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Abstract

This chapter provides a brief overview of a variety of carriers employed
for targeted delivery for use in gene and cancer therapy, summarizing
the advantages and disadvantages of each approach. Particularly, our
attention is aimed at magnetic particles and particles made from other
materials with wvarious surface modification (oligonucleotides, DNA,
RNA, siRNA, miRNA, polyethylene glycol, poly(lactic-co-glycolic acid)).
Moreover, specific attention is paid to magnetofection as one of the prom-
ising approachs for gene therapy. Further, we will briefly focus on several
anticancer agents (paclitaxel, docetaxel, camptothecin, doxorubicin, cispl-
atin, curcumin, fluorouracil and geldanamycin), antiviral /bacterial agents
(peptides, antibiotics, antivirotics) and /or nucleic acids encapsulated in a
delivery nanotechnology system. The influence of their combination with
the aforementioned nanoparticulate transporters, along with their proper-
ties such as cytotoxicity, short life span and solubility are discussed.

Keywords: Nanotechnologies, nanoparticles, gene therapy, anticancer
drugs, drug carriers, cancer, cytostatic, targeted therapy
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16.1 Introduction

In 1974 Taniguchi used for the first time the term “Nanotechnology”
which has been defined as the technology where dimensions and
tolerances in the range 0.1-100 nm play a critical role. At the nano
level, gravity becomes less an issue whereas the strength of materi-
als (tolerance) becomes a greater one and also quantum size effect
is an important factor. Due to the unique size-dependent spectro-
scopic, electronic, and thermal features, as well as chemical proper-
ties, and ability to be functionalized arising from their small sizes
and high surface/volume ratios, nanomaterials found their applica-
tions not only in physics, electronics and engineering but also in life
sciences including chemistry, biology and medicine. Even though
nanomaterials are impacting numerous scientific fields, it can be
viewed differently. In chemistry, this range of sizes has historically
been associated with colloids, micelles, polymer molecules, and
similar structures — typically, very large molecules, or aggregates of
many molecules. More recently, structures such as fullerenes, sili-
con nanorods, and compound semiconductor quantum dots have
emerged as particularly interesting classes of nanostructures. In
physics and electrical engineering, nanoscience is most often asso-
ciated with quantum behavior, and the behavior of electrons and
photons in nanoscale structures. Biology and biochemistry also
have a deep interest in nanostructures as components of the cell;
many of the most interesting structures in biology — from DNA and
viruses to subcellular organelles — can be considered as nanostruc-
tures [1-3].

16.2 Targeted Delivery

In medicine, the range of nanomaterials applications is quite broad
covering both the diagnostic (imaging) as well as the treatment step.

Over the past several decades, considerable efforts have been
directed towards the development of potent therapeutic agents. Yet,
current anticancer therapeutics is limited in safety and efficacy. Most
conventional anticancer agents show a narrow therapeutic window
because they are randomly distributed in the whole body following
administration. Nonspecific biodistribution may cause cytotoxicity
to normal and cancer cells alike, which causes severe side effects to
achieve sufficient anticancer efficacy. Moreover, nonspecific toxicity
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of anticancer drugs also limits an injectable dose and thus lessens
the therapeutic efficacy. To follow the fate of the drug within an
organism, in vivo imaging systems may be used.

Nanoparticles designed for tumor targeted therapies consist of
various components, in most cases from nanocarrier and an active
agent (drug) [4]. Drug-carrier nanoparticles are considered as sub-
microscopic colloidal systems that may act as drug vehicles, either
as nanospheres or nanocapsules [5]. Nanoparticle carriers are
mostly composed of iron oxides, gold, biodegradable polymers,
dendrimers, liposomes, viral nanoparticles and even organometal-
lic compounds [6-8] and/or proteins. The drug encapsulation in
nanocarrier provides better biocompatibility and hence its potential
use in clinical oncology. Several such engineered drugs are already
in clinical practice, including liposomal doxorubicin and albumin
conjugate paclitaxel [9]. Concerning the nanoparticles shape, fol-
lowing nanostructures are frequently cited in literature: nanoshells,
nanorods, nanocages, nanocubes or nanotubes.

16.2.1 Gene Delivery

The basic concept of gene therapy is to introduce into target cells a
piece of genetic material that will result in either a cure for the dis-
ease or a slowdown in the progression of the disease. Gene therapy
has been exploited for numerous diseases including cancer [10-12],
HIV [13], cardiovascular diseases [14], metabolic disorders [15],
malaria [16], spinal cord injury and/or neurological diseases [17].

The most of the research is focused on cancer treatment and
numerous approaches can be taken. One of these approaches is
based on selective transduction of tumor cells with a gene whose
product can convert a relatively nontoxic product administered sys-
temically to a toxic metabolite in the cancer cell. Another approach
is taking advantage of selective transduction of normal cells with
a gene for multiple-drug resistance. A potential advantage of this
approach is that it may permit higher doses of chemotherapy to
be given with less toxicity and higher efficacy. There are, however,
some potential problems with this strategy because higher doses of
chemotherapy may not translate into higher response rates, non-
hematologic toxic effects may be dose limiting, and cancer cells
may be transduced with the drug-resistance gene. Finally, tumor
suppressor gene replacement and oncogene inactivation can be
also utilized.
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16.2.1.1 Magnetofection

Techniques for administration of the plasmid DNA are categorized
into two general groups: (1) delivery mediated by a chemical car-
rier such as lipid-mediated delivery, peptide-mediated delivery
and/or polymer-mediated delivery, and (2) naked DNA delivery
by physical methods, such as electroporation, gene gun, ultrasound
and magnetofection (Figure 16.1).

Nonviral gene vectors refer to synthetic reagents and additives
that protect the genes from degradation and allow them to over-
come cellular barriers during the delivery process. These vectors
for gene delivery possess several advantages, such as enhanced
biosafety and biocompatibility, high flexibility and convenience of
synthesis and modification. Until now, great quantities of synthetic
transfection reagents have been developed, such as cationic lipids
and cationic polymers. However, the lower transfection efficiencies,
compared with viral vectors, and the deficiency of biological target-
ing to specific tissues or cells in vivo still needs to be improved. In
order to solve these problems, a new technology, termed as “mag-
netofection,” has been developed. A great progress by associating
magnetic nanoparticle dispersions with transfection agents such
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Figure 16.1 Scheme of magnetofection.
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as poly(ethylenimine) (PEI) solutions has been reached and the
transfection efficiency has been greatly improved. The fundamen-
tal principle of magnetofection is simple and comprises the steps
of formulating a magnetic vector, adding it to the medium cover-
ing cultured cells or injecting it systemically via the blood stream
or applying it locally to a target tissue, and in addition applying a
magnetic field in order to direct the vector towards the target cells
or retain it in the target tissue, respectively.

Magnetic nanoparticle-based transfection methods are based on
the principles developed in the late 1970s by Widder and others
for magnetically targeted drug delivery [18]. The use of magnetic
microparticles for transfection was first demonstrated in 2000 by
Cathryn Mah, Barry Byrne and others at the University of Florida,
in vitro in C12S cells and in vivo in mice using an adenoassociated
virus (AAV) linked to magnetic microspheres via heparin [18].

The technique is based on the coupling of genetic material to
magnetic nano- (and in some cases, micro-) particles. In the case of
in vitro magnetic nanoparticle-based transfection, the particle/DNA
complex (normally in suspension) is introduced into the cell culture
where the field gradient produced by rare earth magnets (or elec-
tromagnets) placed below the cell culture increases sedimentation
of the complex and increases the speed of transfection. Magnetic
field allows passing of MNPs through the cell membrane and reach
the nucleus [19]. Chemical drug (anticancer drug, e.g., doxorubicin),
biological drug (therapeutic specific proteins or peptides), nucleic
acids (siRN A, antisenseRNA, DNA) and monoclonal antibodies can
be anchored on MNPs to increase the selectivity of target drugs to
tumor cells. [ vivo, magnetic fields focused over the target site have
the potential to not only enhance transfection but also target the
therapeutic gene to a specific organ or site within the body.

The physical principles of magnetofection are virtually the same
as those underlying magnetic nanoparticle-based drug targeting.
This technique is based on the attractive force exerted on magnetic
particles by a magnetic field source according to the equation:

1
Frong =0 ~ i T¥ - -BVED (16.1)
0

where F __ is the force on the magnetic particle, ¥, is the volume
magnetic susceptibility of the magnetic particle, y, is the volume
magnetic susceptibility of the surrounding medium, p, is the
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magnetic permeability of free space, V is particle volume, B is the
magnetic flux density in Tesla (T), VB is field gradient and can be
reduced to 6B/ &x, 6B/ dy, 0B/ dz.

It is clear from this equation that in order to generate a force on
the magnetic particle, the magnetic field must have a gradient. In
the presence of a homogeneous field, the particle will experience no
force. For this reason, high-gradient, rare-earth magnets are com-
monly used for both magnetic nanoparticle-based drug delivery as
well as for magnetofection applications [18].

16.2.2 Drug Delivery

Over the past several decades, considerable efforts have been
directed towards the development of potent therapeutic agents.
However, current anticancer therapeutics is limited in safety and
efficacy. Most conventional anticancer agents show a narrow thera-
peutic window because they are randomly distributed in the whole
body following administration. Nonspecific biodistribution may
cause cytotoxicity to normal and cancer cells alike, which causes
severe side effects to achieve sufficient anticancer efficacy. The non-
specific toxicity of anticancer drugs also limits an injectable dose
and thus lessens the therapeutic efficacy.

Apatite coated bioactive and superparamagnetic particles were
used and evaluated as potential materials for bone cancer treat-
ment [20]. Zhang et al. synthesized tetraheptylammonium capped
magnetic nano Fe O, and studied in vitro anticancer drug accumu-
lation inside Ieukemla K562 cell lines. Observations indicated that
the tetraheptylammonium-capped nano Fe O, could efficiently
enhance the relevant drug permeation into cancer cells through
internalization endocytosis processes and result in significantly
enhanced doxorubicin uptake in relevant leukemia K562 cells
[21]. Cheng et al. recently developed some very interesting mul-
tifunctional nanoparticles with combination of chemotherapeutic
and NIR photothermal cancer therapy [22]. The complex nanosys-
tem consists of stabilizer-free Taxol-loaded PLGA nanoparticles
conjugated with amine-terminated Fe,O, MNPs and PEG-grafted
CdSe QDs. This nanoarchitecture was finally functionalized
with poly(styrensulfonate) coated gold nanorods, which can
absorb NIR light, convert it to heat and destroy PLGA nanopar-
ticles resulting in release of encapsulated Taxol. The system was
applied on HeLa cells with great efficiency. Another example of
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multilayered nanoparticles combining magnetic core and two
encompassing polymeric shells (PLGA and temperature sensitive
poly(N-isopropyl-acrylamide) (PNIPAAm)) was published by
Koppolu et al. [23]. Such nanocomposite can contain both hydro-
philic and hydrophobic drugs, the first loaded into PNIPAAmM
MNPs, while second (curcumin) embedded in outer PLGA layer.
Dilnawaz et al. conjugated in their study aqueous based protein
HER2 (Human Epidermal growth factor Receptor 2) glycerol
monooleate coated MNPs. The obtained results showed enhanced
uptake in human breast carcinoma cell line (MCF-7), provides
another potential use for highly sensitive and selective drug tar-
get for cancer HER2 positive breast cancer [24]. Multifunctional
and water-soluble SPIO nanocarriers were developed by Yang
and colleagues for targeted drug delivery and positron emission
tomography/MRI dual-modality imaging of tumors with integrin
o B, cell expression. An anticancer drug was conjugated onto the
PEGylated SPIO nanocarriers via pH-sensitive bonds [25].

16.2.2.1 Anticancer Drugs

The effectiveness of anticancer agents may be hindered by low
solubility in water, poor permeability, and high efflux from cells.
Drug delivery systems are designed to improve the safety and/or
efficacy of the therapeutic agent, while simultaneously enhancing
patient compliance. In these days, delivering of many drugs includ-
ing the most common as paclitaxel, camptothecin, doxorubicin, cis-
platin, curcumin has been tested.

Paclitaxel

Wani and colleagues found the molecule standing behind antican-
cer activity of bark extracts from the Pacific Yew Tree (Taxus brevi-
folia) and called it as “taxol” [26]. However, commercial name for
this drug is paclitaxel. Nowadays, it is used for treatment of ovar-
ian, breast, lung, head and neck, and unknown primary cancers
[27]. However, poor aqueous solubility of this drug has been for
more than two decades one of the main obstacle to use wider. There
have been suggesting various delivery strategies including nano-
technologies in the form of polymer based controlled release sys-
tems. ReGel is an example of such system comprising of PLGA and
PEG with the basic structure of PLGA-PEG-PLGA [28]. System
incorporating paclitaxel into ReGel called OncoGel was designed
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for local delivery of paclitaxel to solid tumors to provide targeted
cytotoxicity [29]. This delivery system has been successfully uti-
lized for treatment of several types of cancers [30-33]. Paclitaxel
can be released from the ReGel for six weeks into the tumor and its
surroundings. Other delivery systems including pastes, liposomes,
conjugates with antibodies, peptides, and fatty acids, nanospheres
and microspheres, cyclodextrin complexes, emulsions, mucoadhe-
sive gel, prodrugs and nanoparticulate systems decreasing adverse
effects of standard paclitaxel drug have been recently reviewed [34].

Camptothecin

Camptothecin (CPT) is a natural plant alkaloid extracted from
Camptotheca accuminata inhibiting the activity of DNA topoisom-
erase I. However it is highly toxic to normal tissue cells, structur-
ally unstable and water insoluble and therefore effective delivery to
the cancer cells is challenging. Physiological conditions, such as pH
equal to or above 7, causes hydrolysis of CPT leading to the open-
ing of the lactone ring forming the inactive carboxylate. This is even
more supported by binding of the human serum albumin to the car-
boxylate form increasing the hydrolysis yield [35]. CPT based drugs,
specifically irinotecan (Camptosar) and topotecan (Hycamptin)
have been approved by the Food and Drug Administration [36].
CPT has been widely used in nanoparticle mediated drug delivery
studies including PEG based nanoparticles [37,38], paramagnetic
Fe O, nanoparticles [39] or lipid nanoparticles [40]. Recently, syn-
thesis of CPT loaded gold nanomaterials has been presented in the
work of Xing et al. [35]. The authors synthesized branched nano-
chains consisting of spherical nanoparticles with average diameter
of 10 nm. Release of CPT and the aggregation of gold nanoparticles
can be controlled by tuning the solution pH.

To circumvent insolubility, unstability and toxicity of CPT, Koo
et al. used biocompatible, biodegradable and targeted sterically sta-
bilized micelles (5SM) as nanocarriers for CPT. They also surface-
modified CPT-SSM with vasoactive intestinal peptide (VIP) for
active targeting and found that CPT is efficacious against collagen-
induced arthritis in mice [41].

Doxorubicin

Anthracyclines including doxorubicin (DOX) belong to antibiot-
ics produced by Streptomyces peucetius subsp. cesius inhibiting
the synthesis of nucleic acids. They are commonly used in the
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treatment of a number of diverse malignant tumors — acute leuke-
mia, non-Hodgkin’s and Hodgkin’s lymphoma and several solid
tumors including neuroblastoma [42—46]. On the other hand, the
side effect of cumulative dose dependent cardiotoxicity, myelosup-
pression [47] as well as large distribution volume and low life time
under physiological conditions [48] represent the limitations of its
clinical use. These toxic effects have been successfully reduced by
employing of various nanoparticle types such as micelles, polymer
based nanoparticles [49] as well as liposomes [50], and magnetic
particles [51] as drug carriers.

In the study of Rai, estrogen receptor targeted liposomes encap-
sulating DOX was designed to enhance the delivery efficiency of
doxorubicin to its destination site. The liposomal formulations
showed change in the biodistribution profile. Targeted formulation
accumulates more in breast and uterine tissues [52].

In the following study, Kang et al. examined injectable in situ-
forming gels containing DOX as a localized drug-delivery system.
These gels existed in an emulsion-sol state at room temperature and
rapidly gelled in vitro and in vivo at body temperature. DOX loaded
gels exhibited remarkable in vitro antiproliferative activities against
B16F10 cancer cells. In vivo experiments employing B16F10 can-
cer cell xenograft-bearing mice showed that a single intratumoral
injection of DOX loaded gel inhibited the growth of tumors as effec-
tively as repeated injections of free DOX, and more effectively than
a single dose of free DOX, or saline or gel alone [53].

Daunorubicin

Daunorubicin (DNR) is chemotherapeutic from the anthracycline
family that is given as a treatment for specific types of leukemia
(acute myeloid leukemia and acute lymphocytic leukemia). Like
DOQOX, it was initially isolated from Streptomyces peucetius. Wang
et al. investigated antitumor effect of daunorubicin loaded mag-
netic nanoparticles (DNR-MNPs) on leukemia cells in vitro. MNDPs
were spherical and their sizes were from 10 to 20 nm. The in vitro
release data showed that the DNR-MNPs have excellent sustained
release property. Proliferation of K562 cells was inhibited in a dose-
dependent manner by DNR in solution (DNR-Sol) or by DNR-
MNPs [54]. Li and colleagues explored the bio-application of new
nanocomposites composed of poly(lactic acid) (PLA) nanofibers
and Au nanoparticles as the potential nanocarrier for an efficient
daunorubicin delivery into drug-sensitive K562 and drug-resistant
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leukemia K562/AQ02 cells. The authors observed that prepared
PLA/Au nanocomposites could readily induce daunorubicin to
accumulate and uptake in target leukemia cells and increase the
drug’s cytotoxicity [55].

Cisplatin

The biological activity of the first platinum based cytostatic drug —
cisplatin (cis-diamminedichloroplatinum(II)), which is still one of
the most frequently used cytotoxic agents [56-58]. The drug was
discovered in 1965 by Rosenberg during his studies of an electric
current effects on bacterial growth [59]. Metal organic frameworks,
which is crafted from metal connecting points and organic bridging
ligands can be used for encapsulation of cisplatin prodrug in [60].
Similarly, Reiter ef al. reported cisplatin and its derivatives inclusion
into nanoscale coordination polymers constructed from metal ion
connectors and polydentate bridging ligands and finally stabilized
against rapid dissolution in water by encapsulation in shells of
amorphous silica [61]. Jain et al. developed hyaluronic acid-coupled
chitosan nanoparticles bearing oxaliplatin encapsulated in Eudragit
S100-coated pellets for effective delivery to colon tumors [62].

Curcumin

Curcumin (diferuloylmethane) is low molecular weight natural
polyphenol isolated from turmeric (Curcuma longa), known for
its anticarcinogenic (antiproliferative) properties and low intrinsic
toxicity. Curcumin has been proved pharmacologically safe even at
very high doses in many clinical studies and various animal mod-
els. However, it has extremely poor solubility in aqueous solution
and moreover, it quickly degrades in neutral and alkaline condi-
tions with a half life less than 10 min in PBS at pH 7.2, resulting in
extremely low bioavailability in both vascular and oral adminis-
tration [63]. To overcome these limitations, curcumin delivery by
nanocarriers has been recently explored. Curcumin encapsulated
in liposomes, micelles, polymeric nanoparticle, biodegradable
microsphere, cyclodextrin, hydrogel nanoparticles or conjugated to
water-soluble PAMAM dendrimers improved its water-solubility,
stability and thus bioavailability [64]. According to Bora et al., it
is possible to use the composite nanoparticles consisted of three
biocompatible polymers: alginate, chitosan and pluronic [65]. The
other nanocarrier for curcumin was synthesized from nonionic
hydrophilic methoxy-PEG shell and hydrophobic palmitate core
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forming together the polymeric micelles [64]. Palmitate as lipid
hydrophobic moiety was also used in combination with hydrophilic
phthalimide derivative, which is potent cancer chemotherapeutic
candidate. This system is able to form nanoparticles through a sim-
ple self-assembly process and then kill the cancer cells without any
additional drug loading [66]. Tang et al. reported on the curcumin
application as a comonomer to make curcumin-containing poly-
mers (polycurcumins) by polycondensation polymerization and
their in vitro and in vivo antitumor activities [63]. Another option is
the usage of nanoparticulate curcumin, which is more bioavailable
and has a longer half-life than native curcumin as revealed from
pharmacokinetics study of Mohanty et al. in mice [67].

16.2.2.2 Nanoparticle Carriers

Liposomes
Liposomes belong to simplest and longest used nanocarriers
[68, 69]. They are hollow structures circumscribed by phospholipid
bilayer. The total size of liposome structure is about 100-150 nm.
Liposomes are mainly used to solubilize drugs providing their
better biodistribution compared to free drug [70, 71]. Depending
on its nature, the drug is dissolved either in the lipid bilayer or in
water core of liposome [72]. They are currently investigated for the
delivery of vaccine, toxoids (bacterial toxin) as well as gene [73-76],
anticancer [77-81], and anti-HIV drugs. Due to the ability of lipo-
somes to withstand enzymatic cleavage, liposome-drug complex
can be applied directly into circulation. However, the usage of lipo-
somes as drug carrier is limited by rapid clearance from circulation
by the reticuloendothelial system [82]. Their blood circulation time
can be increased through surface modification (e.g., by attaching
PEG, dextran, or poly-N-vinylpyrrolidones to the lipid bilayer).
Furthermore, conjugation with targeting ligands, like monoclonal
antibodies or aptamers, can enhance their tissue specificity [8].

Some important characteristics of liposomal cocktails involving
the combination of two cytotoxic drugs were recently reviewed by
Chiu [83]. Chen et al. developed As,O, nanoparticles with antican-
cer ability encapsulated in 100 nm scale, folate-targeted liposomes
to lower systematic toxicity and provide a platform for targeting
this agent [84].

Bedi et al. studied a novel approach for intracellular delivery
of siRNAs, which is potential anticancer therapeutic, into breast
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cancer cells through their encapsulation into liposomes targeted
to the tumor cells with preselected intact phage proteins [85]. The
targeted siRINA liposomes were obtained by a fusion of two paren-
tal liposomes containing spontaneously inserted siRNA and fusion
phage proteins. Recently, Abu Lila et al. designed PEG-coated cat-
ionic liposome to achieve dual targeting delivery of 1-OHP to both
tumor endothelial cells and tumor cells in a solid tumor [86]. The
targeted liposomal 1-OHP formulation showed an efficient antitu-
mor activity in a murine tumor model after three sequential lipo-
somal 1-OHP injections. Cumulative cytotoxic effects of 1-OHP
delivered by PEG-coated cationic liposomes led to deep diffusion
of a subsequent dose of liposomal 1-OHP in solid tumor presum-
ably as a result of the enlarged intra-tumoral interstitial space.

Ferritin

Ferritin is a naturally occurring molecule — protein — which is now-
adays explored as a drug carrier. It was first discovered in 1937
by Laufberger, who isolated a new protein from horse spleen that
contained up to 23% by dry weight of iron. Ferritin molecules are

Magnetic particles

Carbon nanomaterials

Liposome

Apoferritin

Viral vectors for gene therapy

Figure 16.2 Scheme of selected nanoparticle carriers (A) carbon nanotube,
(B) fullerene, (C) grapheme.
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present in most living organisms and are used to store iron ions as
their hydrated hydroxide-oxide Fe(Ill) to avoid their toxicity due
to free radicals that can be generated with Fe(Ill), which is readily
reduced to Fe(Il). There are two kinds of ferritins namely maxifer-
ritins and miniferritins. These have distinctly different inner and
outer diameters and molecular weights. Maxiferritins are formed
from 24 subunits 12 nm in diameter with 8 nm cavities with MW =
480 kDa and miniferritins formed from 12 subunits 8 nm in diam-
eter with 5 nm diameter cavities of MW = 240 kDa. Mostly maxi-
ferritins are used for study and especially horse spleen ferritin for
its commercial availability. Ferritin wide occurrence as well as its
ability to reversibly store and release iron ions to the living cells
has attracted the interest of researchers worldwide. Ferritin con-
sists of a protein shell with an iron oxide-hydroxide core. There can
be placed around 4500 iron atoms in the structure [87]. When iron
atoms are removed from ferritin protein apoferritin is obtained.
Apoferritin is composed of 24 subunits of two types called H as
heavy or heart of molecular weight 22 kDa and L subunits also as
light or liver with molecular weight of 19 kDa. The formation of
apoferritin molecule is pH dependent. When pH is lower than 3
molecule disassembles and reassembles when pH is above 5.

Nanoparticles

Due to the advances in nanomaterials numerous artificially syn-
thesized materials are currently exploited as carriers for targeted
delivery. Probably the largest group of such nanomaterials includes
various nanoparticles (Figure 16.2).

Magnetic particles

The usage of magnetic nanoparticles (MNPs) made of pure iron
oxide in targeted and controlled drug delivery is limited mainly
due to their insufficient biocompatibility [88-90]. Therefore their
modification with various materials, e.g., polymers, is unavoid-
able. MNPs can be used for targeting in drug and gene delivery in
the case of various diseases including cancer. Magnetic field (repre-
sented by a magnet) allows passing of MNPs through the cell mem-
brane and reach the nucleus [19]. Chemical drug (anticancer drug,
e.g., doxorubicin), biological drug (therapeutic specific proteins or
peptides), nucleic acids (siRNA, antisenseRNA, DNA) and mono-
clonal antibodies are anchored on MNPs to increase the selectivity
of target drugs to tumor cells.
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Apatite coated bioactive and superparamagnetic particles were
used and evaluated as potential materials for bone cancer treat-
ment [20]. Zhang et al. synthesized tetraheptylammonium capped
magnetic nano Fe O, and studied in vitro anticancer drug accumu-
lation inside leukemia K562 cell lines. Observations indicated that
the tetraheptylammonium-capped nano Fe O, could efficiently
enhance the relevant drug permeation into cancer cells through
internalization endocytosis processes and result in significantly
enhanced doxorubicin uptake in relevant leukemia K562 cells
[91]. Cheng et al. recently developed some very interesting mul-
tifunctional nanoparticles with combination of chemotherapeutic
and NIR photothermal cancer therapy [22]. The complex nanosys-
tem consists of stabilizer-free Taxol-loaded PLGA nanoparticles
conjugated with amine-terminated Fe,O, MNPs and PEG-grafted
CdSe QDs. This nanoarchitecture was finally functionalized with
poly(styrensulfonate) coated gold nanorods, which can absorb NIR
light, convert it to heat and destroy PLGA nanoparticles resulting
in release of encapsulated Taxol. The system was applied on HeLa
cells with great efficiency.

Another example of multilayered nanoparticles combining mag-
netic core and two encompassing polymeric shells (PLGA and
temperature sensitive poly(N-isopropyl-acrylamide) (PNIPAAm))
was published by Koppolu et al. [23]. Such nanocomposite can con-
tain both hydrophilic and hydrophobic drugs, the first loaded into
PNIPAAm MNPs, while second (curcumin) embedded in outer
PLGA layer. Dilnawaz et al. conjugated in their study aqueous
based protein HER2 (Human Epidermal growth factor Receptor 2)
glycerol monooleate coated MNDPs. The obtained results showed
enhanced uptake in human breast carcinoma cell line (MCF-7), pro-
vides another potential use for highly sensitive and selective drug
target for cancer HER2 positive breast cancer [24]. Multifunctional
and water-soluble SPIO nanocarriers were developed by Yang
and colleagues for targeted drug delivery and positron emission
tomography/MRI dual-modality imaging of tumors with integrin
o B, cell expression. An anticancer drug was conjugated onto the
PEGylated SPIO nanocarriers via pH-sensitive bonds [25].

Gold nanoparticles

In recent years, gold nanoparticles (AuNPs) have been studied
in biological and photothermal therapeutic contexts [92,93]. This
interest is motivated by the capability of AuNPs to bind a wide
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range of organic molecules, their low level of toxicity, and their
strong and tunable optical absorption [94]. AuNPs can be used as
drug [95] and vaccine carriers into target cells or specific tissues.
Generally, this has been achieved by modifying the surface of the
AuNPs so that they can bind to the specific targeting drugs or other
biomolecules. AuNPs can be directly conjugated with antibiotics
or other drug molecules via ionic or covalent bonding [96] or by
physical absorption [97]. The release of a drug from AuNPs could
proceed via internal stimuli (operated within a biologically con-
trolled manner; such as pH) or via external stimuli (operated with
the support of stimuli-generating processes; such as the application
of light) [98]. AuNDPs size is generally about 50 nm, which is smaller
than other nanomaterials like core/shell nanostructures [99,100].
For example, gum arabic glycoprotein functionalized AulNPs pos-
sess optimum sizes (core diameter of 12-18 nm and hydrodynamic
diameter of 85 nm) to target individual tumor cells and penetrate
through tumor vasculature and pores [101].

Gold hollow nanostructures represent a new class of metal nano-
materials suitable for anticancer drug encapsulation. These materials
have ideal optical properties with strong absorption in near infrared
(NIR) region (700-900 nm) which makes them attractive candidates
for photothermal therapy of cancer and surface enhanced Raman
spectroscopy (SERS) for in vivo cancer biomarker detection [102].
Photothermal therapy is a minimally invasive treatment method,
where photon energy is converted to thermal energy sufficient to
induce cellular hyperthermia. Selectivity is achieved by directional
control or invasive positioning of the incident radiation (pulsed or
continuous wave laser), and is typically accompanied by preferen-
tial administration of photoactive molecules or nano-scale particles.
Photoexcitation by the laser results in non-radioactive relaxation
and local heat transfer to the surrounding tumor environment [103].

Wang et al. prepared size-controlled supramolecular AuNPs as
a photothermal agent for the targeted photothermal treatment of
certain types of cancer cells [92]. They used RGD peptide ligand to
target o PB,-positive/negative cells as the corresponding biological
system to test the specificity and selectivity of RGD-AuNPs. They
observed selective damage of the o B.-positive cells and no dam-
age of neighboring o B,-negative cells. The photothermal ablation of
solid tumors was also investigated by Goodrich et al., who tested NIR
absorbing gold nanorods coated with PEG [104]. The cytotoxicity of
residual cetyltrimethylammonium bromide (CTAB), which is used



486 NANOMEDICINE FOR DRUG DELIVERY AND THERAPEUTICS

in the nanorods manufacture, is also discussed regarding the pres-
ence of PEG coating [105]. They found that the diafiltration is suc-
cessful method for CTAB excess removing and thus enables safety
use of chosen gold nanoparticles. They also discussed possibility of
AuNPs modification with antibodies against tumor cells [106].

Wang et al. developed a drug delivery system that tethers doxo-
rubicin onto the surface of AulNPs with PEG spacer via an acid-
labile linkage [107]. They demonstrated that multidrug resistance
in cancer cells can be significantly overcome by a combination of
highly efficient cellular entry and a responsive intracellular release
of doxorubicin from AuNPs in acidic organelles.

Silica particles

Silica-based nanoparticles also belong to group of suitable nano-
carriers for cancer treatment. These nanoparticles allow the sys-
temic or topical administration of a photosensitive drug, so called
photosensitizer (I’S), into cancer cells. The researchers coated PS
filled mesoporous silica nanoparticles with lipid layer to achieve
cell membrane structure and biocompatible surfaces [49]. Zhu et al.
loaded the Fe O, /SiO, hollow mesoporous spheres with anticancer
drug, doxorubicin. The authors discussed the influence of particle
sizes, mesoporous shell thicknesses and concentration of Fe O,/
Si0O, hollow mesoporous spheres on cell uptake and their in vitro
cytotoxicity to HeLa cells [42].

Although the potent antitumor activity of nitric oxide (NO)
supports its usage as an antineoplastic agent, effective and selec-
tive delivery and action on tumor and not normal cells remains a
limiting factor. Silica nanoparticle based delivery of NO has been
considered as one approach to overcome these limitations. The
NO-releasing nanoparticles exhibited enhanced growth inhibition
of ovarian tumor cells when compared to both control nanoparticles
and a previously reported small molecule NO donor [108]. Further,
it was reported the endocytosis and the time-dependent enhanced
cytotoxicity of anticancer platinum drugs when the drugs were
combined with (or loaded into) mesoporous silica materials [109].

Deng et al. investigated drug nanocarriers consisting of mono-
dispersed and pH sensitive chitosan-silica hollow nanospheres
(CS-510, HNDPs) fabricated by one step method and suitable for
breast cancer therapy. The resulting SiO, HNPs with a pH-sensitive
polyelectrolyte layer are conjugated to the antibody molecule (to
ErbB 2) to produce the desired nanocarriers for targeted TNF-o drug
delivery to tumor cells [110].
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Yuan prepared poly(acrylic acid) grafted mesoporous silica
nanoparticles (PAA-MSNs) by a facile graft-onto strategy, i.e., the
amidation between PAA homopolymer and amino group func-
tionalized MSNs. The resulted PAA-MSNs were uniform spherical
nanoparticles with a mean diameter of approximately 150 nm. Due to
the covalent graft of hydrophilic and pH-responsive PAA, the PAA-
MSNs could be well dispersed in aqueous solution, which is favorable
to be utilized as anticancer drug carriers (doxorubicin hydrochloride)
to construct a pH-responsive controlled drug delivery system [111].

Wang et al. reported on the fabrication of monodisperse hollow
mesoporous silica (HMS) nanocages with uniform size possessing
a hollow cubic core and mesoporous shell with penetrating pore
channels based on a template-coating-etching process. The authors
evaluated the therapeutic efficacy of doxorubicin loaded HMS
nanocages in vitro and in vivo for liver cancer therapy. The results
showed that the doxorubicin-loaded HMS nanocages have good
cell uptake and can induce efficient cell death in vitro [107].

16.2.2.3 Carbon Materials

Both single walled (SWCNTs) and multi walled (MWCNTs) carbon
nanotubes as well as a wide scale of fullerenes can be applied as
carriers in specific drug delivery thanks to their unique electronic,
thermal, and structural characteristics [112]. In addition, their
ability to strongly absorb NIR radiation and efficiently convert
absorbed energy to heat can be used for localized hyperthermia
applications [113]. The researchers showed that these nanostruc-
tures can be uptaken only by cancerous cell via their functional-
ization with tumor-specific ligands, like radiation ion chelates,
fluorescent probes folic acid and monoclonal antibodies [114,115].
Analogous to other nanostructures, the functionalization of CNTs
is a key parameter to significantly reduce their toxicity and maxi-
mize the bioavailability of the anticancer drugs (proteins, nucleic
acids, etc.) by improving solubility and increasing circulation time
[91,116-118]. For example, Wu et al. combine MWCNTs function-
alized with carboxylic groups with covalently attached antitumor
agent 10-hydroxycamptothecin using hydrophilic diaminotrieth-
yleneglycol as the spacer between nanotubes and drug moieties
[119]. Sahoo et al. studied carbon nanomaterials, namely MWCNTs
and graphene oxide functionalized with highly hydrophilic and
biocompatible PVA for loading and delivery of an anticancer drug,
camptothecin to kill human breast and skin cancer cells [120].
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16.3 Conclusion

Nanotechnology is a rapidly progressing area of science which is
anticipated to lead to the development of novel and multifunctional
applications for diagnostics, real-time assessment of therapeutic
and surgical efficacy. Utilization of nanotechnological approaches
for the drug delivery is becoming an important tool in the arsenal
of medicine. This multidisciplinary approach offers a great deal of
flexibility in terms of ease of modification and adaptation to meet
the needs of pathological conditions.
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