestershire, UK).
Samples morphology was observed by transmission electron
microscopy (TEM) on a Tecnai 10 TEM (FEI Company,
USA) operating at 80 k�. To con�rm the feasibility and
sensitivity as magnetic cell separation nanoprobe, magnetic
properties of synthesized nanoprobe were studied by the
use of nuclear magnetic resonance dispersion (NMRD)
pro�les (Spinmaster FFC 2000, STELAR, Italy), in a �eld
strength range extending from 200 𝜇𝜇T to 1.2 T. Additional
measurements of relaxation rate (𝑅𝑅1,2) were performed at 20
and 60MHz on Bruker Minispec system (Bruker, Karlsruhe,
Germany).

e binding of antibodymolecules to SPIO nanoparticles
and the amount of immobilized antibody were determined
by the Bradford assay. Brie�y, 40 𝜇𝜇L of Coomassie Plus
reagent concentrate was added to 160 𝜇𝜇L of dispersion of
nanoparticles, eithermAb-coated or noncoated. Aer 10min
of incubation, the absorbance was measured at 595 nm
using a microplate reader (Stat Fax, Awareness Technologies,
USA). e results were compared to a standard curve of
BSA solution in the concentration range from 10𝜇𝜇g/mL to
150 𝜇𝜇g/mL (Figure 3).

e iron concentrations of the samples were measured
by relaxometry measurements at 20MHz aer digestion of
samples by microwave oven. is was achieved by mineral-
ization of sample in acidic conditions (0.2mL sample, 0.6mL
HNO3, and 0.3mL H2O2) by microwave oven (Milestone
MLS-1200, Sorisole, Italy).emillimolar iron concentration
was determined from the 𝑅𝑅1 relaxation rate of samples, using
following equation [18, 19]:

[Fe] =
𝑅𝑅obs

1 − 𝑅𝑅dia
1 

𝑟𝑟1 s−1 mM−1
, (1)

where 𝑅𝑅obs
1 is the observed longitudinal proton relaxation

rate,𝑅𝑅dia
1 is the relaxation rate of water protons in the absence

of the contrast agent, and 𝑟𝑟1 is the longitudinal relaxivity
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F 1: e Scheme of SPIO nanoparticles Conjugation to J591 antibody, (a) functionalization of SPIO-CLD-NH2 with Sulfo-SMCC, (b)
functionalization of antibody with SH groups using Traut’s reagent, and (c) conjugation of thiolated antibody to maleimide functionalized
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de�ned as the relaxation rates induced by 1mmol of iron per
liter of solution. 𝑅𝑅obs

1 is the relaxation rate which is measured
on the solution containing the sample; 𝑅𝑅dia

1 and 𝑟𝑟1 were
obtained from a standard curve built by measuring the 𝑅𝑅1 of
various dilutions ofmineralized standard sample of iron (ICP
standard, Sigma Aldrich) (Figure 4).

2.4. Cell Culture. LNCaP, a PSMA-expressing (PSMA+), and
DU145, a PSMAnegative (PSMA−) adherent human prostate
cancer cell line, were grown in Dulbecco’s Modi�ed Eagle
Medium supplemented with 2mM L-glutamine, 1% NEAA,
1mM sodium pyruvate, 10% fetal bovine serum, and 1%
penicillin/streptomycin (Gibco, Grand Island, NY, USA). For
DU145, 1.5 g/L sodiumbicarbonate and 0.1mMnonessential
amino acids were used. e cells were cultured in 75 cm2

�as�s, at 37∘C under a humidi�ed 5% CO2 atmosphere. For
subculture and harvesting the cells, they were washed with
PBS followed by treatment with 3mL TrypLE (Gibco, Grand
Island, NY, USA) for 3min to detach the cells. About 10mL
of culture medium was added to neutralize the TrypLE. e

cells were then centrifuged at 3000 RPM for 10min; the
medium was removed and resuspended in complete media
and reseeded into new culture �as�s.

2.5. In Vitro Cytotoxicity. e cytotoxicity of nanomag-
D-spio particles and the corresponding J591-antibody-
conjugated nanoparticles against LNCaP and DU145 cells
was evaluated by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich)
[20]. Exponentially growing LNCaP and DU145 cells were
seeded at a density of 2 × 104 cells/well in 96-well plates
(Cell Star, Germany). e plates were incubated for 24 h
in a humidi�ed incubator with a CO2 concentration of 5%
to allow adherence of the cells. Once adhered, the cells
were incubated with either 0.1mL of medium containing
nanomag-D-spio or SPIO-J591 at iron concentrations rang-
ing from 0.15 to 2.4mM for 2, 8, and 24 h. e culture
medium without any particle was used as the control.

Aer incubation time 10𝜇𝜇L/well (5mg/mL), MTT was
added and incubation was continued for further 3 h.
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F 2: Scheme of the magnetic bead-based cell separation. (a) A
mixture of magnetically labeled and nonlabeled cells is applied on a
separation column. (b) Speci�c cell selection using MACS columns.
Magnetically labeled cells are retained in the magnetic �eld of the
separation column; unlabeled cells pass through the column as
negative fraction. (c)Aer removal of the column from themagnetic
�eld, the desired cells are eluted as the enriched positive fraction.
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F 3: Antibody concentration measurement by Bradford pro-
tein assay.

e medium was carefully removed and the formazan crys-
tals (indicating cell viability) were solubilized by adding
100 𝜇𝜇L DMSO (Sigma-Aldrich) per well. e absorbance
was determined at 570 nm by the Statfax-microplate reader
(Awareness Technology, USA). Experiments were performed
in triplicate and cell survival was determined as a percentage
of viable cells in comparison with control wells. One-way
ANOVA and correlation coefficient between viability and
iron concentration were used to determine whether the SPIO
nanoparticles caused any signi�cant cytotoxicity.

2.6. Fluorescence Microscopy. Fluorescence microscopy was
used to qualitatively analyze the cell surface antigen. LNCaP
and DU145 cell lines were washed with phosphate buffered
saline (PBS), detached by TrypLE, and seeded near con-
�uence (2 × 105 cells/well) on 22 × 22mm square glass
coverslips, which were pretreated with plasminogen in 6-
well plates. Aer attachment, the cells were �xed with 4%
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F 4: Calibration curve of iron concentration versus relaxation
rate at 20MHz.
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F 5: Hydrodynamic diameter of nanomag-D-spio (18.65 nm)
and J591-SPIO NPs (24.68 nm).

formaldehyde solution for 15min, washed with PBS, then
treated with Protein-Free Blocking Buffer (PFBB, Perbio Sci-
ence, Erembodegem, Belgium) for 1 h at room temperature.
e cells were washed with PBS and incubated successively
with primary J591 anti-PSMA antibody overnight in the dark
at 4∘C. Aer washing with PBS, the cells were incubated
with goat anti-mouse FITC monoclonal antibody for an
additional 1 h at room temperature in the dark. Cells were
then washed, and the slides were mounted using diluted
4′,6-diamidino-2-phenylindole (DAPI) (Vector Labconsult,
Brussels, Belgium) solution for 5min at room temperature
and rinsed once with PBS and once with water. e cover
slips weremounted ontomicroscope slides and observed on a
confocal microscope (LeicaMicrosystems, Groot Bijgaarden,
Belgium). A semiquantitative analysis of the microscope
pictures has been performed by using the ImageJ image
analysis soware (National Institutes of Health).

2.7. Surface Antigen Expression. In a variety of disease,
abnormalities concern not only antigen expression but also
its intensity, which may have diagnostic or prognostic sig-
ni�cance �21, 22]. Quantitative expression of PSMA on
the LNCaP and DU145 cell lines was investigated by �ow
cytometry, as well as by the new proposed method based on
magnetic cell separation.

To detect cell-surface expression of PSMAby �ow cytom-
etry as a gold standardmethod, indirect immuno�uorescence
staining was performed. In brief, cells were trypsynized,
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F 6: TEM images for plain and antibody conjugated SPIO (a) nanomag-D-spio and (b) SPIO-J591, antibody binding causes a signi�cant
reduction of particle agglomeration. e average size of particles estimated from TEM images was about 10–20 nm.
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F 7: NMRD pro�les of nanomag-D-spio and synthesized
nanoprobes.

washed with PBS containing 0.1% fetal bovine serum (FBS),
and 106 cells/tube from each cell line were transferred in
FACS tubes. e cells were resuspended in 90 𝜇𝜇L of washing
buffer and were preblocked with FcR Block (human) reagent
(Miltenyi) for 10min at room temperature in the dark. Aer
blocking, primary J591 anti-PSMA antibody (1/150 dilution)
was added to each cell tube (one tube of each cell line
as a control), incubated for 30min in the dark at room
temperature, and then washed 3 × 5min using a washing
buffer.

Aer washing, the cells were resuspended and incubated
in goat anti-mouse FITC monoclonal antibody for an addi-
tional 30min at room temperature in the dark. Cells were
then washed, resuspended in 0.5mL of PBS plus 0.1% FBS,
and analyzed immediately using a CyAN-ADP �ow cytome-
ter (Beckman Coulter). All �ow cytometry assessments were
repeated at least three times at weekly intervals for each
sample.

2.8. Magnetic Cell Separation. Immunomagnetic cell selec-
tion as a new method for detection and quantitative expres-
sion analysis of PSMAantigens on prostate cancer cells, based
on magnetic cell separation technique, has been developed
and used (Figure 2).

Human prostate cancer LNCaP cells and DU145 cells
were detached and washed three times with PBS. A approx-
imately 1-2 × 106 cell/tube of each cell type were plated in
15mL tube and incubated with culture medium containing
the synthesized nanoprobe (SPIO-J591) at Fe concentrations
of 2mM.Aer 2 h incubation at room temperature, cells were
washed with PBS three times and resuspended in 1mL PBS
containing 0.1% fetal bovine serum (FBS). e magnetic cell
separation was carried out on a midi MACS system. e
LS separation column was set in the Midi MACS sorting
device, washed twice with 1.0mL of PBS solution. en, the
cell suspension was added to the separation column, washed
three times to obtain the nonmagnetic cells �owing through
the sorting column. Finally, the LS separation column was
removed from the magnetic �eld and eluted the double
positive cells, and then the PSMA+ cells from the MS
separation column. e number of PSMA+ and PSMA− cells
was detected and counted using conventional Trypan blue
staining, under an optical microscope. e percentage of
PSMA expression on the cell surface was determined using
following equation:

e percentage of PSMA expression

=
number of PSMA+ cells

number of PSMA+ cells + number of PSMA− cells

× 100.
(2)

3. Results and Discussion

3.1. Synthesis. e J591 monoclonal antibody was thiolated
with Traut’s reagent and conjugated to maleimide func-
tionalized SPIO nanoparticles (Figure 1). e feasibility of
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F 8: In vitro assessment of cytotoxicity of nanomag-D-spio and SPIO-J591 in LNCaP and DU145 prostate cancer cells by the MTT
assay. e cells were incubated with Nanomag-D-SPIO or SPIO-J591 at equivalent iron concentrations ranging from 0.15 to 2.4mM for 2, 8,
and 24 h.

successfully graing of antibodymolecules to SPIO nanopar-
ticles was con�rmed by the Bradford assay as well as the
measurements of the hydrodynamic size and shape of SPIO
nanoparticles by using PCS and TEM. Analyses by Bradford
protein assay and spectrophotometric readings show the
amount of immobilized antibody of 56 ± 2 𝜇𝜇g Ab/mL of
synthesized nanoprobe (Figure 3). anks to a standard
curve with a commercially available iron standard solution
(ICP standard, Sigma Aldrich), the iron concentration of
particles was estimated to be 43.88 ± 1.2 and 24.22 ± 0.9mM
for nanomag-D-spio and J591-SPIO, respectively, by MR
relaxometry method (Figure 4).

3.2. Characterization. e particle size distribution of SPIO
nanoparticles before and aer antibody conjugation was
determined by PCS (Figure 5). e hydrodynamic parti-
cle diameters are determined to be 18.65 ± 0.21 nm for
nanomag-D-spio and 24.68 ± 0.22 nm for J591-SPIO. Figures
6(a) and 6(b) show TEM images for the spherical-shaped
plain and antibody-conjugated SPIO, respectively. e aver-
age particle size calculated from TEM was 10–20 nm for
nanomag-D-spio and J591-SPIO. e morphology study of
particles from TEM image suggests that antibody molecules
conjugated to SPIO nanoparticle reduce the agglomeration of
nanomag-D-spio particles.
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(a)

(b)

F 9: Fluorescent microscopy images (×40 magni�cation) of LNCaP (a) and DU145 (b), prostate cancer cells aer overnight incubation
with primary J591 anti-PSMA antibody and additional 1 h incubated with goat anti-mouse FITC monoclonal antibody. Blue colour: DAPI-
staining of DNA in the nucleus, green colour: goat anti-mouse FITC bonded to primary J591 anti-PSMA antibody.
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F 10: Flow cytometry test shows that DU145 cells lack PSMA expression (a) whereas LNCaP cells express high levels of prostate-speci�c
membrane antigen (PSMA) on their cell surface (b).

NMRD pro�les (Spinmaster FFC2000, STELAR, Italy)
were used to examine the magnetic properties of SPIO and
J591-SPIO nanoparticles under a magnetic �eld strength
between 200 𝜇𝜇T and 1.2 T. e magnetic properties of the
SPIO nanoparticles did not change signi�cantly by being
conjugated to antibody (Figure 7).

𝑅𝑅1 and 𝑅𝑅2 relaxation rate measurements of particles were
performed on a Bruker Minispec operating at 20MHz and
60MHz. A summary of the longitudinal and transversal
relaxivity is provided in Table 1.

3.3. In Vitro Cytotoxicity. Each nanoprobe for medical appli-
cation should show minimal toxicity to the targeted cells.
e in vitro cytotoxic effect of nanomag-D-spio and the
synthesized nanoprobe was assessed using the standard

methyl thiazol tetrazolium bromide (MTT) assay, using
LNCaP and DU145 cell lines. e results aer different
incubation times with different iron concentrations for both
cell lines show higher than 60% cell viability in relation to
the control sample (Figure 8).e statistical analysis by One-
way analysis of variance (ANOVA), followed by Duncan’s
multiple range test, showed statistically signi�cant evidence
of nonfunctionalized or functionalized SPIO toxicity to cells
(𝑃𝑃 𝑃 𝑃𝑃𝑃2).e𝑃𝑃 value between 2 and 8 h, 2–24 h, and 8–24 h
incubation of DU145 cell line with SPIO-J591 and nanomag-
D-spio was 0.007–0.015, 0.03–0.003, and 0.04–0.36, respec-
tively. In comparison to the LNCaP cell line, these values were
0.17–0.21, 0.15–0.02, and 0.48–0.02. As can be seen, the 𝑃𝑃
values are insigni�cant for most of LNCaP cell line compared
to the DU145 cells.
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T 1: Longitudinal and transversal relaxivities (𝑟𝑟1 and 𝑟𝑟2) of nanomag-D-spio and synthesized nanoprobe at 20 and 60MHz at 37∘C
(Minispec) and the saturation magnetization and size of particles estimated by NMRD pro�les data.

Particle 𝑟𝑟1 (s
−1 mM−1) 𝑟𝑟2 (s

−1 mM−1) 𝑟𝑟2/𝑟𝑟1 𝑀𝑀sat (Am
2/kg) 𝑟𝑟 (nm)

20MHz 60MHz 20MHz 60MHz 20MHz 60MHz
Nanomag-D-spio 21.6 7.6 112 121.8 5.2 16 36.5 8.25
SPIO-J591 14. 9 7.2 83.7 106.5 5.6 14.8 28 8.05

e results of the MTT assay show a moderate negative
correlation (𝑟𝑟 𝑟 𝑟−𝑟𝑟1𝑟𝑟–𝑟−𝑟𝑟71𝑟) between concentration and
viability for most of assays aer 2 h and 8 h incubation, but
aer 24 h incubation a positive correlation (𝑟𝑟 𝑟 𝑟𝑟𝑟𝑟–0.73)
between the concentration and viability was found.

3.4. Cell Surface Antigen Expression. e qualitative and
quantitative expression of PSMA on the LNCaP and DU145
cell lines was investigated by �uorescence microscopy, �ow
cytometry, and proposed method based on magnetic cell
separation.

e qualitative information on the cell surface antigen
expression was obtained by �uorescence microscopy. Figures
9(a) and 9(b) show that the cancer cells were de�ned byDAPI
staining (blue), whilst the green �uorescence represents
PSMA+ cells. e comparison demonstrates considerably
increased �uorescence intensity in the positive LNCaP cells
over the negative DU145 cells.

Flow cytometry analysis was performed to con�rm the
availability and quantitative analysis of desired prostate-
speci�c membrane antigen (PSMA) on cell surface.
Immuno�uorescent staining of LNCaP and DU145 cell
lines showed that LNCaP cells express high levels of PSMA
on their cell surface (95 ± 1𝑟2%), whereas DU145 cells lack
PSMA expression (3 ± 𝑟𝑟2%) (Figure 10). ese results are in
good agreement with previously published studies [19, 23].

Immunomagnetic cell selection was used to determine
the ability of functionalized SPIO for detection and quanti-
tative analysis of desired antigen expression on the prostate
cancer cells surface. Measurements based on magnetic cell
separation method as a proposed immunomagnetic cell
selection showed a 94 ± 3𝑟4% and a 𝑟 ± 𝑟𝑟𝑟% expression of
PSMA on the surface of LNCaP and DU145 cells, respec-
tively. e statistical analysis between the results of antigen
expression by two methods was done using Student’s paired
𝑡𝑡-test. Despite statistical signi�cance (𝑃𝑃 Value of 0.02), the
actual difference in mean cell surface antigen expression
between the �ow cytometry and magnetic cell separation
method was quite small.

4. Conclusions

An increasing number of surface antigens have been charac-
terized in mammalian cell systems during the past decade.
It has become obvious that these cell surface structures play
an enormous role in early diagnosis, characterization, disease
monitoring during and following therapy, and as possible
therapeutic targets for various illnesses, especially cancers
[24, 25]. However, the difficulty and costs of detection,

characterization, and validation of new cell surface antigens
has held back rapid development in this �eld. Hence, the
development of a more efficient and inexpensive detection
methods of the relevant marker is very basic and important.

Here, the detection and quantitative analyses of PSMA on
the prostate cancer cells as an example of a cell surface antigen
were described. e iron oxide nanoparticles with anti-
PSMAmonoclonal antibody (mAb J591) were functionalized
to serve as a PSMA-speci�c molecular probe for in vitro
detection and separation of PSMA+ prostate cancer cell based
on magnetic cell separation technique [26].

Quantitative detection and analysis of desired antigen
expression on the cell surface with proposed method was
carried out and the results were compared with �ow cytom-
etry as a gold standard. Measurements based on the new
immunomagnetic cell selection showed an expression of
PSMA on the surface of LNCaP andDU145 cells by 94±3𝑟4%
and a 𝑟±𝑟𝑟𝑟%, respectively.Whereas using the �ow cytometry
method, the values of 95 ± 1𝑟2% and 3 ± 𝑟𝑟2%, respectively,
have been reported. As the results of both methods are very
similar, the magnetic cell separation for the detection and
quantitative analysis of the cell surface antigen can be a
simple, rapid, accurate, and inexpensive alternative method.

In addition, magnetic separation techniques have several
advantages in comparison with traditional techniques for
biomarker discovery. It is possible to coat nanoparticles with
the ligand of interest, like peptides, aptamers, folic acid, and
so forth and use this method to detect and analyze other
biomarkers, which is not possible by �ow cytometry. Also
molecular imaging enables noninvasive in vivo studies of
biomarkers of diseases in various internal organs by use of
magnetic nanoparticles coupled to targeted reagents [27, 28].

e results obtained from this study prove that use of
antibody-coated magnetic beads for isolation of antigen-
speci�c cells is a convenient and simple method for quantita-
tive cell surface antigen detection and analyses.
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