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ABSTRACT

Nanomedicine is a relatively new field of medicine aiming to overcome usual
problems that appear in disease treatment. Natural or artificial nanodevices, with
dimensions similar to those of biological molecules in human body, can carry drugs more
efficiently and mostly with no side effects on healthy tissue than drugs alone. Nowadays,
there is a huge interest in nanotechnology for detection, imaging and cancer treatment
because cancer causes death of millions people every year. There are already some
nanoparticle based drugs, mostly in liposomes, approved for clinical use or under clinical
investigation. Many attempts are made to improve nanoparticles sizes, shapes and surface
modifications that lead to prolongation of drug circulation in blood stream and targeting
to cancer cells. Thus small molecules like polyethylene glycol and targeting ligands like
folic acid, peptides, antibodies, aptamers and nucleic acids are bound on the surface of
nanoparticles with the aim to increase specific cell uptake. Very promising are
multifunctional nanoparticles that combine both diagnostic as well as delivery role
together.

In this chapter, we describe recent progress on utilization of different
nanotransporters including dendrimers, micelles, liposomes, protein-based -carriers,
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graphene, graphene oxide, carbon nanotubes, silica, gold and iron oxides nanoparticles,
for transport of anticancer drugs.

INTRODUCTION

Nanotechnology deals with the creation and testing of structures, the size of which at
least one dimensions is less than 100 nm. Nanomaterials beyond the specific sizes have
different characteristics and properties of the same material with a lower degree of
fragmentation. You cannot reduce the size of infinity, because the matter has different
properties in the macro and the subatomic world, and crossing the border nano, redefine the
way that appliances. Here was born the concept of nanomaterials. Nanotechnology is not only
chemistry and technology of manufacture of small molecules, but also the formation and use
of molecules with nano dimensions having unique properties which can be used for the
preparation of new materials or construction of miniature systems. Nanomaterials have
different chemical, physical and biological substances forming them than particles of larger
sizes. This is due to the fact that most of the molecules forming the nanomaterial are close to
the surface, and thus their electronic structure, energy levels, and the reactivity is different
than if the classical form a crystal network.

Nanomaterials and nanoparticles retain characteristic physicochemical properties of these
materials at the macro level, but also have a range of original features, occurring only in the
nanoscale. The main reasons for the unique properties of nano-objects are their dimensions,
as well as the related disclosure of quantum phenomena. The small size allows them to
penetrate through most barriers, and also mean that in their case the observed effects resulting
from the laws of quantum physics. Dualism of nature nanoparticles is one of their biggest
advantages. Compared to the material in the macro-nano characterized inter alia: more
developed specific surface area, greater hardness, greater strength and increasing plasticity
occurring at the same time, sliding properties or greater biocompatibility of nano biomaterials
[1]. Most of nanomaterials have a dual character: a percentage of the property does not make
their use in biology, chemistry, environmental engineering and medicine becomes attractive
especially in the transport and delivery of drugs and bioactive substances. The concept of
using a particle measured in the nanoscale as carriers of drugs and vaccines appeared over
three decades ago. Advances in nano medicine has evolved and has raised hopes for the
implementation methods of striking antitumor therapy selectively in tumor mass, while
reducing the risk of a wide range of side effects, which are encumbering modern
pharmacology. Nanoparticles are attractive as drug delivery platforms because it is relatively
easy to influence their properties and modify their features, so that they can be useful in
creation of effective and precise medicine carriers. Meaningful are not only dimensions of the
carrier enabling tissue penetration, but also their shape, and developed different
functionalities of surface.

Current progress in the field of nanobiotechnology has led to the development of a new
area of nanomedicine, associated with the application of nano biomaterials, both for
diagnostic and therapeutic aims creating a new category of nano particles called theranostics.
The main expectations and challenges in this regard relate to nano-magnetic properties,
received bioengineering methods, with potential used in the transport of drugs, particularly
anticancer drugs used in therapy determined using molecular targets. Unique physicochemical
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properties of magnetic nanoparticles promise hope for the development of modern cancer
nanomedicine, acting, inter alia, technological breakthrough in the area of targeted drug
delivery and gene therapy of cancer using magnetic hyperthermia, tissue engineering,
marking the tumor cells and the molecular magnetic resonance imaging. Along with a broad
interest in magnetic nanoproducts and bioengineering, in the area of special attention is the
toxic potential. A considerable amount of scientific evidence to date suggests that certain
properties of nanoparticles magnetic (e.g. increased surface activity, ability to penetrate cell
membranes, resistance biodegradation processes) may enhance their cytotoxic potential
compared to the corresponding materials lacking the size in the nanoscale. In other words, the
safety evaluation conducted with respect to standard magnetic materials, may be of limited
use in the risk assessment of health and environmental exposure in the case of new nano-
magnetic received bioengineering methods.

In this chapter we discuss the main directions of research conducted in experimental
models in vitro and in vivo to nanoparticles (NPs), paying particular attention to the
nanotransporters for anticancer drug delivery. The chapter presents also new directions in the
field of research conducted in area of nanotransporters in clinical use and investigation, drug
release from nanoparticles, proteins as a natural nanotransporters, liposomes and their
modifications, dendrimers and polymer nanoparticles, inorganic nanoparticles as well as
carbon based nanomaterials (see. Figure 1).

Nanotechnology in medicine and health care was initiated over forty years ago with
deliverance of the first therapeutic and diagnostic agents in a safer and more efficient manner
[2]. Convergention of diagnosis and therapy carried out through exploitation of nanoparticles
resulted with increasing number of theradiagnostics went out from research stage and being
commercialized or having reached clinical stage. Unique structures and physical properties
which are characteristic for nanoparticles are originated because a large fraction of their
volume is within “hailing distance” of the surface.

Such a structure of nanoparticles makes them useful as carriers of “heavy loads” of
surface coatings, area that is structurally and compositionally different from the bulk. Coating
material can rearrange all or parts of the nanoparticle structure themselves, provide a shell of
different composition, or adsorb layers inorganic or organic molecules. External layers of
nanoparticle are highly flexible in ability to initiate creation or building novel structures with
different properties both of the core structure as adsorbed layers [3].

The fundamental complexities in structure, bonding, and interfacial interactions between
a particle, its coating, and its neighboring environment, can be exploited to derive unique
properties for many potential applications. The development of functional, inorganic
nanoparticles (NPs) has progressed exponentially over the past two decades. Magnetic
nanocrystals, luminescent particles and sophisticated systems such as up-converting NPs are
some of examples from the diverse range of availabilities [4, 5]. Attainable functionalities
enable the realisation of different diagnostic and therapeutic applications [6]. Although only a
relatively small number of nanosized drug delivery carriers have been approved for human
use so far, it is now accepted that nanotechnologies will likely constitute a growing share of
the oncologist's therapeutic arsenal over the next decades to come [7-9]. There are many
nanoparticle technologies under development and a great majority are still without clinical
proof of concept, but advances on clinical stage show how promising and limitless is
nanotechnology especially in medicine.
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Figure 1. Different types of nanotransporters.

1. NANOTRANSPORTERS IN CLINICAL USE
AND INVESTIGATION

There is observed rapid development of various branches of nanotechnology in the very
beginning of 21* century, among which outstanding is nanomedicine. Its characteristic future
is use of nanoparticles and nanomaterials in areas such as: nanodiagnostics, nanooncology or
nanopharmacology. In nanodiagnostics nanoparticles help in the rapid diagnosis of disease as
markers and indicators. One of the fastest growing areas of nanomedicine is
nanopharmacology, which is based upon creation of nanosystems of the carrier to enable
selective delivery of drug and its controlled release in pathological cells or tissues. It also
deals with the creation of nanomedicines and improving existing ones. Nanotechnology
applied in medicine has vast the potential to revolutionize cancer diagnosis and therapy.
Protein engineering and materials science have contributed to novel nanoscale targeting new
hope to cancer patients. Several therapeutic nanocarriers have been approved for clinical use.
However, to date, there are only a few clinically approved nanocarriers that incorporate
molecules to selectively bind and target cancer cells [8].

1.1. Nanomaterials in Medicine
Nanoparticles are referred to as "zero-dimensional" because they all fit the dimensions at

the nanoscale [8]. They are characterized by a high ratio of surface atoms to the number of
atoms in the core of the particle which changes its physicochemical characteristics compared
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to materials with the same chemical composition, but a normal size. This results in a change
in the behavior of nanoparticles under the influence of external forces and contributes, among
others, to their increased chemical reactivity and biological and other electrical and optical
properties [10]. Due to the small size nanoparticles enter the body through the skin,
inhalation, ingestion and can accumulate in various organs. Nanomaterials are materials
which at least one dimensions less than 100 nm. They are divided into zero-dimensional
nanomaterials such. Quantum dots, one-dimensional - wires and tubes, two-dimensional
forming layer and forming three-dimensional materials composed of nano-crystals [10]. Due
to their size they acquire new characteristic properties that differ from those obtained in the
macro scale. Additional features specific for these materials include high specific surface
area, the tendency to agglomerate and the ability to high specific activity [11].

1.2. Nanoparticles a Core-shell Type

These nanoparticles are composed of silica core coated with a thin layer of gold, which
can be further integrated by biological ligands. Because of the ability of absorption and
scattering of electromagnetic waves from the visible to near IR may be used in optical and
medical imaging. Another advantage is the ability to change the scope of radiation absorbed
by modifying the core thickness and number of coats. They are used mainly targeted therapy
by means of photodynamic methods. In a study conducted by Hirsch et al. used in the
treatment of tumor on mice in vivo and in vitro cell line SKBR3. Nanoparticles were injected
interstitially to the lesion and then irradiated with low doses of near infrared radiation (820
nm; 4W/cm?). This caused high heat up of the tumor cells and eventually their destruction,
while preserving all functions of the surrounding healthy tissue. The same result was obtained
in studies conducted in vitro [12]. These nanoparticles, coated with antibodies were also used
for the delivery of drugs in the hydrogel coating; under the effect of laser radiation dissolved
and released the active drug in tumor tissue while reducing the toxicity of chemotherapy.
Such nanostructures are also important in medical diagnostics for example the detection of a
variety of molecules, e.g. immunoglobulin in the blood or plasma [13].

1.3. Nanoparticles of Metallic Materials

Novel properties of nanoscale metallic materials, also called nanomaterials, have
attracted enormous interest compared to conventional (microcrystalline) materials. In recent
years nanoscale magnetic materials showed the potential for use in many different biological
and medical applications. For example, super paramagnetic iron oxide nanoparticles having
an average particle diameter of about 10 nm, suspended in suitable liquid carriers are
commonly referred to as ferrofluids and have excellent properties. In these materials, a wide
range of both metallic and oxide magnetic nanoparticles were synthesized. Magnetic
nanoparticles can be used for testing due to their high surface area and the interaction with
different tissues. The main applications are the detection and analysis of bio particles directed
transport of drugs, contrast during magnetic resonance imaging and hyperthermia. Effect of
controlled heating of cells and tissues is one of surprising futures of ferrofluids. Each cycle of
a hysteresis loop of any magnetic material involves an energy loss proportional to the area of
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the loop. Hence if magnetic nanoparticles having the required coercivity are remotely
positioned at a given site in the body, perhaps the site of a malignancy, then the application of
an alternating magnetic field can be used to selectively warm a given area. It has been
proposed that this simple physical effect could be used both to destroy cells directly and to
induce a modest increase in temperature so as to increase the efficiency either in
chemotherapy or radiotherapy [14].

Rapid immunization of microorganisms to antibiotics induced intensive research of new
substances with antibacterial properties. Intensive development of nanotechnology enabled
the creation of nanoparticles of metals such as silver, gold and copper, which are
characterized by antimicrobial properties. The largest application has silver nanoparticles due
to its homogeneity, stability and functionality. From the earliest years were characterized by
silver antibacterial properties, which by means of nanotechnology have been strengthened.
Each silver nanoparticle contains 20 — 15 000 atoms and due to the different structures (beads,
rods, cubes or wires) are generally less than 100 nm. Toxic effects of nanosilver as a
germicide, antifungal and antiviral are mainly based on disruption of cell membranes, protein
denaturation, the production of oxygen radicals and interference with DNA replication and
inhibition of expression of proteins and enzymes constituting the respiratory chain [15]. The
nano-silver antibacterial important is the construction of the bacterial cell wall. Gram-positive
bacteria, for example Staphylococcus aureus, because of the thicker layer of peptidoglycan,
are less sensitive to the toxic influence of nanosilver than gram-negative bacteria [16].
Combination of nanosilver with antibiotics enhances the effect of antibacterial agents such as
amoxicillin, erythromycin, clindamycin, penicillin G and vancomycin as was proved by
Shaverdi et al. [17]. They are also exploited as an antibacterial agent in the manufacture of
bandages, dressings and surgical masks, and the coating of medical implants and ensure a
long antimicrobial activity by slow release of silver ions. Silver nanoparticles are also used in
medical diagnostics as biosensors, optical signal through the use of localized, surface plasmon
resonance (LSPR). The method has been used in the diagnosis head and neck squamous-cell
carcinoma or squamous cell cancer (SCC or SqCC), by coating with nanosilver mouse
monoclonal antibody against the protein p53, which underwent overexpression in patients
studied [18]. Other nanostructures used in medicine are nanoparticles of gold. Gold
nanoparticles, which can be shaped and obtain different shapes, with their ease of attachment
on the surface of nanoparticles additional ligands, they fulfil specific functions. For diagnostic
purposes, such ligands are used as lipids or antibodies that are used for imaging tumor cells
and to determine the risk of atherosclerosis - macrophages [19]. Gold nano particles are also
used in the treatment of cancer using photothermal therapy (PPT). The treatment utilizes
electro- magnetic radiation which is directed to nanoparticles contained in pathological
tissues. They convert the radiation into heat, causing a temperature increase in pathological
tissues and cell death. Nanoparticles of gold nanorods have high absorption in the near
infrared and visible range, and effective generation of heat, so that the arms are promising in
the treatment of cancer and other diseases [20].

Core-shell nanoparticles are of a particular interest. They comprise of a core made from
one material, and a shell (or coating) made from the second one. The core/shell nanoparticles
are always made from an inorganic core (i.e. oxide, nitride, carbide). The shell is made from
another oxide, nitride, carbide, or an organic material (monomer, surfactant, surface active
organic molecule, and organic dye). By proper selection of core and shell materials properties
of nanoparticles can be combined, or the surface can be functionalized. Low toxicity of these
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types of nanoparticles made of gold and ease of synthesis of such nanoparticles implies that
they are used as carriers for drugs and biological macromolecules such as peptides, proteins
and nucleic acids. Nanoparticles such as these provide pharmaceuticals to specific sites in the
body (e.g. to tumor cell), thereby increasing the effectiveness of therapy. Nanoparticles of
gold can be used as a carrier of insulin according to a study by Bhumkar et al. [21]. Gold also
perfectly absorbs X-rays, which can be used to assist radiation therapy [22]. Although
radiotherapy is still being improved, including the use of a radiation beam with a high voltage
in order to avoid damage to the skin, tomotherapy and modulating the intensity of the
therapeutic beam, is still an unresolved issue is the protection of normal cells against radiation
beam [23]. The solution to this problem is to use nanoparticles of gold that are accumulated in
the site of the tumor and absorbing ionizing radiation allowing the use of lower therapeutic
doses, which protects normal tissues. It is estimated that the strengthening of therapeutic
doses using the nanoparticles of gold before the radiation reaches up to 200%. Studies
Hainfeld et al. [24] showed that gold nanoparticles do not cause growth inhibition of
neoplastic lesions, and irradiation causes only slow down the development of the tumor. In
contrast, irradiation after the administration of nanoparticles of gold resulted in substantial
reduction in tumor size or total eradication. However, in some instances, this therapy did not
give positive results and tumor renew. Copper is another metal used in nanomedicine. The
research results have shown that copper oxide nanoparticles (CuONPs) can be used in
nosocomial infections, but their antibacterial activity is less than the nanosilver. Additionally,
antiviral qualities can be used against influenza virus A and SARS virus [25]. CuONP good
solubility in a low pH gives the possibility of using them in the treatment of neoplastic
diseases. A study conducted by Studer et al. [26] has shown toxicity of nanoparticles on HeLa
cells. Probably penetrating into the cells are located in the lysosomes and changing the
osmotic pressure or to produce radicals cause the release of their contents into the lumen of
the cell [26]. Another research group has demonstrated that CitONPs inhibit the proliferation
of melanoma cancer cells and HeLa cells via cell cycle arrest at GO / G1 phase, and the
damage of the mitochondrial membrane to induce apoptotic pathways [27].

1.4. Fullerenes, Graphene and Carbon Nanotubes

A fullerene is a molecule of carbon in the form of a hollow sphere, ellipsoid, tube, and
many other shapes. Spherical fullerenes are also called buckyballs, and they resemble the
balls used in football. Cylindrical ones are called carbon nanotubes or buckytubes. Fullerenes
are similar in structure to graphite, which is composed of stacked graphene sheets of linked
hexagonal rings; but they may also contain pentagonal (or sometimes heptagonal) rings.
Fullerenes are nanostructures with a shape similar to the sphere shell consisting of a
conjugated ring consisting of five or six carbon atoms. The most popular are sixty-atomic
nanostructures on the shape of a truncated icosahedron. Fullerenes are used for imaging
tumors during surgery and to observe the lymph nodes closest to the tumor foci. In addition to
the interior of the nanostructures can be made radioactive isotopes used in radiation therapy.
The discovery of fullerenes significantly expanded the number of known carbon allotropes,
which until recently were limited to graphite, diamond, and amorphous carbon such as soot
and charcoal. Unique chemistry and technological applications made buckyballs and
buckytubes the subject of intense research, especially in materials science, electronics, and
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nanotechnology. For the past decade, the chemical and physical properties of fullerenes have
been a hot topic in the field of research, development are likely to continue to be for a long
time. Fullerenes were under study for potential medicinal use: binding specific antibiotics to
the structure to target resistant bacteria and even target certain cancer cells such as melanoma
[28]. Fullerenes have been extensively used for several biomedical applications including the
design of high-performance MRI contrast agents, X-Ray imaging contrast agents,
photodynamic therapy and drug and gene delivery, summarized in several comprehensive
reviews [29].

Graphene is a two-dimensional layer of carbon atoms with a thickness of single atom, of
a hexagonal arrangement of atoms in a shape of honeycomb, and is often visualized as a
homogeneous network of a large size. It is the basic structural element of other allotropes,
including graphite, charcoal, carbon nanotubes and fullerenes. In real life, such an ideal
structure does not exist, however it is possible to produce such a structure as small adjacent
monolayers. Graphene has many extraordinary properties such as an extremely high
mechanical strength and flexibility, good thermal and electrical conductivity, is nearly
transparent. There was the bipolar transistor effect identified as a quality of graphene as well
as ballistic transport of charges and large quantum oscillations in the material. Graphene is
impermeable to virtually all substances, biological properties, the ability of sensory, high
electron mobility and hydrophobicity (repulsion of water molecules). Of course, all these
characteristics are present together only in theory. In practice, graphene is produced by
various methods. The two main ones are: carbon deposition on metals and substrates of
crystalline and multi-splitting (exfoliation) to a maximum of thin graphite flakes. The first
process allows the fabrication of graphene monolayers mononuclear about the maximum size
of the order of tens of microns. In the second one slightly thicker flakes made of several
atomic layers on their surface are formed with significant amounts of oxygen. This results in
formation of graphene oxide (GO), which in subsequent stages is subject to reduction
(removal of oxygen) forms of reduced graphene oxide (rGO).

Medical applications of graphene are built around its bacteriostatic and bactericidal
properties, which are pledged with selected other features open extremely wide field of
possibilities. Biomedical applications relate to the whole family of graphene derivatives.
Antibacterial properties of graphene and graphene oxide correspond to two phenomena. The
first is a purely mechanical effect of destroying cell membranes by the sharp edges of
graphene flakes and GO. The second is destructive to many strains of bacterial interaction of
oxygen introduced into the cells on the surface of the GO [30].

Medical uses of carbon materials are intensively researched especially carbon nanotubes
(CNTs). Carbon nanotubes (CNTs) take the form of a hollow cylinder with a rolled-up
graphene built. It may form a structure having a diameter of several nanometers and a length
of a few centimeters. Due to the number of layers that build the wall nanotubes, divided into
single-wall carbon nanotubes (SWNT) and multi-walled (MWNT). CNTs are used as drug
carriers enable the continuous and constant dosing of pathological cells. It may additionally
comprise an antibody or specifically targeting the enzyme activity [31]. An example would be
the use of MWNTs containing cisplatin, the use of which resulted in inhibition of tumor cell
growth [32]. Similar results were obtained by combining doxorubicin with carbon nanotubes
in breast cancer [33], or the attachment of carboplatin in the treatment of bladder cancer [34].
Nanotubes are also excellent semiconductors, with strong fluorescence and Raman scattering,
can also be used as a scaffold for the immobilization of biomolecules. Such scaffolds are used
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in the diagnosis of biological protein microarrays in nanomatrices with high sensitivity of
detection of 1 fmol / 1 [35, 36]. Use of the biosensor can be based on detecting changes in
glucose concentration in the interstitial fluid, which is due to the increased quantity of sugar
in the body which affects the fluorescence in the infrared nanotubes [36]. Carbon nanotubes
are characterized by diverse morphology and unique physicochemical properties. These
factors have been decided about rapid development of experimental works in the last twenty
years exploring carbon nanostructures and their prospective applications. Nanomedicine is an
extremely important area in which nanotubes can find a variety of uses, both in therapy and
diagnosis. One of the directions is the development of biosensors, and nano-scale bioreactors,
where the base is the protein or enzyme immobilization on the surface of carbon nanotubes or
in the interior of the graphite cylinder [37, 38]. There are reports of electro-analytical devices
based on nanotubes, which can be effectively used for the diagnosis of antigens and catalyze
the enzymatic reaction [38]. By attaching specific ligand at the end of the carbon nanotube for
example may be obtained useful nano diagnostic probes. Carbon nanotubes can also become a
breakthrough in tissue engineering by mapping receptors on the cell surface. There are
preliminary studies conducted suggesting the possibility of nanotubes acting as an
electromechanical starter for artificial muscles and works on a suitable bio-functionalization
of nanotubes, which are intended to provide a substrate for neuronal growth [39, 40]. Efforts
are also made in attempts to combine carbon nanotubes with active particles to create modern
target drug transporters, which are particularly important for the pharmaceutical industry [41,
42]. The pharmaceutical industry, and particularly the process of new drugs development, is
faced with some problems, underpinned should be two important causes. First is the
expiration of patents on essential drugs pharmacologically original so called blockbuster
drugs. The second is inadequate bio-availability or the high toxicity of the newly discovered
active substances. This forces pharmaceutical companies to take creative action to "refresh”
programs of exploration and development of new drugs [42].

One strategy is to implement nanotechnology at an ecarly stage of the process.
Pharmaceutical industry offers as drug carriers liposomes, surfactants or polymeric structures
[43]. Clinical studies have shown an increase in efficacy while reducing toxicity associated
with doxorubicin liposomal carrier and polyethylene glycol. Systems transporting the drug
substance may also affect other properties of the drug, solubility in water, allow to obtain
sustained release or controlled release of the active ingredient addition can protect the drug
substance against chemical degradation (hydrolysis and enzymatic), photo degradation and
improve its bioavailability. The use of carbon nanotubes as a carrier is possible thanks to the
progress of research on the chemical modification [44]. Carbon nanotubes can be subjected to
functionalization with different active particles responsible for target recognition (targeted
therapy), imaging and treatment. In this way, a multifunctional system for transporting a drug
can greatly improve the pharmacological profile [44, 45]. Carbon nanotubes are also used as
nanocontainers. Nanotubes filled with different chemical substances can be used in tumor
therapy, diagnostic, and as contrast agents [45].

Research is carried out on "clean", efficient and reproducible synthesis of carbon
nanotubes filled with iron for the treatment of cancer, using method of overheating by
ferromagnetic fluid [46, 47]. The first clinical tests are run on coating with nanotubes metal or
metal oxide nanoparticles, and at the same time obtaining a surface ligands (folic acid or the
corresponding glycoprotein) providing transport of nanoparticles to the tumor cells. Such
particles after intravenous administration to achieve the target are subjected to an external
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magnetic field, which leads to a controlled heating of the metal particles and, consequently,
destruction of the transformed cells. The results indicate that this method is more accurate
than chemotherapy, carries also less risk of side effects and generates lower costs.

Carbon nanotubes also fulfill a role of gene carrier. Gene therapy is a promising
treatment for cancer and genetic disorders. For the transport of viral genes there are special
and non-viral carriers (e. g. liposomes, polymers, micro- and nanoparticles). The first ones
carry a risk of side effects such as immune response, inflammation and oncogenesis. In
contrast, no viral carriers, but more secure, do not always provide the appropriate level of
gene expression. Therefore, researchers are making efforts to seek new, more efficient
vehicles [41]. High molecular weight and a cationic nature of functionalized carbon
nanotubes (f-CNT) allow electrostatic interaction with plasmid DNA. In order to test the
ability of f~CNTs to form complexes with nucleic acids and their translocation were
combined in various ratios f-CNT and the plasmid DNA containing the gene of -
galactosidase marker. Obtained images demonstrated the presence of CNT-DNA complexes.
F-SWCNT nanotubes were present in the form of beams, between which there plasmids in the
form of annular clusters or super-coiled structures. The study of gene expression level of -
galactosidase showed penetration of these complexes to the cells. Furthermore, it was found
that 5-10 times greater levels of gene expression for -=SWCNT complexes and DNA than for
the same helix [48, 49].

Carbon nanotubes have also been used as carriers of antigens. Connection of the external
walls of the nanotubes with synthetically produced peptides, as for example. Epitopes of
antigens create a system which can induce an immune response in a living body [50].

Recently intensive research was focused on fullerenols, the water-soluble derivatives of
fullerenes. Fullerenols are being intensively studied in the context of the possibility of their
application in the biomedicine due to their hydrophilic properties and the ability to eliminate
free radicals. Fullerenols may in the future provide a solid alternative to currently used
pharmacological methods in chemotherapy, treatment of neurodegenerative diseases and
radiobiology. Depending on the research protocol applied, fullerenols may also act as pro
oxidants. The dualistic nature of fullerenols may contribute to finding new biomedical
applications of these agents in the future, by exerting a cytotoxic or protective effect
respectively against cancer cells or healthy cells [51].

1.5. Hydroxyapatite Composites

Great importance for medicine has hydroxyapatite nano composite — occurring naturally
as a substrate of bone and teeth. This is flexible-HA composite hydrogel, which has a
mineral-to-matrix organic ratio approximating to that of human bone. Due to the high
percentage of rejection of artificial implants for hydroxyapatite is used as the coating of metal
medical implants. Given its natural character it reduces the immune response and promotes
healing of wounds. Additionally, it can be used as a drug carrier for bone tissue for the
treatment of inflammatory or post-operation complications. Research is also progressing on
the use of nanohydroxyapatite in tumor therapy by combining nanohydroxyapatite F ¢’ ions
exploiting their magnetic properties [52].
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1.6. Magnetic Nanoparticles

Magnetic nanoparticles (MNPS) are made of an inorganic core, e.g. iron oxide, cobalt or
nickel coated with substances being compatible with respect to the tissue, to which has been
implemented [53]. One of the most important features is the MNPS to superparamagnetism
used in clinical diagnostic techniques. Introduction of MNPS to the tested tissue bears effect
of disorder of the local magnetic field in the tissue resulting in decrease of the relaxation time,
the phenomenon used in magnetic resonance imaging [54, 55]. Using MNPS significantly
improves possibilities of distinction between tumor and healthy tissue. Among the available
contrast agents using nanoparticles there are superparamagnetic iron oxide (SPIO), used for
liver imaging, or ultra small SPIO called Combidex used in the diagnosis of metastases with a
diameter of 5-10 nm in the lymph nodes [56]. In addition to tumor tissue imaging MNPS are
used to observe the cardiovascular system, especially in the detection of atherosclerotic
plaques, and other diseases of the cardiovascular system. MNPS can be further combined
with organic dyes and fluorescent like rhodamine or fluorescein isothiocyanate (FITC),
allowing to define the extent of tumor resection intraoperative study.

Other application of MNPS is delivery of medicine to specific pathological tissue by
utilizing the affinity of the ligands used in surface and magnetism which allows manipulating
with pharmaceuticals through the external magnetic field. Biocompatibility, non-toxicity and
high level of accumulation in tumors cause that magnetic nanoparticles are also used in
intracellular hyperthermia. This therapy involves the use of MNPS and alternating magnetic
field to produce a significant amount of heat in tumor cells. Depending on the temperature
and time of generated heat it causes death of the tumor cell or at least increase their sensitivity
to radiotherapy or chemotherapy [14].

1.7. Quantum Dots

Quantum dots (QDs) are nanostructured semiconductors, in which the motion of
electrons is suppressed in three directions and creating by this way so-called potential barrier
forming potential box. Single QD nanoparticle is composed of a core consisting of 100 -
100 000 atoms of carbon mainly telluride or cadmium selenide with futures of a
semiconductor. The core is surrounded by a protective coat of zinc sulfide, which can be
connected to various ligands, i.e. nucleic acids, proteins and antibodies having an affinity to
specific structures in the body, e.g. tumors. Additionally coat can be enriched by a variety of
chemical compounds, e.g. polyethylene glycol (PEG) or dihydrolipoic acid (DHLA), which
protects the QDs from the action of enzymes and hydrolysis. To reduce aggregation of the
quantum dots in the suspension, additional outer layer of trioctylphosphine oxide (TOPO) is
added giving nanostructure hydrophobic character. TOPO is an organophosphorus compound
OP(CsH,7)s, frequently referred to as TOPO, this compound is used as an extraction or
stabilizing agent. It is an air-stable, white and solid at room temperature [57]. QDs are the
result of a complex process that can be matched to obtain a different size and shape of the
nanostructures. This is an important property of quantum dots, since the length of the emitted
electromagnetic waves depends on the size of the nanoparticles [58] used in the
multidimensional detection, which gives opportunity to use QDs of different colors. QDs
have a wide range of radiation from the ultraviolet absorption (400 nm) to infrared (2 000
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nm), a narrow, symmetric emission spectrum and a powerful, deep and constant intensity of
light [59]. It has been shown that a combination of 6 colors at 10 intensities is sufficient to
encode more than one million combinations. Due to its characteristics of QDs are widely used
in medicine, for detection of tumor cells with the aid of fluorescence microscope [60]. Tumor
markers are detected by specific antibody attached to the quantum dots shell which, when
injected into a patient prior to surgery, facilitate the work of the surgeon, thereby improving
the visibility of treated surgically tumor. In vitro studies have shown a higher specificity of
antibody-coated QDs to tumor cells than the melanocytes, resulting in high specificity of
detection, which is very important in the diagnosis of tumors with the difficult cytological
examination [60]. Using quantum dots coated with specific biomolecules can detect and track
the journey of parasites, viruses and bacteria within the host. They are also used for marking
the DNA and create nanosensors to determine the kinetics of biochemical reactions in the
cells and the concentration of various toxic chemicals in determining the degree of poisoning
of the body. Quantum dots may be used as contrast agents in computed tomography and
magnetic resonance imaging.

1.8. Dendrimers

Dendrimers are nanoparticles which adopt a three dimension, spherical shape with a
diameter ranging from 1 nm to several tens of nanometers. Inside comprise of a core which is
surrounded by a radially radiating dendrons forming the central portion of the nanoparticle.
As a result, the external layers are formed in a branch called generation. They contain free
functional groups which by increasing the amount of layers surface and modifications affect
the size of the nanoparticles as well as physical and chemical properties. A characteristic
feature of the dendrimers is the presence of voids between their arms, which can be used to
transport different substances, including antitumor compounds. As a result of the combination
with cytotoxic drugs dendrimer obtains nanostructure reducing significantly skin tumors in
mice, whereas the combination of ibuprofen dendrimer increased the concentrations of drug
in lung cancer cells [61]. As a result of the use of polyamidoamine dendrimers (PAMAM) as
carriers for sulfamethoxazole, demonstrated a significant increase in antibacterial activity and
increased the solubility of the antibiotic in water [62]. PAMAM dendrimers of specific
modifications adopted antiviral activity against HSV-1 and HSV-2 in vitro cultures of HFF
cell line and in vivo in mice as topical antiviral agent HSV-2 [63]. Another research team
demonstrated modified dendrimers called vivaGel® (SPL7013 gel) tested by ex vivo against
HIV in humans adopting strong virucidal properties. The obtained results show that after
administration of intravaginal gel exhibits potent antiviral activity to three hours of
application. Probably such properties were gained by binding virus to the surface protein
envelope gp120, which is responsible for viral entry into cells [63]. Dendrimers due to the
positive charge derived from the amine groups can connect with the negatively charged
phosphate groups to serve as a non-viral vector of nucleic acid. Due to the high rate of
removal from a human body dendrimers may be used as contrast compounds in the magnetic
resonance imaging e.g. PAMAM of the 2nd and 6th generation enriched with gadolinium
salts enhancing properties exploited in blood vessels imaging [64]. In clinical use dendrimers
play considerable role depending on construction and the nature of dendrimer in use. For
example, nanoparticles of less than 60 kDa are suitable for imaging of kidney, while larger, of
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hydrophilic character, are much proper and useful to analyze the lymphatic system.
Dendrimers containing antibodies can also be used as tumor markers [65].

1.9. Nanomaterials Produced by Microorganisms

Bacterial cellulose (BC) is nano biomaterial consisting of P-1,4-glucan produced by
Gluconoacetobacter xylinus (formerly Acetobacter xylinum). The resulting polymer is skin
look-alike with micro fibriles below 100 nm thickness, and given the appropriate spatial
structure, flexible and with ability to retain water is used as bandage. In addition, BC is not
mutagenic and does not cause allergic reactions. The dressing made of BC protects the wound
from external factors at the same time does not adhere to the wound tissue, relieving pain and
its properties can be enhanced by the addition of nano-silver or antibiotics. Tubular implants
or vascular trachea can be obtained from bacterial cellulose with any length and diameter
[66].

2. DRUG RELEASE FROM NANOPARTICLES

Nanoparticles are able to enter various types of cells and can interact with subcellular
structures. The size, shape and chemistry of the nanoparticles affect cellular uptake,
subcellular localization, and ability to catalyze oxidative products [67]. The nanoparticles are
internalized by the cells using a possible mechanism of passive uptake or adhesive
interaction. Van der Waals forces, steric interactions, electrostatic charges, or interfacial
tension effects can initiate this uptake which does not result in the formation of vesicles [68,
69]. After this uptake, the nanoparticles are not needed to be placed within a phagosome.
Porter et al. suggested that Cg molecules enter cells and can be found along the nuclear
membrane, and within the nucleus [70]. Non-phagocytic uptake and free movement within
the cell can cause very problematic situation by having direct access to cytoplasm proteins
and organelles. Nanoparticles can be found in different locations inside cell, such as the
cytoplasm, outer-cell membrane [71], mitochondria [67], lipid vesicles, along the nuclear
membrane or within the nucleus [67, 71].

Cells generally use two main endocytic pathways to internalize nanoparticles:
Phagocytosis and pinocytosis. Phagocytosis is generally found in neutrophils, dendritic cells,
and macrophages [72] whereas Pinocytosis can be found in almost all types of cells. There
different types of pinocytosis: clathrin-mediated endocytosis, caveolae-mediated endocytosis,
clathrin/caveolae-independent endocytosis, and macropinocytosis (see Figure 2).

A number of researches are carried out to explore the internalization of nanoparticle via
phagocytosis. The cellular uptake of nanoparticles through phagocytosis in macrophages
employs attractive forces (i.e., ionic, electrostatic, hydrophobic/ hydrophilic, van der Waals)
between the surfaces of the cells and nanoparticle. The phagocytosis can be initiated by the
receptor-mediated recognition of opsonins adsorbed on the nanoparticle surfaces.

The geometry of the particle can help in controlling their cellular uptake through
phagocytosis. Because of different shapes, the particles can generate different angles between
the membrane and themselves at the point of cell attachment and this angle of contact shows
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substantial effects on the ability of macrophages to uptake particles via actin-driven
movement of the membrane of macrophages [73, 74]. Champion and Mitragotri reported that
the shape of the particle, not size, plays a dominant role in phagocytosis. They studied six
different geometric shapes of nanoparticles, such as, spheres (radius 1.0-12.5 um), oblate
ellipsoids (major axis 4 um, aspect ratio 4), prolate ellipsoids (major axis 2—6 pum, aspect ratio
1.3— 3), elliptical disks (major axis 3—14 um, aspect ratio 2—4, thickness 400—1000 nm),
rectangular disks (major axis 4-8 pm, aspect ratio 1.5-4.5), and UFOs (sphere radius 1.5 um,
ring radius 4 um). They confirmed that the elongated particles with higher aspect ratios are
less prone to phagocytosis [74]. A similar finding was also described by Geng and coworkers
[75]. Harguindey et al. suggested that a higher aspect ratio can be associated with preferential
localization into endosomes and lysosomes [76]. So it can be concluded that the shape of the
particles should be designed properly to modulate intracellular targeting and phagocytosis.

Macropinocytosis

(> 1 um)
. Clathrin-mediated
Phagocytosis ﬁ _ endocytosis
Nanoparticle (120 nm)
internalization

Clathrin-independent
Caveolin-independent
endocytosis

(90 nm)

Caveolar-mediated
endocytosis
(60 nm)

Figure 2. Internalization of nanotransporters in cell.

Nanoparticles are generally internalized by cells via more than one endocytic pathway.
Zhang et al. [77] carried out an experiment on lapatinib-loaded nanoparticles formulated with
a core of albumin and a lipid corona made by egg yolk lecithin. Results showed that the size
and zeta potential of the nanoparticles were ~62 nm and 22.80 mV respectively. The
nanoparticles were taken up by BT-474 cells via energy-dependent endocytosis including
clathrin-dependent pinocytosis and macropinocytosis.

An important aspect of nanoparticles drug delivery systems is the mechanism by which
drugs are released to the target cancer cell upon entry of the nanoparticle-drug conjugate. The
main aim of release kinetics control is to regulate the drug level in blood within the
therapeutic window, between the minimum toxic concentration (MTC) and the minimum
effective concentration (MEC) [78]. Upon administration of a drug as a single large dose, the
drug level is raised above MTC, causing toxic side effects, and then rapidly drops below the
MEC. Multiple dosing with a certain interval can decrease the instability of drug levels in



Nanotransporters for Anticancer Drug Delivery 15

plasma but can cause non-compliance issues in patient. For this reason, it is needed to
develop specific drug carriers that provide controlled release of a drug with a low dosing
frequency. Hence, a constant drug release rate (zero-order drug release profile) is frequently
followed [78, 79]. On the other hand, pulsatile or stimuli-responsive drug release became
interesting topic of research also to achieve timely drug release [80-82].

Several factors regulate the release of drugs from carrier such as the composition (drug,
polymer, and additives), their ratio, physical and/or chemical interactions among the
components, and the preparation methods. The drug release can be classified into four
categories on the basis of the mechanism by which a drug escapes a carrier (solvent,
diffusion, chemical reaction, and stimuli controlled release) [83, 84].

Solvent transport into a drug carrier can affect the release behaviour of the drug from
carriers. There are two types of solvent-controlled release: swelling-controlled release and
osmosis-controlled release [83].

If glassy hydrophilic polymeric systems are put in aqueous solutions (eg. body fluids),
water diffuses into the system. The uptake of the water causes the swelling of the polymeric
particles followed by drug release (swelling-controlled release). The rate of the release of the
drug can be determined by the diffusion rate of water and the chain relaxation rate of
polymers [85]. Different groups of researchers reported that the swelling-controlled systems
can be made by polymeric materials with three dimensionally crosslinked network such as
hydrogels, where the mesh size plays a central role in controlling the behaviour of drug
release [85, 86]. It was found that the swelling-controlled systems can achieve a zero-order
drug release, depending on the polymer composition [87] or initial drug distribution in the
system [88].

Osmosis-controlled release can be found in a carrier covered with a semi-permeable
polymeric membrane. Water can flow through this membrane from outside of the carrier
(with a low drug concentration) to the drug-loaded core (with a high drug concentration). It
has been reported that this mechanism can show a zero-order release profile as long as a
constant concentration gradient is maintained across the membrane [89].

In case of diffusion-controlled drug release, a drug can be dissolved or dispersed in a core
surrounded by polymeric membrane [90]. The different concentrations of the drugs across the
membrane drive this diffusion. In this case, the drug initially dissolves in the core then
diffuses through the membrane. The diffusion-controlled release profile can also be found in
matrix-type nanospheres, where drug molecules are dispersed throughout the polymer matrix.
Here, no membrane acts as a diffusion barrier. As a result, this matrix-type system generally
shows high initial release, followed by a decreasing release rate with the increasing diffusion
distance for drug molecules located inside of the carrier.

Different types of biodegradable polymeric drug carriers such as polyamides, polyesters,
poly(amino acids), and polysaccharides release drugs by hydrolytic and/or enzymatic
degradation of amide, ester, and hydrazone bonds in their backbones [91-93]. Bulk
degradations are found from matrices made of polymers like poly(lactic-co-glycolic acid)
(PLGA), polylactic acid (PLA), and polycaprolactone (PCL). This process can result in
simultaneous degradation of entire matrices. In a small-dimension matrix like nanoparticls,
the distance of water diffusion is short and the domain size of crystallization is found to be
restricted. In this case, the polymer degradation is significantly enhanced, and these polymers
do not necessarily follow the typical surface erosion behaviour but can show a bulk
degradation (constant particle size during polymer degradation) [94].
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The behaviour of the release of the drug from stimuli-responsive nanocarriers is regulated
by internal or external factors such as pH, temperature, ionic strength, sound, and electric or
magnetic fields [80]. As the stimuli can be localized, these carriers were explored for target-
specific drug delivery. Researchers have developed some nanocarriers with pH-sensitive
linkers for tumor-specific drug delivery [95, 96]. To increase the contrast between
intracellular and extracellular drug release pH-sensitive carriers have been developed [96-98].
In case of thermosensitive drug carriers, the temperature-induced phase transition of the
polymer causes the release of the drugs [99, 100].

3. LIPOSOMES AND THEIR MODIFICATIONS

Nanotransporters have been explored for delivering drugs for over 35 years. Liposomes
have been the most successful drug delivery carriers. Liposomes are extensively used as
carriers for numerous molecules in cosmetic and pharmaceutical industries. Additionally,
liposomes can entrap unstable compounds (for example, antimicrobials, antioxidants, flavors
and bioactive elements) and can trap both hydrophobic and hydrophilic compounds, avoid
decomposition of the entrapped compounds and release the entrapped at designated targets.
Because of their biocompatibility, biodegradability, low toxicity and possibility to trap both
hydrophilic and lipophilic drugs and simplify site-specific drug delivery to tumor tissues,
liposomes have increased rate of both as an investigational system and commercially as a
drug delivery system. The drugs inside the liposomes are protected from oxidation and
degradation during circulation in bloodstream. This protective phospholipid shield or barrier
remains undamaged until the contents of the liposome are delivered to the exact target gland,
organ, or system where the contents will be utilized [101]. Since the introduction of Doxil (a
PEGylated liposomal doxorubicin), several products have been approved worldwide [102].
Doxil was approved by the US FDA in 1995 [103]. Liposomes are mostly used for the
passive targeting having blood lifetime one or two days. It is required that the size of
liposomes is less than 200 nm to facilitate fenestration through the leaky blood vessels around
the tumour site. In general, the release of drug from liposome has to be slow enough not to let
free drug to be removed quickly from the bloodstream. Liposome involves an aqueous core
entrapped ba one or more bilayers composed of natural or synthetic lipids. Drugs with
different lipophilicity can be encapsulated into liposomes i.e. lipophilic drugs are located in
the lipid bilayer whereas hydrophilic drugs are in the core and those intermediary between
lipid and aqueous phases.

Doxorubicin was loaded into the aqueous core of the liposome at a concentration
exceeding saturation. This high loading (~ 12.5% by weight of the lipids) was achieved
through a special technique called active loading using an ammonium sulphate gradient [104].
Undissolved doxorubicin is in the core in the form of crystals. This method of preparation
serves to prolongation of the drug release beyond the circulation halftime.

Most of the liposomes for cancer treatment were approved on the basis of reduced side
effects due to their passive targeting capabilities. Other liposomal anticancer products, such as
DaunoXome and Myocet were primarily used to reduce toxicity in comparison to free
doxorubicin and not to sustained release of encapsulated drug [105].
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Except of conventional liposomes there are modified ones called stealth liposomes. These
were designed to improve properties of transporters. The main reason for modification of
liposomes is that although they behave like biomembranes they are still foreign objects of the
body. Therefore, liposomes are known by the mononuclear phagocytic system (MPS) after
contact with plasma proteins. Accordingly, liposomes can be removed from the blood stream.
These stability difficulties are solved through the use of synthetic phospholipids, particle
coated with amphipathic polyethylene glycol (PEG), coating liposomes with chitin
derivatives, freeze drying, polymerization, micro-encapsulation of gangliosides [106].
Coating liposomes with PEG reduces the percentage of uptake by macrophages and leads to a
prolonged circulation and, therefore, make available abundant time for these liposomes to
leak from the circulation. Stealth liposomes are transporters with a membrane composed of
phospholipid bilayer used to deliver drugs into a cell. A liposome can be made of naturally
phospholipids with mixed lipid chains coated by polymers of PEG and colloidal in nature.
Stealth liposomes are a new generation of compounds used for controlled drug release [107].
This stealth principle has been used to develop the successful doxorubicin-loaded liposome
product that is presently marketed as Doxil (Janssen Biotech, Inc., Horsham, USA) or Caelyx
(Schering-Plough Corporation, Kenilworth, USA) for the treatment of solid tumors [108].

Very often, poly(ethylene glycol) molecules (PEG) (molar mass ~ 2000 Da ) are situated
on to the surface of the liposomes by mixing the PEGylated lipids with the main lipids that
form liposome [103]. The combination of properties (PEGylation, active loaded crystallized
drug and small size) enables some selectivity of action towards tumor tissue, thus reducing
side effects of the drug. For example, the biodistribution characteristics of liposomes surface-
modified with the mixture of polyethylene glycol (PEG) and polyvinyl alcohol (PVA) as a
drug carrier for passive targeting of drugs was studied [109]. The liposomes were made of
(egg phosphatidylcholine: cholesterol = 55:40, molar ratio) modified with both PEG and PVA
(4:1 molar ratio).

Clinically have been approved these drugs in liposomes — Doxil (Caelyx in Europe),
Myocet, DaunoXome and DepoCyt [101]. Doxorubicin is known for its cardiotoxicity which
is minimized by closing in the first two liposomal drugs. Doxil is a PEGylated liposome and
it was already mentioned that use of PEG increases circulation time, which result in delaying
of capture by the reticuloendothelial system [110]. Doxil is used for treatment of metastatic
breast cancer, ovarian cancer, multiple myeloma and also in treatment of AIDS-related
Kaposi’s sarcoma (KS).

It was also shown that taxane-resistant breast cancer patients treated with PEGylated
liposomal doxorubicin exhibited slightly increased survival results compared to those treated
with vinorelbine or vinblastine in combination with mitomycin C [111]. The effectiveness of
doxorubicin and its PEGylated form is nearly the same but cardiotoxicity, myelosuppression,
vomiting and alopecia was decreased in the groups of patients treated with Doxil [112]. The
same result was obtained for Kaposi’s sarcoma treatment [113, 114]. Doxil was also
compared with topotecan used for ovarian cancer. Doxil show much lower toxicity and
effectiveness of therapy is comparable [115]. Increased efficiency gives Doxil in combination
with other chemotherapeutic drugs docetaxel or bortezomib but unfortunately this
combination leads to higher toxicity [116, 117]. Doxil, in combination with radiotherapy, has
shown increased anticancer effect [118]. Myocet is a liposomal doxorubicin used for the
treatment of breast cancer in combination with cyclophosphamide. In the trials and in
comparison with free doxorubicin it was found that Myocet show lower cardiotoxicity and
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neutropenia and has the same effectiveness of cancer treatment [119, 120]. Another liposomal
product DaunoXome containing daunorubicin was showing better results than doxorubicin,
bleomycin and vincristine, in Kaposi’s sarcoma treatment [121]. DepoCyt is commercially
available non-PEGylated liposomal form for cytarabine, which belong to a group of
hydrophilic chemotherapeutic drugs. It can be used for treatment of lymphomatous
meningitis, leukaemia and glioblastoma.

There are plenty of anticancer liposomes under clinical trials. To the group belong
PEGylated lipoplatin, S-CKD602 [122] and NL CPT-11 containing cisplatin, CKD-602 (a
camptothecin analogue) and irinotecan (CPT-11), respectively. From the trials it follows that
lipoplatin is less toxic and of the same activity like cisplatin applicable for various cancers
[123, 124, 125].

Drug irinotecan was encapsulated in liposomes and products are under names NL CPT-
11, CPX-1 and LE-SN38. The drugs are tested for glioma and colorectal cancer treatment
[126]. Liposomes can be modified for specific targeting. Such example can be MBP-426
containing oxaliplatin and transferrin which is bonded to phosphatidylethanolamine of
liposome [127]. MCC-465 is a PEGylated liposome encapsulating doxorubicin with surface
modification with a fragment of the human monoclonal antibody, able to identify cell surface
molecules of different cancer cells [128, 129]. CPX-351 is a liposome encapsulated
formulation of cytarabine and daunorubicin that exploits molar ratio-dependent drug-drug
synergy to enhance antileukemic efficacy. The phase II study shows on lower mortality of
patients [130]. Trastuzumab combined with sequential chemotherapy with taxanes and
anthracyclines as primary systemic therapy achieved high rates of pathologic complete
response. Non-pegylated liposome-encapsulated doxorubicin has shown equal efficacy but
minor cardiotoxicity compared to doxorubicin. This phase II study aimed to evaluate the
activity and safety of trastuzumab with sequential chemotherapy for early or locally advanced
HER2 positive BC.

No cardiac toxicity or discontinuation of trastuzumab was reported. This study confirms
that integrating anti-HER2 therapy in primary treatment for HER2 positive breast cancer is
active [131].

3.1. Modified Liposomes

To improve efficacy of cancer treatment by liposomes it is necessary to modify either
liposomes or their surface by peptides, RNA or antibodies which also serve for targeted
delivery to specific cancer tissue. Some examples of recent development in the field are
mentioned hereinafter.

Dual-ligand liposomal delivery system for targeting the delivery of paclitaxel to lung
cancer was prepared. The specific ligand peptide HAIYPRH (T7) and the cationic cell-
penetrating peptide TAT were connected with phospholipid via a polyethylene glycol (PEG)
spacer to prepare the dual-ligand liposomes (T7/TAT-LP-PTX) [132].

Active targeting molecules displayed better cell selectivity but were shadowed by the
poor tumor penetration effect. Cell penetrating peptides could increase the uptake of the
carriers but were limited by their non-specificity. Dual-ligand system may possess a
synergistic effect and create a more ideal drug delivery effect. Thus, liposome system
modified with RGD, TAT and cleavable PEG was designed. The RGD specifically
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recognized the integrins overexpressed on various malignant tumors and mediated efficient
internalization in the synergistic effect of the RGD and TAT. In vitro cellular uptake and 3D
tumor spheroids penetration studies demonstrated that the system could not only be
selectively and efficiently taken up by cells overexpress ingintegrins but also penetrate the
tumor cells to reach the depths of the avascular tumor spheroids. In vivo imaging and
fluorescent images of tumor section further demonstrated that this system achieved
profoundly improved distribution within tumor tissues, and the RGD and TAT ligands on C-
R/T liposomes produced a strong synergistic effect that promoted the uptake of liposomes
into cells after the systemic administration of L-cysteine. The results of this study
demonstrated a tremendous potential of this multistage liposomes for efficient delivery to
tumor tissue and selective internalization into tumor cells [133].

Liposomal drug delivery system conjugated with cyclic arginine-glycine-aspartic acid-
tyrosine-lysine peptide (cRGDyk) was developed to improve therapeutic efficacy in a mice
model of bone metastasis from prostate cancer. Compared with free cisplatin and cRGDyk-
free liposomes, cRGDyk conjugated liposomes showed significantly higher cellular uptake
and higher cytotoxicity of loaded cisplatin, as evidenced by in vitro cell experiments. In vivo
results revealed that free cisplatin and free cRGDyk could relieve tumor-induced pain but had
no contributions to tumor regression and overall survival improvement. cRGDyk-free
liposomal drug system with prolonged blood circulation time could accumulated in the tumor
sites in the bone through enhanced permeability and retention (EPR) effects (see Figure 3)
and however, did not exhibit desirable therapeutic efficacy superior to free cisplatin and free
cRGDyk. Inspired by their enhanced therapeutic efficacy and low organ toxicity, cRGDyk
conjugated liposomes could serve as an effective drug system for targeted and synergistic
therapy of bone metastases [134].

Novel, acid-sensitive liposomes that respond to physiopathological pH for tumour
targeting applications were obtained by surface modification with 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)] (mPEG-DSPE) and stearoyl-
poly(ethyleneglycol)-poly(methacryloylsulfadimethoxine) copolymer (stearoyl-PEG-
polySDM). All of the liposome formulations were stable at pH 7.4, even in the presence of
foetal bovine serum, but they underwent rapid size increase at pH 6.5. At pH 6.5, these
liposomes displayed higher cytotoxicity than at pH 7.4 or compared to non-responsive control
liposomes at both incubation pH. Notably, treatment with free gemcitabine did not yield
cytotoxic effects, indicating that the carrier can efficiently deliver the anticancer drug to the
cytosolic compartment [135].

The cancer treatment through the combination of chemotherapy and thermotherapy using
doxorubicin-loaded magnetic liposomes is reported. The citric acid-coated magnetic
nanoparticles (CAMNP, ca. 10 nm) and doxorubicin were encapsulated into the liposome
(HSPC/DSPE/cholesterol = 12.5:1:8.25) by rotary evaporation and ultrasonication process. In
vitro cytotoxicity of the liposome was investigated through 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay using L-929 cells, as the mammalian cell model.
In vitro cytotoxicity and hyperthermia (inductive heating) studies were evaluated against
colorectal cancer (CT-26 cells) with high-frequency magnetic field (HFMF) exposure. MTT
assay revealed that these drug carriers exhibited no cytotoxicity against L-929 cells,
suggesting excellent biocompatibility. When the magnetic liposomes with doxorubicin was
used to treat CT-26 cells in combination with HFMF exposure, approximately 56% cells were
killed and found to be more effective than either hyperthermia or chemotherapy treatment



20 Pavel Kopel, Dorota Wawrzak, Vedran Milosavljevic et al.

individually. Therefore, these results show that the synergistic effects between chemotherapy
(drug-controlled release) and hyperthermia increase the capability to kill cancer cells [136].

o) -
|

'-J"J' J

Healthy tissue Tumor tissue

@ Nanocarrier @ Small molecule

Figure 3. Enhanced permeability and retention (EPR) effect (targeting by leaky vessels in cancer).

Thermally enhanced drug delivery using low temperature liposomal doxorubicin (LTLD),
given with mild local hyperthermia (MLHT) for breast cancer was developed. The phase I
trials shown that the use is safe and that this combined therapy produces objective responses
in heavily pre-treated breast cancer patients. Future work should test thermally enhanced
LTLD delivery in a less advanced patient population [137].

Combining chemotherapeutics is a promising method of improving cancer treatment;
however, the clinical success of combination therapy is limited by the distinct
pharmacokinetics of combined drugs, which leads to nonuniform distribution. New approach
to load two drugs with different hydrophilicities into a single cross-linked multilamellar
liposomal vesicle (¢cMLV) to precisely control the drug ratio that reaches the tumor in vivo is
reported. The stability of cMLVs improves the loading efficiency and sustained release of
doxorubicin and paclitaxel, maximizing the combined therapeutic effect and minimizing the
systemic toxicity [138].

Liposome mediated anticancer drug delivery has the advantage of reducing cytotoxicity
in healthy tissues but slow drug release decreases the therapeutic efficacy of PEGylated
liposomal doxorubicin. To increase the efficacy a combination of stealth thermosensitive
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liposomes and local mild hyperthermia was investigated to increase bioavailable doxorubicin
levels in tumors. It was found that the combination of PEGylated thermosensitive liposome
and local mild hyperthermia offers promising clinical opportunities to improve liposomal
doxorubicin delivery to solid tumors [139].

A single nanoparticle platform has been developed through the modular and controlled
layer-by-layer process to codeliver siRNA that knocks down a drug-resistance pathway in
tumor cells and a chemotherapy drug to challenge a highly aggressive form of triple-negative
breast cancer. Layer-by-layer films were formed on nanoparticles by alternately depositing
siRNA and poly-L-arginine; a single bilayer on the nanoparticle surface could effectively load
up to 3500 siRNA molecules, and the resulting nanoparticles exhibit an extended serum half-
life of 28 h. In animal models, one dose via intravenous administration significantly reduced
the target gene expression in the tumors by almost 80%. By generating the siRNA-loaded
film on doxorubicin-loaded liposome, the efficacy was enhanced by 4 fold in vitro and led to
up to an 8 fold decrease in tumor volume compared to the control treatments with no
observed toxicity [140].

Liposomal drug delivery has expanded considerably over the past few decades, and
several liposomal drugs are already providing improved clinical outcomes. Liposomes have
now progressed beyond simple, inert drug carriers and can be designed to be highly
responsive in vivo, with active targeting, increased stealth, and controlled drug-release
properties. Ligand targeted liposomes have the potential to revolutionize the treatment of
cancer. Recent challenges in ligand targeted liposomes are described [141].

4. NATURAL NANOTRANSPORTERS — PROTEINS

Ferritin belongs to proteins with cage like structure, which can be used to bind molecules
in its cavity. Ferritin molecules are 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(IlI), which is readily reduced to Fe(Il). There are two kinds of
ferritins namely maxiferritins 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 diameter with 5 nm diameter cavities of MW = 240 kDa [142]. Mostly maxiferritins are
used, 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.

It was found that the cavity can be utilized for storage of other ions and molecules and
can be utilized for synthesis of nanoparticles with defined size. Apart from interior cavity, the
surface of apoferritin can be modified. This offers further possibility of delivering
encapsulated drug to a target cell in more effective way and minimalizing thus side effects
particularly toxicity to nontarget organs by drugs.

There are two possible ways for preparation of apoferritin loaded compounds. These
routes can be called reassembly and nanoreactor routes. Reassembly route comprise of
disassembly of the apoferritin shell into protein subunits at low pH by addition of an acid.
Then the solution of complex, drug or nanoparticles is added. Afterwards, pH of the solution
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is adjusted with addition of a base to pH around 8. Protein subunits are reassembled again to
form apoferritin with loaded compounds in the cavity [143]. Nanoreactor route comprise of
utilization of ion or nanoparticles diffusion through channels in apoferritin structure. Mostly,
ions are added to the apoferritin solution and mixture is shaken, afterwards, anions are added
which form nanoparticles in the cavity. Reactants and precipitates outside of apoferritin are
than removed by centrifugation, dialysis or ultrafiltration.

Selective dose-dependent antitumor activity of horse spleen apoferritin encapsulated PbS
quantum dots against two human-derived colorectal carcinoma cell lines is reported (Glso
similar to 70 pg mL'l) [144]. Following in vitro exposure to PbS, CRC cells fail to recover
proliferative capacity, and undergo apoptosis triggered by the generation of reactive oxygen
species (ROS). In contrast, the apoferritin-PbS nanocomposites do not affect the growth and
cell cycle of non-tumor human endothelial HMEC-1 cells. Neither adverse health nor
behavioral indicators were observed throughout the 15 day study in mice. The
photoluminescence combined with selective antitumor activity offer potential for
simultaneous non-invasive imaging and treatment of malignant tissue. Apoferritin was
employed to encapsulate anticancer drugs cisplatin and carboplatin [145, 146]. It is well
known, that clinical application of platinum-based anticancer drugs is largely limited by
severe general toxicity and drug resistance. Drug delivery systems with tumor-targeting
potential are highly desired for improving the efficacy and applicability of these drugs. The
delivery of platinum drugs cisplatin, carboplatin and oxaliplatin by encapsulating each of
them in the cavity of apoferritin was studied. The encapsulation was achieved through
reassembly route at pH 2.0 and 7.4, respectively, in saturated drug solution. UV-vis
spectrometry, circular dichroism spectrometry, dynamic light scattering, and inductively
coupled plasma mass spectrometry were used to characterize the apoferritin-drug complexes.
The loading capacity of apoferritin varies with respective drugs and the structural integrity of
the protein shell remains intact after encapsulation. In vitro assays on the rat
pheochromocytoma cell line (PC12) show that cisplatin inhibits the cells in a slow but
sustaining mode and the cellular uptake of platinum drug is enhanced by apoferritin.
Carboplatin and oxaliplatin complexes in apoferritin exhibit a marginal cytotoxicity towards
this cell line under similar concentrations [146]. A novel antibody-drug conjugate was
synthesized incorporating ferritin cisplatin nanoparticles [147]. An average of three molecules
of monoclonal antibody (mAb) Epl to the human melanoma-specific antigen CSPG4 were
conjugated to a single ferritin cage encapsulating about 50 cisplatin molecules. The flow
cytometry demonstrated specific binding to a CSPG4(+) melanoma cell line, but not to a
CSPG4(-) breast carcinoma cell line. As compared to the cisplatin-containing ferritin
nanoparticle alone, which inhibited thymidine incorporation more efficiently in breast
carcinoma than melanoma cells, the mAb-derivatized nanoparticle had a 25-fold preference
for the latter. Anticancer activity was also studied on a methylene blue-encapsulated
apoferritin complex. The complex shows cytotoxic effects on MCF-7 human breast
adenocarcinoma cells when irradiated at the appropriate wavelength [148].

Ferritin can be genetically modified to present a peptide sequence on the surface [149].
Thus Cys-Asp-Cys-Arg-Gly-Asp-Cys-Phe-Cys (RGD4C)-modified ferritin can efficiently
target tumors through RGD-integrin interaction. It was shown that after being precomplexed
with Cu(II), doxorubicin can be loaded onto RGD modified apoferritin with high efficiency
(up to 73.49 wt %). These doxorubicin-loaded ferritin nanocages showed on U87MG
subcutaneous tumor models a longer circulation half-life, higher tumor uptake, better tumor
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growth inhibition, and less cardiotoxicity than free doxorubicin. Such a technology might be
extended to load a broad range of therapeutics and holds great potential in clinical translation
[149]. RGD4C-modified ferritin can also serve as a safe and efficient photosensitizer vehicle
[150]. Zinc hexadecafluorophthalocyanine (ZnF16Pc), a potent photosensitizer with a high
quantum yield but poor water solubility, can be encapsulated into ferritin and tests on
U87MG subcutaneous tumor models, P-RFRTs showed a high tumor accumulation rate and
minimal toxicity to the skin and other major organs.

Ma-Ham et al. [151] studied daunomycin, an anthracycline antibiotic drug that is used for
specific types of cancer treatment such as acute myeloid leukemia and acute lymphocytic
leukemia, encapsulated within apoferritin cage. They used reassembly route to load the
therapeutic compound daunomycin into the cavity of apoferritin. At experimental pH 5
conditions the interaction between the apoferritin interior cage and daunomycin was weak
making it difficult to encapsulate the drug effectively within the protein cage. The
incorporation of poly-L aspartic acid, a polypeptide and biodegradable material that does not
increase the toxicity of the drug delivery system and is negatively charged at pH 5.0, into the
drug delivery system resulted in a substantial improvement in the drug encapsulation. The
binding properties of free daunomycin with DNA were compared to the synthesized
apoferritin protein based drug delivery system. Encapsulation of the daunomycin within the
apoferritin protein cage had little effect upon the intrinsic binding constant, K(i), or the
exclusion parameter n as compared to the free daunomycin model. The study resulted in the
design and optimization of a unique protein based drug delivery platform using the protein
cage apoferritin for potential therapeutic administration of the anticancer agent daunomycin.

Doxorubicin belongs to the group of anthracycline antibiotics with very effective
anticancer properties. On the other hand, the cardiotoxic effects limit its application. To
overcome this obstacle, encapsulation of this drug into the protective nanotransporter such as
apoferritin is beneficial. The apoferritin-doxorubicin complex has been formed by reassembly
of the apoferritin sphere in the presence of doxorubicin [152]. The doxorubicin encapsulation
was carried out using direct and step-wise change of pH of the solution from 2.5 to 7.4. Non-
denaturing polyacrylamide gels showed that the protein cage of the complex successfully self-
assembles into its nanosphere form. It was found that up to 28 molecules of doxorubicin can
be capsulated per apoferritin protein and no significant drug leakage occurs during the first
two days.

Magnetic particle mediated transport in combination with nanomaterial based drug carrier
has a great potential for targeted cancer therapy. Doxorubicin encapsulated into the
apoferritin was conjugated with magnetic particles and investigated by capillary
electrophoresis with laser-induced fluorescence detection (CE-LIF). This combination of
magnetic particles and drug encapsulated in apoferritin can be potentially used for magnetic
resonance imaging, thermotherapy and chemotherapy [153].

Voltammetry was used for detection of doxorubicin (DOX) and encapsulated doxorubicin
in apoferritin structure at a carbon paste electrode [154]. The samples were measured by
differential pulse voltammetry in phosphate buffer (pH 5.5). The experimental conditions as
time of accumulation and deposition potential were optimized. The study also shows on the
release of doxorubicin at different pH which is very important for cancer treatment.
Fluorescent behaviour of doxorubicin in various solvents was studied [155]. Ethanol,
acetonitrile and dimethyl sulfoxide were tested and the best linearity of the calibration curve
was obtained when above 50 % of the solvent was present in the binary mixture with water.
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Moreover, pH influence on the DOX fluorescence was also observed within the range of 4-
10. Further, the DOX behavior in capillary electrophoresis (CE) was investigated.
Electrophoretic mobilities (CE) in various pH of the background electrolyte were determined
and CE was also used to monitor the encapsulation of DOX into the cavity of apoferritin as
well as the pH-triggered release [155]. Apoferritin and liposome encapsulated forms of
doxorubicin were prepared and their toxicity were compared with doxorubicin alone and
Myocet on prostate cell lines [156]. Three different prostatic cell lines PNT1A, 22Rv1, and
LNCaP were chosen. The toxicity was compared using the MTT assay, real-time cell
impedance-based cell growth method (RTCA), and flow cytometry. The efficiency of
doxorubicin entrapment was 56% in apoferritin cages and 42% in the liposome carrier.
Apodox IC50 was determined as follows: 603.1, 1344.2, and 931.2 nM for PNT1A, 22Rvl,
and LNCaP, respectively. Ferritin nanocages can carry high doses of doxorubicin for tumor-
specific targeting and killing without any targeting ligand functionalization or property
modulation [157]. Doxorubicin loaded apoferritin specifically bound and subsequently
internalized into tumor cells via interaction with overexpressed transferrin receptor 1 and
released doxorubicin in the lysosomes. In vivo in the mouse, it exhibited more than 10-fold
higher intratumoral drug concentration than free doxorubicin and significantly inhibited
tumor growth after a single-dose injection. It also displayed an excellent safety profile that
significantly reduced healthy organ drug exposure and improved the maximum tolerated dose
by fourfold compared with free doxorubicin [157].

Ferritins can be used not only for drug transport but can be applied for magnetic
resonance imaging, optical imaging and cell tracking. The progress in the field can be also
found in some reviews that appeared just recently [158-161].

5. DENDRIMERS AND POLYMER NANOPARTICLES

5.1. Polymeric Nanoparticles

Polymeric nanoparticles represent biomaterial widely used for drug delivery application,
which arise from their remarkable biodegradability and biocompatibility with other
molecules. Compared with other drug delivery materials (especially with liposome) the
polymeric nanoparticles demonstrate higher stability, sharper size distribution, more tunable
physicochemical properties, sustained and more controllable drug-release profiles, and higher
loading capacity for poorly water soluble drugs. The applications of the polymers in drug
delivery have been investigated extensively for group of natural and as well as for synthetic
polymers [162, 163]. Natural polymers such as albumin, chitosan and heparin have been a
material of choice for the delivery of oligonucleotides, DNA, protein and drugs. The clinical
application of natural polymers as transporter for anticancer drug delivery were reported in
the case of metastatic breast cancer, non—small-cell lung cancer (phase II trial) and advanced
nonhematologic malignancies (phase I and pharmacokinetics trials using abraxane which
represents nanometer-sized albumin-bound paclitaxel [164-166]. However, the synthetic
polymers enable the delivery of various drugs due to their great modification potential
allowing particles to be tailored for specific needs. N-(2-hydroxypropyl)-methacrylamide
copolymer (HPMA), poly(lactico-glycolic acid) (PLGA) and polycaprolactone (PCL),
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polystyrene-maleic anhydride copolymer (PMA), polyethylene glycol (PEG), and poly-L-
glutamic acid (PGA) are reported as more common synthetic nanoparticle used in drug
delivery [167]. For clinical trials of cancer various polymeric nanoparticles are known
(Table 1).

Table 1. Polymer drugs nanoparticles

Name Drug Polymers  Indication Reference
Xyotax Paclitaxel PGA Ovarium cancer and non— [168, 169]
small-cell lung cancer
CT-2016 Camptothecin PGA Lung and breast cancer [170]
FCE-28069 Doxorubicin HMPA Various cancer [171]
PNU-166945 Paclitaxel HMPA Various cancer [172]
Prothecan Camptothecin PEG Various cancer [173]
NKTR-102 Irniotecan PEG Ovarium and cervical [174]
cancer
NKTR-105 Docetaxel PEG Solid tumors [174]
AD-70 Doxorubicin Dextran Various cancer [175]
XMT-1001 Camptothecin Polyacetal Advanced cancer [176]
polymer

The functional properties of polymeric nanoparticles are based on amphiphilic block
copolymers that self-assemble into nanoparticles in aqueous solutions, where the hydrophobic
core region serves as a reservoir for hydrophobic drugs, whereas the hydrophilic shell region
stabilizes the hydrophobic core and renders the polymers water-soluble [177].

For clinical applications, different types of chemotherapeutics conjugate with various
polymers are used widely for in vitro and in vivo testing showing great potential in drug
delivery. Among the synthetic polymers PLGA and PEG represent widely used transporters
for in vivo drug delivery, due to their hydrophobic and hydrophilic properties. PLGA as
polymers can easily hydrolyze into lactic acid and PEG can significantly reduce nonspecific
cellular uptake by forming a stealth layer [178, 179].The interactions of polymers with drugs
take a place during polymeric nanoparticles preparation where the drugs are easily
encapsulated. It is reported that organic solvent diffused into the aqueous phases can be
applied for encapsulation of the drug into polymers, which can lead to the evaporation of the
organic solvent where hydrophobic polymers are self-assembled and form nanoparticles with
drugs encapsulated inside [180-182]. However, different approaches have been established
for co-encapsulate multiple therapeutic agents into a single polymeric nanoparticle. One of
these approaches is to directly encapsulate multiple drugs into the hydrophobic polymeric
core where multiple therapeutic agents are mixed with the polymer solution during the
particle synthesis. This approach is widely adopted for the co-delivery of anticancer drugs.
Typically the examples of directly polymer-drug encapsulation were reported by Xiang et al.
[183], for the treatment of multidrug resistant (MDR) cancer using combinations of
encapsulated cytotoxic drugs. They reported that the interaction of PLGA polymer
nanoparticles formulations was capable of delivering a cytotoxic drug, vincristine, verapamil
and their combination prepared via acetone—dichloromethane emulsion solution at
predetermined concentrations before solvent displacement and particle precipitation. The
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preparation of polyalkylcyanoacrylate (PACA) nanoparticles in combination with cyclosporin
A and doxorubicin were reported by Soma et al. [184], as direct encapsulation of drug into
polymer by emulsion polymerization process in which the hydrophobic cyclosporin A was
added together with doxorubicin to the polymerization medium to achieve dual drug loading.
Both of this studies show in vitro cytotoxicity for multidrug resistant cancer cell, enabling the
use of a great potential of polymeric particles for the drug transports and cancer treatment.
However, the problem is that it can limit this way of encapsulation come from little
possibility to control the release of different drugs.

The drug releasing problem of direct encapsulation method can be avoided using
alternative multicompartment approach. This approach is conceived using the advantages of
highly functional surface of polymeric nanoparticles. Zhang et al. [162], reported a delivery
of hydrophobic and hydrophilic drugs by aptamer-nanoparticles. They produced PLGA
targeted polymeric nanoparticles which were conjugate with docetaxel (Dtxl) as a
hydrophobic drug and doxorubicin (Dox) as a hydrophilic drug. PLGA polymer nanoparticles
ware surface modified with oligonucleotides which was use as targeting ligands and as
intercalation sites for a hydrophilic doxorubicin. The efficiency of PLGA nanoparticles was
demonstrated against prostate cancer cell resulting in high targeting delivery of docetaxel and
doxorubicine as well as effective drug releasing kinetics. The release profiles of Dtxl and Dox
from the PLGA nanoparticles-aptamer bioconjugates showed a high releasing efficiency of 80
% after 6 hours for doxorubicin comparing with lower efficiency of docetaxel where after 6
hours it was released only 50 %. These pathways provide excellent opportunities for the
delivery of two different class of drug for cancer treatment allowing application of combined
therapy. This targeted co-delivery system may also allow for temporally distinct release of
drugs, which may have implications for delivery to distinct anatomical locations [180].

The control of drug releasing was reported by Sengupta et al. [180], who synthesized a
nanocell consisting of a PLGA core and a lipid envelope to demonstrate the potential of
differential drug release in combination with anticancer therapy. The particles were fabricated
by encapsulating doxorubicin after the conjugation with PLGA to achieve a slow release
profile. Combretastatin from the other side were conjugated with PLGA-liposome allowed
optimal loading of drug by partitioning into the lipid bilayer. Since doxorubicin is linked to
the PLGA polymer, its release was determined by the hydrolytic degradation rate of the
polymer and was much slower than the release of combretastatin resulted in a complete
ablation of the tumor cells without affecting the endothelial cells. In compare with PLGA-
liposomal co-encapsulation of combretastatin, liposomal shell faster degradation and
releasing of drug resulted in a rapid collapse of the vascular network without affecting the
tumor cells. The therapeutic efficacy of this treatment were examines on B16/F10 melanomas
and Lewis lung carcinoma cell resulting in better tumor reduction, longer median survival
time, as well as lower systemic toxicity. Thus, the concept can enables a significant advance
in cancer therapy over current approaches.

One more approach for encapsulating and delivering drug by polymer is to capture
multiple drugs into single polymeric nanoparticles by conjugation of multiple drugs to the
polymer backbone. Bea et al. [185] reported the conjugation of doxorubicin and wortmannin
to PEG—poly(aspartate hydrazide) which blocks copolymers through an acid-labile hydrazone
bond where the hydrazone linker allows the release of the functional moieties by undergoing
rapid hydrolysis in the acidic endosomal and lysosomal environments. According to the
authors, the benefits of this approach lies in the fact that the ratio of the drugs can be precisely
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controlled by varying the drug content during the conjugate synthesis process. The temporal
control on anticancer drug releasing has been reported by Lammers et al. [181], using peptide
linkers that are susceptible to intracellular proteases. In this experiment, the chemotherapeutic
agents gemcitabine and doxorubicin interact with HPMA polymer nanoparticle by Gly-Phe-
Leu-Gly peptide linker. This peptide sequence is a known substrate to a lysosomal cysteine
protease, cathepsin B, where on this substrate drug release kinetics is observed at pH 6
indicating that after 10 hours 100 % of gemcitabine was released compared with doxorubicin
were after 30 hours only 30 % was released increasing its toxicity, and it more strongly
inhibited angiogenesis and induced apoptosis. According to the author, the poor doxorubicin
releasing is directly connected with their structure which might hinder the cathepsin activity
by blocking the peptide substrate. However, these findings demonstrate that passively tumor-
targeted polymeric drug carriers can be used for delivering two different chemotherapeutic
agents to tumors simultaneously.

The selective control of drug concentration and distribution within the tumor
microenvironment is one of the most important factors to achieve effective and safe cancer
chemotherapy. Controlled drug delivery systems using macromolecular bioconjugates have
been shown to offer benefits for improving the delivering of two different pharmacologically
active agents to tumors simultaneously. Among all the polymeric nanoparticles, polymeric
micelles from amphiphilic which block copolymers are considered as the most promising
drug carriers, and characterized by excellent biocompatibility, high drug-loading content, and
markedly improved biodistribution.

5.2. Dendrimers Nanoparticles

Dendrimers are a novel class of nanoparticles widely used in cancer therapy composed of
multiple highly branched monomers that emerge radially from the central core. Dendrimer-
based drug delivery systems have been developed in order to improve the biodistribution of a
drug in the body and to allow the controlled release of the drug at its target site. Their high
aqueous solubility, low toxicity, compact globular shape and controlled surface functionalities
with defined structure of initiator core, layers of branched repeating units and functional end
groups on the outermost layer made them ideal carriers for water soluble and insoluble anti-
cancer drugs [186]. The internal cavity of the dendrimers could be used for the encapsulation
of hydrophobic anti-cancer drugs, offering the advantage of subsequent controlled release of
the drug to the tumors and on the other hand multivalent surface of the dendrimers allows
conjugation with hydrophilic drugs. However, it is reported that dendrimers are suitable for
small anticancer drugs, where solubility and toxicity of the anticancer drugs against cancer
cells can increase the encapsulation into dendrimers [187]. The dendrimer-drug conjugates
generally consist of an anti-neoplastic agent covalently attached to the peripheral groups of
the dendrimer and various types of this conjugates are reported. Among the dendrimers
PGLSA poly(glycerol succinic acid) represent widely used transporters for delivery of
camptothecins drugs, who are naturally-derived hydrophobic compounds with anticancer
activity. Morgan et al. [188], reported an use of two dendrimes transporters, G4-PGLSA
dendrimers with hydroxyl (G4-PGLSA-OH) peripheral groups and G4-PGLSA dendrimers
with carboxylate (G4-PGLSA-COONa) peripheral groups, for encapsulation of 10-
hydroxycamptothecin (10-HCPT) applied on MCF-7 human breast cancer cells. However, the
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results showed that G4-PGLSA dendrimers with hydroxyl group after mixing with 10-HCPT
was precipitated, which was explain as lower water solubility of dendrimers and they reported
that the unloaded dendrimer didn’t show any anticancer effect. In contrary to the dendrimers
with hydroxyl group, the dendrimers with carboxylate group are excellent soluble in water.
10-HCPT was successfully encapsulated into dendrimer, which showed a significant
reduction of cell viability, demonstrating that 10-HCPT retains the activity upon
encapsulation. Similar results ware reported by same group [189], only in this experiment
they synthesized dendrimer modified with PEG (G4-PGLSA-OH),-PEG349, and the anti-
cancer activity was examined using HT-29 human colon cancer cells_ In this case the same
cytotoxicity was reported for encapsulated 10-HCPT as well as for non-encapsulated 10-
HCPT. This lead to the conclusion that G4-PGLSA-COONa dendrimer show better abilities
for delivering a highly potent lipophilic camptothecin derivative.

Poly(amido amine)-PAMAM dendrimer transporters for delivering of anticancer drugs
modified with PEG and poly(y-caprolactone) were reported by Wang et al. [190].
Doxorubicin and etoposide were successfully encapsulated into a formation of micelle
dendrimer and applied on kidney epithelial cells. The results showed that the unloaded
dendrimer didn’t cause any cytotoxicity in comparison with loaded drugs, where they showed
similar cytotoxicity for the cell at the same concentration. A cytotoxicity assay demonstrated
that the star-PCL-PEG copolymer is nontoxic in cell culture. This type of block copolymer
can be used as a drug delivery carrier. The anticancer drug delivery by PAMAM dendrimer
was also reported by Malik et al., [191], where his group encapsulat cisplatin after interaction
with carboxylate surface of dendrimer, enabling synthesis of highly water soluble dendrimer-
platinate which slowly released cisplatinum. In vivo experiment was conducted on B16F10
melanomas resulting in an accumulation of cisplatin in tumor cells with high cytotoxicity and
less toxicity in normal tissues by 3-to 15-fold compared to the free drug in the solution. This
model can open the way for delivery of anticancer drugs. To avoid the solubility problem of
doxorubicine and secondary effect on health tissue Kojima and his group encapsulated
doxorubicin into PEGylated PAMAM dendrimers with chain end of third or fourth generation
via urethane bond [192]. They reported that the encapsulation efficacy of the drug are
increasing with dendrimer generation and chain length of poly(ethylene glycol) grafts, where
the highest ability have dendrimer of fourth generation with 6.5 doxorubicin molecules per
dendrimer molecule and 100 % of drug releasing after 2 hours. PEGylated-PAMAM
dendrimers for delivery of anti-cancer drug 5-fluorouracil was studied byBhadra and his
group [193]. They reported the synthesis of PAMAM dendrimers, using ethylenediamine as a
core and methylmethacrylate as a propagating agent and N-hydroxysuccinimide-activated
carboxymethyl MPEG-5000 for PEGylation. The drug loading capacity into the dendrimer
was increased by this formulation, but it was also found that the releasing rate and hemolytic
activity of the drugs reduced. The PEGylation systems were found suitable for prolonged
delivery of an anti-cancer drug in in vitro and for the reduction of drug leakage and hemolytic
toxicity, providing excellent system for drug loading in body.

As it is mentioned above many of the drugs have water solubility problem, especially
paclitaxel is limited by its poor solubility in water. Wu et al. [194] overcome this problem
encapsulating paclitaxel with poly(glycerol) dendrimer formulations which led to a drug
water solubility 400-fold higher than that of the free drug. The results showed that the fifth-
generation of poly(glycerol) dendrimers increased paclitaxel solubility. They suggested that
paclitaxel is not incorporated within the core of these dendrimer, but instead of that methyne
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groups and aromatic rings of the paclitaxel are surrounded by the dendrimer structure leading
to hydrotropic solubilization.

To improve its bioavailability and its poor water solubility Neerman and his group [195],
used melamine-based dendrimers to solubilize and reduce toxicity of anticancer drugs
methotrexate and 6-mercaptopurine. They reported that the intraperitoneal injection of the
known hepatotoxic drug methotrexate and 6-mercaptopurine into mice liver significantly
reduce hepatotoxicity and decrease the levels of alanine transaminase for 27% in case of
methotrexate and 36% of 6-mercaptopurine compared to those obtained with the free drug.

The delivery of anticancer drugs by the encapsulation into denrimers is limited by the
very small capacity of the void spaces within the dendrimers and the problem with long time
releasing of encapsulated anticancer drugs. For this reason, drug-encapsulated dendrimer
systems may be the best to utilized via direct intra-tumor injection or conjugate then to the
surface of the dendrimers.

6. INORGANIC NANOPARTICLES FOR ANTICANCER DRUG DELIVERY

Inorganic nanoparticles as drug carrier for cancer treatment can be defined as particles of
metal oxide or metallic composition possessing great opportunity due to their advantages such
us easy modification of targeting molecules, drugs or other molecules on them, effective
delivery to target sites, resulting in high therapeutic efficacy and controlling drug release by
external/internal stimuli. Inorganic nanoparticles provide significantly chemical, physical, and
biological properties, and functionality due to their nanoscale size, which is connect high
surface area per unit volume and the ability to be functionalized with a large number of
ligands to enhance their affinity towards target molecules, local delivery of the drug, reducing
of side effect, and provide higher efficiency of the therapeutic molecule. However, synthesis
of inorganic nanoparticles offers different ways of preparation depending on the applying
drugs [196, 197]. One of the traditional methods for synthesis of inorganic nanoparticles is by
sol-gel route, where producing of inorganic nanoparticles are directly connected with
influence on pH or thermal conditions in solution. Controlling the hydrolysis and
condensation reaction by mineralizers metal oxide species can be synthesis using different
type of inorganic precursor such as metal salts, metal halides, and inorganic alkoxides [196].
However, it is also reported more friendly synthesis such us spray-drying process, enabling
by spraying homogenization of inorganic precursors solution in special chamber at
temperatures bellows then boiling point of the solvent. Using flowing gas, solution is sprayed
into chamber as droplet leading to fast evaporation of solution by hot air or nitrogen enable
formation of nanoparticles [198]. Using of gas-phase methods can be effective rout for
synthesis of inorganic nanoparticles, which can include the use of a combustion flame, laser
ablation, chemical vapor deposition, and spray-pyrolysis [199]. Microemulsions present one
of thermodynamically stable method for preparation of inorganic nanoparticles without
significant mechanical agitation making it a rather simple technique [200]. Among, inorganic
nanoparticles, we focus on iron based nanoparticles.
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6.1. Iron Based Nanoparticles

Iron based nanoparticles have been actively investigated as the next generation of
nanoparticles systematically administered but directed towards a specific target in the human
body while remaining ultimately localized, by means of an applied magnetic field. Benefit of
iron based NPs is, the use of localized magnetic field gradients to attract the particles to a
chosen site, and the possibility to hold them there until the therapy is complete and then to
remove them. It is reported different ways of iron based nanoparticles synthesis in different
form such as y-Fe,0; (maghemite), Fe;04 (magnetite), a-Fe,Os (hermatite), magnetite-based,
silica-coated MNP (SiMNP), superparamagnetic Fe;O4 poly e-caprolactone (PCL), silica-
coated iron—carbon nanoparticles, MgFe,04 magnetic nanoparticle and other form iron oxide
nanoparticles [201-204]. Superparamagnetic nanoparticle ferumoxtran using as drug delivery
system for the lymphatic biodistribution were reported by Rety et al., [205]. Ferumoxtran was
applied on rat subdiaphragmatic lymph nodes for investigation of uptake mechanism, were
0.3 ml of lymph was collected over 45 minutes for 24 hours. Cytology results demonstrated
that immediately after injection high concentrations of nanoparticles were found in the
thoracic lymph, but without any nanoparticles in lymph cells indicating that ferumoxtran was
extracellular in the lymph fluid, concluding that transcapillary pathway and subsequent lymph
drainage have a main roll to drug pathway into lymph node.

Conjugations of magnetic nanoparticles with anticancer drug doxorubicin were reported
by Sadighian et al., [206], demonstrated that the doxorubicin-magnetic nanoparticles can be
applied on tumor-bearing tissues with dual targeting effect using magnetic attraction and the
pH-sensitive cleavage of the drug—nanoparticle. Also releasing of drug was longer then in
case of not loaded drug directly reduces the side effect of anticancer drug. Magnetic field and
pH were effective in increasing the DOX-nanoparticle bioavailability in acidic condition then
in neutral pH, enabling using this conjugate for targeting and increasing therapeutic efficiency
of anticancer drug. The biodistribution of doxorubicin and methotrexate conjugate with
magnetite nanoparticles are reported by Samra et al., [207]. Immunosorbent assay and FTIR
spectroscopy demonstrated that the doxorubicin 18 % and methotrexate 27 % were
immobilization with magnetic nanoparticles respectively. Result showed that modified
magnetic nanoparticles with anticancer drug applied on Hella cells binding between 41 and
45 % comparing with B cells which binding 20 to 26 %, with higher releasing of anticancer
drug in acid condition (pH-5) of 45 %, than in neutral condition (pH-7.4) of 10 %. These
indicate that this methodology can be effective as mechanism for anticancer drug delivery.

Superparamagnetic Fe;O4 poly e-caprolactone (PCL) nanoparticles may provide
therapeutic effect on xenografts of human HPAC pancreatic adenocarcinoma cells [208].
Gang and his group reported pharmacokinetic behavior of superparamagnetic poly e-
caprolactone nanoparticles conjugated with gemcitabine on tumor cells, resulting in drug
loading content of 18.6 % with entrapment efficiency of 52.2%. They were found widely
distribution of anticancer drug with 15-fold higher dose in comparison with free gemcitabine
in tumor cells, indicating the efficiency of magnetic PCL nanoparticles in drug delivery. Poly-
(N-isopropylacrylamide-methyl methacrylic acid, (PNIPAAm-MAA) grafted magnetic
nanoparticles as anticancer drug delivery transporter are reported by Akbarzadeh et al. [209],
were polymerization of N-isopropylacrylamide and methacrylic acid was conduct using silan
coated magnetic nanoparticles. Block copolymer-coated magnetite nanoparticles conjugate
with doxorubicin were applied on A549 lung cancer cell line for investigation of targeting and



Nanotransporters for Anticancer Drug Delivery 31

controlled drug delivery. Results show that polymer chains were effectively grafted onto the
surface of the Fe;O4 nanoparticles and encapsulate doxorubicin with loading efficiency of
75%, which results in longer time of drug release at pH 5.8 comparing with neutral pH at 7.4.
These nanoparticles show potential as anticancer drug delivery system.

6.2. Iron Based Nanoparticles with Silica

Modification of iron carbon magnetic nanoparticles with silica are used as an anticancer
drug delivery platform, were chemoadsorptive properties of activated carbon are provide drug
loading and magnetic Fe are used for targeting [210]. Silica-coated iron—carbon composite
nanoparticles are loaded with doxorubicin and biodistributed in the left hepatic lobe of pigs
under external magnetic field. Results show that nanoparticles loaded with doxorubicin was
24 times higher in hepatic tissue then in tissue that is not targeted, leading to penetration of
magnetic nanoparticles trough capillary wall encircling the tissue interstitium and hepatic
cells. These indicating that the novel silica-coated iron-carbon composite particles could be a
potential application in targeted treatment for some kinds of tumor as an effective drug
carrier. Applications of arsenic trioxide Mg-Fe ferrite magnetic nanoparticles as anticancer
drug delivery system were reported by Yang et al., [211], where their effect was evaluated by
in vivo experiment. Particles were prepared by solvent-displacement method using Poly-D,L-
lactic-co-glycolic acid (PLGA) in process of synthesis. Cytotoxicity of nanoparticles was
investigated on Saos-2 cells showing no significant toxicity, also they investigated
concentration of As,O;—MNPs in liver resulting in four time higher concentration then non-
magnetically vectored group and kidney where concentration was lower than in non-
magnetically vectored group leading to conclusion that polymer-loaded magnetic nanoparticle
composed of arsenic trioxide show great possibility for targeting and drug delivery.

7. CARBON BASED NANOMATERIALS

Among the several types of nanomaterials invented in recent years, carbon based
materials have attracted tremendous attention due to their unique properties as one of the most
promising nanomaterials for a variety of biomedical applications. Different types of carbon
based nanomaterials such as graphene, carbon nanotubes, fullerene, nanodiamond and carbon
nanoparticles (CNPs) have been developed especially as delivery vehicles for drugs.

In 1960s, nanodiamond was first studied by researchers and recently started to be
highlighted in different medical applications [212]. The fullerene was discovered in 1985 as a
new type of carbon molecules [213]. The carbon nanotube (CNT) was first discovered by
[ijima in 1991 [214]. In comparison with other nanomaterials, CNTs (an allotrope of carbon)
can be considered as more dynamic nanomaterials in their biological application. For
example, not like other nanomaterials, CNTs have the potential to be used not only in
imaging but also for drug delivery and thermal ablation [215]. Generally, it is prepared using
three main techniques: laser ablation, thermal or plasma enhanced chemical vapour deposition
and electric arc discharge [216]. The application of CNTs in drug delivery to their cite of
action has become one of the main areas of interest for different researchers due to their
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special characteristics including their unique physical, chemical, and biological properties,
hollow monolithic structure, nanoneedle shape, and their ability to acquire the desired
functional groups on their surface [217]. The shape of CNTs allows them to penetrate cells
using various methods including endocytosis or passive diffusion across the lipid bilayer. In
case of endocytosis, the CNT attaches to the cell surface and is subsequently engulfed by the
cell membrane [217, 218]. The factors which make CNTs as a promising drug carrier are the
hollow monolithic structure of CNTs and their ability to bind desired functional groups on the
surface [217, 219].

CNTs can be mainly classified into two categories on the basis of the number of
cylindrical graphene layers: single-walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs). SWCNTs have a single cylindrical carbon layer whose
diameter varies from 0.4 to 2 mm depending on the temperature at which they have been
prepared [220]. It has been reported that a higher growth temperature is responsible to give a
larger diameter. On the other hand, MWCNTs are usually consists of several cylindrical
carbon layers with diameters in the range of 2—100 nm for the outer tubes and 1-3 nm for the
inner tubes [221].

Different research groups reported that functionalized water soluble CNTs can enter cells.
The exact uptake mechanism may depend on the size and surface chemistry of CNTs and the
type of the cells. The majority of reports have revealed that CNTs functionalized by
oxidization, wrapped by DNA, and coated by surfactants or amphiphilic polymers can be
engulfed by cells using an energy-dependent endocytosis pathway [222-227]. The similar
entryway can be found for other nanomaterials used in biomedicine.

Some researchers also showed that CNTs can enter cells via passive diffusion owing to
the needle-like structure of nanotubes after functionalization by the 1,3-dipolar cycloaddition,
or Prato reaction [228-230]. The interactions of CNTs and cell depend not only the surface
chemistry but also the size of them. Kang et al. reported that the endocytosis pathway for
SWNTs with length of 100 — 200 nm was mainly via clathrin-coated pits, whereas shorter
SWNTs (50 — 100 nm) were internalized through clathrincoated vesicles as well as the
caveolae pathway [231]. Another experiment suggested that individual MWCNT is able enter
cells through direct penetration while the bundles of MWCNTs are taken up by cells through
endocytosis [232].

After the process of endocytosis, CNTs generally stays inside cell lysosomes and
endosomes. CNTs can also move away from these membrane-bound compartments inside
cells depending on their sizes and surface modifications. SWCNTs and MWCNTs show
difference in nature inside the cells. Various reports suggested that SWCNTSs functionalized
by DNA or PEG are mostly retained inside endosomes and lysosomes [224, 225, 233, 234].
On the other hand, it has been found that individualized MWCNTs are able to travel through
various cellular barriers and even entered the nucleus [230, 232]. In a different experiment,
Zhou et al. showed that by conjugating different molecules to PEG functionalized SWCNTs,
nanotubes show the ability to localize in specific subcellular organelles like mitochondria
[235].

Chemotherapeutic agents show some limitations after their application to body due to
their toxic side effects. So it is needed to develop cell-targeting drug formulations with a wide
therapeutic index. Drug delivery can be considered as one of the most widely explored
applications of CNTs in biomedicine. CNTs have the ability to deliver drugs directly to
cancer cells [219, 236]. Anticancer drugs can be attached on the outer surface of the CNTs
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through two main ways: covalent bonding and noncovalent bonding (hydrophobic, n-n
stacking, and electrostatic interactions) [237-239].

In case of covalent conjugation, the drug molecules are linked to the functional groups on
the CNT surface or to the polymer coating of CNTs, generally using cleavable bonds. The 1,
3-dipolar cycloaddition is used to functionalize CNTs via amide bonds to link anti-cancer
drugs [240, 241].

Liu et al. studied paclitaxel (PTX), a widely used cancer chemotherapy drug, with
SWCNTs. In this experiment the paclitaxel had been delivered to cancer cells via covalent
attachment of paclitaxel to the outer surface of the SWCNT. The paclitaxel was initially
reacted with succinic anhydride, which helped to add carboxylic acid groups on the surface of
paclitaxel. Then, a sonication was carried out for 30 minutes for SWCNTs in a 0.2 mmol/L
solution of DSPE-PEG 5000-4-arm-(PEG-amine) and they were centrifugation at 24,000 g for
6 hours. This process helped in formation of SWCNTSs noncovalently attached to PEG-NH,.
Subsequently, the carboxylic acid-coated paclitaxel was reacted with the product in presence
of coupling agents: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) 5
mmol/L and N- ydroxysulfosuccinimide (NHS) 5 mmol/L. A filtration process was carried
out to remove unconjugated paclitaxel. Then, UV-visible near infrared spectra of SWCNTSs
were recorded before and after the conjugation with paclitaxel. In vitro delivery of the drug
samples showed that paclitaxel attached to SWCNTs can suppress tumor growth more
efficiently than paclitaxel alone. This experiment suggested that a higher concentration of
paclitaxel can be delivered to breast cancer cells using SWCNT-paclitaxel conjugates
compared to the delivery of paclitaxel alone [242].

Another group of researcher have showed that platinum (IV) can also be delivered to
cancer cells by conjugation to SWCNTs. In this experiment, SWCNTs were initially
sonicated with platinum (IV)-PEG-NH, for 1 hour followed by a centrifugation at 2.4 x 104 g
for 6 hours to remove catalysts and large aggregates. Then an ultrafiltration was carried out to
remove excess free platinum (IV)-PEG-NH,. Result showed that the platinum (IV)
conjugated with SWCNTs, was able to kill cancer cells at higher rates than platinum alone.
Platinum (IV)-SWCNT complex showed an enhanced cytotoxicity which suggests that
SWCNTs can successfully deliver platinum (IV) improving the cellular uptake of the drug
[243].

Wu et al. reported that 10-hydroxy camptothecin (HCPT) (an antitumor agent) can be
attached to the outer surface of the MWCNTSs by covalent bonding. Succinic anhydride was
used to obtain carboxylic groups on the surface of HCPT. They were then reacted together in
the presence of NHS and EDC as coupling agents. The linkage of the MWCNTs to HCPT
was confirmed by UV-visible near infrared spectrometry [238].

Besides covalent linkage, it has been found that some aromatic molecules with a flat
structure can also be attached to the surface of CNTs using non-covalent m-m stacking,
hydrophobic interaction, or electrostatic adsorption. Liu et al. reported that doxorubicin can
be loaded on the surface of PEGylated SWCNTs with a significantly high loading capacity of
up to 4 grams of drug per 1 gram of nanotubes. The ultrahigh surface area of SWCNTs
allowed the drug to be loaded at amount [244]. It has been suggested that that the pH-
dependent drug binding and releasing behaviors can be useful for drug release in lysosomes
and endosomes, as well as in tumor micro-environments with acidic pH. Different groups of
researchers suggested that this m-m stacking based drug loading strategy can be applied to
MCWNTs and nano-graphene also [245-248]. However, the main limitation of the
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noncovalent bonding is the lack of efficient attachment, which can result in release of the
drug before it reaches its site of action. [249, 250].

Graphene is an spz—bonded novel 2D carbon material with unique physical and chemical
properties. It has gained tremendous attention since researchers isolated a graphene sheet
from graphite crystal in 2004 [251]. From that time, graphene and graphene oxide (GO) have
been used in different ways in the field of biomedicine [252, 253]. Graphene shares a similar
chemical structure with CNTs and thus can be used as a carrier for drug delivery. Yang et al.
studied the in vivo behaviours of nanographene sheets (NGS) with polyethylene glycol (PEG)
coating by a fluorescent labelling method. Results showed that NGS has several interesting in
vivo behaviours including highly efficient tumour passive targeting and relatively low
retention in reticuloendothelial systems. The strong optical absorbance of NGS in the near-
infrared (NIR) region was employed for in vivo photothermal therapy. They showed that the
intravenous administration of NGS and low-power NIR laser irradiation can cause
ultraefficient tumour ablation [254].

Yang et al. studied multi-functionalized graphene oxide as an anticancer drug-carrier.
Initially they prepared a superparamagnetic GO-Fe;O4 nanohybrid. Then, folic acid, a
targeting agent toward some tumour cells, was attached with the Fe;O4 nanoparticles. This
chemical linkage was formed with amino groups of the 3-aminopropyl triethoxysilane (APS)
modified superparamagnetic GO-Fe;04 nanohybrid. Doxorubicin hydrochloride (Dox) was
attached on the surface of this multi-functionalized GO using n—= stacking. This experiment
suggested that this multi-functionalized GO can be used as a potential carrier for targeted
delivery and the controlled release of anticancer drugs [255].

CONCLUSION

The main objective of research in recent years is to provide a multifunctional
nanoparticles and nanomaterials whose properties can be controlled in the body through the
local environment and external factors, e. g. external magnetic field. Many pharmaceutical
companies have their own research programs aimed at the introduction of new products based
on nanoparticles and nanomaterials and improve current pharmaceuticals. As a result of
intensive and lengthy analysis the structure and properties of nano materials and nano
particles were examined what let find out a lot of new qualities of nanocels. Nanosubstances
appeared to be commercially and started to be used widely in the diagnosis or treatment of
cancer, among others. Intensive nanotechnology research in the future will lead to extend the
functions of nanoparticles in nanodiagnostics, in nanopharmacology and in many new
medical applications. Now nanoparticles are mainly used as carriers of drugs and substances
with antibacterial and anti-virus. Also play a major role in diagnosis, where they are used in
immunohistochemistry, genetic studies and for the detection of pathogens and cancer. They
increase the speed, accuracy and sensitivity bioassays with of small sample volumes. In
addition to the use of nanoparticles for diagnostic imaging, the future nanotechnologies also
involve the targeted treatment of cancer. Despite the many advantages and applications not
only in the medical field and in the protection of the environment and in various technologies,
it is important to test the nanoparticles and nanosubstances for cytotoxicity.
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