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Photo-activated Cancer Therapy: Potential

for Treatment of Brain Tumors

Henry Hirschberg

11.1 Introduction

The resistance of high grade glioma (glioblastoma multiforme; GBM) to therapeutic

intervention is due to a number of factors. Among the most important are significant

genetic variations, including numerous deletions, amplifications, and point mutations

to receptor and suppressor genes. Additionally, the diffuse and infiltrative nature

of GBMs makes complete surgical resection virtually impossible. The propensity of

glioma cells to migrate along white matter tracts makes it clear that a cure is only

possible if the migratory cells can be eradicated. Despite the factors already men-

tioned, 80% of GBMs recur within 2 cm of the resection margin, and therefore a

reasonable starting point for improving the prognosis of GBM patients would be the

development of improved local therapies capable of eradicating glioma cells in

the margin, or brain-adjacent-to-tumor (BAT). Complicating successful therapy

further are variations in blood–brain barrier (BBB) patency throughout the tumor

and BAT volume—it is intact in some regions, while leaky in others and this has

significant implications for the delivery of therapeutic agents. The BBB controls the

passage of blood-borne agents into the central nervous system (CNS) and, as such, it

plays a vital role in protecting the brain against pathogens. Although this protective

mechanism is essential for normal brain function, it also poses a significant hindrance

to the entry of drugs into the brain. The protective function of the BBB is particularly

problematic for the treatment of infiltrating gliomas. Although surgery is used to

remove gross tumor, standard adjuvant therapies consisting of radiation and chemo-

therapy often fail to eliminate infiltrating glioma cells in or beyond the BAT region—

a zone that commonly extends several centimeters from the resection margin [1].

Infiltrating tumor cells are supplied with nutrients and oxygen by the normal brain

H. Hirschberg (*)

Beckman Laser Institute, University of California, Irvine, CA, USA

e-mail: hhirschb@uci.edu

S.J. Madsen (ed.), Optical Methods and Instrumentation in Brain Imaging
and Therapy, Bioanalysis: Advanced Materials, Methods, and Devices 3,

DOI 10.1007/978-1-4614-4978-2_11, # Springer Science+Business Media New York 2013

253

mailto:hhirschb@uci.edu


vasculature and consequently, protected by the BBB: few anti-cancer drugs are

capable of crossing this barrier. The efficacy of any drug treatment depends on the

ability of the therapeutic agent to reach its target. Therefore, destruction of infiltrating

tumor cells is a crucial step for curing malignant gliomas. This cannot be accom-

plished until methods are developed to: (1) deliver drugs or carriers across the BBB at

a selected site, or (2) selectively disrupt in a site-specific manner this protective

barrier. Eradication of gliomas is highly unlikely without addressing the problems

posed by the BBB. Although a number of therapeutic strategies have been attempted,

the most popular include the local delivery of: (1) chemotherapeutic agents using

polymer wafers, and (2) ionizing radiation in the form of brachytherapy [2, 3].

Unfortunately, neither of these strategies has resulted in significant prolongation of

survival.

One potential method to improve drug delivery would therefore be to induce

increased vascular permeability to these agents in the local tumor environment.

Photodynamic therapy (PDT) is a treatment modality combining a photosensitizing

drug and light to activate the photosensitizer in an oxygen-dependent manner

resulting in oxidation of biomolecules in the light-exposed region. Details of the

mechanism and effects of PDT have been covered in Chap. 9.

PDT has been traditionally used to destroy tumor cells and surrounding vasculature

using localized light delivery and a photosensitizing drug. In contrast, low fluence

rate PDT has recently been shown to increase permeability of vasculature to chemo-

therapy agents in several animal models by modifying the cell’s cytoskeleton. This

in turn leads to alteration in the endothelial cell shape, the loss of tight junctions,

and ultimately an increase of vascular permeability [4–8]. Although the use of PDT

to selectively enhance the distribution of macromolecular therapeutics to tumors is

attractive, it remains a double-edged sword since it depends on optimal PDT

conditions in order to avoid vasospasm, vessel thrombosis, and tissue infarction.

In this chapter, several experimental light-based therapeutic modalities that could

potentially be employed in the treatment of gliomas are reviewed.

11.2 Photochemical Internalization

Photochemical internalization (PCI) is a special type of PDT that can be used to

enhance the delivery of macromolecules in a site-specific manner [9–14]. The

concept is based on the use of specially designed photosensitizers, which localize

preferentially in the membranes of endocytic vesicles. The photosensitizer, alumi-

num phthalocyanine disulfonate (AlPcS2a), a phthalocyanine derivative containing

two charged sulfonate groups linked to phthalic subunits in adjacent positions on

the Pc molecule and an Al metal ion coordinated at its center (Fig. 11.1), is well

suited for PCI. The most important and distinguishable property of AlPcS2a is its

amphiphilicity which refers to chemical compounds possessing both hydrophilic
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and lipophilic properties. Most phthalocyanine photosensitizers are lipophilic and

therefore insoluble in water, which makes them unsuitable for use in biological

systems. This problem has been solved by sulfonation and by hydroxylation of the

benzene rings in the phthalocyanine [15]. For example, while the phthalocyanine

skeleton of AlPcS2a is lipophilic, the two adjacent sulfonate groups attached to

the phthalocyanine molecule contribute to its hydrophilic nature. This amphiphilic

photosensitizer is perfectly designed to localize in the cellular membrane [16]. This

is achieved by inserting the lipophilic phthalocyanine skeleton of AlPcS2a in the

lipophilic interior of the cellular membrane and dissolving the sulfonate groups in

the hydrophilic outer layer of the membrane. AlPcS2a molecules first localize in the

cell membrane. During endocytosis, a partial cell membrane with previously

localized AlPcS2a molecules pinches inward to form an endocytic vesicle (endo-

some), and subsequently, the attached AlPcS2a molecules are transported into the

cell via the endosomal membrane.

Although a number of small molecule drugs can readily enter cells, they have

relatively low therapeutic specificity primarily due to their structural limitations.

Since hydrophilic macromolecules are taken up by the cell body through endocyto-

sis, they have to escape through the endosomal membrane into the cytosol in order

to exert their full biological effects. Unfortunately, macromolecules are generally

trapped in the endosome, and after endosome-lysosome fusion, are degraded by

powerful lysosomal enzymes thereby losing their therapeutic effects.

Since the main target of PCI is the membranes of endocytic vesicles, the choice

of membrane-localizing photosensitizer is important for effective PCI. In this

respect, photosensitizers with an amphiphilic structure are the most efficient since

the hydrophilic part of the photosensitizer prevents penetration through the cellular

membrane. Once the photosensitizer is securely localized in the cell membrane, it

will eventually be incorporated into the membranes of endocytic vesicles via the

process of endocytosis. The photosensitizer must maintain its position within

the endocytic vesicle, while the macromolecular drugs are trapped within the

vesicle in order to avoid photochemical destruction of the macromolecules.

Fig. 11.1 Structure of the

photosensitizer aluminum

phthalocyanine dilsulphonate

(AlPcS2a)
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11.2.1 Mechanisms of PCI

While specific amphiphilic photosensitizers (e.g., AlPcS2a) preferentially accumu-

late in the membranes of endosomes, upon light exposure the photosensitizer

interacts with ambient oxygen to produce singlet oxygen. Since singlet oxygen

has a very short range of action (< 20 nm), only the area of the vesicular membrane

where the photosensitizer is localized will be damaged by singlet oxygen-mediated

reactions with amino acids, unsaturated fatty acids, and cholesterol in the mem-

brane bilayer. Although the exact structure of the damaged endosomes has not yet

been elucidated, the results of vesicular membrane damage (either increased per-

meability or destructive opening depending on the light fluence and photosensitizer

concentration) are easily demonstrated. The previously trapped macromolecular

drugs can now be released from the endocytic vesicles into the cytosol in a fully

functional form and are free to diffuse to their intended targets to exert their

therapeutic effects. The PCI concept is illustrated in Fig. 11.2.

11.2.2 Advantages of PCI

PCI as a drug delivery technology has many advantages. (1) There are no restrictions

on the size of the molecules that can be effectively delivered, making PCI highly

suitable for a wide variety of molecules. (2) PCI also exhibits high site-specificity,

which limits the biological effect to only illuminated areas and lowers the potential

systemic side effects of the delivered drug. (3) PCI is a method that increases the

therapeutic efficacy of a wide range of macromolecules allowing for the possibility

of using lower drug doses to minimize morbidity. (4) PCI is well suited for combi-

nation with other modalities or strategies for targeted drug delivery, thus increasing

the potential for further therapeutic improvements. PCI has also been shown to

potentiate the biological activity of a large variety of macromolecules and other

molecules that do not readily penetrate the plasma membrane, including proteins

(e.g., protein toxins and immunotoxins), peptides, DNA delivered as a complex with

cationic polymers or incorporated in adenovirus or adeno-associated virus, peptide-

nucleic acids (PNA), and chemotherapeutic agents.

11.2.3 Blood Brain Barrier Opening

Localized opening of the BBB is a potentially useful application of both PDT and

PCI as it could enhance the delivery of therapeutic agents for the treatment of a wide

variety of brain diseases including cancer. Site-specific disruption of the BBB for

drug delivery into the brain has been accomplished using a number of approaches

including highly focused ultrasound [17] and laser-based techniques such as PDT
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[18] and PCI [19].These approaches are appealing for a number of reasons including

the highly localized nature of the BBB disruption: unlike the use of hyperosmolar

solutions, the BBB is only disrupted at sites subjected to sufficient laser power

densities which can be controlled by the user to coincide with the location of the

pathology. Through judicious choice of beam parameters, the affected volume can

be as small as a few mm3. Equally important are observations showing that these

highly focused approaches do not cause permanent damage to the BBB, as long as

incident power densities remain below threshold levels. Under these conditions, the

BBB may remain open for relatively long periods of time thus facilitating multi-

fractionated drug delivery. In contrast, repeated injections of hyperosmotic

compounds are required for extended treatment regimens since the BBB remains

open for only a few minutes following bradykinin administration [20].

Fig. 11.2 Schematic illustration of PCI. Left panel; Macromolecules (mm) taken up through

endocytosis and trapped in endosomes. Fusion with lysosomes (secondary endosomes) leads to

their degradation before they have exerted their action. Right panel: PCI is based on accumulation

of photosensitizer (PS) in endosomes. Light exposure causes rupture of the endo/lysosomal

membrane and releases the mm into the cytosol where they can exert their biological activity
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Localized BBB opening via PCI-mediated delivery of Clostridium perfringens
epsilon prototoxin (Clp) was recently investigated in Fischer rats [19]. The rationale

for using Clp is due to the ability of active toxin to cause widespread but reversible

opening of the BBB [21–23]. Following systemic administration, Clp prototoxin is

converted to fully active toxin by proteolytic cleavage. The experimental set up is

shown in Fig. 11.3.

The results demonstrated that Clp-PCI was capable of causing localized BBB

disruption at very low light fluences (1 J) as shown in Fig. 11.4.

Of particular interest was the time duration and evolution of the Clp-PCI BBB

disruption since this represents the therapeutic window for drug delivery. Based on

an analysis of MR images, enhancement volumes were observed to peak three days

following Clp-PCI suggestive of maximum BBB opening at that time (Fig. 11.5).

Thereafter, contrast volumes were observed to decrease, and by day 11, only trace

amounts of contrast were observed.

In a follow-on study using an orthotopic brain tumor model consisting of F98

glioma cells in Fischer rats, newly implanted tumor cells were used to mimic the

characteristics of infiltrating cells remaining in the resection margin usually found

following surgical removal of bulk tumor. PDT or PCI localized BBB opening was

performed 24 h after cell inoculation [24]. This is an insufficient time to allow for

the development of bulk tumor and BBB degradation, but long enough for the cells

Fig. 11.3 Experimental protocol for Clp-PCI BBB disruption. Rats were fixed in the stereotactic

frame and a skin incision was made exposing the skull. An optical fiber was placed in contact with

the surface of the skull to the right of the midline. Surface light irradiation was given approxi-

mately 60 min after Clp ip administration
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(doubling time of approximately 18 h) to form small, sequestered, micro-clusters

which are protected by an intact BBB. The survival of animals implanted with F98

tumor cells, as shown in Fig. 11.6, was significantly extended following BLM

chemotherapy with PCI-mediated BBB opening compared to controls that received

chemotherapy only.

Fig. 11.4 Effects of Clp-PCI on BBB and tissue disruption. Coronal a: H&E sections from rat

brains corresponding to T1 contrast MRI scans (b). The sections were taken 21 days post-treatment

and the T1- weighted post-contrast images were acquired 3 days post-treatment
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Fig. 11.5 Average time course of BBB opening induced by Clp-PCI. The animals (n ¼ 4 per

group) received i.p. injection of Clp at a concentration of 1:100, 1 mg kg-1 AlPcS2a. and a light

fluence of 1 J. Scanning was performed on days 1, 3, 5, 8 and 18 after treatment. All T1 post-

contrast images were taken 15 min following i.p. contrast injection
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11.2.4 PCI-Mediated Drug Delivery

The limited efficacy of chemotherapy in the treatment of gliomas is caused by many

factors, but two important ones are: (1) the blood brain barrier (BBB) which prevents

chemotherapeutic agents from entering the brain and (2) limited endosomal escape

of many drugs leading to their inactivation. Chemotherapeutics need to pass the

blood brain barrier (BBB) and then enter into cells through the cell plasma mem-

brane, which limits chemotherapeutic agents to mostly lipophilic or low molecular

weight compounds that passively diffuse into the cell cytoplasm. In contrast, many

highly effective chemotherapeutic agents are large and water-soluble and therefore

do not easily penetrate plasma membranes but are actively transported into cells by

endocytosis [25]. Their poor ability to escape from the resulting intracellular

endosomes leads to their inactivation. Therefore, in combination with modalities

leading to increased endosomal escape, the therapeutic effect of these agents would

be significantly increased. As outlined above, we have previously shown that

selective site-specific opening of the BBB could be obtained in the rat brain by the

PCI-mediated potentiation of the effects of known BBB-disrupting agents [19].

BLM administered to animals with targeted BBB opening results in a significant

increase in survival compared to drug-only controls. We have also examined the

second factor limiting the efficacy of BLM chemotherapy, i.e., endosomal entrap-

ment in in vitro experiments employing multicell tumor spheroids (MTS) formed

from human gliomas cells. In comparison to monolayer cultures, a significant

advantage of MTS is that their micro-environment more closely mimics the

in vivo situation and therefore gene expression and the biological behavior of the

cells are likely similar to that encountered in tumor cells in situ. The oxygen

gradients characteristic of MTS produce a heterogeneous population of cells that

differ in their response to oxygen-dependent therapies such as ionizing radiation,

PDT, and chemotherapy. In addition to oxygenation status, tumor response to these

therapies is controlled by a number of parameters including intercellular contact and

Fig. 11.6 Treatment protocol and Kaplan–Meier survival of tumor cell implanted animals. All

animals received 1�104 cells i.c. Three groups were followed: BLM 8 mg/kg only, Clp-PCI BLM

experimental groups (AlPcS2a, Clp, 1 J); BLM 4 or 8 mg/kg was injected i.p. twice daily for 3 days
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communication and susceptibility to apoptosis. The anti-cancer agent bleomycin

(BLM) was employed since the effects of BLM have been shown to be increased by

PCI on a number of cell types, but its potential use for the treatment of gliomas has

not been established [26]. The toxic effects on spheroid volume growth, evaluated

after 4 weeks in culture, of PCI BLM were compared to the effects of BLM alone

over a concentration range of 0.1–10 mg/mL (Fig. 11.7). As can be seen, PCI greatly

enhanced the effects of the drug and the effects of PCI with 0.1 mg/mL BLM were

equivalent to those observed at 10 mg/mL of drug alone.

The number of MTS showing growth after 3 weeks in culture out of a total of 24

replicate cultures in each group is shown in Fig. 11.8. These “survival” data can be

used to ascertain if PCI is synergistic or simply additive compared to the results

obtained for PDT or drug alone.

Synergism was calculated when analyzing PCI treatments. The equation shown

was used to determine if the PCI effect was synergistic, antagonistic, or additive.

a ¼ SFa � SFb

SFab

where a ¼ PDT, b ¼ BLM, and ab ¼ PCI/BLM.

In this scheme SF represents the survival fraction for a specific treatment. If two

treatments are to be compared, the survival fractions of each separate treatment are

multiplied together and then divided by the survival fraction when both treatments
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Fig. 11.7 Effects of BLM, and BLM PCI on human glioma MTS growth. Average spheroid

volume measured following 4 weeks of incubation as a function of BLM concentration,

0.1–10 mg/mL. 1 mg/mL AlPcS2a incubation for 18 h. Wavelength of 670 nm: radiant exposure

of 1.5 J/cm2; irradiance of 5 mW/cm2. Each data point represents the mean of 3 experiments. Error

bars denote standard errors
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were applied together. The resulting number (a) describes the cumulative effect.

If a > 1, the result is synergistic. If a < 1, the result is antagonistic, and if a ¼ 1

the result is simply additive. The a value for the data shown in Fig. 11.8 was

calculated to 3.8, a clearly synergistic effect.

11.2.5 Gene Therapy

Recent research has indicated that mutation or inactivation of tumor suppressor

genes in normal neural stem cells (NSC), transforming them into tumor stem cells

(TSC), is required and sufficient to induce malignant brain tumors [27]. NSC niches

in the brain may harbor TSCs where targeted therapy can be directed [28]. The

ability to insert functioning suppressor genes into tumor cells and TSCs would

therefore be of considerable interest as a potential treatment modality. Although

viral vectors have been used as gene carriers in clinical trials, nonviral vectors offer

several advantages. These include flexibility for versatile design, large payloads of

genes, and fewer safety concerns. In addition, nonviral vectors have the ability to

circumvent the immune response (occurring against viral proteins) allowing itera-

tive administration. One important limitation for cancer gene therapy though is the

insurance that the therapeutic gene reaches a sufficient number of tumor cells in a

high enough concentration to eliminate the tumor cells and at the same time leave

the normal cells unaffected. Since macromolecules, such as DNA plasmids deliv-

ered as a complex with cationic polymers, are taken up by cells through endocyto-

sis, they have to penetrate through the membranes of endosomes and into the

cytosol in order to exert their full biological effects (see Fig. 11.2). The degradation

of “trapped” macromolecules by powerful lysosomal enzymes following

Fig. 11.8 Viability of control

and treated human glioma

MTS after 4 weeks in culture.

1 mg/mL AlPcS2a incubation

for 18 h. Wavelength of

670 nm; radiant exposure

of 1.5 J/cm2, irradiance of

5 mW/cm2, and 1-hour BLM

incubation at a concentration

of 0.25 mg/mL. Each data

point represents the mean of 3

experiments. Error bars

denote standard errors
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endosome–lysosome fusion remains a major limitation of gene therapy hindering

its therapeutic potential. As previously mentioned, PCI has been shown to be a

highly efficient technology for induced endolysosomal escape in a time and site-

specific manner for gene therapy by enhanced delivery of various forms of RNA/

DNA to the cytosol or nucleus of the targeted cells [29, 30].

PTEN is one of the most commonly lost tumor suppressors in human cancer

[31]. Mutations and deletions of PTEN occur that inactivate its enzymatic activity

leading to increased cell proliferation and reduced cell death. Frequent genetic

inactivation of PTEN occurs in glioblastoma, endometrial cancer, and prostate

cancer; and reduced expression is found in many other tumor types such as lung

and breast cancer. The glioma cell line U251 MG is known to underexpress the

PTEN gene product and can be used to determine the effects of transfection with a

functioning PTEN gene. The utility of PCI for the delivery of the GFP indicator

gene on the same plasmid as a tumor suppressor gene (PTEN) was investigated

in monolayers of U251 human glioma cells. U251 monolayers were incubated in

AlPcS2a for 18 h. together with the plasmid and nonviral vectors. In all cases, light

treatment was performed with a diode laser at a wavelength of 670 nm. The

nonviral transfection agents, branched PEI or protomine sulfate (PS), were used

with the plasmid construct (GFP-PTEN: Fig. 11.9).

Since PCI is optimal with a light fluence level that allows 70–80% survival, we

performedAlPcS2a-mediated PDT at increasing light doses. Live/dead assay of

U251 following PDT is shown in Fig. 11.10 for 0, 0.75 and 1.5 J, respectively.

Fluence levels of 1.5 J cm-2 proved toxic killing more than 50% of the cells.

Fluence levels of 0.5–0.75 J cm-2 seemed optimal.

Fig. 11.9 Plasmid PTEN/GFP DNA construct
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11.2.5.1 Effects of PCI on Protamine-Sulfate/DNA Polyplexes

We have investigated utilizing a GFP DNA - protamine-sulfate (PS) polyplex to

transfect U251 glioma cells. The polyplexes enter the cell by endocytosis and are

sequestered outside the nucleolus in endosomes, resulting in very low transfection

rates (Fig. 11.11) [32]. The addition of PCI treatment demonstrated a tenfold increase

in transfection rate at optimum PS/DNA concentrations. These results clearly dem-

onstrate the ability of the PCI technique to greatly enhance endosomal escape.

U251 cell monolayers were transfected with the PTEN gene employing the gene

carrier bPEI. As seen in Fig. 11.12, the introduction of this tumor suppressor gene

inhibited cell growth. The growth inhibitory effect was significantly enhanced by

PCI treatment.

These results demonstrate the ability of PCI to increase transfection rates in

glioma cells as has been previously reported [33, 34]. Although bPEI is an effective

gene carrier, it is highly toxic and is not well suited for in vivo applications.

In contrast, PS is relatively non-toxic, but has relatively low transfection efficiency

[35, 36]. PCI of PS/DNA polyplexes though could demonstrate a tenfold increase in

transfection rate at optimum PS/DNA concentrations (Fig. 11.11). Nevertheless, PS

polyplexes enter cells in similar amounts compared to PEI [32]. The difference in

transfection efficiency between these two gene carriers is most probably due to

increased endosomal escape by PEI/DNA polyplexes. Since PCI greatly enhances

endosomal escape, the dramatic effects of PCI shown in Fig. 11.11 for PS/DNA

polyplexes support this interpretation. Collectively, the results suggest that AlPcS2a-

mediated PCI can be used to enhance transfection of tumor suppressor genes in

glioma cells or perhaps more importantly into transformed neuro stem cells [27, 28].

11.3 Photothermal Therapy (PTT)

The application of heat to destroy solid tumors (hyperthermia) has been used in

cancer treatment for a variety of tumors. Sources for heat generation include

microwaves, direct laser light, ultrasound, and near infrared activation of absorbing

Fig. 11.10 Live-dead assay of U251 cell monolayers following AlPcS2a PDT. Green live, red dead
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agents. The latter, called photothermal therapy (PTT), will be discussed briefly in

this portion of the chapter. A more detailed review of nanoparticle-mediated PTT

can be found in Chap. 10. Unfortunately, the majority of hyperthermia techniques

destroy both normal as well as diseased tissue limiting its usefulness. To overcome

this limitation, nanoparticles can be used as exogenous energy absorbers to provide

specific delivery of heat selectively to tumors. Particles delivered i.v. accumulate to

a degree in the tumor by virtue of the enhanced permeability and retention effect

(EPR) due to poorly organized and fenestrated vasculature as well as reduced

lymphatic drainage [37, 38].

Fig. 11.12 U251 cell growth measured 48 h. following PTEN gene transfection. bPEI/DNA

concentration 1 or 2 mg mL-1, PDT 0.75 J cm-2

Fig. 11.11 Effects of PCI on GFP gene transfection with protamine-sulfate/DNA polyplexes.

DNA complexed with protamine-sulfate, DNA concentration 1 mg mL-1, PDT 0.75 J cm-2. (a)

Upper panels: phase contrast images showing cell densities; lower panels: two-photon fluores-

cence images, (b) % of cells expressing GFP
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Nanoparticles are structures less than 500 nm in size which has sparked interest

with their novel properties (optical, magnetic, and thermal). Gold nanoshells (NS)

represent one class of photo-absorbing nanoparticles [39, 40]. They consist of a

spherical dielectric silica core (50–500 nm) surrounded by a thin (5–20 nm) gold

layer and have a tunable optical absorption within the visible and infrared regions.

Since nanoshells are roughly one million times more efficient at converting NIR

light into heat than conventional dyes such as indocyanine green, once localized to

the tumor and exposed to NIR light, they can generate sufficient heat to induce cell

death by mechanisms such as protein denaturation and rupture of cellular

membranes via thermal ablation.

As gliomas grow, their centers are largely necrotic, due to the rapid proliferation

of malignant cells within the core of the tumor at increasingly larger distances from

their nearest capillaries. Although this isolation of cells renders the hypoxic areas of

gliomas inaccessible to nanoparticle-based therapies where delivery into the tumor

is based on the EPR effect, this portion of the tumor is resected during surgery. It is

in the resection margins, partially protected by the blood brain barrier, that it

is desirable for the nanoparticles to accumulate. Since the vasculature in this region

can be more or less normal, the EPR effect will be insufficient to allow the

concentration of nanoshells, necessary for hyperthermia, to be reached. One

method to overcome this limitation would be to use cells such as stem cells or

macrophages to act as vectors.

Tumor-associated macrophages (TAMs) are frequently found in and around

glioblastomas in both experimental animals and patient biopsies [41, 42]. This

would indicate local synthesis of chemo attractive factors in gliomas and that

inflammatory cells can pass through an intact BBB. Monocyte trafficking into the

CNS occurs in a highly regulated fashion and is dependent on cell–cell interactions

that involve endothelial cells and astrocytes, as well as the local release of factors

that promote BBB permeability. Intravenously injected macrophages loaded with

iron oxide nanoparticles have been shown to target experimental brain tumors [43].

This would indicate local synthesis of chemo attractive factors in gliomas and that

inflammatory cells can pass through an intact BBB. Monocytes or macrophages

loaded with drugs, nanoparticles, or photosensitizers could therefore be used to

target tumors [44]. The use of macrophages loaded with gold nanoshells for thermal

ablation of GBM tumors is potentionally an attractive, relatively safe treatment

modality that is worth studying.

We have investigated the effects of exposure to laser NIR in vitro on multicell

human glioma spheroids infiltrated with empty (containing no nanoshells) or

nanoshell-loaded macrophages [45, 46]. The gold nanoshells (NS) used in this

study consisted of a 120 nm silica core with a 12–15 nm gold shell (Nanospectra

Biosciences, Inc., Houston, Texas). The resultant optical absorption peak was

between 790 and 820 nm for both bare and PEGylated particles. PEGylated

nanoshell solutions as supplied by the manufacturer are shown in Fig 11.13.

Gold nanoshells are often PEGylated to prevent their rapid uptake and removal

from circulation by the reticulo-endothelial system. The % uptake of PEGylated

nanoshells in murine macrophages was lower (3.96%) than that of bare nanoshells
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(15.74%). However, the PEGylated nanoshell solution was available in a much

higher concentration since they have a much lower tendency to aggregate compared

to bare nanoshells. Comparison was therefore between the respective numbers

of nanoshells taken up by a given number of macrophages. The total amount of

PEGylated nanoshells taken up by the macrophages was more than eight times that

of bare nanoshells. As seen in Fig. 11.14, macrophages could efficiently take up

PEGylated gold NS

Fig. 11.13 Absorbance curves of PEGylated nanoshell solutions

Fig. 11.14 Two-photon fluorescence micrograph of (a) empty or (b) nanoshell-loaded Ma. Cell

nucleus stained with Hoechst 33342 (blue), Cytoplasm stained with PKH26 Red Fluorescent (red),
nanoshell aggregates inside Ma shown by white reflectance (white arrows)
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The ability of NS-loaded Ma to infiltrate into multicellular tumor spheroids is

clearly illustrated in Fig. 11.15. The monocytes were labeled with a red fluorescent

dye and are shown in Fig. 11.15 at two magnifications developed by two-photon

microscopy. Mo/Ma were seen to be distributed through the spheroid. This is most

probably caused by chemoatractive agents produced by the tumor cells acting on

the Ma. NS-loaded macrophages infiltrated into glioma spheroids to the same or, in

some cases, to a greater degree than empty Ma [45].

NIR laser irradiation of spheroids incorporating NS-loaded macrophages

resulted in complete growth inhibition in an irradiance-dependent manner, while

spheroids infiltrated with empty macrophages had growth curves identical to

untreated controls following PTT treatment (Fig. 11.16).

Fig. 11.15 Light and two-photon micrographs of 48 h co-culture of human tumor spheroid and

NS-loaded labeled Ma. The Ma (red) are seen to migrate throughout the tumor cells (blue) making

up the spheroid. (a) Light microscope �10, (b) two photon �10, (c) two photon �40

Fig. 11.16 Kinetics of spheroid growth following PTT. Spheroids were formed containing 5�103

tumor cells. 48 h after formation, individual spheroids were co-incubated with 2�104 empty Ma or

NS-loaded Ma for 2 or 18 h. PTT: 14 W cm-2, 10 min. Ma/NS: nanoshell-loaded macrophages—

no PTT; Ma +PTT: empty macrophages +PTT
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11.4 Conclusions

Tumor resection is usually the first modality employed in the treatment of gliomas.

With the improved surgical techniques now available, the incidence of gross tumor

resection, as defined by a negative post operative MRI, has greatly increased

[47, 48]. Nevertheless, the great majority of glioma patients do suffer a recurrence

of their tumors leading to their poor prognosis. The therapeutic goal following

surgical resection therefore is the elimination of infiltrating tumor cells remaining

in the margins of the resection cavity, where most tumors recur, while minimizing

damage to normal brain. One of the many obstacles to effective treatment of

malignant brain tumors is limited transport of anti-tumor agents through both

brain and brain tumor capillaries due to the BBB and the blood–brain tumor barrier

(BBTB), the latter which retains many BBB characteristics. We have explored a

number of methods, as described in this chapter, for enhancing both drug delivery

and efficacy across the BBB and into tumors. Additionally, the ability of

macrophages to migrate and accumulate within, and at the periphery, of brain

tumors renders them attractive vehicles for the delivery of anti-tumor agents

including nanoparticles.

In a clinical setting, light delivered directly into the wall of the tumor resection

cavity is required for PCI, PDT, and PTT. Laser light applied through an indwelling

balloon applicator filling the resection cavity could meet this requirement [49, 50].
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