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ABSTRACT 
 

Nanoparticle (NP) drug delivery for glioma is recently gaining attention due to the 

numerous advantages it possesses over conventional drug delivery systems. The blood- 

brain barrier (BBB) which presents an immense challenge for the delivery of therapeutics 

by conventional methods has been shown to be permeable to certain NP drug delivery 

systems.  

These advancements have enabled the achievement of high enough drug 

concentration in the brain to show a therapeutic effect. Additionally, local enrichment, 

specific targeting, and controlled release kinetics of the encapsulated therapeutics provide 

significant advantages.  

The stability of these nanoparticles (NPs) and the ease with which their surfaces can 

be modified for targeted delivery are other hallmarks of these systems. Further, NPs have 

unique optical, electronic, chemical and structural properties which are quite distinct 

from the larger micro or macro particles.  

This review focuses on NPs as means to deliver therapeutics to brain tumors. 

Nanotherapy using magnetic NPs is currently in clinical trials whereas therapies using 

ZnO NPs, gold NPs, chlorotoxin conjugated NPs, and photosensitizer NPs are still in the 

pre-clinical phase. 

Also discussed is a novel niosome-chitosan drug delivery technique which we are 

currently evaluating in vitro in glioma cells.  
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1. INTRODUCTION 
 

In the last half decade, there has been a significant increase in the amount of research on 

novel ways to both aggress and improve the treatment of glioma. To that effect, the number of 

publications in the area of NP based drug delivery therapies for the treatment of glioma 

increased three fold from 2007 to 2011.  

In fact, the number of publications in the first quarter of 2012 has almost reached the total 

number of papers in this research area as in year 2011. [1] The successful treatment of 

malignant gliomas has been hindered by their perplexing physiology and pathology, and 

because of their intracerebral location.  

Therefore, nanotechnology has been utilized to design effective delivery of therapeutics 

to the central nervous system (CNS) and to gain tumor access through the blood-brain barrier 

(BBB) overcoming spatial and temporal constraints that other methodologies may encounter. 

[2-4] The use of nanoparticles (NPs) for drug delivery is one approach that has been 

enticingly studied owing to the fact that nanomedicine has demonstrated to transport active 

drugs to the tumor site in both in vivo and in vitro studies. [5, 6] 

NPs for drug delivery and as imaging molecules are organic and inorganic colloidal 

materials in the nanoscale range (1nm (10
-9

m) - ¼ µm), which include particles made of 

polymers, [7, 8] lipids, [9-12] non-ionic surfactants, [13-17] metal oxides, [18-20] and gold 

and platinum [17, 21-27]. NPs offer several advantages over traditional methods of drug 

delivery such as stability of the drugs, containment of off-target delivery, higher activity 

onsite and inside the tumors, and controlled release kinetics.  

In most instances, direct visualization of NPs’ position, structure, and effects have also 

been improved with high resolution imaging techniques such as confocal microscopy, 

magnetic resonance imaging (MRI), Xenogen imaging, scanning and transmission electron 

microscopy (SEM and TEM), atomic force microscopy (AFM), scanning tunneling 

microscopy (STM), Fourier transform infrared spectroscopy (FTIR), and X-ray diffraction. 

[3, 28-30] While the BBB and blood-tumor barrier (BTB) are permeable to certain NPs such 

as spherical NPs between 7 nm to 10 nm in diameter (12-20 nm is upper limit of pore size in 

BBB/BTB), the CNS entry of polymeric NPs delivered systemically is dependent on their 

receptor-mediated transcytosis. [31, 32] Certain surface modifications of polymeric NPs can 

enhance this process. For example, it is believed that polysorbate 80, also known as Tween 80 

(emulsifier and surfactant), applied in formulation of some NPs interacts with endothelial 

cells of BBB enhancing CNS penetration of systemically delivered polymeric NPs. [33, 34] 

The surface characteristics of NPs can be readily modified by attaching specific receptor 

ligands allowing targeted delivery and recognition of and binding to receptors on the cell 

surface. [35] Receptors such as integrins and cadherins are known to have a strong interaction 

with biological ligands allowing for specific targeting of the cancer cell membrane. [10, 36] 

Other tumor targeting molecules include chlorotoxin (CTX), a peptide derived from scorpion 

venom. [35] Similarly, the membrane adhesive properties of some NPs made of 

biocompatible materials such as chitosan have been investigated for their specific affinity to 

tumor cell membrane proteins e.g., cell surface associated Mucin1, ( MUC1). [6, 37] 

The presence of the BBB is an obstacle for many therapeutic agents to reach glioma. 

Over time several methods for the systemic or localized delivery have been developed as 

illustrated in Figure 1. These include the systemic delivery following osmotic alterations of 
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the BBB previously used clinically [38, 39] and studied in vivo by our laboratory, [40-43] as 

well as localized delivery e.g., minipumps, catheter infusions or Gliadel
®

 wafers used 

clinically [44] and evaluated in vivo and in vitro. [41] Often these methods were associated 

with serious side effects and did not result in a significant increase in patient survival time. 

Liposomal preparations have been used mostly for CNS delivery. However, recently 

polymer NPs were shown to be effective for the localized intracerebral delivery to intracranial 

tumors in animal models using convection enhanced delivery (CED). [45] 

In general, a polymer NP delivery system for optimal CNS delivery should include the 

following characteristics: biocompatible/biodegradable, non-immunogenic, non-toxic, in the 

range of 100 nm in diameter, ready for surface modifications, and cost-effective.  

In addition, for systemic delivery, the NP system should be stable in blood for prolonged 

times and for localized delivery, the drug delivery system should be neutral or negatively 

charged and infused in a slightly viscous/hyperosmolar solution. [45] 

 

 

Figure 1. Schematic representation of the protocols for delivering chemotherapeutic drugs and inducing 

treatment for glioma. Both systemic and localized treatments using nanoparticles (NPs) delivery 

systems are depicted. NPs are introduced systemically across the blood-brain-barrier (BBB) via osmotic 

alterations, specific targeting or using convection enhanced delivery (CED). Similarly, NPs can also be 

used to treat glioma locally utilizing magnetic fields, external energetic radiation or injecting 

therapeutic viscous solutions (niosomes/chitosan “smart packaging” system) directly to glioma sites. 
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In this chapter, several protocols for NP delivery currently evaluated for the treatment of 

glioma are reviewed (Figure 1). These protocols include NP systems utilized either as carriers 

or directly targeting the tumors. They include magnetic NPs, photodynamic therapy (PDT), 

zinc oxide NPs, chlorotoxin coated NPs, gold NPs, and a “nano-smart packaging” drug 

delivery system using niosomes and a chitosan polymeric network. Depending on the 

available data, this review describes in vitro and in vivo studies and in some instances it refers 

to clinical trials.  

 

 

2. MAGNETIC NANOPARTICLES (MNPS) 
 

Magnetic nanoparticles (MNPs) consist of a magnetic core encapsulated within a 

polymeric or metal outer shell. The outer shells can further be modified for tumor targeting 

and/or therapeutic carrier multifunctionality. [46] MNPs may also consist of a porous 

polymer with precipitated MNPs within the pores. [46, 47] In most instances, MNPs are 

injected into the blood stream near the target site and a magnetic field is introduced over the 

target site resulting in an accumulation of NPs at the tumors. [47, 48]  

The size of these particles plays an important role in systemic delivery since they can 

pass readily through the capillaries and can also penetrate the tumor cell membranes. [46-48] 

As a general guideline, the entire size of the NPs should be sufficiently small to elude splenic 

filtration and sufficiently large to evade renal clearance. It has been reported that the optimal 

sizes are more than 5.5 nm and less than 200 nm. [46]  

Materials that make up the magnetic core typically contain iron oxides like magnetite 

Fe3O4 and maghemite Fe2O3. [49] Iron metal oxides such as CoFe2O4, NiFe2O4 and MnFe2O4 

[46] and metal oxides as MnO
y
 are also used as materials for the NP core.  

 

 

Figure 2. Schematic illustrations of MNPs. Layers of liposomes, polymers, metals or dielectrics 

enhance their uptake or solubility. These layers can be conjugated with tumor cell targeting molecules 

to directly attach to cell receptors, and/or engulf therapeutic agents to provide multi-functionality. 
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However, since cobalt (Co), nickel (Ni) and manganese (Mn) can cause toxicity if 

delivered over extended periods of time, they have to be coated with an impermeable material 

e.g., phospholipids, polyethylene glycol (PEG), polyvinyl alcohol (PVA), and poly-L-lactic 

acid (PLA), to prevent leaching and to make them feasible for biomedical applications. [46, 

47, 49] Coating of the magnetic metal core is essential to prevent the toxicity arising from the 

compounds formed during oxidation of the metals. [18, 51] The choice of the coating material 

depends on the application and the functionality required for specific treatments.  

Natural polymers such as dextran, starch, albumin and synthetic polymers such as PVA, 

PEG are common candidates for coating of the magnetic metal core. [18, 51-53] Materials 

like silica and gold are also used to provide impervious coating. [52] Figure 2 shows a 

schematic representation of the topography of MNPs. 

 

 

2.1. In Vitro Studies with MNPs 
 

For the in vitro studies, the type of magnetic particles commonly employed are magnetite 

or super-paramagnetic NPs of iron oxide (SPION) and the coating materials used are 

liposomes [54, 55] and PEG [53, 56]. Although the core structure of MNPs employed for in 

vivo studies and clinical trials are the same as those in in vitro studies, the coating materials 

are different. For the in vivo studies, SPION coated with carboxydextran [52], aminosilane 

[52], and carboxymethylcellulose [57] are commonly utilized whereas for clinical trials 

SPION coated with aminosilane [52] are used. MNPs can be used to destroy cancer cells in a 

number of ways. They can either be used as carriers to attach cytotoxic drugs or they can be 

used to induce hyperthermia at the tumor sites. [57, 58] Attachment of cytotoxic drugs to the 

MNPs enables their release at the tumor site, [47, 49, 58] and is akin to other NP delivery 

methods with the exception that the targeting is accomplished through the application of an 

alternating magnetic field (AMF).  

Magnetic hyperthermia (MHT) is a technique wherein the tumors are subjected to high 

temperatures emitted by MNPs through the application of an AMF. This therapy utilizes the 

fact that tumor cells are more sensitive to increased temperature than normal cells. [51, 59] 

Hyperthermia induces changes in the cell function, differentiation and cell growth by altering 

the activity of enzymes and proteins. Since tumor cells are less resistant to sudden increases 

in the temperature than normal cells, an increase in the temperature to 41-42
°
C can induce 

their necrosis or apoptosis. [51] Other cell functions affected by MHT include reduction in 

transmembrane transport and inhibition of repair enzymes. [47, 49, 51, 58] Hyperthermia can 

be induced by heat sources such as electricity, electromagnetic waves, infrared and ultrasound 

waves. The properties of the MNPs crucial to induce necrosis/apoptosis are size, 

magnetization and the ability to reach the desired temperature. All play an important role in 

the selection of appropriate NPs for tumor targeting. [4, 47, 58, 59] 

MNPs hold a promising future in the treatment regimen for glioma. However, the 

magnetic attractive force is greatest at the edge of the body area directly in contact with the 

magnet.[58] Hence the local position of the tumor and its proximity to the external magnet 

directly influences the accumulation of MNPs at the tumor site. [58] Deep intracranial 

locations might hinder the effectiveness of the external magnetic field in the targeting of 

MNPs to the tumor site.  
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The first in vitro glioma study which used MHT was reported by Shinkai et al. (1996). 

[60] In this study MNPs i.e., magnetite coated with cationic liposomes, (MCL) were 

evaluated in the treatment of rat T-9 glioma cells. The study showed that the NPs were readily 

taken up by the T-9 cells and 80% absorption was reached in 60 minutes. In addition, the 

application of an AMF increased the temperature of the MCL NPs to 42.6
°
C within 20 

minutes. Viability of these T-9 cells decreased with time after AMF application and total cell 

death was achieved in 40 minutes. In another similar study also using T-9 cells, Ito et al. 

(2003) reported that MHT was responsible for not only the lysis of these tumor cells, but 

additionally resulted in the activation of heat shock proteins (HSP70) inducing an antitumor 

immune response.[54] A separate study evaluating MHT in human glioblastoma M059 cells 

was reported by Meenach et al. (2010) using PEG coated magnetite NPs. [8] The authors 

reported cell death in the region of the plate containing the NPs where a temperature of 63
°
C 

was reached, whereas no cell death was reported in the surrounding regions.  

In another in vitro study by Corem- Salkmon (2011), SPION maghemite NPs conjugated 

with methotrexate (MTX) coated either with human serum albumin (HSA) or PEG for 

convection enhanced delivery (CED). [61] The HSA coated NPs were found superior to PEG 

coated NPs when tested in vitro and in vivo showing no toxicity, good distribution and longer 

clearance time. In vitro the cell-kill efficacy of HSA coated MTX-loaded particles was the 

same as that of with MTX alone while PEG coated MTX-loaded particles had low efficacy. 

Trapani et al. (2011) used MTX-conjugated NPs coated with chitosan or glycol chitosan 

(GCS) and additionally with a layer of Tween 80 and evaluated their efficiency in vitro in C6 

rat glioma.[62] They found that the distribution efficiency of the NPs was increased by the 

addition of Tween 80 surfactant even when used at low concentrations. In a recent study by 

Baskin et al. (2012), “nanosyringes” composed of hydrophilic carbon cluster (HCC), which 

are nanovectors that could be magnetized for directing therapeutics delivery and are 

conjugated with antibodies for enhancing drug delivery, were used in combination with 

chemotherapeutics for direct application to glioma cells. [63] The 20 nm “nanosyringe” was 

capable of selectively killing malignant glioma cells by delivering combined chemotherapy 

drugs directly to these cells in vitro.  

 

 

2.2. In Vivo Studies with MNPs 
 

One of the first in vivo studies studies by Yanase et al. (1997) evaluated the antitumor 

activity of MCL NPs, where the NPs were preincubated with T-9 glioma cells before 

subcutaneous (sc) implantation in rat model.[64] MHT treatment was used followed by AMF 

showing that a temperature of 45
°
C could be reached in the tumor tissue within 20 minutes 

after the magnetic field was applied. Interestingly, the area surrounding the tumors remained 

at 35-36.5
°
C. Complete inhibition of tumor growth in vivo occurred after three AMF 

applications of 60 minutes each at 12 hour intervals. In addition, in the follow up study it was 

also shown that even higher tumor inhibition could be obtained when MCL was injected 

intratumorally. [55] Although the number of AMF applications remained the same as in the 

initial study, the duration of each AMF application was reduced to 30 minutes at 24 hour 

intervals resulting in complete tumor regression. Histochemistry revealed that MCL was 

evenly distributed in the tumor tissue and their location coincided with necrotic regions. The 

same authors showed in a subsequent in vivo study in T-9 rat glioma model, that 3 sessions as 
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short as 30 minutes of AMF application resulted in the presence of immunocytes (CD4, CD8 

and NK cells) in the MHT treated tissue indicating immune response. [12] A complete tumor 

regression with no recurrence for a period of 3 months was also observed [12]. Further, 

increase in heat shock protein 70 (HSP70) expression was reported for the in vivo system as 

previously shown in vitro by Ito et al. (see section 2.1). [54] 

An improved type of MCL was reported by Le et al. (2001) who conjugated MCL with 

G22 monoclonal antibody and fragment of antibody (Fab), which specifically binds to MUC1 

antigen on glioma cells therefore increasing specificity of the NPs. [65] This resulted in a 7 

fold higher uptake of MCL injected intratumorally in a sc grown U251 human glioma in nude 

mouse model. Additionally, a rapid increase in temperature to 40
°
C was noticed within 5 

minutes of the application of AMF and tumor growth was inhibited for 2 weeks. In 2002, 

Ohno et al. used rat intracerebral T-9 glioma model to investigate the effect of intracerebrally 

(stereotactically) delivered SPION coated with stick-type carboxymethylcellulose (CMC). 

[57] Application of an AMF increased the temperature of the NPs to 44
°
C within the tumor 

without affecting the surrounding normal cells. Additionally, three sessions of AMF 

application resulted in ~3 fold increased survival of tumor bearing animals compared to 

controls. Similar studies by Jordan et al. (2006) where SPION coated with aminosilane were 

used in RG -2 intracerebral rat glioma model also resulted in increased animal survival ~4.5 

fold over controls. [66]  

A different approach was employed by Rabias et al. (2010) who used NPs made of 

maghemite and coated with dextran to bestow a high surface charge. [67] The high surface 

charge aided in colloidal NP stability and further assisted in their complete dispersion. These 

NPs were injected intratumorally into the exocranial rat model of C6 glioma. In this study, 

histochemistry showed again damage of the tumor tissues with no discernible changes to the 

surrounding normal cells.  

 

 

2.3. Clinical Studies with MNPs 
 

Maier-Hauff et al. (2007) have been the pioneers in Phase I clinical studies using MNPs. 

They used SPION coated MNPs with aminosilane in 14 patients with glioblastoma 

multiforme. [68] The aim of this study was to evaluate the feasibility and tolerability of this 

new thermotherapy. Each patient received neuronavigationally controlled intratumoral 

instillation of approximately 0.2 mL of magnetic fluid per cm
3
 of the tumor volume and was 

subjected to six semi-weekly sessions with each thermotherapy session of 1 hour. MHT was 

combined with fractionated stereotactic radiotherapy in these patients as combined 

hyperthermia and radiotherapy have shown benefits in previous clinical studies. [69] In 

general, this new themotherapy was tolerated well with only minimal side effects in some 

patients. The patient survival time was not an endpoint of this study, but it was noted that one 

patient (out of 14) was still in remission with a follow-up of 28 months after treatment. The 

other 13 patients died either due to the tumor progression (9 out of 14) or due to the side 

effects related to the long term glucocorticoid prescription (4 out of 14) which is commonly 

used in glioma patients. Since the NPs did not produce significant side effects, it was 

concluded that coated MNPs are safe for patients with glioblastoma. [68]  

In the follow up, single–arm Phase II clinical study, a total of 65 patients with the 

recurrent glioblastoma were enrolled. [70] The patient overall survival (OS) rate after 
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diagnosis of first recurrence of the tumor (OS2) was evaluated. The second objective for this 

study was to investigate patient survival after diagnosis of primary tumor (OS1). A median 

overall survival of 13.4 months and 23.2 months was reported respectively for OS2 and OS1. 

These OS were significantly increased when compared to the historical reference for median 

survival time in glioblastoma patients treated with chemotherapy, specifically temozolomide. 

[71] The extension for OS2 of 13.4 months in this study compared with 6.2 months in the 

reference group (gain of 7.2 months) and extension for OS1 of 23.2 months compared with 

14.6 months (gain of 8.6 months) were reported. [71] Due to the increase in overall median 

survival combined with moderate side effects and no complications, magnetic thermotherapy 

was concluded to be a recommendable treatment option for patients with glioblastoma 

multiforme. The postmortem pathological examination of three patients who had undergone 

MHT in Phase I clinical studies by Maier-Hauff et al. (2007) [68] revealed that necrosis was 

confined to the local region of instillation of NPs. [72]  

In summary, magnetic particles showed greater absorbance by glioma cells than normal 

cells resulting in glioma cell death. In addition, coated MNPs have already been successfully 

used in in vivo and are currently being developed for clinical applications. 

 

 

3. PHOTODYNAMIC THERAPY (PDT) USING NPS 
 

Photodynamic therapy (PDT) involves selective uptake of a photosensitizer molecule to 

the tumor tissue immediately followed by irradiation with light of appropriate wavelength for 

a given photosensitizer. [73-75] 

The irradiation leads to activation of the photosensitizer followed by its binding to 

molecular oxygen resulting in production of a singlet oxygen species (
1
O2), [73] The singlet 

oxygen, which is cytotoxic has a short lifetime of only around 40 nsec [76, 77] and the effects 

of 
1
O2 are confined within the cell at the place in which it was formed. [77, 78]  

A number of mechanisms have been proposed for the photodynamic therapy-induced 

destruction of the tumors. Cell death due to cellular toxicity is the main contributor, [73, 77, 

79] provided the photosensitizer produces lethal concentrations of singlet oxygen after 

irradiation. Figure 3 illustrates the simple mechanisms of action that NPs undergo via PDT. 

Commonly used photosensitizers in clinical studies of glioma are derivative of porhyrin such 

as Haematoporphyrin (HpD), [73, 78] Photofrin, [75] Photosan, [77, 78] and Photocan. [77, 

78] Photosensitizers administered alone often have the adverse effect of causing prolonged 

cutaneous photosensitization, [7, 9, 73, 80, 81] which leads to skin damage when exposed to 

direct sunlight. Photosensitizers are also known to cause vascular damage and inflammation. 

[73, 78, 79]  

To minimize the potential for causing above mentioned side effects and to achieve the 

targeted delivery of high amounts of the photosensitizers to the tumor, the photosensitizers 

are encapsulated within liposomes. [9, 80] Most commonly reported in glioma studies are 

polymeric NPs made of polyacrylamide. [7, 73, 81]
 

Another approach in PDT is the application of two-photon photodynamic therapy (TP-

PDT), a method that uses a dye molecule which can absorb two less energetic photons leading 

to the state of excitation. [82] The advantage of this method is the ability to reach deeper 

tissue regions. The excitation of the photons occurs in the near infra-red region, preventing 
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their absorbance by tissues. This approach was evaluated by Gao et al. in 2006, who 

demonstrated that rat C6 glioma cells exposed to TP-PDT showed cell damage within 10 

minutes. [82] Although PDT has been used in clinical trials since the 1980’s, and several 

drugs have been approved by the FDA like Photofrin (porfimer sodium) Levulan (5-

aminolevulinic acid or ALA), and Metvix (methyl aminolevulinate [MAOP]) the PDT 

approach applying NPs is still in the preclinical phase for glioma. In the first reported study 

using PDT NPs, Kopelman et al. used polyacrylamide NPs coated with PEG and with 

encapsulated Photofrin, which were evaluated in 9L rat glioma cells. [87]  

 

 

Figure 3. PDT is a technique where photosensitive (PS) compounds are encapsulated in either 

liposomal or polymeric coatings to enhance their uptake and solubility across the BBB and in the CNS. 

Non-thermal light at a specific wavelength is used to activate the PS, which is already closed by the 

tumor site. The PS is excited to a highly unstable singlet state that rapidly moves to a PS triplet state. In 

this energy level, any of the ground-state triplet oxygen molecules (
3
O2) nearby the PS receive the 

energy transferred from the PS triplet state passage, and transform into a cytotoxic, reactive singlet 

oxygen species (
1
O2). These singlet oxygen species are capable of killing tumor cells by the induction 

of apoptosis or necrosis. [83-86] 
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This in vitro study showed that the photosensitizers produced sufficient levels of 
1
O2 to 

induce glioma cell death. Additionally, in the rat model of intracerebral 9L glioma, 

intravenous injection of the NPs followed by photoirradiation resulted in massive regional 

necrosis of the tissue when compared to the photoirradiated controls.  

In 2006 Reddy et al. used the same in vivo glioma model to analyze the effect of 

intravenously delivered iron oxide/Photofrin-encapsulated F3-targeted NPs. [73] Tumor 

vasculature targeting F3 peptide used in this study enhanced the delivery of the NPs to glioma 

resulting in increased animal survival. The study showed an average survival of 33 days in 

PDT - Photofrin NPs treated mice as compared to an average of 7 days in the control group.  

In summary, PDT-NPs have shown selective uptake by glioma in both in vitro and in vivo 

studies and have demonstrated their ability to significantly decrease glioma growth. The 

usefulness of this new approach should be further investigated in clinical trials of suitable 

formulations of photosensitizer containing NPs.  

 

 

4. ZINC OXIDE (ZNO) NPS 
 

Zinc oxide (ZnO) NPs have found use in biomedical applications because of their photo-

catalytic and photo-oxiding capacity. [88] They work by bombarding the outer surface of 

malignant cells through the release of reactive oxygen species (ROS) generated by a redox 

reaction when NPs are exposed to UV light (Figure 4). [89, 90] The oxygen species generated 

by the NPs lead to the destruction of cellular proteins, DNA and lipids hence resulting in 

apoptosis. [89, 91] Additionally, the size of the ZnO NPs was reported to correlate with their 

toxicity, [92] e.g., smaller sizes showing higher toxicity. [88] However, ZnO NPs have a 

tendency to form clusters in aqueous solution. This occurs due to the presence of high 

superficial energy on the surface of the particles which leads to increased aggregation, and 

therefore, decreased interactions with the surrounding environment. [19, 20, 88] Some studies 

have reported that narrowed size distributions of dispersed NPs in an aqueous solution, are 

needed to prevent cluster formation. However, such dispersions contained residual toxic 

materials which limited their biomedical applications. [20, 88] This limitation was overcome 

by Taccola et al. (2011) who studied the aggregation of ZnO NPs in various reagents and 

found that ZnO NPs dispersed in Arabic gum resulted in a highly stable and concentrated 

dispersion. [20] In general, ZnO NPs have been shown to be non-toxic for normal dividing 

cells whereas their toxicity is prominent in rapidly dividing cancerous cells. For example, 

Hanley et al. (2008) reported that rapidly dividing tumor T-cells showed preferential binding 

and selectivity towards the ZnO NPs as compared to normal cells. [93] Ostrovsky et al. 

reported in 2009 high binding of the ZnO NPs resulting in toxicity for human glioma cell 

lines (A172, U87, LNZ308, LN18, and LN229), [88] while there was no cytotoxicity 

observed in normal human astrocytes (RWPE-1) even at 10 mM of ZnO NPs. Similar 

findings by Wahab et al. in 2011 using human U87 glioma cell line showed that treatment 

with ZnO NPs increased their propensity for cytogenic damage in these cells. [94] In addition, 

the studies by Ostrovsky et al. showed that the amount of reactive oxygen species produced 

by the ZnO NPs within glioma cells far exceeded that detected within normal cells again 

confirming ZnO’s mode of action through generating ROS. [88]  
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In summary, ZnO NPs have demonstrated selective toxicity for glioma in vitro 

suggesting further evaluations in vivo to determine their potential as treatment modalities. 

Their mechanism of action produces a reactive amount of oxidizing species capable of 

destroying the surface of a tumor cell in close proximity. This action is due to the effect of 

UV radiation capable of triggering the photocatalytic activity of this particular non-toxic, 

biocompatible metal oxide NPs. 

 

 

Figure 4. Schematic representation of the overall reduction mechanism for attacking glioma cells via 

photocatalysis of ZnO nanosized particles. The ZnO NPs oxidize neighboring O2 atoms into reacting 

OH
-
 anions. This action produces enough energy (ER) to reduce any carbon species (i.e., organic 

compounds) in their vicinity in which the components of the tumor cell surfaces are the most 

vulnerable. 

 

5. CHLOROTOXIN (CTX) CONJUGATED NPS 

FOR TARGETED DELIVERY 
 

Chlorotoxin (CTX), found in the venom of the scorpion Leiurus quinquestriatus, is a 36 

amino acid peptide. [35, 95, 96] It was first shown that CTX is an inhibitor of small 

conductance chloride channels in the cell membrane, [95, 97] and therefore, inhibits glioma 

cell invasion. [98] 

CTX also inhibits the enzymatic activity of metalloproteinase-2 (MMP-2) endopeptidase, 

which is involved in cell migration. [35, 96, 99] It is believed that CTX preferentially binds to 

the membrane bound MMP-2 upregulated on the cell surface of glioma and other tumor cells. 

[27, 96] Recently, annexin A2 was identified as another possible binding partner in many 
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human tumor cell lines. [100] CTX was shown to bind selectively to human glioma and other 

tumors of neuroectodermal origin as well as to many other transformed cells. However, it did 

not bind to over 15 normal human tissues and normal non-transformed cells such as neurons, 

astrocytes and fibroblasts. [101] In addition, it was recently reported that CTX’ cellular entry 

and localization in human glioma cells differs from that found in normal cells. [102] Targeted 

delivery of radiolabeled synthetic chlorotoxin (TM-601) was already evaluated in Phase I in 

patients with recurrent glioblastoma and other solid tumors and Phase II clinical studies in 

patients with recurrent glioblastoma. [103]  

Combining chlorotoxin and NPs has emerged as a novel approach which combines the 

advantages of both entities resulting in enhancing the efficiency of drug delivery. [30, 35] 

Antibodies have traditionally been used for cellular targeting, but their application in glioma 

has been limited because of their large size, limited tissue penetration and cellular uptake. 

[104] In contrast, a smaller oligopeptide such a CTX can be readily taken up by the cells. [97, 

102] In recent years, CTX has been conjugated to a wide variety of NPs while retaining its 

targeting properties and used for drug delivery to glioma based on its selectivity for tumor 

cells. [30, 97] Figure 5 lists some of the applications related to nanoscaled systems that have 

benefited by conjugating CTX. In a study by Sun et al. in 2008, iron oxide NPs conjugated to 

the chemotherapeutic agent methotrexate (MTX)-CTX was reported to have greater 

accumulation in 9L rat glioma in vitro than controls and eliciting a more efficient toxic effect 

on rapidly dividing glioma cells. [30] A similar observation was made in vivo in the flank 

xenograft model of 9L rat glioma when the intravenously delivered CTX-bound 

chemotherapeutics targeted tumor cells, and remained inside the tumor for almost two weeks. 

[30] 

Another example of a cholorotoxin conjugated NPs is a magnetic and fluorescent NP 

system (MFNP–CTX) developed by Wan et al. in 2010 by incorporating magnetite NPs and a 

fluorescent dye conjugated to CTX. This NP system combines magnetic properties with 

cellular targeting (through CTX) leading to destruction of glioma cells. [106] The study 

reported high binding specificity of the NPs to human U251-MG glioma cells by a CTX-

receptor-mediated endocytosis mechanism. 

 

 

Figure 5. Chlorotoxin (CTX) has been drafted onto NPs surface via peptide affined binding with 

synthetic biopolymers (e.g., PVA, PEG or chitosan), liposome surface modification (using phospholipid 

polar groups), and on surfactant modified NPs (using peptide-receptor spacers). [105] 
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In addition, Huang et al. in 2011 reported the selective uptake by the human glioblastoma 

C6 cell line of CTX NPs (made from polyimidoamine, PAMAM and PEG and evaluated for 

gene therapy). [107] CTX itself was taken up by C6 glioma cells, but not normal cell controls 

[human embryonic kidney (HEK) 293 cells]. In addition, the conjugation of NPs with CTX 

was reported to significantly increase the cellular uptake of PAMAM-PEG-CTX in C6 glioma 

cells when compared to uptake of NPs without CTX. Mice with intracerebral C6 glioma were 

treated systemically via tail vein with CTX NPs containing DNA. Histochemistry analysis of 

intracerebral tumor tissue showed a greater distribution of CTX containing PAMAM-PEG-

CTX/DNA NPs compared to NP controls. Furthermore, median survival time of mice 

administered with PAMAM-PEG-CTX/DNA was reported to be 59.5 days compared to 49 

days for the control group that received commercial temozolomide only.  

In another study, Kievet et al. in 2010 investigated intravenously (iv) administered CTX 

labeled NPs for targeted gene therapy in human C6 xenograft tumors in nu/nu mice. [108] 

The NPs consisted of an iron oxide core, which was coated with a copolymer of PEG and 

polyethylenimine (PEI) with bound green fluorescent protein encoding DNA and attached 

CTX. This study found that the uptake of NPs-CTX/DNA by C6 glioma in vivo was 

significantly higher compared to control NPs. Interestingly, the accumulation of the CTX NPs 

occurred specifically in the cells inside the tumor but not at its periphery occupied mostly by 

the normal cells. In another study, Veiseh et al. (2009) showed the ability of a nanoprobe 

conjugated with CTX to cross the BBB and specifically target a tumor in a transgenic 

ND2:SmoA1 mouse model that closely resembles human medulloblastoma. [109] This 

nanoprobe consisting of iron oxide coated with a copolymer of PEG and chitosan showed an 

innocuous toxicity profile and a sustained retention in tumors. Additionally, the NPs were 

reported to accumulate in neoplastic regions and not in healthy tissues. Overall, current 

finding show that CTX is suitable for targeting NPs to brain tumors. 

 

 

6. GOLD NANOPARTICLES (GNPS)  
 

GNPs have been repeatedly evaluated in recent years for labeling, delivery and sensing. 

Their biocompatibility, surface properties and the ease of surface modification makes them 

suitable drug delivery vehicles. [110-112] However, GNP size is a key parameter that needs 

close consideration because of toxicity concerns. GNP penetration across BBB is size 

dependent and has an upper limit of 12-20 nm. [31, 32] Particles with diameters of 1-2 nm 

were reported to be highly toxic due to their irreversible binding to key cellular components. 

[32] Particles with diameters from 3-100 nm do not have significant toxicity if they do not 

exceed 10
12

 particles/mL. [32] Additionally, organ distribution in rats depends on GNPs size 

with 10 nm showing wide organ distribution and larger particles showing uptake only in 

blood, liver and spleen. [113]  

Due to their biocompatibility and photo-optical characteristics, GNPs find use in a variety 

of applications such as in bioimaging, [114, 115] magnetic resonance imaging, [28] X-ray 

computed tomography, [18, 29] optical imaging, [116, 117] biosensing, [118, 119] 

photothermal therapy, [120, 121] protein delivery, [122, 123], peptide delivery. [124, 125] 

small molecule delivery, [126-128] and drug delivery to glioma. [110, 111] For example, 

Dhar et al. (2010) reported the preferential cellular uptake of GNPs conjugated with a 
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microbial polysaccharide, gellan gum, by human glioma cells LN-229, whereas no uptake by 

normal mouse embryonic fibroblast cells NIH3T3 was observed. [112] Furthermore, this new 

delivery system was shown to be well tolerated in normal animals.  

Figure 6 includes two examples where GNPs have been surface modified to be utilized in 

the treatment of glioma. 

 

 

Figure 6. GNP can be readily modified by using thiol type specific binding interactions. Polysacharides 

extracted from gellan gums can form a robust coating for specific surface targeting strategies. Likewise, 

sophorolipid layers can be deposited onto the surface of GNPs to enhance their uptake across BBB and 

therefore, these metallic NPs can be used for glioma treatment via photothermal activity. 

In another study, Dhar et al. in 2011 described a conjugated form of GNP with 

Sophorolipids (SL), called sophorolipid-gellan, gum-gold NPs (SL-GG-AuNPs). [111] Gellan 

gum provided reducing and stabilizing effect to the GNP and conjugation of GG-AuNP with 

SL further increased its efficacy in killing human glioma LN-229 cells. [110] It was also 

reported that conjugation of doxorubicin hydrochloride (DOX) to SL-GG-AuNPs further 

increased the cytotoxicity of these NPs and a prominent increase in their efficacy was 

reported in LN-229 cells and the human glioma stem cell line HNGC-2. [111]  

 

 

7. NIOSOME-CHITOSAN NPS AS A “SMART PACKAGING”  

DRUG DELIVERY SYSTEM FOR GLIOMA 
 

Our laboratory, Williams et al. in 2010 reported the effects of “smart packaging” system 

which has a particular response to the physiological temperature, and drug delivery from 

biodegradable NPs tuned to specific release times and dosage in localized treatments. [129] 

These NPs are made of non-ionic surfactants (niosomes) embedded in a thermo-responsive 
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cross-linked chitosan network (Figure 7). [130] Chitosan, which is biodegradable, 

biocompatible naturally occurring polysaccharide, was used efficiently in niosome 

preparation and can be surface modified for CNS delivery. [45] 

The NP niosome (sizes range between 80 and 300 nm), which is a non-ionic surfactant 

bilayer vesicle was reported to encapsulate multiple therapeutics with varied polarity in the 

same NPs. [131] Encapsulation of multiple chemotherapeutic drugs is advantageous 

especially for cancers requiring combination chemotherapy. [132] 

Altering the cross-link mesh size in the chitosan network allowed for fine tuning of the 

release kinetics of NPs. When the niosomal NP size and the cross-link mesh size were 

optimized, it resulted in a prolonged, continuous and slow therapeutic release system over a 

period of 55 days. Transformation from solution to gel (sol-to-gel) with increase in 

temperature from 25-37
o
C proved advantageous for use as an injectable system. [129, 133]  

Additionally, release kinetics in vivo showed a continuous steady release for over 14 days 

[134] Our most recent in vitro study has shown that smart packaging niosome-chitosan 

system encapsulating paclitaxel conjugated to Bodipy 564/570 has a significantly higher 

binding affinity to human epithelial ovarian carcinoma (OV2008) than to normal human 

ovarian epithelial cell lines (Ilow and MCC3). [37] 

 

 

Figure 7. Schematic representation of the “smart packaging” drug delivery system. Chemotherapeutic 

drugs are encapsulated in either the hydrophobic bilayer or hydrophilic core of the niosomes. These 

niosomes are subsequently embedded into a thermo-sensitive cross-linked chitosan network, which 

transforms from a freely flowing liquid at 25
o
C to a non-flowing solid gel at 37

o
C. The “smart packing” 

system is used for localized injection to tumor tissues. With time chitosan matrix begins to degrade 

which exposes the niosomes leading to the release of encapsulated therapeutics to the surrounding 

tissues. 
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This increased affinity is due to interactions with the MUC1 protein, overexpressed on 

the surface of epithelial carcinoma cell lines. In vitro studies showed a higher uptake by the 

epithelial ovarian carcinoma of the therapeutic paclitaxel-bodipy 564⁄570 conjugate using this 

system. [17, 37, 134] We are currently evaluating this technology in human U373 and mouse 

G-26 glioma cell lines. 

Preliminary results using attenuated total refection Fourier transform infrared (ATR-

FTIR) spectroscopy to monitor the interactions of G-26 glioma cells with our chitosan 

network show the following: (1) a distinct shift in wavelengths assigned to isolated OH 

groups (between 3700 and 3200 cm
-1

), and (2) a change in the bending conformation for 

carboxylic groups (centered at 1450 cm
-1

).  

These observations are indicative of a specific chemical binding between G26 cells and 

chitosan compared to the spectra for chitosan along (data not shown). 

 

 

CONCLUSION 
 

New NP based delivery systems as described in this chapter have the potential to lead to 

the development of improved brain cancer therapies, especially for glioma. Their nanometer 

size allows for easy passage through the BBB. A wide variety of materials have been 

examined for the preparation of NPs. The choice of material critically determines their 

properties like tumor targeting and tumor suppression. Magnetic NPs have shown the greatest 

promise for a successful treatment technique. They are currently in the clinical studies and so 

far have shown clear therapeutic effects. Some of the other NPs such as ZnO NPs, PDT NPs, 

chlorotoxin conjugated NPs, and gold NPs are still in the preclinical phase. An expansion of 

our understanding and knowledge of NP pharmacology and therapeutic utility is highly 

desirable and critical for the development of novel nanoscaled systems for the treatment of 

brain tumor patients. New methodologies, where the whole NP is embedded in a polymeric 

network, are capable of localized, specific and controlled delivery of one or multiple 

chemotherapeutic drugs from biodegradable NPs (niosomes) packaged in a chitosan network.  

Some in vitro and in vivo observations describe the toxicity caused by various NPs. [135] 

For example, CNS damage may be caused by elevated levels of ROS resulting from PDT 

therapy. Therefore, a controlled release targeted nanodelivery system containing suitable 

therapeutics for glioma is essential to minimize CNS toxicity, and to cause maximum damage 

to the tumor tissue.  
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