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Abstract

Brain cancer tumors cause disruption of the selective properties of vascular endothelia, even
causing disruptions in the very selective blood—brain barrier, which are collectively referred to as
the blood-brain—tumor barrier. Nanoparticles (NPs) have previously shown great promise in
taking advantage of this increased vascular permeability in other cancers, which results in
increased accumulation in these cancers over time due to the accompanying loss of an effective
lymph system. NPs have therefore attracted increased attention for treating brain cancer. While
this research is just beginning, there have been many successes demonstrated thus far in both the
laboratory and clinical setting. This review serves to present the reader with an overview of NPs
for treating brain cancer and to provide an outlook on what may come in the future. For NPs, just
like the blood-brain—tumor barrier, the future is wide open.
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Use of nanoparticles for brain cancer

During one of the greatest periods of human achievement, the industrial revolution,
humanity sought to expand ever outward and upward. A radical change has recently
occurred, where in less than a century we have gone from developing macroscopic machines
and structures to developing technology that is smaller than the width of a single human
hair. We now see ourselves looking for smaller, more compact solutions to solve problems
in the development of nanotechnology, seeking to become more efficient and less wasteful
than a century ago. In addition, humans are now living longer due to an ever-improving
understanding of our own physiology [1]. Nanomedicine has developed during this time,
fueled by an ever-increasing pressure from society for more efficacious treatments as the
cost of healthcare and populations continue to rise [2]. The general definition of
nanotechnology is the creation and use of materials that have dimensions in the range of 1-
100 nm [3-5]. However, many larger particles, sometimes as large as 1000 nm, have also
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been considered as nanoparticles (NPs), as long as they have dimensions comparable with
biological functional units such as viruses [3-5]. There is a belief that NPs are the future of
individualized medicine and the medical industry in general [4,6,7]. In 2006, a global survey
was conducted by the European Science and Technology Observatory, which found that a
total of 38 nanomedicine products have been approved for clinical use for a total market size
of $6.8 billion [3]. Drug delivery is the most popular use for nanomaterials with a total of 23
clinically approved devices, a 75% share of total sales and a 76% share of scientific papers
on nanomedicine [3]. NP systems have become a very popular research topic for drug
delivery, with most applications aimed at diagnosing or treating cancer [5]. For years,
medicines and treatments have been relatively ineffective at treating brain cancer [8-10].
Most of the current treatment options suffer from an inability of therapeutics to cross the
blood-brain barrier (BBB) due to its restrictive transport properties. NPs provide a means to
increase transport across the BBB and/or blood—brain—-tumor barrier (BBTB) and for this
reason have been exploited in the treatment of brain cancer [11-27]. In this review we will
discuss the formation and use of NPs for the treatment of brain cancer. We will critically
review the current state of the art and highlight opportunities for future developments. We
have attempted to include seminal references for this discussion but admit that the fast-pace
growth of this field, as seen in Figure 1, prevents inclusion of every reference, for which we
apologize in advance.

The synthesis of targeted NPs

In brain cancer research, several different types of NPs have been employed as imaging and
delivery agents, including both solid—inorganic (magnetic Fe304 NPs [28-39], gadolinium
NPs [26,40], gold NPs [AuNPs] [41] and semiconductor quantum dots [QDs] [42,43]) and
organic-based (dendrimer [16,25,27,44], hydrogel [15] and polymer [45-68]) NPs. As
expected, the synthetic routes for each system will be quite different. However, several
unifying approaches based on whether the final product is predominately inorganic or
organic allows for a quick review of common synthetic procedures. Here, we provide a
cursory review of the general pathways for synthesizing both inorganic and organic NPs,
and conclude by examining how both structures rely on active targeting for utilization in
brain cancer therapy.

Inorganic NPs consist of a solid core material that can be either a magnetic metal oxide or a
metallic or semiconductor framework. A sampling of the literature from the past decade
finds that magnetic Fe304 NPs are the most popular inorganic motif for imaging brain
tumors [28-39]. An excellent introductory review of synthetic details of magnetic metal
oxide NPs has been presented by Hyeon [69]. Typically, synthesis of Fe304 NPs consists of
reduction of an iron precursor under an inert atmosphere with a source of reactive oxygen at
high temperatures [70]. The prolonged reflux of the reaction leads to a process known as
Ostwald ripening, whereby smaller particles are incorporated into larger particles with time
(Figure 2) [69]. The use of an exchangeable capping ligand (such as oleylamine) or a direct
incorporation of a hydro-philic ligand completes the framework for subsequent
modification. The synthesis of other metal oxide NPs, such as gadolinium oxide, also takes
advantage of this approach [40], and semiconductor particles (termed QDs) are also
produced in a similar fashion [71]. Alternatively, successful synthesis of these inorganic
NPs has been obtained through coprecipiation methods involving the precipitation of metal
ions with the corresponding counterions in solution, as well as microemulsion methods that
utilize chemical interfaces to control size and morphology [72]. An excellent review of the
magnetic properties, synthesis and functionalization of magnetic NPs has been provided by
Lu et al. [72]. Similarly to these inorganic NPs, the generation of metallic NPs involves a
metal precursor being reduced in the presence of a capping ligand to form metallic bonds. In
the case of AUNPs, this process can be undertaken in both aqueous (Turkevich—Frens
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method [73,74]) and organic (Brust-Schiffrin method [75]) environments, with efficient
tuning of the size based on the relative ratio of reactants and reaction times. Inorganic
particles require further modification to improve water solubility and stability, with
polyethylene glycol (PEG) being popular due to the ‘stealth’ character during blood
circulation and low toxicity [76].

By contrast to inorganic NPs, formulations of organic NPs (including dendrimer, hydrogel
and polymeric) rely on the direct physiochemical properties of the material in aqueous
environments, which allow for dissolution but retain a soft, solid structure with nanoscale
dimensions [77-79]. In many cases the core material is commercially available; however,
these components are often further modified through conjugation to other polymers such as
PEG [16]. For xample, He et al. utilized commercially available poly(amido amine)
(PAMAM) as the core dendrimer with PEG functionalization through reaction of the
dendrimer amine groups with activated A-hydroxysuccinimide groups on the PEG
molecules (Figure 3) [16]. Organic NPs are often considered ‘soft” particles, indicating easy
deformability and flexibility /n vivo.

It is important to note that while it seems relatively simple to distinguish inorganic from
organic NPs, such distinction tends to oversimplify the complex differences between the two
groups. For example, while the term “particle’ generally refers to a solid with definitive
dimensions, this is most commonly associated with inorganic NPs. While this may be the
case, organic structures often do not have such restrictions in terms of overall material
density or shape, such as with water soluble polymers, hydrogels and dendrimers, which can
lead to not only ‘soft’ properties but to unique biological processing. In addition, the
relaxation of specific dimensions as well as standard chemical synthesis allows for
modifications to drug incorporation and targeting. Readers interested in a deeper account of
organic nanocarriers are directed to the review by Shi et a/. for a more focused account of
these important materials [80].

The ability to chemically modify polymer constructs is the foundation for generating
targeted NPs, regardless of inorganic or organic designation. The use of condensation
reactions have been heavily utilized in the literature for incorporating a myriad of targeting
ligands to the NP scaffold, including EGF-related targets [32,40,41], transferrin [15,55,68],
lactoferrin [34], trans-activating transcriptional activator [63], aptamers [66,67] and
numerous other peptides [37,48,49]. The use of the peptide sequence known as Angiopep
has recently become important for the targeting of brain cancer [27,58], as both the BBB and
gliomas are known to overexpress the corresponding receptors [58]. Another popular
targeting motif for brain cancer is chlorotoxin [28,30,31,38,54]. Veiseh et a/. found that the
incorporation of chlorotoxin onto functionalized Fe304 NPs (Figure 4) resulted in a
significant increase in the total uptake within the brain tumors of mice after /n vivo injection
when compared with untargeted particles [31]. Similar to the schematic in Figure 4, the use
of reactive groups (including carboxylic acids, amines, thiols and succinimide derivatives)
allows for the direct chemical bonding of the targeting ligand to the particle, providing
improved control and utility in preparing brain-specific NPs.

In addition to single targeting additions to NPs for brain therapeutics, several groups have
experimented with a dual targeting moiety system [25,44,56,66,67]. In work reported by
Yan et al, PAMAM dendrimers were functionalized with Angiopep to translate through the
BBB and RGDyk peptides were added to target brain tumor vasculature [44]. The authors
concluded that the use of dual targeting allowed for better identification of the tumor
boundaries, which could be useful for surgery. Gao et al. have also reported that the
incorporation of both a small peptide for better BBB targeting and an additional aptamer to
better target cancer cells onto a polymer NP [66]. The authors found that the dual targeting
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system had the highest tumor distribution. The success of these early studies indicates that
the future of brain cancer imaging will inherently rely on multimodal NPs.

Noncovalent transport of therapeutics

With the advantages of highly controlled size, surface properties and chemical
functionalization, NPs serve as excellent molecular transporters that can simultaneously
improve solubility and protection while improving drug delivery and localization [41,81].
The issue of drug solubility is especially important; it has been estimated that nearly 40% of
potential drug candidates are hydrophabic, limiting their application /n vivo [81]. The BBB
provides another level of complications, which hinders pharmaceutical transport into the
brain tissue [82,83]. NPs provide a local environment that can stabilize these hydrophobic
molecules while still retaining solubility in the outer solvation sphere. In the case of the
solid inorganic particles mentioned (magnetic, metallic and semiconductor), the
hydrophobic drugs are mainly incorporated at the NP surface within the polymer layer,
while for organic NPs (and in the special case of mesoporous silica NPs) the same molecules
are largely encapsulated within the interior of the NP [84]. Regardless of which
methodology is used for brain tumor therapy, the NP must both facilitate transport through
the vasculature system and the BBB, and effectively release the incorporated molecule upon
reaching the target.

The noncovalent loading of target molecules can be broadly defined as any physical force
that associates a molecule with the NP without forming a direct chemical bond. Figure 5
illustrates the typical physical forces that are utilized to incorporate drugs reported in the
literature, including hydrophobic (Figure 5A) [41], electrostatic (Figure 5B) [36] and
physical confinement (Figure 5C) [56], which are typical for loading imaging agents and
drug payloads. The methodology chosen will naturally have its own strengths and
weaknesses: for example, hydrophobic partitioning is useful for a broad range of
macromolecules for improving solubility, but potential limitations include the possibility of
encountering a more favorable hydrophobic environment such as a cell membrane (i.e.,
losing the drug before it makes it to the brain or brain tumor). Similar arguments can be
made for electrostatic (i.e., high ionic strength media and competitive absorption) and
physical barrier (i.e., site specific release and sufficient kinetic rates) methodologies. In the
special case of brain imaging, the complications of the BBB can be particularly challenging
[82,85].

The use of NPs for encapsulation or surface-immobilized transport of dyes and imaging
probes has a rich history in literature. The incorporation of therapeutics onto inorganic NPs
has been demonstrated for both general /n vivo applications and specifically for brain-
targeted therapy. Cheng ef a/. reported that the hydro-phobic incorporation into PEGylated
AUNPs of a silicon phthalocyanine dye (Pc 4) [86], which can be used as both a
photodynamic therapeutic agent and a fluorescent marker, showed dramatic enhancement
over covalent attachment of the drug to the NP [87]. The same team later found that the
inclusion of an EGF peptide sequence could facilitate transport to the brain tumors [41].
Similarly, Kim and co-workers found that hydrophobic drugs could be incorporated into
monolayers of polyelectrolyte coated AuNPs for cellular delivery [88]. Recently, Nie et al.
have shown that PEGylated polyacrylamide hydrogel particles could be loaded with
Coomassie Blue and provide specific tumor cell staining when targeting peptides were
incorporated [15]. Liu et a/. utilized free amino and carboxyl groups in their polymer-coated
Fe304 magnetic NPs to immobilize the drug epirubicin for brain cancer therapy [36]. For
organic-based NPs, the incorporation of drugs using encapsulation is by far the most popular
technique (and can be done during the polymerization step), and the transport of therapeutics
such as paclitaxel [47], doxorubicin [53,59], camptothecin [60] and ferrociphenol [65] have
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been reported. It should be noted that in addition to these methods, the covalent delivery of
therapeutics (such as siRNA) has been reported for both inorganic [43] and organic [62] NPs
utilizing cleavable disulfide bonds. Thus, the ability to functionalize NPs allows for both
noncovalent and covalent therapeutic delivery, providing an important tool for rationally
designing a NP transporter.

Labeled NPs as ‘theranostics’

It should be apparent that one of the most promising aspects of nanomedicine is the multi
modality of a NP in any given application. The incorporation of both diagnostic and
therapeutic modalities onto the same NP is a powerful approach to improving current drug
delivery initiatives. This phenomenon has led to the term ‘theranostic’, which is attributed to
Funkhouser, and is described by Kelkar and Reinke in their excellent theranostic review
[89]. Moreover, Koo and coworkers have previously explored the importance of
multimodality in brain cancer theranostics [90]. Therefore, we focus here only on the
examples from the literature where dual modality NPs have been utilized for brain imaging.

The most important example of a NP theranostic agent is that of the magnetic NPs, which
are inherently active for MRI applications. Liu et a/. utilized polymer-coated magnetic NPs
to both deliver the anticancer drug eprubicin and provide an MRI contrast agent in brain
tissue [36]. Interestingly, the authors utilized ultra-sound to generate microbubbles that
altered the permeability of the BBB to allow the magnetic NPs through [36]. Dilnawaz et al.
have recently reported the delivery of pacilitaxel with glyceryl monoleate-coated magnetic
NPs and demonstrated improved uptake of the drug in brain tumor tissue as well as
significant accumulation of the NP itself to use as an MRI contrast agent in a rat model [39].
Other examples of magnetic NP-based theranostics are prevalent in the literature [33,35,38].
Many organic NP systems also utilize both MRI and drug delivery by incorporating a
magnetic contrast agent covalently into the polymer framework. For example, Reddy et a/.
reported the use of a contrast agent with a polymer NP that also incorporated a fluorescent
drug cargo [49].

The work of Reddy et a/. highlights an important progression of the theranostics, where both
the NP and the therapeutic agent contribute to the theranostic aspect of the NP. Figure 6
shows an illustration of their system, which includes the photodynamic therapy (PDT) drug
Photofrin® (Pinnacle Biologics, Inc., IL, USA). In most cases, a typical PDT agent can both
generate singlet oxygen as well as emit fluorescence, allowing for simultaneous therapy and
imaging in the same system. By utilizing drugs that can themselves be imaged, the
distribution of a drug relative to that of its NP carrier can also be explored. Cheng et al.
utilized metallic NPs to deliver the PDT drug, phthalocyanine, to brain tumors, and the use
of the drug's fluorescence provided a powerful method for monitoring drug uptake [41].
Subsequent work by the same authors followed the biodistriubtion of the NPs and the drug,
noting significant differences that were probably a result of drug release from the NPs due to
reversible hydrophaobic adsorption of the drug to the NPs [91]. The ability to create a
‘theranostic NP’ by using a ‘multimodal drug’ provides an exciting opportunity to explore
pharmacokinetics in real time, and is a promising avenue for future research in brain cancer
imaging and therapy.

Strategies of overcoming the BBB

A major hurdle in successfully treating brain cancer is the presence of the selective barrier
between brain tissue and the blood, appropriately named the BBB. The BBB is highly
permeable to water, CO5,, oxygen and lipid-soluble substances like alcohol [92]. The BBB is
slightly permeable to electrolytes, but almost completely impermeable to plasma proteins
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and many nonlipid-soluble large organic molecules [92]. This selective permeability of the
BBB arises from the tight junctions formed within the capillary endothelium of the brain,
which eliminate the normal passage of molecules as found in most other capillaries of the
body [11,12,92,93]. This selectivity limits the passage of small, nonlipid-soluble molecules
to a molecular mass under a 400-600-Da threshold [11,12,92,93]. The BBB exists at tissue
capillary membranes in essentially all areas of the brain, with the exception of some areas of
the hypothalamus, pineal gland and area postrema [92]. These are areas of the brain that
need to have easier (and thus faster) diffusion of molecules because they contain specialized
sensory receptors that need to respond to very small and specific changes in body fluids or
are regulated by large peptide hormones [92]. Some examples would include glucose
concentration sensing and the passage of the hormone angiotensin I1, which regulates thirst
[92]. The BBB also has specific carrier molecules that are able to facilitate the transport of
hormones that would otherwise be too large to pass through the BBB [92]. In addition to the
obstacle of the specific permeability of the BBB is the role of efflux pumps, multidrug
resistance proteins and the exposure of degrading enzymes in further decreasing the
bioavail-ability of many popular chemotherapeutic drugs in the brain [23,24].

However, it is important to note that the presence of a brain tumor disrupts this very
selective BBB, and creates an opportunity for the improved delivery of therapeutic agents
[25]. Just as most therapeutics and NPs take advantage of the enhanced permeability and
retention effect to accumulate particles and/or drugs over time due to leaky vasculature and
an ineffective lymph system for cancer elsewhere in the body, a similar disruption still exists
for tumors in the brain. Studies of brain microvasculature have shown that gaps do exists in
the BBTB and that these gaps have an upper limit of somewhere between 20 and 100 nm
[25,94-97].

There are three major approaches to delivering therapeutics into the brain, which include
invasive, pharmacological and physiological methods [23]. Invasive approaches rely on the
direct administration of drugs into the brain through varying means such as stereotactically
guided drug insertion through a catheter, placement of intracerebral drug implants and
osmotic disruption of the BBB, among others [11,23]. These approaches (some of which are
pictured in Figure 7) suffer from invasiveness, effective treatment volume of the drug, are
costly, and require both anesthesia and hospitalization.

Besides physical methods to bypass or disrupt the BBB/BBTB, the pharmacological
approach relies on modification of drugs to enable penetration through the BBB. For
example, reducing the relative number of polar groups on the compound of interest has also
been attempted [23]. These approaches often lead to a loss of the activity of the drug. For
example, increasing the lipophilicity of a molecule can improve penetration through the
BBB, but may also make it susceptible to drug efflux pumps [23].

Physiological approaches take advantage of the requirement of the brain for essential
nutrients needed for survival. Substances such as glucose, insulin, growth hormones and
low-density lipoproteins, for example, require recognition by specific receptors or transport
mechanisms in order to penetrate the BBB [23]. These approaches take advantage of the
brain's high perfusion rate and the short distances that separate its capillaries, due to the fact
that nearly every neuron in the brain is perfused by its own capillary [22,23]. Therefore, this
method is most effective for drugs that interact with neurons for neural diseases, but can also
be applicable to other diseases, especially cancer. This is due to the fact that tumors tend to
grow quickly and must stimulate angiogenesis by VEGF and other growth factors, which
tend to further increase the blood perfusion rate in and around tumors [98-100].
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The physiological approach is advantageous as it uses naturally occurring internalizing
receptors to assist in penetrating the BBB. One such method includes using transporter-
mediated delivery, the use of peptides, antibodies or small molecules attached directly to the
drug of interest or to its delivery vehicle, to initiate penetration of the BBB through specific
interaction with transporter proteins that are expressed on the luminal (the side of the
endothelial cells interacting with blood) and the basolateral (the opposite side of the
endothelial cells that interacts with tissues) sides of the endothelial cells [11,12,23]. Another
method is to use receptor-mediated transcytosis of molecules by interacting with cellular
receptors that are highly expressed on the surface of endothelial cells, which form the BBB
to allow drug molecules to pass through the endothelial cells [23]. A third physiological
method is to take advantage of low-density lipoprotein receptor proteins (LRPs), which are
receptors that mediate the internalization and degradation of multiple ligands [23,101]. LRPs
are expressed on many tissues and in the CNS. LRPs are expressed on neurons and
astrocytes, but are also overexpressed in malignant astrocytomas such as glioblastomas,
which are the most common and aggressive forms of brain cancer [23,101]. Another method
is to use adsorptive-mediated transcytosis, which involves the use of charged substances
such as cationic proteins to bind to the luminal membrane of the endothelial cells to trigger a
nonspecific uptake of the substance [23]. Some limitations of physiological approaches
include the limited kinetics available to transport molecules, the requirements needed to bind
to transporters and receptors, creating a drug that can remain active during the process (e.g.,
to avoid degradation by lysosomes) and the actual transport of the drug into the brain as
opposed to it just remaining at the transporter or receptor [23].

The final approach to bypass the BBB is through the use of NPs. While this review will
focus on the use of NPs to deliver therapeutics to brain cancer by bypassing the BBTB, NPs
can be used in similar ways to deliver therapeutics through the undisturbed BBB [23,100].
In NP research, investigators have taken advantage of invasive [32,50,60,102-104],
pharmacological [43,46,52,53,59,62,64] and physiological
[16,27,32,38,41,58,63,68,81,105-107] methods to enhance brain cancer therapy.
Importantly, however, research has shown that while each method can be used individually
or simultaneously, the detrimental effects associated with each (long recovery times,
decreased drug uptake and low receptor mediated transport) can be overcome through
careful NP design [4,7,11,22,25]. In particular, investigators have also sought to exploit the
physiological method to enhance NP delivery into the brain and into brain cancers. NPs
offer many advantages as drug delivery vehicles, including increased circulation of drug,
increased payloads, protection of the drugs from degradation and the ability to *solubilize’
drugs that have inherent pharmacological properties that make systemic delivery difficult
[24,25,108-111]. This is accomplished by adding moieties to the NPs (as discussed earlier),
which protect the drugs [108,109]. Additionally the particles can be decorated with moieties
that promote uptake and transcytosis (i.e., exploiting physiological methods to enhance NP
uptake) [24,25,100,108-110]. Here, we discuss how the unique properties of NPs described
earlier have been used to significantly enhance the imaging and treatment of brain cancer,
and how future efforts can take advantage of rationally designed NPs for improved therapy.

Imaging & treatment of brain cancer using NPs

While NPs can function as delivery vehicles with modifiable sizes, shapes, surfaces and
targeting moieties that serve to increase the blood retention, bioavailability and specificity of
cancer therapeutics, they can also allow loading of additional drugs for simultaneous multi
drug delivery or even the addition of imaging probes for /n vivo monitoring or diagnosis
[24,25,84,108-111]. Furthermore, NPs sometimes offer inherent advantages arising from
their composition. One such example is the use of metallic NPs that can be heated with light
or radiofrequencies, or by a magnetic field for thermal ablation of tumors [112-114].
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Another example is contrast enhancement by magnetic NPs used for MRI and contrast
enhancement by AuNPs for computed tomography imaging [5,13,26,32,115,116].

While inorganic NPs have seen some use in clinical applications for cancer, many still
require a greater understanding of their clearance and safety [24,117,201]. The inorganic
NPs that have seen clinical use are mainly NPs used for MRI contrast agents, such as Fe3O4
and gadolinium NPs. Fe304 NPs with diameters around 50 nm have been relatively well-
tolerated, while some cases of toxicity do exist for gadolinium NPs most notably for
nephrogenic systemic fibrosis [118-120]. Many industrial studies exist for ultra-fine
particles of diameters less than 100 nm, but to this day an organized and complete study of
all inorganic NPs does not exist [24,117,201]. Therefore, the choice of material; its size, and
the way in which it is coated or protected becomes of great importance in moving a NP into
clinical use. It makes sense that choosing an inorganic material that is generally inert, such
as Au, is better than choosing a material that has inherent side-effects such as unchelated
gadolinium or QDs [120,121]. Furthermore, it is generally accepted that for a
nonbiodegradable polymer NP to be able to be excreted it must have a diameter less than the
renal filtration cutoff of approximately 5-6 nm [122]. Most polymer NPs benefit from being
biodegradable or biocompatible and therefore have also been well-tolerated in clinical trials
[4,24]. However, there is still very little data available on the long-term fate of polymers and
possible toxicity they may generate in neuronal cells [123]. Most inorganic NPs, therefore,
also employ an organic polymer as a protective layer that increases circulation half-life and
protects both the particle from the body and the body from the particle
[4,5,7,24,29,32,41,50,86,124]. There remain many questions regarding the long-term
distribution and safety of unprotected inorganic NPs and there is much work still to be done.
However, the inherent risks of brain cancer and its low median survival may outweigh the
potential side-effects caused by the NPs [8-10]. Indeed some applications may see a use
before a complete understanding of the toxicology of all NPs is presented, which has already
been observed with gadolinium and Fe304 NPs.

Gadolinium and Fe304 NPs have received a lot of attention, owing to the fact that they are
inherently magnetic and can be used in MRI as contrast enhancement for improved detection
and monitoring of brain tumors. Fe304 NPs cause MRI contrast enhancement for mostly T»-
weighted images, which provides contrast enhancement for tissues with high water content
or, for instance, blood vessels [32,125]. Gadolinium NPs cause MRI contrast enhancement
for mostly T1-weighted images, which provide contrast enhancement for tissues with high
fat content and are better at creating appreciable contrast between white and gray matter, or
between tissue types [26,40]. Gadolinium NPs increase the retention time or half-life of
gadolinium in tumors, which is the major problem with current clinically used non-
nanoparticulate gadolinium. Non-nanoparticulate gadolinium also exhibits toxicity in some
patients due to leakage of the gadolinium from the chelating agent [24,31,40]. On the other
hand, Fe3O4 NPs have been shown to be relatively nontoxic with no evidence of tissue
damage or pathologic changes in the brain. These particles are also biodegradable
[24,125,126].

QDs are highly advantageous as they can be tailored for fluorescence emission spectra from
400 to 2000 nm, although theoretical modeling studies indicate that spectral windows of
700-900 and 1200-1600 nm are the best for /n vivoimaging [121]. However, because of
their heavy metal content, QDs can potentially be toxic if accumulated in normal tissues
without organic polymer protection [121]. Therefore, there is still work to be carried out in
order to determine the long-term toxicity and degradation of QDs /n vivo.

AUNPs have recently been investigated for use in delivering therapeutics to the brain as well
as to brain cancer and have been receiving increasing attention [18,41,124,127-130]. AuNPs
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have the advantages of relatively straightforward synthesis, easy surface functionalization,
small sizes, and the corresponding ability to be excreted by the body and remain relatively
nontoxic [14,18,41,91,128,130]. In the past few years, there has been a marked increase in
the amount of data on the biodistribution and toxicity of AuNPs. AuNPs have been
examined by the USA National Institute of Standards and Technology as a potential
standard for research based on nanosized particles [18,41,124,127-130]. Previous studies
have found that AuNPs are able to actively cross the BBB with diameters of up to 50 nm,
making them suitable for increased delivery through the disrupted BBTB [18,127,128,130].

In addition to solid inorganic NPs, organic-based delivery vehicles have also been heavily
explored. Polymers encompass a vast amount of research in the NP field and account for
80% of the total amount of therapeutic products that have been approved for clinical use, as
can be seen in Table 1 [3,4]. It is also true that most inorganic NPs also employ an organic
polymer as a protective layer that increases circulation half-life and allows for the addition
of targeting agents or imaging probes [4,5,7,24,29,32,41,50,86,124]. Like most other NPs,
their use and investigation for treatment of brain cancer has just begun. A brief survey of the
vast amount of research being done shows varying polymer compositions, with the most
popular core compaositions being made of poly(lactic-co-glycolic acid), polysorbate 80-
coated poly(butyl cyano acrylate) and poly(e-caprolactone) [45,52,53,56,57,59,66].
Dendrimers and hydrogels are also being investigated as organic NPs capable of crossing the
BBB to deliver therapeutics to tumors. Dendrimers are repetitively and symmetrically
branched organic molecules with uniform sizes, which allow encapsulation of therapeutic
agents in their interior while also allowing attachment of drugs, imaging agents, functional
groups, or even targeting moieties on their surface by covalent bonding or physical
adsorption [16,27,44]. Dendrimers, like most other organic NPs, exhibit a tunable
circulation lifetime and tolerable toxicity [27,44]. It has also been determined by one study
that dendrimers that are approximately less than 11.7-11.9 nm in diameter are able to cross
BBTB [25]. Hydrogels are NPs made of polymer chain networks that are hydrophilic, highly
absorbent and possess a large degree of flexibility due to their significant water content
[15,105].

A further example of an organic-based delivery vehicle is liposomes, which are spherical in
shape and consist of a phospholipid shell that can be used to encapsulate and deliver both
hydrophobic and hydrophilic drugs. They are on average 100 nm in diameter
[24,50,102,131,132]. Doxorubicin was the first drug to be delivered by liposomes to brain
tumors [24,131,132]. High-density lipoprotein (HDL) NPs are closely related to liposomal
nanocarriers, having the stability and monodispersity of inorganic NPs combined with the
shielding ability of liposomes that improves circulation half-lives of therapeutics
[106,107,133]. These HDL NPs can take advantage of a similar physiological approach as
LRPs (as discussed earlier) to help mediate internalization of NPs [23,133]. These HDL NPs
possess favorable surface properties for the addition of targeting or imaging agents and very
small core sizes between 7 and 12 nm, which may make them an excellent future candidate
for brain tumor therapy [106,107,133].

Many of these types of NPs have been researched for brain cancer for these reasons and can
be broken down into three main functions: NPs for diagnostic imaging, NPs for therapy and
NPs that are for both diagnostic and therapeutic purposes (also known as theranostics).

Diagnostic NPs

Gadolinium chelates are currently the standard of MRI contrast agents because the
gadolinium (111) ion is the best known T, contrast agent due to its large magnetic moment
[26,40]. Gadolinium NPs with sizes ranging from 1 to 3 nm have been shown to be the best
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at increasing both the relaxation and contrast enhancement properties of gadolinium [26,40].
Gadolinium chelates may also leak into normal tissues during surgical breakdown of the
BBB enhancing normal brain tissue, making tumors indistinguishable and rendering
complete MRI-guided surgical resection more difficult [24,31,40]. An example of the use of
a gadolinium NP, showing contrast enhancement of rat brain tumors in 2 h, and their
corresponding lack of toxicity /n vitro, is shown in Figure 8 [40].

Fe304 NPs, more specifically dextran-coated superparamagnetic FesO4 NPs, are MRI
contrast agents that have been approved by the US FDA for use in hepatic
reticuloendothelial cell imaging, while ultrasmall superparamagnetic FesO4 NPs are in
Phase Il clinical trials for use as blood pool agents or for use with lymphography [134]. The
first NPs created for brain tumor imaging were a form of Fe304 NPs known as monocrystal-
line Fe30,4 NPs, which were conjugated to tumor-specific monoclonal antibodies called L6
[24,135]. These targeted particles cause MRI enhancement of brain tumors, and especially
neovasculature of tumors, after being phagocytosed by cells within a brain tumor over a
much longer time period of approximately 1-2 days [24,29]. This means that Fe304 NPs,
unlike current contrast agents, are able to be given 24 h prior to surgery with little
enhancement of normal tissues, giving a surgeon the ability to remove all contrast-enhanced
tissue during intraoperative MRI [24].

Although not yet applied to brain tumors, QDs can also be conjugated with other contrast
agents such as gadolinium for further diagnostic abilities along with any inherent fluorescent
properties [42,121,136]. One study found that QDs can be used to deliver NPs to tumors by
the enhanced permeability and retention effect, allow phagocytosis by tumor-infiltrating
tissue macrophages and give an optical outline of the infiltrative margin of brain tumors
[42].

AUNPs have also seen success as diagnostic NPs for brain cancer. Figure 9 depicts the use
of AuNPs to deliver gadolinium for MRI preoperative detection and surgical planning, as
well as to simultaneously deliver photoacoustic and Raman imaging agents for delineation
of tumor margins with at least picomolar sensitivity [14]. Although this system is purely
diagnostic, one could see how additional therapeutics could be loaded in order to provide
either systemic treatment with chemotherapeutics or localized treatment with the use of PDT
drugs. AuNPs can also be loaded with fluorescent imaging agents for diagnostic purposes
[41].

Organic NPs have also seen great success as diagnostic NPs for brain cancer. Liposomes
have been investigated for noninvasive real-time monitoring for detection and diagnosis of
brain tumors by delivering gadolinium using convection-enhanced delivery as shown in
Figure 10 [50,102-104]. Dendrimers have similarly been used to deliver gadolinium for
MRI contrast enhancement as well as fluorescent imaging probes for optical detection of
tumors [25,27,44]. One example, shown in Figure 11, is the use of a dendrimer to carry both
gadolinium and a fluorescence imaging probe to brain tumors by using a novel two-step
targeting approach by first targeting tumor vasculature with the a.,B3 integrin then by
targeting LRP receptors to further accelerate BBTB transversal [27,44].

Hydrogels have also been investigated as organic, diagnostic NPs for brain cancer, and one
study developed a peptide-targeted hydrogel NP containing a Cy5.5 fluorescent imaging
agent, and a blue dye called Coomassie Brilliant Blue [15]. These covalently loaded NPs
showed a highly selective blue staining of brain tumors with negligible normal tissue
staining in glioma-bearing rats [15]. The delivery of Coomassie Brilliant Blue allowed direct
visualization of the brain tumor by the naked eye and can potentially be used as a successful
means to guide tumor resection during intraoperative surgery [15].
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Therapeutic NPs

For inorganic NPs, Fe304 and Au have been studied for the treatment of brain cancer.
Studies on Fe30,4 NPs have shown success with antibody treatments as well as with
thermotherapy induced by an alternating magnetic field [113,114,126]. AuNPs also offer the
ability to achieve noncovalent drug delivery, which allows drugs to be delivered in vivo
without needing the AuNPs to be taken up into tumor cells [41,86,87,91]. AuNPs can also
utilize thermotherapy by heating gold with visible, infrared, or radiofrequency pulses to
cause localized tumor damage [112,137]. However, to the best of our knowledge, this type
of system for AuNPs has not yet been applied to brain tumors.

Organic NPs, polymers, liposomes, dendrimers and hydrogels have all been studied for brain
cancer treatment. Untargeted formulations of organic NPs have been the only therapeutic
NPs to make it to clinical trials, although none have been used for delivery of drugs to the
brain [123]. Targeted delivery with organic NPs has been in clinical trials, although the
percentage of the injected dose that is delivered to the brain is still only approximately 1%
or less [123]. The bulk of the drug mainly localizes in the liver, which causes some concern
regarding the long-term fate of the polymers as described before [123].

One recent success with polymer NPs in research has been the use of polymer NP-delivered
gene therapy for brain tumors [51,54,62,63]. In one such study, Han et a/. showed success in
using an external magnetic field to guide a polymer NP gene delivery system, which is
naturally magnetic due to a process called biomineralization, across the BBB [63]. Other
polymer-based NPs have seen success in accessing brain tumors to deliver the
chemotherapeutic agents: doxorubicin, camptothecin and paclitaxel [45,46,52,56,59,60,64].
Several studies have shown that liposomes improve the therapeutic activity of
chemotherapeutics by increasing drug retention times in the brain tumor [102,131,132].
Research on dendrimer NPs has found that a dual-targeted, 14-20 nm PEGylated PAMAM
dendrimer-based delivery vehicle loaded with doxorubicin was able to increase the
inhibition of growth of glioma cells, and increase the transport ratio of doxorubicin in vitro
[16]. Hydrogels have also been used in the treatment of brain cancer, in the form of a
hydrogel matrix wafer to locally deliver cisplatin, another popular chemotherapeutic agent,
to brain tumors [105].

Theranostic NPs

QDs, Fe304 NPs, AuNPs and polymers have all demonstrated levels of success as
theranostic NPs. They have all been used as delivery vehicles to deliver both drugs and
imaging agents [43,48,49,138]. However, Fe304 and AuNPs do have the ability to function
as theranostic NPs completely on their own. This is because Fe304 NPs are magnetic
resonance contrast agents, while AuNPs are able to function as computed tomography
imaging contrast agents due to their density [116], and both can be used for thermotherapy
[112,137,138].

QDs have been shown to be able to be used as theranostic delivery vehicles for targeted,
multimodal imaging of brain cancer as well as to successfully deliver siRNA-based
chemotherapeutics [43]. Fe304 NPs have even found success in using an externally applied
magnetic field to actively target cancer and increase delivery of Fe3O4 NPs in tumors [138].
Although this system has not yet been applied to brain cancer, its ability to improve delivery
of an MRI contrast agent along with optical fluorescent imaging agents and cancer
therapeutics by using an applied external magnetic field targeted on cancer, make it a
promising future candidate for the delicate nature of brain tumors [138].

Nanomedicine (Lond). Author manuscript; available in PMC 2013 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Meyers et al.

Page 12

AUNPs have shown the ability to deliver PDT drugs, which are fluorescent and allow the
drug's distribution to be tracked, while also having the ability to be activated to cause tumor
cell damage induced by laser light [41]. Polymer NPs have also seen success by using FezO4
encapsulation for MRI contrast enhancement with simultaneously encapsulating PDT drugs
for treatment of brain tumors [48,49]. Therefore, a promising application for AUNPs and
polymers is the delivery of drugs to brain tumors to allow improved intraoperative tumor
margin identification for improved surgical resection of tumors as well as possible
intraoperative PDT treatment for inoperable tumor margins.

Conclusion

The use of nanotechnology for therapy has grown exponentially over the last two decades.
By comparison, the growth of nanotechnology in the imaging and treatment of brain cancer
has only begun but has already shown great promise. In this review, we have briefly
provided the reader with an overview of targeted NP design (inorganic or organic synthesis,
functionalization and loading of drug pay-loads), as well as reviewed the exciting frontier of
theranostics. In the second half of this article, we have explored current limitations in brain
cancer therapy specifically associated with the BBB, and examined how NPs of all types
(metallic, semiconductor, magnetic, dendrimer, liposomal, polymeric and hydrogel) are
providing solutions. In reviewing the literature, it is clear that the use of nanometer-sized
materials is ideally situated for treating this very difficult disease.

Future directions of NP-based brain cancer therapy

The future of NPs for brain tumor treatment will likely see simultaneous delivery of drugs as
well as the increased use of targeting agents and imaging agents. The use of simultaneous
delivery of different drugs allows treatment to be tailored for the patient, making NPs
essentially delivery vehicles in which cocktails of drugs can be applied. The increased use of
targeting agents will serve to increase accumulation in brain tumors and decrease
accumulation in normal brain tissue, which will improve therapeutic efficacy. The increased
use of imaging agents will help to diagnose cancer at an earlier stage, in order to have the
best survival probability, as well as to monitor brain tumors over the duration of a treatment
regime.

This future still remains a challenging one, as the creation of complex systems entails an
understanding of individual components that make up the delivery vehicle as a whole.
Future NP delivery systems that are able to employ simultaneous delivery of drugs, targeting
to specific brain tumor surface markers and/or simultaneous imaging of their delivery will
take a great deal of knowledge of how each component works to achieve such goals.
Furthermore success with one core material may not mean success with another, and the
study of the long-term health effects of these core materials and their biodistribution
properties is still ongoing [24,201]. The most popular strategy remains to use either
biodegradable materials or nondegradable materials with small enough core sizes to avoid
this problem [4,24,122]. Another obstacle that will continue to be problematic is the role of
drug efflux pumps, which have the possibility of rendering the delivery of a drug by a NP
useless if the drug cannot remain in the tumor cells long enough to have an effect [23].
Many researchers have already begun finding innovative solutions to these problems and it
is likely that it will only be a matter of time before NPs become a mainstay in the imaging
and treatment of brain cancer. However, there is still much work to be done to convince the
general public of the safety of NPs and to prove that NPs are indeed the future of brain
tumor imaging and treatment.
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Executive summary

W The application of nanoparticles in medicine is on the rise both in research
literature and in the number of patents filed, with drug delivery being the most
popular use.

M The blood-brain barrier (BBB), drug efflux pumps, multidrug-resistant proteins
and degrading enzymes limit the bioavailability of drugs used for brain cancer, and
current treatments have so far been relatively ineffective.

H Nanoparticles are a new way to overcome the BBB and can take advantage of
invasive, pharmacological and physiological approaches to overcome the BBB to
further increase the bioavailability of drugs in brain tumors.

H Nanoparticles can be divided into two main categories: inorganic and organic
nanoparticles, which encompass a wide range of materials with different
physiochemical properties.

W The synthesis of inorganic and organic nanoparticles allows for facile
modifications that can be used to improve targeting and delivery to brain cancers as
well as the ability to be loaded with therapeutics or theranostic multimodal vectors
via covalent or noncovalent methods.

B Nanoparticles offer many advantages, including: modifiable surface properties,
modifiable shapes, modifiable sizes, the ability to deliver multiple types of drugs, the
ability to allow attachment of contrast agents for /7 vivo diagnosis capabilities, and
sometimes the ability to function as both an imaging agent and thermal therapy by
their composition alone.

M Prior to the widespread use of nanoparticles, further research into their long-term
toxicity, and improvements in the bioavailability of the drugs they deliver to brain
tumors will be needed.

H Nanoparticles will continue to be a popular research topic and have the possibility
of one day becoming a popular treatment option for those afflicted with brain cancer.
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Figure 1. Theincreasing rate of nanomedicine publications and patents
Reproduced with permission from [3].
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Figure 2. Controlling nanoparticle size

(A) Frequency analysis of particle size during the synthesis of iron oxide nanoparticles as a
function of time utilizing high temperature synthesis. Corresponding plots of (B) size
dispersity, (C) overall size and (D) particle concentration are also shown for comparison.
Reproduced with permission from [139].
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Figure 3. Adding functionality to nanoparticles

Synthetic scheme for the generation of monofunctional and bifunctional PEGylated
PAMAM dendrimer nanoparticles (A & B), which allows for the incorporation of WGA and
Tf-targeting moieties (C & D).

PAMAM: Poly(amido amine); PEG: Polyethylene glycol; Tf: Transferrin; WGA: Wheat
germ agglutinin.

Reproduced with permission from [16].
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Figure 4. Synthesizing tar geted nanoparticles

(A) A multifunctional iron oxide nanoparticle for brain imaging. The incorporation of a
molecular dye (Cy5.5) and targeting moiety (chlorotoxin) through chemical synthesis (B)
was accomplished after incorporating PEG into the chitosan polymer (C) and
functionalization of the chlorotoxin (D) through standard chemical coupling reactions.
PEG: Polyethylene glycol.

Reproduced with permission from [31].
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Figure 5. Noncovalent incor poration of drug molecules
Ilustrations of three main noncovalent drug-loading schemes including (A) hydrophobic,
(B) electrostatic and (C) physical confinement-based drug conjugation.
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Figure 6. Theranostic nanoparticles
(A) Hlustration of the theranostic organic nanoparticle designed by Reddy et a/. [49], which
included a magnetic contrast agent, fluorescent drug and targeting ligand (F3). (B) Survival
probability as a function of time for mice bearing brain tumors under different conditions.
The use of the theranostic nanoparticle drastically improved the survival rate relative to the
other treatments tested.

Reproduced with permission from [49].
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Convection-enhanced diffusion

Convection-enhanced diffusion
in primate brain leads
to astrogliosis

Examples of invasive approaches to deliver drugs to the brain. (A) Intracerebral drug
implants. (B) Intracerebroventricular infusion. (C) Convection-enhanced diffusion. The
asterisk demarcates the hole left in the brain by the catheter, the insertion of which is shown

in the top image of (C).

Cd: Caudate; ic: Internal capsule; LV: Left ventricle; Pu: Putamen.

Reproduced with permission from [10].
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Figure 8. A cytotoxicity test and representative magnetic resonance images of arat brain tumor
using ultrasmall gadolinium oxide nanoparticlesfor T1-weighted MRI contrast enhancement
In vitro cytotoxicity tests for (A) DU145 and (B) NCTC1469 cell lines. (C) /n vivoT-
weighted images of a rat brain with its tumor marked with arrows before and after injection
of the ultrasmall gadolinium oxide nanoparticles.

Reproduced with permission from [40].
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Figure 9. A gold nanoparticle-based delivery system for identification of brain tumor margins
and improved surgical resection
MPR: MRI-photoacoustic-Raman.

Reproduced with permission from [14].

Nanomedicine (Lond). Author manuscript; available in PMC 2013 November 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Meyers et al.

Page 31

Control

Figure 10. Convection-enhanced delivery of MRI contrast enhancement using gadolinium-loaded
liposomes
Reproduced with permission from [104].
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Figure 11. In vivo brain tumor imaging using an optical and paramagnetic dendrimeric
nanoparticle (Den-RGD-Angio) targeted to both tumor vasculature and lipoprotein receptor
protein receptorsin amouse brain

Representative images of ex vivo mouse brains showing white-light, near-infrared
fluorescence and color-coded fluorescence images for (A) a normal mouse brain and (B) a
tumor-bearing mouse brain at 24-h post-injection of the Den-RGD-Angio. (C)
Biodistribution of the nanoparticles by radioactive isotope labeling with 1231 in tumor-
bearing mice (n = 3) at 24-h post-injection. Columns represent mean values and bars present
the data range. (D) Representative white-light microscopic images and autoradiographic
images of tumor-bearing brain sections at 24-h post-injection of the radioactive nanoprobe,
with arrows pointing to tumors.

PEG: Polyethylene glycol.

Reproduced with permission from [27].

For color images see online at www.futuremedicine.com/doi/pdf/10.2217/nnm.12.185.
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