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ABSTRACT 

 

 

Glioblastoma is the most common and most lethal primary brain tumor with a five year 

overall survival of approximately 5 % and only half of patients living approximately 15 

months after initial diagnosis. Currently in the clinic, physicians are using Laser 

Interstitial Thermal Therapy (LITT) to treat such tumors. Previous studies, including my 

own, have shown the addition of carbon nanotubes (CNTs) in combination with laser 

energy increases the rate to heat deposition, achieving much higher temperatures at a 

much quicker rate, ultimately leading to improved efficacy. The success of this 

combination therapy, called Carbon Nanotube Mediated Thermal Therapy (CNMTT), is 

dependent upon the development of carbon nanotubes that can effectively be delivered 

throughout the tumor site while still maintaining the ability to generate heat upon 

exposure to laser energy. Additionally, the CNTs used in this therapy must be minimally 

toxic to normal surrounding tissue.  

The work presented in this dissertation discusses the development of an optimal carbon 

nanotube formulation for use in CNMTT, determination of an optimal dose of carbon 

nanotube to minimize toxicity to normal surrounding tissue, optimal method of heat 

delivery using carbon nanotubes in combination with laser energy, and evaluating the 

effects of thermal ablative therapies on cancer cells following thermal ablative treatment 

via laser heating alone or CNMTT. From these studies, I have determined that a 2% 

DSPE-PEG coated acid oxidized MWCNT at a dose of 10 µg/mL used in combination 

with a 970 nm diode laser at 9 W/cm
2 

are sufficient conditions to lead to maximal CNT 

diffusion, while maintaining the ability to generate ablative temperatures and lead to a 

potential decrease in the stemness phenotype of GBM cells after heating via CNMTT. 
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Current and Novel Treatments for Glioblastoma 

Current Treatments for Glioblastoma: Glioblastoma is a grade IV astrocytoma that is 

the most common and most lethal primary brain tumor. Patients with glioblastoma have a 

5 year overall survival of approximately 5 % and a median survival of approximately 15 

months (American Brain Tumor Association). However, due to the infiltrative nature of 

this tumor, recurrence is inevitable and median survival after recurrence drops to 3-5 

months 
1
. Currently in the clinic, patients with glioblastoma are treated with surgical 

resection of the tumor bulk followed by a combination of ionizing radiation and treatment 

with the alkylating chemotherapeutic agent, temozolomide (TMZ) 
2, 3

. However, these 

therapies only provide a minimal survival benefit, with the combination of ionizing 

radiation and temozolomide improving median survival to 14.6 months, compared to the 

median survival of radiation treatment alone at 12.1 months 
4
. Further improvements in 

patient outcome can be traced back to the extent of surgical resection of the tumor 

volume, with complete surgical resection of the tumor resulting in a median survival of 

18.8 months, compared to a median survival of 13.5 months in patients that only 

underwent partial tumor resection 
4
. For patients who are candidates for surgical 

resection, large portions of the skull must be removed in order to access and debulk the 

tumor. However, for patients with deep seeded tumors, or tumors that are difficult to 

access, conventional surgical resection is not an option. Therefore, less invasive 

alternative therapies are available for debulking the tumor, including thermal ablative 

therapies 
5
. 

Novel Treatments for Glioblastoma: Because there is so much need for improvement, a 

myriad of novel therapies are being looked into for the treatment of glioblastoma aside 
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from the traditional standard of care treatments (ionizing radiation and temozolomide). 

Because tumor grade is correlated with tumor angiogenesis, or vascularization of the 

tumor, and because neovascularization is necessary to sustain tumor growth, inhibition of 

angiogenesis has been investigated as a path to inhibit tumor growth 
6
. Bevacizumab is a 

monoclonal antibody targeted against human VEGF that binds to and neutralizes all 

subtypes of human VEGF, acting as vascular endothelial growth factor inhibitor and 

ultimately leading to inhibition of neoangiogenesis 
7-9

. However, despite initial promise, 

clinical investigations remain unclear as to the efficacy of bevacizumab in the context of 

de novo and recurrent glioblastoma, with studies showing conflicting results 
8
. In addition 

to anti-angiogenic agents, researchers and clinicians are also looking into repurposing 

platinum-based chemotherapeutic agents for use in treatment of glioblastoma 
10

. Studies 

evaluating the effects of platinum-based agents in treating glioblastoma have shown mild 

improvements to survival; however, off-target toxicity remains a concern 
11-13

. To 

improve toxicity profiles of platinum-based agents, liposomal formulations are being 

used as well as conjugation to multiwalled carbon nanotubes to improve localization and 

specificity of platinum-based agents 
14, 15

.  

As cancer treatment moves towards a more targeted approach with an increased emphasis 

on patient-specificity, targeted therapies are being investigated for the treatment of 

glioblastoma. IL-13Rα2 is overexpressed in 70% of GBM patients and represents a 

promising target molecule for novel GBM targeted therapies because it is expressed on 

GBM cells, but not normal tissue 
16-18

. Previous studies conducted in the lab of Dr. 

Waldemar Debinski at Wake Forest School of Medicine have discovered an IL-13Rα2 

binding heptapeptide, Pep-1, that has been shown to selectively target GBM cells over-
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expressing IL-13Rα2 but does not target normal brain tissue 
19-21

. In the future, targeting 

molecules, such as the peptide against IL-13Rα2, can be conjugated to drugs or particles 

to aid in selectively target cancer cells 
22

. 

Thermal Ablative Therapies for Cancer Treatment 

Currently, physicians and researchers are looking into thermal ablative therapies as an 

alternative treatment method to traditional chemotherapy and ionizing radiation. Thermal 

ablative therapies are so appealing because they are less invasive than conventional 

surgical resection and have been shown to have fewer side effects than chemo or 

radiation therapy 
23

. All thermal ablative therapies heat malignant tissue to ablative 

temperatures (55 
o
C or greater) leading to protein denaturation, aggregation and 

oxidation, ultimately resulting in cell death via necrosis or apoptosis 
5, 24

; however, the 

method of heat generation may vary greatly among therapies. Multiple types of thermal 

therapies, including High Intensity Focused Ultrasound (HIFU), Radiofrequency 

Ablation (RFA), and Laser Interstitial Thermal Therapy (LITT), are currently being used 

in the clinic to treat various solid tumors, such as prostate, liver, breast, and brain 
2, 5

.  

High Intensity Focused Ultrasound (HIFU): High Intensity Focused Ultrasound (HIFU) 

uses high-frequency ultrasound to induce cell death by converting mechanical energy to 

heat and through tissue cavitation 
5, 25, 26

. HIFU has mainly been used in the treatment of 

prostate cancer, but has also been investigated for use in kidney, liver, pancreatic and 

bladder cancers 
26

. However, the main limitation of HIFU is that bone can absorb or 

reflect the ultrasound beam, making the therapy less effective 
26

. If HIFU were to be used 

in the treatment of brain tumors, large portions of the skull would need to be removed in 
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order for treatment to be effective, defeating one of the main advantages of HIFU: its 

minimal invasiveness. Additional limitations to HIFU include that it cannot be used on 

tumors with irregular margins, making it less than ideal for use in GBM, a tumor that is 

known for its sprawling and irregular margins 
26

.   

Radiofrequency Ablation (RFA): Radiofrequency Ablation (RFA) uses alternating 

radiofrequency electric fields to drive ionic currents in tissue to induce resistive heating 

that occurs over a span of minutes. This minimally invasive therapy uses a 

radiofrequency electrode that is inserted through a small incision and localized to the 

tumor area 
5, 27-29

. The electrode can be a single electrode or a hollow needle that contains 

several retractable electrodes that can extend and retract after being localized to the tumor 

site 
29, 30

. RFA has been used to treat bone, kidney, lung and pancreatic tumors 
5, 29

, with 

current studies showing that RFA is 85% effective in eliminating small (diameter ≤ 1.5 

inches) liver tumors 
30

. However, RFA is associated with a risk of needle-track seeding 

that may lead to tumor recurrence in the needle track 
27

.  

Laser Interstitial Thermal Therapy (LITT): Laser Interstitial Thermal Therapy (LITT) is 

a minimally invasive thermal ablative therapy that uses an interstitial fiber optic laser to 

generate ablative temperatures at the tumor site over a span of 3-13 minutes
31, 32

. A fiber 

optic laser that is 2-3 mm in diameter is inserted intracranially to the tumor volume 

through a small hole drilled in the skull 
33

. Concurrent MRI imaging monitors thermal 

dose as treatment occurs, allowing physicians to monitor treatment and extent of thermal 

damage in real time, while also making real time adjustments to treatment if necessary 
34

. 

Within the past few years, the number of studies evaluating LITT for the treatment of 
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brain lesions has increased considerably 
34-54

. Currently in the clinic, LITT is used to treat 

recurrent brain tumors as well as deep seeded brain tumors that are unresectable by 

conventional surgical means 
32, 55

. LITT has been shown to have similar cytoreductive 

effects to conventional surgical resection, while providing many benefits that 

conventional surgical resection cannot 
54

.  In addition to its ability to reach deep seeded 

tumors and its minimal invasiveness compared to conventional surgical resection, LITT 

can also be used to ease symptoms caused by radiation necrosis, or tissue death caused by 

radiation treatment 
56-59

.  

Limitations of Thermal Ablative Therapies: Despite the many promising outcomes of 

various thermal ablative therapies, the slower rate of energy deposition of the 

aforementioned therapies compared to nanoparticle enhanced thermal therapies 

(discussed in the next paragraph) leads to heterogeneous delivery of heat, greater heat 

diffusion, decreased treatment efficacy, and damage to surrounding tissue 
23, 60

. Reaching 

ablative temperatures is easily achievable in the region closest to the focal point of the 

heat generator, termed the necrotic zone; however, as one moves farther from the focal 

point of radiation, the ability to achieve ablative temperatures is lessened (Fig 0) 
23

. In the 

zone farther from the focal point, called the reversible zone, cells are exposed to sub-

ablative temperatures which are not always sufficient to induce tumor cell death, and can 

lead to activation of stress response pathways in the surviving tumor cells within this 

zone. This heterogeneous delivery of heat exposes cells at the tumor margin to stress-

inducing sub-ablative temperatures that may activate stress response pathways that could 

lead to increased therapeutic resistance 
61-64

. Lastly, because most thermal ablative 

therapies are focal therapies, the infiltrative tumor tendrils are difficult to treat and 



 18   
 

sometimes are not adequately heated, leaving cancerous cells within this region to 

potentially repopulate the tumor bulk 
34

.  

 

Nanoparticle Enhanced Thermal Ablative Therapies: To improve heat generation of 

thermal ablative therapies, the addition of nanoparticles in combination with different 

sources of electromagnetic radiation is being thoroughly studied 
65

. Nanoparticles are a 

diverse group of materials that have at least one dimension between 1-100 nm and have 

many unique physical, chemical, and electronic properties that make them interesting for 

use in biomedical applications 
66

. They can serve as multimodal imaging agents 
67

, 

theranostic agents 
68

, and can be made highly selective with the addition of targeting 

ligands 
69

. Additionally, some nanoparticles can generate heat upon excitation from 

electromagnetic radiation, such as laser radiation or microwaves, making them of 

particular interest for use in thermal therapies 
60

. Widely studied nanoparticles for use in 

thermal ablative therapies include gold nanoparticles, gold nanoshells, and carbon 

nanotubes.  
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Addition of gold nanoparticles (Au-NPs) has been shown to facilitate achievement of 

higher temperatures at much quicker rates than radiofrequency alone 
70

. This same 

phenomenon has been shown with carbon-based materials, including single and 

multiwalled walled carbon nanotubes 
60, 71, 72

. Additionally, Au-NPs in combination with 

radiofrequency induce a higher rate of cell death compared to radiofrequency alone
70

. 

However, limitations arise when considering excitation frequencies of gold 

nanomaterials. Gold nanoparticles have a very narrow absorption spectrum that is 

dependent upon size and shape, where functionalization creates challenges to treatment 

planning 
73

. Conversely, CNTs have a broad absorption spectrum that is independent of 

size and spans the optical transparency window, allowing for much more flexibility of 

functionalization 
74

. Additionally, gold nanoparticles become deformed after heating, 

making subsequent heating ineffective; whereas CNTs can be repeatedly heated with no 

loss in heating efficacy 
75

. 

Carbon Nanotubes and the Brain 

Carbon Nanotubes for use in Biomedical Applications: Carbon Nanotubes (CNTs) are 

rolled sheets of carbon graphene that have unique chemical and physical properties that 

make them attractive for use in biomedical applications. Carbon nanotubes are cylindrical 

in shape and can be single or multiwalled 
74

. Multiwalled carbon nanotubes (MWCNTs) 

are made up of two or more concentric tubes of graphene and are more metallic than 

single walled carbon nanotubes, resulting in efficient thermal conversion of Near Infrared 

(NIR) energy 
60

. CNTs can be readily internalized by cancer cells via endocytosis, 

macropinocytosis, and directly through the cell membrane (termed the nano-needle 

effect) 
74

.  They are ideal scaffolds for therapeutic and imaging agents. And they are 
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optimal for use in CNMTT because of their ability to efficiently absorb electromagnetic 

radiation over a broad spectrum that is independent of size 
61, 74, 76

. Because non-covalent 

functionalization of CNTs (e.g. functionalization via adsorption) does not affect the 

ability to convert Near Infrared Radiation (NIR) to heat, CNTs can be functionalized with 

any desirable molecule of interest that can aid in imaging, targeting, or drug therapy 
61

. 

However, functionalizing CNTs causes changes to CNT characteristics such a size and 

stability in solution, ultimately influencing in vivo effects such as biodistribution and 

toxicity 
74, 76, 77

. In previous studies, it has been shown that functionalized CNTs are 

nontoxic and safe for systemic delivery and intratumoral administration, and as the 

degree of sidewall functionalization increases, CNTs become less cytotoxic 
76, 78

. 

PEGylation, or the addition of polyethylene glycol, is a common functionalization 

technique that renders nanomaterials biocompatible and stable in physiologic solutions 
79, 

80
. In my studies, I will be investigating the effects of different functionalization 

(including PEGylation) on physiologic stability, intratumoral infusion, heating, and 

toxicity of multi-walled carbon nanotubes (MWCNTs). 

Toxicity and Degradation of Carbon Nanotubes in the Brain: Because functionalization 

of CNTs can cause changes to CNT characteristics and ultimately influence in vivo 

effects such as biodistribution and toxicity, it is essential to characterize and evaluate 

each unique nanomaterial in the context in which it will be utilized 
74, 76, 77

. CNT 

functionalization and the resulting effects on colloidal stability of nanoparticles are of 

particular importance in toxicology studies because these factors influence how particles 

interact with the cells under investigation 
81-85

. In addition to particle characteristics, 

cytotoxicity of CNTs is also dependent upon the dose 
81

, the type of cell 
86

, and the 
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biological context (i.e. the microenvironment) in which the toxicological tests are 

performed 
60, 76

. Furthermore, length, diameter, surface area, particle aggregation, catalyst 

residues, and protein corona that form on the particle all influence CNT toxicity 
87

. 

Because there are a plethora of variables influencing CNT toxicity, the outcomes of 

toxicology studies vary widely, with some research indicating that CNTs are generally 

safe while others find CNTs to be cytotoxic and induce inflammation.  

At the most basic level, increased functionalization of CNTs is correlated with decreased 

toxicity 
78

. Both acid-oxidation and DSPE-PEG-coating have been shown to mitigate 

acute CNT toxicity in in vivo 
76, 88

. In studies evaluating the thrombogenic potential of 

CNTs, it was shown that functionalized CNTs are nontoxic and safe for systemic delivery 

and intratumoral administration, whereas pristine CNTs are not 
76

. In another study, 

shortened PEG-functionalized MWCNTs were intravenously injected into Kunming mice 

with no adverse effects on vital functions, including renal function, and did not induce an 

inflammatory response 
89

. In regards to toxicity of CNTs in the brain, many studies 

evaluating the cytotoxic effects of CNT exposure have been carried out in various brain 

cell types including microglia 
81, 86

, astrocytes 
90-92

 and neurons 
86, 93

. Studies evaluating 

response of neurons to CNTs actually show quite favorable results; with CNTs improving 

the responsiveness of neurons 
94

, and improving neuronal differentiation, growth and 

network reconstruction 
95

. Furthermore, it has been shown that PEG functionalized 

SWCNTs do not induce significant morphological alterations in rat hippocampus 
96

. 

Conversely, astrocytes exposed to PEG functionalized SWCNTs may mature and 

increase glial cell activity 
97

. Taken together, the varied results of these studies highlight 
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the diverse effects that CNTs can have to different cells in the brain, where it is possible 

that CNTs could cause alterations in cell function without impacting viability.  

Despite these promising results, the degradation of CNTs and its influence on toxicity is a 

concern and remains a major limitation for the biomedical application of CNTs. 

However, multiple studies have suggested several mechanisms for the biodegradation of 

CNTs 
98, 99

, and that CNTs can safely be used in the brain 
81, 100-102

. Studies have shown 

that CNTs introduced into the brain can be taken up by microglia 
103-105

, and that 

biodegradation of CNTs can be orchestrated via enzymatic degradation by various 

cellular peroxidases 
106-109

 or other reactive oxygen species mediated pathways 
99, 110

. 

Notably, even partial enzymatic degradation of CNTs can substantially reduce their 

toxicity 
107

, which may reduce the long-term exposure risk due to CNTs.  

Delivery of Carbon Nanotubes: Whether CNTs are being utilized as a platform to 

enhance drug delivery or whether they are being utilized in a thermal therapy, in order for 

therapies utilizing CNTs to be effective CNTs must be localized to the treatment area. 

One constraint of using CNTs in biomedical applications is delivery of CNTs to and 

throughout the tumor volume. In studies investigating effective delivery of CNTs, two 

routes are typically evaluated: 1) systemic delivery of CNTs through intravenous 

injection, or 2) direct local infusion of CNTs to the tumor volume 
111

. Systemic delivery 

of CNTs through intravenous injection has been evaluated in multiple studies 
89, 112-116

. 

However, delivery of molecules to the brain via systemic delivery is particularly difficult 

to achieve due to the highly restrictive blood brain barrier (BBB), which is made up of 

brain endothelial cells and a network of support cells 
117

. Despite the restrictive 

movement of molecules across the BBB, studies evaluating systemic delivery of CNTs 
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have found that CNTs can cross the BBB 
118, 119

. However, the limitation to this method 

of delivery is that systemic delivery may result in an insufficient number of particles 

accumulating at the treatment site, which is critical when considering CNTs for use in 

thermal therapies 
120

. An alternative method of delivery being investigated is the direct 

infusion of CNTs via intracranial administration 
93, 121, 122

. Direct intracranial infusion of 

CpG-conjugated SWCNTs showed improvements to median survival and decreased 

tumor growth in a glioma mouse model 
121

. Moving forward, successful direct infusion of 

CNTs will partly depend on the physiochemical characteristics of the CNTs and partly on 

the method of infusion 
120

. Convection Enhanced Delivery (CED), or pressure driven 

infusion, is a promising method that may be used to deliver CNTs directly to the 

treatment site 
123

.  In the past, backflow up the catheter track has been a problem for 

nanoparticle infusion because it can be the path of least resistance. Minimizing backflow 

can be aided by decreasing the rate of infusion, increasing the viscosity of the molecule 

being infused, and through the use of cutting edge technologies such as reflux-preventing 

catheters and fiberoptic microneedle devices that are still on the horizon for use in 

convection enhanced delivery 
123-125

.  

Carbon Nanotube Mediated Thermal Therapy (CNMTT): Carbon Nanotube Mediated 

Thermal Therapy (CNMTT) is a combination thermal ablative therapy that uses laser 

energy in the Near Infrared spectrum to excite CNTs introduced to the tumor site to 

generate highly localized thermal ablation and greatly increase the delivery of heat to the 

tumor 
60

. After exposure to NIR, CNTs release vibrational energy that is transformed into 

heat leading to membrane permeabilization, protein denaturation, and ultimately cell 

death via apoptosis or necrosis 
62

.  The lasers utilized for CNMTT are currently used in 
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the clinic and typically have wavelengths of 980 nm or 1064 nm 
34

. These wavelengths 

are sufficient to excite nanotubes as well as penetrate tissue up to several centimeters, 

although due to attenuation from scattering and absorbance, penetrance is more 

realistically around 1-2 cm 
34, 126

. CNMTT generates ablative temperatures over a span of 

seconds as opposed to minutes, which minimizes heat diffusion away from the treatment 

area 
23, 76, 126

. Because each CNT generates heat in response to NIR exposure, a uniform 

temperature distribution is created allowing for confinement of heating to the target 

lesion and minimizing off target toxicities to normal tissue 
23, 32

. Efficacy of CNMTT has 

been tested in a variety of cancer models including breast, liver, and prostate 
60, 126-133

. 

Studies evaluating the efficacy of CNMTT in a renal carcinoma model exhibited 

decreased tumor volume and improved long-term survival compared to laser therapy 

alone 
126

. Additionally, CNMTT has been shown to be effective in treating both bulk and 

stem-like cells in a breast cancer model 
61

. Effectively killing cancer stem cells is 

especially advantageous because stem cells reconstitute the recurrent tumor cell 

population, often leading to chemotherapy and radiation resistance 
61

. In addition, 

increased malignant cell binding and uptake of MWCNTs can be achieved with the 

addition of cancer cell-specific ligands which can increase the efficacy of CNMTT 
133, 134

 

and be used to target the brain tumor initiating cells thought to be responsible for disease 

recurrence 
133

.  
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ABSTRACT 

Glioblastoma multiforme (GBM) is the most common and most lethal primary brain 

tumor with a 5 year overall survival rate of approximately 5%. Currently, no therapy is 

curative and all have significant side effects. Focal thermal ablative therapies are being 

investigated as a new therapeutic approach. Such therapies can be enhanced using 

nanotechnology. Carbon nanotube mediated thermal therapy (CNMTT) uses lasers that 

emit near-infrared radiation to excite carbon nanotubes (CNTs) localized to the tumor to 

generate heat needed for thermal ablation. Clinical translation of CNMTT for GBM will 

require development of effective strategies to deliver CNTs to tumors, clear 

structure−activity and structure−toxicity evaluation, and an understanding of the effects 

of inherent and acquired thermotolerance on the efficacy of treatment. In our studies, we 

show that a dense coating of phospholipid-poly(ethylene glycol) on multiwalled CNTs 

(MWCNTS) allows for better diffusion through brain phantoms, while maintaining the 

ability to achieve ablative temperatures after laser exposure. Phospholipid-poly(ethylene 

glycol)-coated MWCNTs do not induce a heat shock response (HSR) in GBM cell lines. 

Activation of the HSR in GBM cells via exposure to subablative temperatures or short-

term treatment with an inhibitor of heat shock protein 90 (17-

(dimethylaminoethylamino)-17-demethoxygeldanamycin (17-DMAG)), induces a 

protective heat shock response that results in thermotolerance and protects against 

CNMTT. Finally, we evaluate the potential for CNMTT to treat GBM multicellular 

spheroids. These data provide preclinical insight into key parameters needed for 

translation of CNMTT including nanoparticle delivery, cytotoxicity, and efficacy for 

treatment of thermotolerant GBM. 
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INTRODUCTION  

Glioblastoma multiforme (GBM) is the most common and most lethal primary brain 

tumor with a 5 year overall survival rate of less than 5% and a median survival of 

approximately 14 months
1
. Current treatment modalities for patients with GBM include 

surgical resection followed by a combination of ionizing radiation and chemotherapy 

with the alkylating agent temozolomide (TMZ). However, no standard treatment for 

GBM is curative and minimal advances in prognosis have been seen over the past 

decade
1
. Multiple challenges to effective GBM therapy remain, including: (i) tumor 

inaccessibility and risk of damage to the normal brain; (ii) insufficient and heterogeneous 

blood–brain barrier (BBB) permeability; and (iii) resistance to conventional chemo- and 

radiation therapies
2
.  

Thermal ablative therapies such as laser induced thermal therapy are being investigated 

for treatment of GBM patients
3, 4

. LITT uses an interstitial fiber optic laser, inserted via a 

catheter into the tumor through a small hole drilled in the skull
4, 5

, to heat malignant 

tissue to temperatures in excess of 50 
°
C, which leads to protein denaturation, aggregation 

and oxidation, and ultimately results in cell death
6
. Current clinical LITT systems allow 

real-time adjustments in the placement of lasers to direct treatment toward irregular 

margins, and magnetic resonance imaging enables monitoring of both temperature and 

laser position
7
. Despite these advances, an inability to achieve sufficiently high 

temperatures throughout the target lesion and lack of specificity of heat delivery still limit 

the clinical utility of LITT. 

Nanoparticles, in combination with different sources of electromagnetic radiation, can 

improve the efficacy and cancer specificity of heat based therapies
8
. Of particular interest 
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for thermal therapies is the development of nanoparticles that generate heat following 

exposure to near infrared light (NIR)
9
. Compared to other wavelengths of light, NIR is 

more penetrative in tissue 
10

 and NIR lasers are currently in clinical use for thermal 

ablation of GBM
4, 5

. Carbon nanotubes (CNTs), which consist of sheets of sp
2
 carbon 

rolled into single or multiwalled tubes, are highly efficient absorbers of NIR and generate 

substantial amounts of heat following NIR exposure
9, 11

. We and others have shown that 

CNT Mediated Thermal Therapy (CNMTT) allows far greater heat generation and 

localization within a tumor target than laser irradiation alone
12

 and is effective for 

treating bulk cancer and stem cell-like cancer populations
11, 13

, including GBM
14

 and 

GBM stem cells
15

.  In general, multiwalled CNTs (MWCNTs) have proven more 

effective for CNMTT than single-walled CNTs (SWCNTs)
9
. Furthermore, CNTs are 

internalized by cells
16, 17

 and can incorporate multiple diagnostic and therapeutic 

functions into a single particle which may allow for image guided therapy
18

. The toxicity 

profile of CNTs is dependent upon the physicochemical characteristics of the specific 

particles and remains a subject of debate
9
, but proper functionalization of CNT surfaces 

can render CNTs safe for use in the blood
19

 or brain
20, 21

. 

The unique constraints on the delivery of nanomaterials to the brain require careful 

consideration of CNT physicochemical characteristics. At present, CNTs do not 

efficiently cross the BBB
22

. However, advances in the use of catheter driven infusion 

strategies such as convection enhanced delivery (CED)
23

 may allow for tumor specific 

delivery of CNTs.  CED bypasses the BBB and relies on pressure-driven infusion through 

an intracranial catheter to distribute macromolecules along a pressure gradient rather than 
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relying only on diffusion.  CED of nanomaterials is an area of current research
24, 25

, but 

CED has not been tested for the delivery of CNTs.   

A second challenge to heat-based therapies is overcoming resistance due to elevated 

expression of the family of heat shock proteins (HSPs)
11

, which are a key component of 

the cytoprotective process which cells use to survive exposure to heat and other 

stressors
26, 27

. Many types of cancers including GBM express high levels of HSPs
28-30

, 

which enable GBM to adapt to the dramatic changes in physiology that accompany 

malignant transformation
31

 and contribute to tolerance to chemo- and radiotherapy
30

. 

Transcription of HSPs including HSP90, HSP70 and HSP27 is driven by the master 

regulator of the heat shock response, heat shock factor 1 (HSF1)
27-29

. In both normal and 

cancerous tissue, thermotolerance can be induced by sub-lethal heat conditioning and 

reduces the efficacy of subsequent heat-based treatments
32

. Chemotherapy also can 

induce a protective HSR
33

, but it is not known what role this may play in 

thermotolerance. 

Clinical translation of CNMTT for GBM will require development of effective strategies 

to deliver CNTs to tumors, clear structure-activity and structure-toxicity evaluation, and 

an understanding of the effects of inherent and acquired thermotolerance on the efficacy 

of treatment. Little is known about the role of the heat shock response with regards to the 

efficacy of thermal therapy for GBM, and no studies have examined the use of CNMTT 

or other nanoparticle-based thermal therapies in the context of induced expression of 

HSPs. Furthermore, few studies have used three dimensional cell cultures such as 

multicellular tumor spheroids, which may more closely mimic tumors in vivo
34

, to 

evaluate nanoparticle-based thermal therapy.  Therefore, the purpose of this study was: (i) 
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to evaluate the feasibility of using slow infusion techniques similar to CED to deliver 

CNTs into brain extracellular matrix (ECM)-mimicking phantoms; (ii) to determine the 

efficacy of CNMTT in comparison to conventional heat delivery in GBM cell lines and 

multicellular tumor spheroids; and (iii) to determine if CNMTT could overcome the 

protective effects of induction of the heat shock response prior to initiation of CNMTT.  

 

MATERIALS AND METHODS 

Cell Culture U87 glioblastoma, U373MG and Normal Human Astrocytes (NHA) were 

obtained from American Type Culture Collection (ATCC) while D54 glioblastoma cells 

were donated by Dr. Hui-Wen Lo (Wake Forest University, Department of Cancer 

Biology). All cell lines were maintained in normal growth media Dulbecco’s modified 

Eagle’s medium (DMEM) (Lonza) supplemented with 10% fetal bovine serum (FBS) 

(Sigma), 1% penicillin-streptomycin (Gibco), 1% L-glutamine (Gibco) at 37 
o
C under 5% 

CO2 in a humidified incubator.  

Reagents 10 mM KRIBB11 (N
2
-(1H-indazole-5-yl)-N

6
-methyl-3-nitropyridine-2,6-

diamine) (EDM Millipore - Calbiochem) was prepared in dimethyl sulfoxide (DMSO) 

and stored at -20 
°
C. 5 mM 17-(dimethylaminoethylamino)-17-demethoxygeldanamycin 

(17-DMAG) (Sigma) was prepared in DMSO and stored at -20 
°
C. All reagents were 

diluted in normal growth media prior to use.  

Preparation of MWCNT dispersions Short multi-walled carbon nanotubes (MWCNTs) 

8-15 nm in diameter (Nanostructured & Amorphous Materials, Inc.) were acid oxidized 

and purified as previously described 
35

 . Preparations of 1% Pluronic (Sigma), 1% 1,2-

Distearoyl-sn-Glycero-3-Phosphoethanolamine conjugated to Polyethylene Glycol 
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(DSPE-PEG) or 2% DSPE-PEG (Nanocs, Inc.) were made by dissolving the surfactants 

at a concentration of 1% or 2% weight to volume in deionized water. Nanoparticle 

dispersions were prepared by hydrating 10 mg of unmodified or acid oxidized MWCNTs 

with 10 mL of degassed Milli-Q (type I) water (with or without surfactants) in a 20 mL 

glass vial, followed by 30 minutes of bath sonication (Branson 2510).  Nanoparticle 

suspensions were rendered isotonic by the addition of one part in 10 of 10x phosphate-

buffered saline (PBS) (Invitrogen, Carlsbad, CA, USA) prior to dilution in cell culture 

media. 

Physiochemical Characterization of MWCNTs by Dynamic Light Scattering and 

Nanoparticle Tracking Analysis Hydrodynamic diameter and zeta potential were 

measured using the Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK) at 25°C, 

with automatic settings, adjusting for the refractive index and viscosity of the dispersant. 

The particles were diluted to 5 µg/mL, and 1 mL was added to a disposable, clear plastic 

cuvette (Sarstedt, Newton, NC, USA). Each measurement was taken in triplicate.  

Brain Phantoms and MWCNT Infusion Agarose (Sigma) was dissolved in PBS at 

1.2% weight to volume by boiling. After cooling to 43 °C, the agarose solution was 

mixed with an equal volume of a 10% (weight to volume) bovine serum album (BSA) 

(Sigma) in PBS, which was 43 °C. The resulting mixture (0.6% agarose and 5% BSA in 

PBS) was aliquoted into 20 ml glass vials and allowed to solidify at room temperature to 

form brain phantoms. The hydrogels were topped with PBS, capped, wrapped in 

parafilm, and then stored at 4 °C. Phantoms were warmed to room temperature prior to 

use. For infusion studies, MWCNTs were diluted to 100 µg/mL in deionized water 

(uncoated MWCNTs) or PBS (Pluronic or PEG-coated). 500 µL MWCNT solutions were 
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injected into brain phantoms at a rate of 2 µL/min using an infusion syringe pump (KD 

Scientific) via 26 gauge single-port catheter (Hospira Venisystems) placed 3 cm below 

the gel surface. A micromanipulator was used to precisely place the catheter within the 

phantom, allowing reproducibility from sample to sample. 

Flow Cytometry GBM or NHA cells were plated in 100 mm tissue culture plates (BD 

Falcon) and allowed to recover for 1-4 days. Plates were treated with 2% DSPE-PEG 

MWCNTs at the specified concentrations for 24 hours. Cells were washed with PBS and 

co-stained with Annexin V (APC) and propidium iodide (BD Pharmingen) per the 

manufacturer’s protocol. Briefly, cells were trypsinized, pelleted, washed twice with cold 

PBS, and then suspended in 1X Annexin V binding buffer at a concentration of 1x10
6 

cells/ml. 1x10
5
 cells were then mixed with Annexin V and incubated for 15 minutes at 

room temperature in the dark. Next, 400 µl of 1X Binding Buffer was added, mixed, and 

samples were analyzed on the Accuri6 Flow Cytometer (BD Biosciences). Analysis of 

data was performed using FCS Express version 3 (De Novo Software). 

MTT-based Viability Cells were treated and subsequently aliquoted into 96 well plates 

at a density of 20,000 cells per well.  After 24 or 48 h, media was removed and replaced 

with 10% MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) reagent 

(5mg/mL Thiazolyl Blue Tetrazolium) in normal growth media and incubated for 15-60 

minutes at 37 
°
C. After incubation, media was removed and 200 µL of DMSO was added 

per well to dissolve formazan crystals. Absorbance was measured at 595 nm and 650 nm 

using spectrophotometer microplate reader (Molecular Devices, USA).  

CellTiter-Glo® Assay Cells were grown on 96 well plates at a density of 20,000 

cells/well or 1x10
5
 cells/well for NHAs. After indicated recovery time, media was 
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removed and replaced with a 1:1 mixture of normal growth media and CellTiter-Glo® 

(Promega), which incubated at room temperature for 10 minutes in the dark. The 

resulting solution was mixed, transferred to Thermo Scientific™ Microtiter™ 

Microlite™ White Strip Plates, and total luminescence was measured via the Tecan 

GENios microplate reader.  

Water bath heating Cells were suspended in normal growth media at a concentration of 

200,000 cells/mL in a sterile plastic vial and were heated in a circulating water bath 

(Thermo-Fisher) at specified temperatures for 15 minutes. After heating, cells were 

plated in 96-well plates at a density of 20,000 cells/well. After 2 day recovery in normal 

growth conditions, MTT assay (see above) was performed to determine viability. 

Photothermal heating To determine the heating efficacy of MWCNTs, various types of 

MWCNTs at a concentration of 100 μg/ml were suspended in dye free DMEM (Gibco) 

then transferred to triplicate wells on a 48-well tissue culture plate (Falcon). Next, 

samples in each well were exposed to a 970 nm diode laser (K-laser, USA) for 0-60 

seconds using a 3 watt continuous wave beam with an area of 1 cm
2
. Pre- and post-NIR 

temperatures of wells were determined via thermocouple (Fluke). Temperature change as 

a function of laser exposure time was used to determine the duration of laser exposure 

time needed to achieve the necessary temperature ranges for our heating model. For all 

cell culture experiments, specific temperatures were verified in parallel, cell free wells 

receiving equivalent treatments. Cells were trypsinized, washed in PBS, then suspended 

in 300 μL of a 100 µg/mL DSPE-PEG-MWCNT solution in dye free DMEM then 

transferred to sterile wells of a 48-well tissue culture plate at a cell density of 1-2 x 10
5
 

cells per well, and exposed to NIR as above. Triplicate samples were prepared for each 
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condition. 10 minutes after NIR exposure, cells were then pelleted, washed in DMEM, 

and re-plated into triplicate wells of 96-well tissue culture plates with a density of 20,000 

cells per well for subsequent viability analysis using the MTT assay after a 2 day 

recovery. For treatment of cell monolayers, adherent U87 cells (20,000 cells/well in a 48 

well plate) were incubated with 0, 5 or 10 µg/mL 2% DSPE-PEG MWCNTs overnight. 

Cells were washed with PBS to remove excess MWCNTs, and 500 µL of dye free 

DMEM was added to the wells. Wells were exposed to NIR as above for 0-180 s. After 

heating, dye free DMEM was replaced with fresh, complete media. Cell viability was 

assessed by CellTiter-Glo® Promega 24 h after laser exposure. All experiments were 

repeated 2-3 times to verify results. 

Treatment of GBM Spheroids U87 cells were added to low adherence, round bottom 

wells in a 96 well plate at a density of 4,000 cells/well and allowed to recover for 4 days 

without perturbation. For one set of experiments, spheroids were transferred to low 

adherence, 6 well plates and incubated for 24 h with 100 µg/mL 2% DSPE-PEG 

MWCNT in growth media. The spheroids were washed with PBS to remove excess 

MWCNTs, and groups of 4-6 spheroids per treatment condition were transferred to 48-

well tissue culture plate and exposed to NIR as above for 0-300 s. For other experiments, 

groups of 4 spheroids were transferred to 48 well plates and suspended in 500 µL of dye 

free DMEM alone or containing 20 µg/mL 2% DSPE-PEG MWCNT and exposed to NIR 

as above for 0-90 s without removing the MWCNTs. Spheroids were then washed in PBS 

and transferred to 6 well plates in growth media with 4-6 spheroids per well. Media was 

changed every 2-3 days. Spheroid size was monitored over time and photographed using 

Invitrogen™ EVOS™ FL Auto Imaging System (Thermo Fisher).   Spheroid area was 
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quantified using Image J software (https://imagej.nih.gov/ij/). Briefly, regions of interest 

corresponding to individual spheroids were identified and total area in each region (in 

pixels) was calculated. 

Western Blot Analysis Lysates were collected using triton lysis buffer (20 mM Tris-

HCl, 5mM EDTA, 1% Triton-X 100, pH 8.3) supplemented with 1% Halt
TM

 Protease & 

Phosphatase Inhibitor Cocktail (78440, Thermo Scientific). Protein concentration was 

determined for each sample using a Bicinchoninic acid (BCA) protein assay kit (Thermo-

Fisher/Pierce). Next, 10-30 µg of protein lysate were subjected to sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) on a 12% Ready Gel® Tris-HCl gels 

(161-156, Bio-Rad) and transferred to nitrocellulose (Bio-Rad). Membranes were 

blocked with 5% milk solution in tris-buffered saline (TBS) with 1% Tween 20 (P1379, 

Sigma-Aldrich) for 30 minutes. Blots were probed with antibodies diluted in 5% BSA or 

5% milk. Primary phospho-HSF1 (S326) antibody (1:1000) was purchased from Abcam. 

Antibodies were purchased from Cell Signaling Technology and diluted to the following 

concentrations: HSF1 (1:1000), HSP90 (1:5000), HSP70 (D69) (1:1000), HSP27 (G31) 

(1:1000), β-actin (13E5) (1:5000), GAPDH (1:2000). HRP-conjugated secondary 

antibodies were diluted 1:1000 (for pHSF1, HSF1, HSP70 and HSP27) and 1:10,000 (for 

HSP90, β-actin, and GAPDH) in 5% milk. Membranes were developed using 

SuperSignal® West Pico Chemiluminescent Substrate (Thermo Scientific). Densitometry 

was performed in Image J. Membranes were stripped using Restore
TM

 PLUS Western 

Blot Stripping Buffer (46430, Thermo Scientific) according to the manufacturers 

recommendations and re-probed as described above. 
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Induction of HSR For quantification of the effect of MWCNTs on HSP expression, 

adherent U87 cells were treated overnight (~18 hr) with increasing concentrations (0-100 

µg/mL) of 2% DSPE-PEG MWCNT in normal growth media. After incubation, nanotube 

solution was removed and normal growth media warmed to 43 °C was added. Cells were 

then placed in an incubator set at 43 °C, 5% CO2 for one hour, then whole cell lysates 

were collected according to methods described above. To induce a protective HSR, 

adherent U87 cells treated with growth media warmed to 43 °C then placed in a 43 °C 

incubator for one hour as above.  Afterward, the cells were allowed to recover for 5 h. 

Cell lysates were then extracted for immunoblot studies, or cells were used for 

photothermal and water bath heating experiments as described in the text. To induce a 

HSR via 17-DMAG, cells were treated with 1 µM 17-DMAG for 5 h. To inhibit a 17-

DMAG-induced HSR, cells were pretreated with 10 µM KRIBB11 30 min prior to 17-

DMAG treatment and remained on during the entire duration of 17-DMAG treatment. 
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RESULTS 

Rational design of MWCNTs for convection enhanced delivery In order for CNMTT to 

achieve sufficient ablative temperatures within the entire target lesion, MWCNTs must be 

readily delivered throughout the tumor volume. Aggregation of MWCNTs in biologic 

settings limits their diffusion and must be addressed
19

.  Modifications to MWCNTs 

surfaces that may increase their colloidal stability include acid oxidation and surfactant 

coating, which also influence biodistribution, toxicity
9
 and may affect particle diffusion 

and optical-thermal properties. To determine an optimal particle that would yield 

sufficient diffusion while still maintaining heating properties, we investigated the effects 

of different types of surface functionalization on toxicity, colloidal stability, diffusion, 

and heating of MWCNTs.  

For these studies, MWCNTs with an initial size of 8-15 nm in diameter and 0.5-2 μm in 

length were acid oxidized and base washed to remove contaminants, shorten the 

MWCNTs, and introduce carboxyl groups to their surface. As we previously reported, 

these MWCNTs were generally 100-200 nm in length and retained diameters of 8-15 

nm
35

. MWCNTs were then dispersed by sonication in water (uncoated) or an aqueous 

solution of 2% weight/volume (w/vol) distearylphosphatidylethanolamine-polyethylene 

glycol5000 (DSPE-PEG). Acid oxidized MWCNTs were dispersed by sonication in water 

or various surfactants (1% w/vol Pluronic F-127, 1% w/vol DSPE-PEG, or 2% w/vol 

DSPE-PEG) and we assessed the effects of the different coatings on particle size and 

dispersion stability.  The hydrodynamic diameter and ζ-potential of the various 

dispersions were measured by dynamic light scattering immediately following suspension 

in water or PBS. In water, all four preparations exhibited monomodal size distributions 
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with similar mean (Z-average) hydrodynamic diameters ranging from 150-190 nm (Table 

I). The differences likely were due to variations in placement of each sample within the 

bath sonicator, which is known to affect CNT size
36

. An increase in the hydrodynamic 

diameter of a particle can be indicative of increased aggregate formation and decreased 

stability in solution. Notably, all three types of surfactant coated MWCNTs did not 

aggregate in phosphate buffered saline (PBS) but the uncoated MWCNTs did as indicated 

by an increase in hydrodynamic diameter from 151 nm in water to 533 nm in PBS (Table 

I). Initial measurements were taken within 5 minutes following dilution in water or PBS. 

Subsequent DLS measurements indicated that all coated MWCNTs remained in stable 

suspension without aggregation for months (not shown).  In contrast, uncoated MWCNTs 

precipitated after overnight storage in PBS. The ζ-potential indicates the separation of 

charge between the surface of a particle and the surrounding media, influences the 

stability of particles in dispersion, and dictates the interaction of the nanoparticles with 

charged molecules. Among the three different coatings, 2% DSPE-PEG provided the 

most charge shielding as indicated by the 23 mV shift in ζ-potential compared to 

uncoated MWCNTs (-27.9 mV in  2% DSPE-PEG vs. -51.6 mV for uncoated 

MWCNTs). More neutral particles may be desirable for in vivo use since they are less 

likely to interact with other charged species. 

We then investigated the convection of the different MWCNT suspensions in ECM. To 

do this, 500 μl of 100 μg/ml dispersions of surfactant coated or uncoated MWCNTs were 

infused via a catheter at a rate of 2 µl/min into 0.6% w/vol agarose gels (Fig. 1A). 

Similar hydrogels are commonly used as brain ECM mimicking phantoms for CED 

studies
37

. The resulting volume of distribution of the MWCNTs into brain phantoms was 



 58   
 

qualitatively (Fig. 1B) and quantitatively (Fig. 1C) monitored. Substantial backflow up 

the catheter track was observed following infusion of uncoated MWCNTs. 1% DSPE-

PEG coating of MWCNTs further increased the diffusion of nanotubes in brain phantoms 

compared to uncoated and Pluronic F127 coated MWCNTs, and increasing the 

concentration of DSPE-PEG from 1% to 2% in the MWCNT dispersion solution yielded 

the largest distribution volume.  Notably, 2% DSPE-PEG MWCNTs diffused 4-5 mm 

away from the infusion site in all directions, producing a near spherical distribution. In 

contrast, all other MWCNT preparations diffused no more than 2 mm below at laterally 

to the catheter, with most diffusing back along the catheter track. 

Engineering of MWCNTs to overcome delivery constraints must be balanced with 

maintaining the capacity to generate heat in response to NIR. Therefore, the effect of 

different coatings on the heating properties of MWCNTs was investigated. Increasing 

concentrations of uncoated, 1% Pluronic, 1% DSPE-PEG, or 2% DSPE-PEG MWCNTs 

were exposed to a 970 nm diode laser (3 W/cm
2
; 30 s) and temperatures of the solutions 

were determined via thermocouple.  All MWCNT suspensions exhibited similar heating 

curves with a dose dependent increase in temperatures with increasing MWCNT 

concentration (Fig. 1D). These findings suggest that 2% DSPE-PEG MWCNTs exhibited 

the best combination of stability in physiologic solution, increased diffusion, and 

maintained sufficient heating properties to achieve ablative temperatures at modest 

concentrations and laser power/duration.  

Evaluation of cytotoxic and heat shock responses in GBM cells following exposure to 

MWCNTs The cytotoxicity of MWCNTs in various coatings (uncoated; 1% w/vol 

Pluronic F-127, 1% w/vol DSPE-PEG, or 2% w/vol DSPE-PEG) was assessed in three 
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GBM cell lines (U87, U373, and D54) and normal human astrocytes (NHA) following 24 

or 48 h exposures. As a measure of cell viability, ATP was quantified using the CellTiter-

Glo assay. To avoid interference of MWCNTs with luminescence measurements, cell 

lysates were centrifuged to pellet MWCNTs and luminescence was quantified only in the 

supernatants. As shown in figure 2A, 1% and 2% DSPE-PEG MWCNTs exhibited 

similar cytotoxicity profiles after 24 h treatment and were significantly more cytotoxic 

than uncoated or Pluronic F127 coated MWCNTs to all cell lines. Similar results were 

observed after 48 h treatment (Supplemental Figure S1). Despite their cytotoxicity, only 

2% DSPE-PEG MWCNTs exhibited a suitable diffusion profile for in vivo delivery by 

CED, and therefore we focused on these tubes for subsequent studies. 

To determine if the reduced viability of GBM and NHA treated with 2% DSPE-PEG 

MWCNTs was due to cell death or growth inhibition, cells treated with 2% DSPE-PEG 

MWCNTs were co-stained with propidium iodine (PI) and Annexin V (AnnV) and 

staining was quantified by flow cytometry (Fig. 2B). This analysis allows discrimination 

between viable cells (PI- and AnnV-; lower left quadrant), early apoptotic cells (PI- and 

AnnV+; lower right quadrant), late apoptotic/necrotic cells (PI+ and AnnV+; upper right 

quadrant), and necrotic cells (PI+ and AnnV-; upper left quadrant). The percentage of 

cells exhibiting each phenotype is shown quantitatively in figure 2B. U373, D54, and 

NHAs exhibited similar cytotoxicity profiles in response to 24 hour treatment with 2% 

DSPE-PEG MWCNTs, while U87 cells were less sensitive.  From these data, it is 

apparent that 2% DSPE-PEG MWCNTs induce both apoptosis and necrotic cell death. 

The lack of a difference in the cytotoxicity of MWCNTs toward GBM cells as compared 

to NHAs is of concern for in vivo applications. However, it is important to note that in 
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contrast to the GBM cell lines, which are immortalized, the NHAs used for this study 

were not transformed and have a limited lifetime on plastic. The flow cytometry data 

indicate that almost 30% of the starting population of NHAs is undergoing apoptosis or 

necrosis prior to MWCNT exposure, and thus in vitro measurements may overestimate 

the sensitivity of these cells to nanotube exposure. Nonetheless, the risk of nanotube 

cytotoxicity toward normal tissue emphasizes the importance of using local infusion 

techniques like CED to confine MWCNTs to the tumor volume.  

In addition to cytotoxicity, some types of nanoparticles, including CNTs, have been 

reported to induce the HSR
38, 39

, while others report that CNTs can reduce the expression 

of some HSPs
40

. We therefore investigated the HSR after overnight treatment of U87 

with increasing concentrations of 2% DSPE-PEG MWCNTs. Extracted cell lysates were 

immunoblotted and no change in phosphorylation indicative of HSF1 activation was 

detected, nor were there changes in expression of total HSF1, HSP27 or HSP90 after 2% 

DSPE-PEG MWCNT treatment (Fig. 3A). HSP70 was not detected under these 

conditions (data not shown). Additionally, prior exposure of U87 cells to 2% DSPE-PEG 

MWCNTs did not alter the ability of cells to phosphorylate HSF-1 following incubation 

at 43 °C for 1 h.  Taken together, these data suggest that 2% DSPE-PEG MWCNTs do 

not affect the HSR in GBM cells.  

Determination of the relative sensitivity of GBM cell lines to water bath heating and 

CNMTT Initially, we quantified basal protein levels of HSPs in three GBM cell lines 

(U87, U373, and D54) by immunoblotting (Fig. 3B). We found that expression of 

HSP90, HSP70, and HSP27 was similar across all cell lines. Next, we determined the 

relative sensitivity of the three GBM cell lines to a model of conventional heating 



 61   
 

(incubation for 15 min between 43 and 49 °C in a circulating water bath) or following 

CNMTT (2% DSPE-PEG MWCNT (100 μg/ml) combined with NIR laser exposure (3 

W/cm
2
 for 20-40 s depending upon target temperature)) as previously described

11
 (Fig. 

3C, D). Cells were treated in suspension and the entire volume of MWCNT-containing 

media was heated to the indicated temperature. We and others previously demonstrated 

that heating of nanoparticles dispersed across a tumor volume under conditions typically 

used clinically for thermal ablation produces an overall temperature rise that is far greater 

than the localized temperature increase near each particle
12, 41

. Therefore, these 

experimental conditions are designed to mimic the bulk heating of a tumor, rather than 

selective heating of individual tumor cells.  Due to variations in the temperatures 

achieved in triplicate wells following CNMTT, a temperature range is shown. Sub-

ablative temperatures are used to mimic the exposure of tumor cells at the margin of the 

treatment area which might not be exposed to lethal ablative (>50 °C) temperatures.  As 

expected, cell viability decreased with increasing temperature. U87 and U373 showed 

similar responses to water bath heating, while D54 cells were more tolerant (Fig. 3C).  

All cell lines exhibited similar sensitivity to CNMTT (Fig. 3D).  

Evaluation of the efficacy of water bath heating and CNMTT following induction of a 

heat shock response in GBM Recently, we showed that CNMTT can overcome basal 

thermotolerance due to high expression of HSP90 in stem cell-like breast cancer
11

, 

indicating that CNMTT may be effective for treatment of inherently heat resistant 

cancers. However, it is unknown if CNMTT could overcome the protective effects of an 

induced heat shock response. HSP90 is overexpressed in many GBMs, and HSP90 

inhibitors are being tested for GBM treatment 
42, 43

. HSP90 inhibitors may induce 
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compensatory expression of other HSPs through an HSF1 mediated feedback mechanism. 

HSP90 acts as a chaperone for HSF1and upon HSP90 inhibition, HSF1 is released from 

its complex with HSP90, ultimately leading to transcription of other HSF1 targets
44, 45

.   

To induce a transient HSR, U87 cells were heated at 43 °C
 
 for 60 min then allowed to 

recover for 4 h. Western Blot analysis confirmed that the HSR was activated, as indicated 

by an increase in of HSP70 (Fig. 4A). We also tested to see if treatment of U87 cells with 

HSP90 inhibitor 17-(dimethylaminoethylamino)-17-demethoxygeldanamycin (17-

DMAG) resulted in activation of the HSR. Five hours after treatment of cells with 17-

DMAG, HSP70 was induced at levels similar to those found following 43 °C exposure 

(Fig. 4A). Treatment with KRIBB11, an HSF1 inhibitor, was sufficient to mitigate 

HSP70 induction by 43 °C or 17-DMAG, confirming that HSP70 induction was HSF1-

mediated. Treatment with 17-DMAG under these conditions was non-cytotoxic to the 

cells (Supplemental Fig. S2). We further investigated if the HSR induced by 43 °C or 

17-DMAG exposure induced thermotolerance. Cells pre-exposed to 43 °C for 1 hr, which 

increased HSP70 expression, were more tolerant to subsequent conventional water bath 

heating and CNMTT than cells receiving no pre-treatment (Fig. 4B,C). Similarly, 

pretreatment with 17-DMAG, which also increased HSP70 expression, increased 

thermotolerance of U87 cells to both water bath and CNMTT (Fig. 4D,E).  

A previous report indicated that the chemotherapeutic agent temozolomide (TMZ) 

significantly increased HSP levels in GBM cells that survived initial treatment
46

. Because 

most GBM patients will receive TMZ as part of their therapy, we pretreated U87 cells 

with TMZ (50 μM) for 48 h. We did not detect an increase HSP expression following 

TMZ treatment, though a modest decrease in HSP27 was noted in U87 cells treated with 



 63   
 

DMSO, the vehicle for TMZ (data not shown). Surviving cells were then subjected to 

water bath heating or CNMTT. Following heating by water bath or CNMTT, cells 

surviving TMZ responded similarly to untreated controls with no significant differences 

detected between groups (p > 0.1 for all comparisons as indicated by ANOVA) 

(Supplemental Fig. S2). These results indicate that TMZ treatment does not influence 

the efficacy of subsequent thermotherapy, but a sublethal heat or chemically-induced 

HSR can render U87 cells resistant to subsequent thermal therapies.  

Treatment of three dimensional GBM spheroid cultures by CNMTT To this point our 

studies focused on the ability of MWCNTs to generate heat within a macroscale volume. 

However, several reports exist that describe the capacity for MWCNTs and other NIR 

absorptive nanoparticles to significantly increase the efficacy of photothermal therapy 

versus NIR alone at the cellular level without generating macroscale ablative 

temperatures, a phenomenon known as selective photothermolysis
9
. To recapitulate this 

phenomenon in cell monolayers, adherent U87 cells were sequentially treated with 2% 

DSPE-PEG MWCNTs for 24 h, washed to remove extracellular MWCNTs, and then 

exposed to NIR. To minimize cytotoxicity due to MWCNTs, only low doses (5 or 10 

μg/ml) were used. Consistent with previous reports using this model
14

, both 5 and 10 

μg/ml MWCNT-treatment significantly increased cell death compared to NIR alone 

(Supplemental Fig. S3). However, cell monolayers fail to recapitulate the more complex 

interactions between cells organized into a tissue, which is known to affect the response 

of cancer cells to therapy
34

 including photothermal treatment
47

. In addition, cell 

monolayers lack the ability to mimic barriers to nanoparticle delivery such as diffusion 

through extracellular space. We therefore evaluated the efficacy of CNMTT for the 
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treatment of U87 cells grown in a three dimensional format as multicellular tumor 

spheroids.  

Tumor spheroids were incubated with 2% DSPE-PEG MWCNTs for 24 h to allow time 

for the nanotubes to diffuse through the spheroids and be taken up by the cancer cells. 

After washing to remove excess MWCNTs, some spheroids were fixed and sectioned for 

imaging by transmission electron microscopy (TEM) and others were exposed to NIR 

and spheroid growth was monitored over time (shown schematically in figure 5A). TEM 

images (Fig. 5B) confirmed that the nanotubes penetrated throughout the interior of the 

spheroids, and were detected at depths of over 100 μm. This is the first time the 

penetration of MWCNTs into a tumor spheroid has been observed by TEM. Although 

intracellular nanotubes were abundant, the majority of the particles appeared to remain in 

the extracellular space. Exposure to NIR for 90-120 s, with or with nanotubes under 

conditions that resulted in increased cell death for nanotube treated cells in a monolayer, 

failed to inhibit the growth of GBM spheroids (Fig. 5C) and no significant differences in 

spheroid growth were found following any treatment (Fig. 5D).  This result shows that 

internalization of nanotubes can result in increased efficacy of photothermal therapy in a 

cell monolayer, but under similar irradiation conditions, does not increase efficacy of 

NIR treatment in a three dimensional spheroid model.  Increasing the duration of laser 

exposure to 180 s or greater raised the temperature of the surrounding media to more than 

60
 
°C. Under this longer irradiation, the bulk heating of the media dominated by the laser 

was sufficient to cause cell death, and the presence of MWCNTs within the GBM 

spheroids did not increase treatment efficacy compared to NIR alone (Supplemental Fig. 

S4). However, in a clinical setting using currently available lasers  it is likely that 
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nanoparticles distributed throughout a tumor will significantly increase the bulk heating 

of the tumor and not confine treatment to individual tumor cells
12

. Therefore, we assessed 

the effect of heating MWCNTs dispersed throughout the media on the growth of GBM 

spheroids (shown schematically in figure 6A). Following NIR exposure (3 W/cm
2
; 90 s), 

laser energy alone was not sufficient to stall growth of GBM spheroids and only reached 

temperatures of 42-43 °C (Fig. 6B). In contrast, when the spheroids were similarly 

irradiated in the presence of 20 µg/mL 2% DSPE-PEG MWCNT, the media temperature 

increased to 55-59 °C and the GBM spheroids failed to grow. Growth of tumor spheroids 

following this treatment is shown quantitatively in figure 6C.  
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DISCUSSION 

Despite numerous proof-of-principle studies demonstrating the efficacy of CNMTT for 

treatment of GBM and other tumors in vitro and in animal models
9
, CNMTT needs to 

show a clear advantage over other forms of thermal therapy prior to clinical translation. 

The key to success will be to localize CNTs throughout the tumor volume, which will 

enable the promised improvements in the rate, quantity and confinement of heat 

deposition. The efficacy of CNMTT for treatment of GBM also must be balanced with 

the toxicity risk. Additionally, it is necessary to understand the potential mechanisms of 

resistance to CNMTT and to determine the possible impact of resistance on this 

treatment. A major challenge to treatment of brain tumors is inaccessibility and risk of 

damage to the normal brain. Local infusion of therapeutics into the brain is possible using 

catheter based approaches to drug delivery, but this requires that nanoparticles be 

specifically designed for this purpose. In our studies, we show that acid oxidation and a 

dense coating of DSPE-PEG on MWCNTs allows for better diffusion through brain 

phantoms while maintaining the ability to achieve ablative temperatures after laser 

exposure.  The innovation of this work lies in the application of a rational development 

process that allows us to generate MWCNTs with specific physicochemical 

characteristics designed to maximize intratumoral dissemination and heat generation 

while minimizing cytotoxicity. The assay cascade established here may serve as a model 

to accelerate the development of nanotherapeutics for brain tumors.  We also show that 

CNMTT can be far more effective than NIR alone in inhibiting growth of GBM 

spheroids, a model for tumor treatment which may be more predictive of clinical outcome 

than monolayer studies
34, 47

. Activation of the protective HSR following exposure to sub-
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ablative temperatures or HSP90 inhibitor, 17-DMAG, renders U87 cells thermotolerant to 

both water bath heating and CNMTT. These data provide pre-clinical insight into key 

parameters needed for translation of CNMTT including nanoparticle delivery, 

cytotoxicity, and efficacy for treatment of thermotolerant GBM. 

Delivery of nanoparticles to tumors larger than 1 cm in diameter represents a major, 

under-investigated need for biomedical use of nanomaterials
9
, and is a central challenge 

to treatment of GBM. We postulated that a homogeneous distribution of CNTs could be 

achieved using CED.  At present, clinical applications of CED for delivery of 

chemotherapeutics to GBM tumors are limited, but advances in catheters and image-

guided drug delivery are beginning to facilitate its wider use
48

. Positive indications for 

use of CED for CNTs include: (i) CNTs can be synthesized with diameters (<30 nm) far 

smaller than the estimated pore size in the extracellular matrix (ECM) of many tumors
49-

51
; (ii) CNTs tend to align parallel to the direction of fluid flow

52
; and (iii) as we show, 

their diffusion can be enhanced by selectively tuning their surfaces to the physical 

properties of porous media like the ECM. The slow infusion parameters used in our 

studies were in line with CED techniques that are currently used in the clinic. In 

agreement with recent studies showing that a dense PEG coating improves the passive 

diffusion of large polymeric nanoparticles in brain tissue
53

, we also find that dense PEG 

coating greatly enhances the transport of MWCNTs in brain phantoms following CED. 

Our results are consistent with a recent report that indicates that the intercellular diffusion 

rate for nanotubes is anomalously high for their size and is comparable to molecules with 

molecular weights 10000-fold lower
54

. This is likely due to the high aspect ratio of the 
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nanotubes which allows them to align along their narrow axis and pass through small 

pores that may restrict the passage of globular macromolecules of similar mass. 

Use of CNTs for treatment of GBM requires bypassing the body’s natural defenses, and 

toxicity is a key concern.  Each change in particle design has the potential to generate 

novel toxicological properties. Therefore, we investigated the cytotoxic responses of 

NHAs and GBM cells following exposure to acid oxidized MWCNTs dispersed in 

various coating/surfactant solutions. Our results indicate that both 1% and 2% DSPE-

PEG MWCNTs are cytotoxic at modest concentrations toward NHA and GBM cell lines. 

Precisely why the DSPE-PEG coating increased the cytotoxicity of the MWCNTs 

relative to uncoated or Pluronic F127 coating is unknown. This is of significant concern 

for clinical translation of CNMTT, especially in comparison to the use of less toxic NIR 

absorptive gold nanoparticles for similar applications
55

. However, when cells were grown 

as three dimensional spheroids rather than as monolayers, MWCNTs appeared to have no 

effect on growth and thus their toxicity may be highly context dependent. It is notable 

that despite the increased toxicity we find in vitro for DSPE-PEG coated MWCNTs 

relative to uncoated or Pluronic F127 coated MWCNTs, both acid-oxidation and DSPE-

PEG-coating have been shown to mitigate acute CNT toxicity in vivo
19, 35

. A growing 

body of evidence suggests the existence of multiple in vivo biodegradation mechanisms 

for CNTs
56, 57

, and that CNTs can safely be used in the brain
20, 58-60

. Once introduced to 

the brain, MWCNTs that are not taken up by cancer cells may be cleared by microglia
17, 

61
.  Upward of 70-80% of MWCNTs injected into glioma bearing mice have been shown 

to be taken up by microglia
18

. Several reports indicate that CNTs can be enzymatically 

digested by various cellular peroxidases
62-64

 or other reactive oxygen species mediated 
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pathways
57, 65

. Importantly, even partial enzymatic degradation of MWCNTs can 

substantially reduce their toxicity
63

, which may reduce the long-term exposure risk due to 

MWCNTs remaining in the brain after photothermal therapy. In addition, increased 

malignant cell binding and uptake of MWCNTs can be achieved with the addition of 

cancer cell-specific ligands which can increase the efficacy of CNMTT
66, 67

 and be used 

to target the brain tumor initiating cells thought to be responsible for disease recurrence
67

.  

Despite toxicity concerns, CNMTT offers several advantages over gold nanoparticle-

based therapy.  Some estimates indicate that CNTs can ablate tumors at 10-fold-lower 

doses and 3-fold-less power than is needed for gold nanorods
68

, though direct 

comparisons are difficult to make. CNTs can be used to generate ablative temperatures in 

tumors without deforming after NIR exposure, allowing multiple heat cycles
69

. In 

contrast, gold nanoparticles become deformed following heating, which reduces the 

efficacy of subsequent heating cycles
70

. The broad electromagnetic absorbance spectrum 

of CNTs provides great versatility to tailor size, shape, and surface properties to optimize 

the tissue distribution of CNTs without a significant loss in thermal conversion 

efficiency
9
. This is also a significant advantage over plasmonically heated gold 

nanoparticles for which the excitation spectra are highly dependent upon the size and 

shape of the particles
71

.   

In the absence of nanomaterials, reaching ablative temperatures is achievable in the 

region closest to the laser, but the ability to achieve ablative temperatures is lessened 

farther from the source 
4
. For laser induced thermal therapy, extended heating times are 

needed to increase the treatment area, but greater heat diffusion and convective cooling 

due to blood flow leads to heterogeneous delivery of heat, decreased treatment efficacy, 
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and damage to surrounding tissue
12

.  Using both theoretical and experimental data for 

heating MWCNTs embedded in brain phantoms, we previously showed that currently 

available clinical lasers and nanoparticle delivery strategies do not permit the cellular 

level of heat confinement that would be needed to achieve cell level selectivity of 

photothermal therapy.
12

 It is our belief that in the near term, nanomaterials will offer the 

greatest benefit as compared to laser heating alone by permitting more rapid heat 

deposition, which in turn will lead to more spatially confined heat delivery due to 

reduced thermal diffusion. This will lead to less collateral damage to surrounding tissue.  

Thus, the temporal confinement of heat offered by CNMTT provides “selectivity” for 

tumor treatment by increasing the localization of heat to the volume of tumor into which 

the nanomaterial has been infused. At the margin of the treatment area, GBM cells may 

be exposed to sub-ablative temperatures which are not always sufficient to induce tumor 

cell death, and can lead to activation of HSR pathways in the surviving tumor cells within 

this zone, decreasing the efficacy of subsequent therapy. We find that sub-lethal heating 

of U87 cells results in thermotolerance and protects against both CNMTT and water bath 

heating. The potential for induction of thermotolerance at the margin of tumors due to 

incomplete treatment should be considered when planning treatment schedules. 

HSP90 inhibitors are being explored for cancer treatment
72

, and therefore understanding 

their potential interaction with thermal therapies could lead to novel combinatory 

treatments. In this study, we investigated the changes in efficacy of thermal therapies 

after treatment with the HSP90 inhibitor, 17-DMAG. We find that all methods of heating 

become less effective after treatment with a non-toxic dose of 17-DMAG due to a 

compensatory HSR mediated by transcriptional activity of HSF1. The mechanisms of the 
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HSR and thermotolerance are multifactorial and the response of cancer cells to thermal 

therapy is dependent upon factors including temperature, duration of heat exposure, 

HSF1 activity and HSP expression, and cell type
29, 32

. Further investigation will be 

needed to identify any underlying differences between CNMTT and conventional heating 

that could be exploited to enhance GBM treatment with HSP90 inhibitors. 

 

CONCLUSIONS 

 Taken together, these data offer pre-clinical insight into key parameters needed for 

translation of CNMTT including nanoparticle delivery, cytotoxicity, and treatment 

efficacy for GBM. We provide an optimal MWCNT design which greatly improves 

diffusion in brain-ECM-mimicking hydrogels and offer a greater understanding of how 

heat resistant cells and tumor cells that have received prior treatment respond to CNMTT. 

The greatest benefit of nanomaterials for laser ablation therapy in the near term likely 

will not be as a result of selective killing of individual cancer cells, but rather due to their 

capacity to efficiently and rapidly convert NIR into heat. As we previously showed, the 

more rapid deposition of heat following equivalent NIR exposure that is enabled by 

MWCNTs leads to higher peak temperature and a more homogenous distribution of 

ablative temperatures throughout the tumor lesion and minimizes collateral damage to 

surrounding normal cells and tissues due to thermal diffusion
12

. Moreover, while it may 

be possible to localize nanoparticle heating to individual cells under some conditions
73-75

, 

the necessary lasers are not currently available for routine clinical use. Thus, as 

demonstrated by our studies using tumor spheroids, NIR irradiation of nanoparticles 

distributed throughout the tumor volume (rather than confined only to tumor cell nodules) 
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allows for more rapid heating of the tumor volume than NIR alone. This in turn will 

reduce thermal diffusion and confine heat to the tumor for more effective tumor ablation 

than NIR alone. These results may assist in the development of new strategies for 

treatment of non-resectable brain tumors and tumors that are resistant to current 

therapeutic modalities.  
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FIGURES  

 

Figure 1. Assessment of structure−activity relationships for MWCNTs modified by acid 

oxidation and coating with various surfactants. (A) Acid oxidized MWCNTs dispersed 

in surfactants were infused at a rate of 0.2 μL/min via a catheter inserted 15 mm below 

the surface of a 0.6% agarose brain-mimicking hydrogels using a micromanipulator to 

place the catheter and an infusion pump to regulate flow as shown. (B) Representative 

images illustrating the effect of the coatings on the distribution of the MWCNTs in the 

hydrogels after infusion of MWCNT dispersions are shown as follows: (1) uncoated, (2) 

1% Pluronic, (3) 1% DSPE-PEG, (4) 2% DSPE-PEG. The depth at which the catheter 

was placed is indicated by the dashed line. (C) Hydrogels infused with MWCNTs were 

bisected along the midline and photographed as shown on the left in each panel. The two 

halves were placed back together and transverse sections were made at the points 

indicated by the white dashed lines. An image of each transverse section is shown on the 

right of each panel. (D) Increasing concentrations of MWCNTs dispersed in surfactants 

were exposed to a 970 nm diode laser at 3 W/cm
2
 for 30 s. Temperatures of the MWCNT 

suspensions were determined via thermocouple immediately after laser exposure. 
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Figure 2. Evaluation of the cytotoxicity induced by MWCNTs modified by acid oxidation 

and coating with various surfactants. (A) U87, U373, and D54 GBM cells, or NHA cells 

were treated for 24 h with increasing doses of acid-oxidized MWCNTs dispersed in the 

indicated surfactants. After 24 h, cells were lysed, pelleted, and the supernatant was analyzed 

for ATP content as a measure of cell viability using the CellTiter-Glo assay. Samples were 

prepared and measured in sextuplicate and are displayed as the mean ± standard deviation of 

each measurement. Significant differences in viability between cells treated with 1 or 2% 

DSPE-PEG coated MWCNTs and uncoated or Pluronic F-127-coated MWCNTs (determined 

by ANOVA followed by student’s T-test when appropriate) are indicated by (*, p < 0.05) or 

(**, p < 0.01). (B) U87, U373, and D54 GBM cells or NHA cells were treated for 24 h with 

2% DSPE-PEG MWCNTs (50 μg/mL). Cells were costained with propidium iodide and 

Annexin V and then evaluated by flow cytometry. The percentages of cells characterized as 

viable (lower-left quadrant), early apoptotic (lower-right quadrant), late apoptotic (upper-

right quadrant), and necrotic (upper-left quadrant) are shown within each quadrant. At least 

10 000 cells were counted for each measurement and the experiments were repeated 2−3 

times for each cell line with similar results. 
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Figure 3. Quantification of heat shock protein expression and response of GBM cells 

to thermal therapies. (A) Adherent U87 cells were treated with increasing concentrations 

of 2% DSPE-PEG MWCNTs overnight. To determine if the nanotubes influenced 

activation of the heat shock response, half of the cells were subsequently exposed to 43 

°C for 1 h. Whole cell lysates were collected and probed for proteins involved in the heat 

shock response via Western blot analysis. GAPDH was used as a loading control. (B) 

Basal expression of heat shock proteins in U87, U373, and D54 GBM cells was assessed 

by Western blot analysis and normalized to β-actin. (C) GBM cells were heated to 

increasing temperatures (43−49 °C) in a circulating water bath to mimic conventional 

heating methods. Cells were allowed to recover for 2 days and cell viability was 

determined by MTT assay. (D) GBM cells were heated to increasing temperatures 

(44−57 °C) using CNMTT. Cells were allowed to recover for 2 days and cell viability 

was determined by MTT assay. For C and D, data are expressed as the mean of triplicate 

samples and are normalized to the unheated control for each cell line. Significant 

decreases in viability with each increase in temperature (p < 0.05) were detected for all 

cell lines. The results shown are representative of at least 3 independent experiments. 
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Figure 4. Determination of the effect of sublethal heat or chemically induced heat shock 

protein expression on thermotolerance of GBM cells. To induce the HSR, we placed U87 

cells in a 43 °C incubator for 1 h and recovered at 37 °C for 4 h, or treated with a 

combination of 1 μM 17-DMAG and 10 μM KRIBB11 for 5 h. KRIBB11 treatment occurred 

30 min prior to 17-DMAG treatment to allow sufficient time for the inhibitor to take effect. 

(A) Whole cell lysates were collected from all treatment groups and probed for HSP90, 

HSP70, or HSP27 via Western blot analysis. β-actin was used as a loading control. The HSR 

was induced in U87 cells by placement in a 43 °C incubator for 1 h and recovery at 37 °C for 

4 h as above. Cells were subsequently heated to increasing temperatures in (B) a circulating 

water bath to mimic conventional heating methods or (C) by CNMTT. The HSR was induced 

in U87 cells by treatment with 1 μM of 17-DMAG for 5 h as above. Cells were subsequently 

heated to increasing temperatures (D) in a circulating water bath or (E) by CNMTT. Cells 

were allowed to recover for 2 days after each treatment and cell viability was determined by 

MTT assay. Data are expressed as the mean of triplicate samples normalized to untreated (no 

heat and no 17-DMAG) controls. Significant differences (p < 0.05) between treatment groups 

determined by Student’s T-Test are indicated by (*). The results shown are representative of 

2−3 independent experiments per condition tested. 
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Figure 5. Imaging the diffusion of 2% DSPE-PEG MWCNTs into three-dimensional 

GBM tumor spheroids and treatment of nanotube containing spheroids by CNMTT. 

Briefly, U87 cells were grown as three-dimensional tumor spheroids and incubated 

overnight with 2% DSPE-PEG MWCNTs. The spheroids were washed, and then 

transferred to new wells for use in electron microscopy or photothermal treatment 

studies. (A) Schematic illustrating the experimental design. U87 spheroids incubated 

overnight with 2% DSPE-PEG MWCNTs were washed, fixed, embedded, sectioned, 

overlaid onto copper-coated Formvar grids and imaged by TEM. In the electron 

micrographs, (B) MWCNTs (indicated by the white arrows) can be seen penetrating 

throughout the spheroids (upper panel). A higher powered image (lower panel) of the 

highlighted area indicates that the MWCNTs are both in intracellular compartments and 

in the extracellular space of spheroids. Groups of 4−6 spheroids alone or spheroids 

incubated overnight with 2% DSPE-PEG MWCNTs then washed to remove excess 

nanoparticles were exposed to laser emitted NIR energy (3 W/cm
2
) for 0−120 s. Spheroid 

growth over time was monitored and (C) representative photomicrographs are shown. 

Individual spheroids fused into a single cluster are identified in the day 15 images. (D) 

Mean surface area per spheroid was quantified in pixels using ImageJ software. For area 

measurements, images of spheroids in addition to those shown in B were used. No 

significant differences in spheroid grow were detected between treatment groups. 
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Figure 6. Treatment of GBM spheroids by CNMTT in the presence of extracellular 2% 

DSPE-PEG MWCNTs. Briefly, U87 cells were grown as three-dimensional tumor 

spheroids. Groups of 4−6 spheroids were transferred to new wells containing 2% DSPE-

PEG MWCNTs (20 μg/mL) in the media, and were exposed to laser emitted NIR energy 

(3 W/cm
2
) for 0−90 s. After treatment, the spheroids were washed, and then transferred to 

new wells with growth media only. (A) Schematic illustrating the experimental design. 

Spheroid growth over time was monitored and (B) representative photomicrographs are 

shown. Individual spheroids fused into a single cluster are identified in the day 15 

images. (C) Mean surface area per spheroid was quantified in pixels using ImageJ 

software. For area measurements, images of spheroids in addition to those shown in B 

were used. Significant differences in spheroid grow were detected between spheroids 

treated with MWCNTs and laser for 90 s as compared to all other treatment groups 

(determined by ANOVA followed by Student’s T-test when appropriate) are indicated by 

(**, p < 0.01) or (***, p < 0.001). 
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Supplemental Figure S1. Evaluation of the cytotoxicity induced by MWCNTs 

modified by acid oxidation and coating with various surfactants. A) U87, U373, and 

D54 GBM cells or NHA cells were treated for 48 h with increasing doses of acid 

oxidized MWCNTs dispersed in the indicated surfactants. After 48 h, cells were lysed, 

pelleted and the supernatant was analyzed for ATP content as a measure of cell viability 

using the CellTiter-Glo assay. Samples were prepared and measured in sextuplicate and 

are displayed as the mean ± standard deviation of each measurement. Significant 

differences in viability between cells treated with 1% or 2% DSPE-PEG coated 

MWCNTs and uncoated or Pluronic F-127 coated MWCNTs (determined by ANOVA 

followed by Student’s T-Test when appropriate) are indicated by  (*; p<0.05) or (**; 

p<0.01). 
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Supplemental Figure S2. Evaluation of the cytotoxicity of 17-DMAG and laser 

treatment toward U87MG cells.  A suspension of U87MG cells previously were treated 

with or without 1µM of 17-DMAG for 5 hours were exposed to an NIR laser (3 W/cm
2
) 

for 39 seconds, corresponding to the longest laser exposure time (used to reach 57-59
o
C) 

in Figure 5. Cells were allowed to recover for two days after each treatment and cell 

viability was determined by MTT assay. Data are expressed as the mean of triplicate 

samples normalized to untreated (no laser and no 17-DMAG) controls. No significant 

differences (p<0.05) between treatment groups were noted. 
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Supplemental Figure S3. Temozolomide does not induce thermotolerance in U87MG 

cells. Adherent U87 cells were treated with 50 µm Temozolomide for 48 hr, followed by 

subsequent heating via A) conventional heating or B) CNMTT. After heating, cells 

recovered for 48 hr followed by MTT assay. Data is normalized to untreated unheated 

control. No significant differences (p<0.05) between treatment groups were noted.  
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Supplemental Figure S4. Cell uptake of MWCNTs prior to NIR exposure enhanced 

the efficacy of photothermal in monolayer culture but not in three dimensional cell 

culture. A) Adherent U87MG cells were treated overnight with 5 or 10 µg/mL 2% 

DSPE-PEG MWCNTs, washed of excess MWCNTs, and exposed to a 970 nm diode 

laser (3 W/cm
2
) for 0-180 s. After 24 h recovery, A) cell viability was determined by Cell 

Titer Glo assay. Data are expressed as the mean of triplicate samples normalized to 

untreated (no laser and no MWCNTs) controls. Significant differences (p<0.05) between 

treatment groups are indicated by (*). U87MG spheroids grown without B) or with C) 

12.5 µg/mL 2% DSPE-PEG MWCNTs were exposed to 970 nm diode laser at 3 W/cm
2 

for 0-300 s. Spheroid growth over time was monitored and representative 

photomicrographs are shown. 
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TABLES 

Table I: Physicochemical characterization of MWCNTs dispersed in surfactants 

 
Dispersant Uncoated 1% Pluronic 1% DSPE-PEG 2% DSPE-PEG 

Hydrodynamic 

diameter (D)/ 

Polydispersity 

index (PI) 

H
2
O 

D=151 ± 26 nm 

PI=0.31 ± 0.09 

D=189 ± 2.3 nm 

PI=0.32 ± 0.03 

D=179 ± 2.4 nm 

PI=0.31 ± 0.04 

D=176 ± 27 nm 

PI=0.31 ± 0.09 

PBS 
D=533 ± 102 nm 

PI=0.24 ± 0.03 

D=184 ± 0.8 nm 

PI=0.36 ± 0.02 

D=165 ± 2.6 nm 

PI=0.27± 0.01 

D=155 ± 20 nm 

PI=0.29 ± 0.09 

Zeta Potential H
2
O  -51.6 ± 0.8 mV -45.3 ± 1.0 mV -35.0 ± 1.9 mV -27.9 ± 0.4 mV 

D: hydrodynamic diameter; PI: Polydispersity index  
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ABSTRACT 

There is a growing interest in the use of multiwalled carbon nanotubes (MWCNTs) to 

treat diseases of the brain. Little is known about the effects of MWCNTs on human brain 

microvascular endothelial cells (HBMECs), which make up the blood vessels in the 

brain.  In our studies, we evaluate the cytotoxicity of MWCNTs and acid oxidized 

MWNCTs, with or without a phospholipid-polyethylene glycol coating. We determined 

the cytotoxic effects of MWCNTs on both tissue-mimicking cultures of HBMECs grown 

on basement membrane and on monolayer cultures of HBMECs grown on plastic. We 

also evaluated the effects of MWCNT exposure on the capacity of HBMECs to form 

rings after plating on basement membrane, a commonly used assay to evaluate 

angiogenesis. We show that tissue-mimicking cultures of HBMECs are less sensitive to 

all types of MWCNTs than monolayer cultures of HBMECs. Furthermore, we found that 

MWCNTs have little impact on the capacity of HBMECs to form rings.  Our results 

indicate that relative cytotoxicity of MWCNTs is significantly affected by the type of cell 

culture model used for testing, and supports further research into the use of tissue-

mimicking endothelial cell culture models to help bridge the gap between in vitro and in 

vivo toxicology.  
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INTRODUCTION 

Carbon nanotubes (CNTs) are a heterogeneous class of nanomaterials that consist of 

sheets of sp
2
 hybridized carbon formed into single- or multi- walled tubes (termed 

SWCNTs or MWCNTs, respectively), which can be further modified by covalent or non-

covalent functionalization of their surfaces
1
. Their unique combination of electrical, 

thermal and spectroscopic properties offer opportunities for advances in biomedical 

science including new ways to detect, monitor and treat diseases
2-4

. CNTs readily pass 

through cell membranes due to their unique needle-like structure
5-7

, and can be used to 

deliver drugs or nucleic acids to cells
8, 9

.  

There is a growing interest in the development of CNTs to treat neurological damage and 

brain disease
10, 11

. Potential applications of CNTs in the brain include their use as 

scaffolds to support neuronal growth and enhance the performance of synaptic 

interfaces
12

, as vectors for intracerebral delivery of nucleic acids to reduce damage and 

improve recovery following stroke
13, 14

, and as platforms to display antigens to enhance 

immune responses against gliomas
11

. CNTs generate tremendous heat upon exposure to 

near infrared radiation, making them useful for photothermal cancer therapy
4, 15

. We and 

others demonstrated the potential to use CNTs for photothermal treatment of 

glioblastoma, a deadly brain tumor
16-18

. 

For all of these applications, CNTs must be introduced to the brain, either by crossing the 

blood brain barrier (BBB) or by direct infusion, and toxicity is a concern. Studies 

investigating nanoparticles in the central nervous system (CNS) have found that diverse 

cytotoxic effects occur in the CNS after exposure to nanoparticles of various materials 
19

. 

Even gold nanoparticles, widely considered to exhibit little toxicity and high 

biocompatibility, can induce neurotoxic effects 
20

, which emphasizes the need for 
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rigorous studies evaluating the potential neurotoxicity of nanomaterials. The cytotoxicity 

due to CNT exposure has been evaluated in various brain cell types including 

microglia,
21, 22

 astrocytes
23-25

 and neurons
13, 22

. The outcomes of these studies vary widely 

with some research indicating that CNTs are generally safe while others find CNTs to be 

cytotoxic and induce inflammation. The cytotoxicity of CNTs is dependent upon the dose 

and specific type of CNT being tested
21

, the type of cell
22

, and the biological context (i.e. 

the microenvironment) in which the test is performed
4, 26

. Furthermore, an emerging 

challenge to clinical translation of biomedical nanotechnology is the growing realization 

that cytotoxicity assays commonly used to evaluate small molecules may not accurately 

predict the in vivo toxicity of nanomaterials. For example, CNTs are known to interfere 

with commonly used viability assays such as MTT, leading to inaccurate estimates of 

toxicity 
27, 28

. More significantly, cytotoxicity assays using cells grown on standard 

laboratory plastics fail to recapitulate the complex morphology, diffusional barriers and 

altered cell signaling that are present in tissue
27, 29-32

, all of which may affect responses to 

nanomaterials. New cell culture techniques are being developed which enable cells to 

organize into tissue-like structures that better recapitulate an in vivo setting
30-32

. Several 

studies have shown striking differences in nanoparticle cytotoxicity between treatment of 

cells grown as a monolayer on plastic versus cells cultured under conditions where they 

are able to form tissue-like structures
33-35

. 

Brain microvasculature plays a crucial role in supporting brain homeostasis, but little is 

known about the effects of CNTs on brain microvascular endothelium.  The integrity of 

the endothelium of the microvasculature is an essential aspect of the BBB. CNTs can 

cross the BBB
36, 37

, but the in vitro studies used porcine vascular endothelial cells, which 
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may differ from human cells in their response to CNTs. Isolated human brain 

microvascular endothelial cells (HBMECs) grown on an extracellular matrix derived 

substrate (e.g. Matrigel®) will organize into a lattice of ring-like structures similar to 

small blood vessels
38

. In contrast, HBMECs form a homogeneous monolayer without any 

tissue-level organization when grown on laboratory plastic. It is unknown if CNT 

cytotoxicity differs between HBMECs grown as monolayers or under microvessel-

forming conditions on basement membrane.  

One challenge to these tests is the lack of a validated assay to quantitatively evaluate the 

cytotoxicity of CNTs using cells grown on basement membrane or extracellular matrix. 

Therefore, in this report, we describe the development of a modified CellTiter-Glo®-

based assay to evaluate the cytotoxicity of CNTs on HBMECs grown in monolayer or on 

Matrigel®, and validate our results by western blot for cleaved PARP (Poly ADP ribose 

polymerase), a marker of apoptosis
39

.  For these studies, we focused on the cytotoxicity 

of MWCNTs. Because MWCNTs are commonly acid treated or coated in surfactants like 

phospholipid-polyethylene glycol to improve their dispersion in water and to enhance 

their diffusion through extracellular matrix
18

, we determined the influence of these 

modifications on MWCNT cytotoxicity. Furthermore, we examined the effect of 

MWCNTs on the capacity for HBMECs to form microvascular tubes. These studies 

contribute to the field of nanotoxicology by determining the impact of MWCNTs on 

HBMECs and through the development of effective methods to evaluate MWCNT 

cytotoxicity in vitro using cells grown on basement membrane. 
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MATERIALS AND METHODS 

Cell Culture Human Brain Microvasculature Endothelial Cells (HBMECs) from Angio-

Proteomie were maintained in Endothelial Cell Basal Medium-2 (EBM-2) (Lonza) 

supplemented with EGM
TM

-2 SingleQuots® (Lonza) at 37 
o
C under 5% CO2 in a 

humidified incubator. Alternatively, HBMECs were seeded on solidified Corning® 

Matrigel® Growth Factor Reduced (GFR) Basement Membrane Matrix (Corning). 

MDA-MB-231 breast cancer cells were purchased from ATCC (American Type Culture 

Collection). MDA-MB-231 cells were grown in DMEM supplemented with 10% FBS 

(vol:vol), 2 mM L-glutamine, penicillin (250 U/mL), and streptomycin (250 μg/mL) (all 

from Invitrogen). 

Preparation of MWCNT dispersions Short multiwalled carbon nanotubes (MWCNTs) 8-

15 nm in diameter were purchased from Nanostructured & Amorphous Materials, Inc. 

Acid treatment and purification of the MWCNTs was performed as we previously 

described
40

. DSPE-PEG5000 (Nanocs, Inc.) was dissolved at a concentration of 2% weight 

to volume in deionized water. Dispersions of MWCNTs were prepared by adding 10 mg 

of unmodified or acid oxidized MWCNTs to 10 mL of Milli-Q (type I) water or 2% 

DSPE-PEG solution in a 20 mL glass vial, followed by 30 minutes of bath sonication at 

40 Hz (Branson 2510) at 4 °C, with vials placed to produced maximal resonance waves 

of the solution.  Prior to use in cell culture, the MWCNT suspensions were rendered 

isotonic by the addition of one part in 10 of 10x phosphate-buffered saline (PBS) 

(Invitrogen). 

Physiochemical Characterization of MWCNTs by Dynamic Light Scattering 

Hydrodynamic diameter and ζ-potential were measured using the Zetasizer Nano ZS90 
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(Malvern Instruments) at 25 °C, with automatic settings, adjusting for the refractive index 

and viscosity of the dispersant. The particles were diluted to 5 µg/mL and 1 mL was 

added to a disposable, clear plastic cuvette (Sarstedt) or a disposable folded capillary zeta 

cell (Malvern Instruments). Each measurement was taken in triplicate.  

Optical Absorbance Spectroscopy MWCNTS were diluted to the indicated 

concentrations in 500 µL of a 1:1 PBS:CellTiter-Glo® solution and transferred to a glass 

cuvettes. Absorbance measurements were taken at 700 nm using a Spectronic 200 

(ThermoScientific) spectrophotometer.  

CellTiter-Glo® Assay MDA-MB-231 (5,000 cells/well) or HBMECs (10,000 cells/well) 

were seeded into 96 well plates on plastic or Matrigel® and allowed to recover for 24 h. 

Cells were treated with MWCNTs for 24 h. After MWCNT treatment, cell culture media 

was removed and replaced with a 1:1 mixture of 1xPBS and CellTiter-Glo® reagent. 

Samples were incubated at room temperature for 10 minutes in the dark. The resulting 

solution was mixed, centrifuged for 5 min at 13,000x G to remove MWCNTs. The 

supernatant was transferred to Microtiter™ Microlite™ White Strip Plates (Thermo 

Scientific), and total luminescence was measured using a Tecan GENios microplate 

reader.  

Cleaved PARP Western Blot Lysates were collected using triton lysis buffer (20 mM 

Tris-HCl, 5 mM EDTA, 1% Triton X 100, pH 8.3) supplemented with 1% Halt
TM

 

Protease & Phosphatase Inhibitor Cocktail (Thermo Scientific). For HBMECs grown on 

Matrigel®, cells were isolated by aspirating normal growth media and adding equivalent 

culture volumes of Dispase (Corning), incubating at 37 
o
C for 30 min, then washing 2x 
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with ice cold 1xPBS prior to lysis. Protein concentration was determined for each sample 

using a Bicinchoninic acid (BCA) protein assay kit (Thermo-Fisher/Pierce). Next, 5-10 

µg of protein lysate were subjected to sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) on a 12% Ready Gel® Tris-HCl gels (Bio-Rad) and 

transferred to nitrocellulose (Bio-Rad). Membranes were blocked with 5% non-fat milk 

solution in tris-buffered saline (TBS) with 1% Tween 20 (Sigma-Aldrich) for 30 minutes. 

Blots were probed with antibodies diluted in 5% BSA or 5% milk. Antibodies (Cell 

Signaling Technology) were diluted to the following concentrations: c-PARP (1:1000) 

and GAPDH (1:10,000) in 5% milk or BSA according to manufacturer’s protocol. 

Membranes were developed using SuperSignal® West Pico Chemiluminescent Substrate 

(Thermo Scientific).  

3
H-MWCNT Uptake Assay Radiolabeled MWCNTs were prepared using methods 

similar to those we previously described
40

. Acid oxidized MWCNTs (20 mg) were 

dispersed in 4 ml of deionized water by bath sonication as described above. To this 

dispersion, 1 ml of a 10 mg/ml solution of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC; Thermo Scientific) was added. 

The solution was stirred at room temperature for 15 min then 100 µl of tritiated (
3
H) 

glucosamine (
3
H-GlcN; 1 mCi/ml in water; Perkin Elmer) and 2 mg of Sulfo-NHS (N-

hydroxysulfosuccinimide; Thermo Scientific) were added. A 1/10
th

 volume of 10X PBS 

(Invitrogen) was added to increase the pH to 7.4 and the reaction was allowed to proceed 

overnight at 4 °C. The reaction mixture was washed three times then concentrated to a 1 

ml volume using 100K MWCO centrifuge columns (EMD Millipore). Any remaining 

unreacted chemicals were removed by purification using a PD-10 column and deionized 
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water as the running buffer. The flow through was collected in 15 fractions (500 µl each) 

and radioactivity in 50 µl of each fraction was quantified in 15 ml of Ecolume 

scintillation cocktail (MPBio) using a Beckman LS5000 scintillation counter. Fractions 2 

and 3 were found to contain approximately 95% of the total radioactivity and were dark 

black, indicative of MWCNTs. Any remaining unconjugated 
3
H-GlcN was separated 

from the 
3
H-MWCNTs using 100K MWCO centrifuge columns (EMD Millipore), and 

the radiochemical purity of the 
3
H-MWCNTs was determined to be greater than 98%. 

The 
3
H-MWCNTs were used without further modification or coated in 2% DSPE-PEG as 

described above. HBMECs were plated in 24-well tissue culture plates (1.3 x 10
5 

cells/well).  The following day, cells were treated with uncoated 
3
H-MWCNT, DSPE-

PEG coated 
3
H-MWCNT, or vehicle at the indicated doses for the specified times.  Cells 

were washed twice in ice cold 1xPBS, harvested in 200 µl of lysis buffer (20 mM TRIS, 

0.1M NaCl, 2% Triton-X, 10 mM EDTA), and 
3
H activity was assessed as described 

above.  Prior to lysis, photomicrographs of 
3
H-MWCNT-treated cell cultures were 

obtained using a Moticam 3 digital camera mounted on a VWR VistaVision microscope 

at 10x magnification. 

HBMEC-Vessel Formation Assay HBMECs were grown as a monolayer (50,000 

cells/well) in a 24 well plate, and then were treated with 25 µg/mL MWCNTs for 16 hr. 

The cells were then washed, trypsinized, counted and plated in vessel forming conditions.  

To form HBMEC vessels, Matrigel (35 µL per well) was added to wells of a 96 well 

plate at a final concentration of 9.8 mg/mL and allowed to solidify at 37 
o
C for ~20 min. 

Once matrigel solidified, HBMECs were plated at a density of 4,000-10,000 cells per 

well and allowed to form vessel-like structures. HBMECs were treated with 25 µg/mL of 
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each MWCNT preparation. Changes in morphology of vessel-like structures were 

monitored over time and photographed using Invitrogen EVOS FL Auto Imaging System 

(Thermo Fisher) at the indicated time points. 
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RESULTS 

Characterization of MWCNTs 

Four different aqueous dispersions of MWCNTs were generated: (1) Uncut/ Uncoated 

MWCNTS dispersed by sonication in water; (2) Uncut/Coated, which are MWCNTs 

dispersed in 2% weight to volume aqueous solution of 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-amino(polyethylene glycol)5000 (DSPE-PEG); (3) Cut/Uncoated, 

which are MWCNTs that were oxidized and shortened by acid treatments; and (4) 

Cut/Coated: MWCNTs that were oxidized and shortened by acid treatments then 

dispersed in a 2% DSPE-PEG solution. The four MWCNT preparations were analyzed 

using dynamic light scattering (DLS) to determine the hydrodynamic diameter and ζ-

potential. In water, all four suspensions exhibited monomodal size distributions (Table I 

and Supplemental Fig. S1).  

Acid oxidized (cut) MWCNTs were smaller compared to uncut MWCNTs, and DSPE-

PEG coated MWCNTs (cut and uncut) were larger than equivalent uncoated MWCNTs 

due to the PEG polymer (Table I). When suspended in PBS, the hydrodynamic diameter 

of uncut/uncoated MWCNTs increased from 185 ± 2 nm in water to 2086 ± 333 nm in 

PBS (Supplemental Fig S1A). Similarly, the hydrodynamic diameter of cut/uncoated 

MWCNTs increased from 137 ± 0.1 nm in water to 709 ± 126 nm in PBS (Supplemental 

Fig S1B). The increase in hydrodynamic diameter is indicative of nanoparticle 

aggregation and decreased stability in a solution. In contrast, the hydrodynamic diameter 

of DSPE-PEG coated MWCNTs (both cut and uncut) did not increase after suspension in 

PBS as compared to water (Table I, Supplementary Fig S1C, D). ζ-potential 

measurements show that DSPE-PEG coated MWCNTs (cut and uncut) are less 
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negatively charged (more neutral) compared to equivalent uncoated MWCNTs, 

indicating that there is the expected charge shielding due to the DSPE-PEG coating. 

Taken together, the characterization data show that DSPE-PEG coated MWCNTs, 

irrespective of size, are more colloidally stable in physiologic solutions compared to 

uncoated MWCNTs and that acid oxidation ‘cuts’ the MWCNTs to shorter lengths. 

 

Optimization and validation of modified CellTiter-Glo® assay to quantify MWCNT 

cytotoxicity  

CellTiter-Glo® is a commercial cell viability assay that quantifies cellular ATP via 

luminescence produced by a coupled luciferase reaction and is readily adapted for use 

with cells grown on plastic or on basement membrane. However, MWCNTs absorb light, 

and may interfere with luminescence measurements. We evaluated the extent to which 

MWCNTs interfere with the assay. Because HBMECs survive only a finite number of 

passages, MDA-MB-231 breast cancer cells were used for optimization studies. We first 

determined if MWCNTs quenched light emission. Untreated MDA-MB-231 cells were 

lysed in a 1:1 mixture of PBS:CellTiter-Glo® reagent and aliquoted to microcentrifuge 

tubes. Triplicate tubes of the lysate were spiked with MWCNTs (0, 1, 5, 10, or 25 µg/mL 

in a 250 µL volume). After addition of MWCNTs, 100 µL of each sample was 

transferred to a 96 well, white sided plate. The remainder of each sample was centrifuged 

for 5 min at 13,000 x G to pellet MWCNTs, and then 100 µL of the supernatant was 

transferred to empty wells. A high concentration of MWCNTs interferes with 

luminescence measurements prior to centrifugation to remove MWCNTs, leading to 

significant decreases in the detected luminescence signal as MWCNT concentration 
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increase (Supplementary Fig S2). Centrifugation of each sample prior to reading 

luminescence reduced the effect of the MWCNTs, but despite this improvement, higher 

concentrations of MWCNTs still decreased the signal detected in spiked samples.   

The conditions tested above represented a ‘worst case scenario’ in which all MWCNTs 

initially added to a well were present during the analysis by CellTiter-Glo®. In practice, 

only a fraction of the MWCNTs initially added to a well will be associated with the cells 

and most will be removed by washing prior to cell lysis. We therefore performed an 

experiment to determine if the amount of MWCNTs present during a conventional 

CellTiter-Glo® assay was likely to interfere with the assay. MDA-MB-231 breast cancer 

cells were exposed to increasing concentrations of MWCNTs for 24 h. Subsequently, the 

MWCNT containing culture media was removed and replaced with a 1:1 mixture of 

1xPBS and CellTiter-Glo® reagent. The resulting solution was mixed and centrifuged for 

5 min at 13,000 x G to remove MWCNTs. The supernatant was transferred to 1 mL glass 

cuvettes and optical absorbance was measured at a wavelength of 700 nm. To determine 

the amount of MWCNTs present in each sample, a standard curve was generated by 

spiking known amounts (0 – 50 µg/mL) of MWCNTs into a 1:1 mixture of 1xPBS and 

CellTiter-Glo® reagent. Optical absorbance readings for cells treated with 0 – 25 µg/mL 

MWCNTs indicate very few MWCNTs were present in samples at the time of 

measurement (Supplementary Fig S3). The luminescence of each sample was measured 

by the CellTiter-Glo® assay (Supplementary Fig S4). Cells treated with all four 

MWCNT preparations show dose dependent decreases in luminescence. The decrease 

caused by treatment with both types of DSPE-PEG coated MWCNTs was significantly 

greater than the effect of uncoated MWCNTs. Because the MWCNTs remaining in each 
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sample were not detectable by optical absorbance measurements, we concluded that the 

observed decrease in luminescence was due to loss of cell viability after MWCNT 

treatment and not due to interference of MWCNTs with the luminescence viability assay.   

 

Evaluation of cytotoxicity and apoptotic response in HBMECs grown on plastic or 

Matrigel® following exposure to MWCNTs  

Having validated the capacity to use the CellTiter-Glo® assay (with an additional 

centrifugation step) to quantify the cytotoxicity of MWCNTs, we next examined if the 

cytotoxicity caused by MWCNTs differed between treatment of monolayer cultures of 

HBMECs grown on plastic or tissue-mimicking cultures of HBMECs grown on basement 

membrane (Matrigel).  After 24 h of MWCNT treatment, HBMECs grown on plastic 

exhibited a dose dependent decrease in viability following exposure to all types of 

MWCNTs, but both types of DSPE-PEG coated MWCNTs were significantly more 

cytotoxic than uncoated MWCNTs, with Uncut Coated being the most toxic (Fig 1A). 

Strikingly, HBMECs grown on Matrigel were less sensitive to MWCNT exposure and 

similar cytotoxicity was observed among treatments with all four MWCNT preparations 

(Fig 1B).   

Because reduced ATP levels indicated by the CellTiter-Glo® assay may be indicative of 

decreased cell metabolism and not only decreased cellular viability, we further 

investigated the ability of MWCNTs to induce cell death of HBMECs. To support the 

findings that MWCNTs were causing cell death and not just decreased cell metabolism, 

whole cell lysates from the treatment groups described above were collected and 

immunoblotted for cleaved PARP, which is indicative of apoptosis. Notably, HBMECs 
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grown on plastic exhibited an increase in cleaved PARP in response to treatment with 

DSPE-PEG coated MWCNTs while little change in cleaved PARP was observed for cells 

treated with uncoated MWCNTs (both cut and uncut) (Fig 1C and Fig S5A, B). For 

HBMECs grown on plastic, DSPE-PEG coated-MWCNTs induce apoptosis to a greater 

extent than uncoated MWCNTs, which is consistent with the cytotoxicity data for cells 

grown on plastic. Also in agreement with the cytotoxicity data, HBMECs grown on 

Matrigel showed no increase in cleaved PARP following treatment with all four types of 

MWCNTs (Fig 1D and Fig S5C, D). Taken together, these data showed that growth 

conditions substantially affect the sensitivity of HBMECs to MWCNTs.  

 

Evaluation of cellular uptake of uncoated and coated MWCNTs  

Acid oxidized MWCNTs can be easily radiolabeled by conjugation of 
3
H-glucosamine to 

carboxylic acids on the MWCNTs surface as described in the Methods section. We 

previously showed that conjugation of glucosamine to the MWCNT surface does not 

affect the cell binding affinity or uptake of the MWCNTs
40

. To evaluate whether the 

observed increased toxicity of coated MWCNTs compared to uncoated MWCNTs was 

due to differences in cellular uptake, HBMECs were plated on plastic in monolayer and 

were exposed to cut uncoated or cut coated 
3
H-MWCNT. At various time points (5 min 

to 24 h), cells were washed thoroughly to remove 
3
H-MWCNT that were not bound or 

taken up by cells. Cells were then lysed and 
3
H activity in the lysate was assessed by 

scintillation counting. Both uncoated and DSPE-PEG coated 
3
H-MWCNTs exhibited a 

time dependent increase in binding/uptake; however, the uncoated 
3
H-MWCNTs showed 

a much higher cell association compared to coated 
3
H-MWCNTs (Fig 2A). This is drastic 
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increase in cell binding/uptake of uncoated 
3
H-MWCNTs relative to coated 

3
H-

MWCNTs is most likely due to the increased aggregation and sedimentation of the 

uncoated MWCNTs (Fig 2B) as a result of their poor colloidal stability in physiologic 

solutions compared to the DSPE-PEG coated MWCNTs, which remained well dispersed 

as shown in Supplementary Figure S1. These results suggest that higher cell 

binding/uptake of MWCNTs does not necessarily correlate with increased toxicity in 

HBMEC monolayers.  

 

Evaluation of MWCNT effects on microvessel formation and degradation 

Carbon nanomaterials can inhibit
41

 or enhance
42

 angiogenesis depending on the 

properties of the nanomaterial under investigation. Therefore, we investigated the 

potential effects of MWCNTs on the capacity of HBMECs to initiate vessel formation. 

We first treated HBMECs grown as a monolayer with 25 µg/mL of each of our four 

MWCNT preparations. After 16 h, the MWCNT-treated HBMECs were trypsinized, 

counted and 10,000 cells/well were plated on Matrigel to induce formation of vessel-like 

structures (rings). Ring formation was quantified 6 h later (Fig 3A and Fig S6). Despite 

inducing significant cytotoxicity in HBMEC monolayers at this dose, Cut Coated 

MWCNTs did not affect ring formation. Uncut uncoated MWCNTs increased the number 

of rings observed (Fig 3B), which may be a result of potential pro-angiogenic effects that 

are reported to be induced by some types of CNTs
43

. Alternatively, aggregates formed by 

the uncoated MWCNTs are apparent in the photomicrographs. Incorporation of these 

aggregates into the extracellular matrix may act as a good substrate for endothelial 

growth. This would be consistent with findings showing improved neuronal growth on 
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MWCNT-loaded scaffolds 
44, 45

. However, treatment of monolayer grown HBMECs with 

Uncut Coated MWCNTs, which were the most cytotoxic to monolayer cells, decreased 

the number of rings that formed. These data support the idea that HBMEC-basement 

membrane interactions can mitigate MWCNT cytotoxicity even in cells that previously 

were exposed to a toxic dose of MWCNTs. However, if the initial damage was 

sufficiently high (i.e. treatment with Uncut Coated MWCNTs), cells may not recover. 

To evaluate the effects of MWCNTs on pre-established vessel-like structures, 4,000 

HBMECs per well were plated in tube forming conditions on Matrigel, treated with 25 

µg/mL MWCNTs, and ring number was monitored over time. Images taken after 6 h or 

16 h of MWCNT treatment showed no effect on the morphology or number of HBMEC 

vessel rings compared to control (Fig 4A and B; Fig S7). There was a decrease in the 

number of rings after 16 h (compared to 6 h) due to the expected degradation of the 

vessels over time
46

. However, MWCNTs did not significantly affect number of rings 

compared to control at 16 h (Fig 4C). Thus, MWCNTs did not alter the morphology or 

increase the rate of degradation of established HBMEC vessel-like structures.  
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DISCUSSION 

In order to advance the development of MWCNTs for treatment of brain disease, it is 

essential to understand potential cytotoxic effects due to MWCNT exposure. MWCNT 

functionalization and the resulting effects on colloidal stability of nanoparticles are of 

particular importance in toxicology studies because these factors influence how particles 

interact with the cells under investigation
21, 47-50

. However, the cell microenvironment 

may also be an important variable. Here, we find that the cytotoxicity of MWCNTs 

toward HBMECs is significantly greater when cells are grown on plastic as compared to 

cells grown on Matrigel, regardless of MWCNT functionalization. 

Evaluation of MWCNT cytotoxicity can be challenging because MWCNTs and other 

nanoparticles often times interfere with cytotoxicity assays
27, 29, 51

. For example, studies 

have shown that CNTs are incompatible with the MTT assay, a common technique to 

evaluate cell viability 
27

.  CellTiter-Glo® is a viability assay that relies on the ATP-

dependent luciferase reaction to produce luminescent oxyluciferin, resulting in a 

luminescent readout that is correlated with the amount of cellular ATP present. This 

assay offers an advantage over other common viability assays because it is readily 

adapted to evaluate viability of cells grown in three dimensional cultures. Although it is 

known that CNTs can quench luminesence
52

, prior to our studies, it was unknown what 

impact MWCNTs had on the accuracy of CellTiter-Glo® luminescence measurements. 

We show that an additional centrifugation step after cell lysis is sufficient to remove 

MWCNT interference from the assay.   

Cell growth conditions can dramatically influence the outcomes of toxicity assays, and 

we show that MWCNT treatment of HBMECs grown in three-dimensional cell culture 
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conditions does not affect HBMEC viability. These results emphasize the importance of 

cell environment as an essential variable to consider in future studies evaluating 

nanoparticle toxicity, including MWCNT toxicity. Several groups have identified novel 

in vitro 3D cell culture techniques to recapitulate tissue-like structures that can provide a 

more accurate evaluation of nanomaterial toxicity 
53-57

. More specifically in regards to 

MWCNT toxicity, and in agreement with our findings, investigators using Schwann cells 

grown as monolayers or using cells embedded in CNT-loaded scaffolds
33

 concluded that 

SWCNTs decreased proliferation and altered Schwann cell morphology in a monolayer, 

whereas exposure to SWCNTs in a 3D scaffold did not affect cell proliferation, viability, 

or morphology. Others evaluated SWCNT cytotoxicity using THP1 monocytes and 

showed that SWCNTs were cytotoxic to THP1 cells grown in 2D cell culture conditions 

but were not cytotoxic to cells grown in the 3D tissue-mimetic model
34

. PEG 

functionalized SWCNTs also did not induce significant morphological alterations in rat 

hippocampus
58

. Similarly, we found that  DSPE-PEG coated, acid oxidized MWCNTs 

were cytotoxic to glioblastoma cells grown in two-dimensional monolayer, but had no 

observable effect on growth of glioblastoma cells grown as three-dimensional 

spheroids
18

. However, astrocytes exposed to PEG functionalized SWCNTs may mature 

and increase glial cell activity (Gottipati et al., 2015). Thus it is possible that CNTs could 

cause alterations in cell function without impacting viability.  

Notably, we find that MWCNTs do not inhibit the capacity for HBMECs to form or 

maintain vessel-like structures.  This result concurs with multiple studies that show 

carboxylated or amine functionalized CNTs (as opposed to pristine CNTs) do not greatly 

affect blood vessel integrity
26, 36, 50, 59

. However, pristine SWCNTs cause dose dependent 
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cytotoxicity and endothelial barrier dysfunction to human umbilical vein endothelial cell 

(HUVECs) monolayers
60

, and endothelial damage in vascular beds in mice
26

. 

Furthermore, our findings are also consistent with other studies showing that MWCNT 

cytotoxicity is dependent upon the environment in which they are used, and more 

complex three-dimensional settings result in decreased cell sensitivity to CNT exposure 

compared to two-dimensional monolayer cultures 
18, 33, 34

.  

We previously showed that acid oxidization of MWCNTs combined with coating with a 

2% DSPE-PEG solution greatly increased the diffusion of MWCNTs through 

extracellular matrix (as compared to 1% DSPE-PEG, Pluronic F127 or uncoated 

MWCNTs) using brain mimicking hydrogels, indicating that this type of nanotube was 

potentially useful for intracerebral applications including photothermal therapy of 

glioblastoma
18

. Interestingly, we find that these 2% DSPE-PEG MWCNTs were more 

cytotoxic to HBMEC monolayers than uncoated MWCNTs. To evaluate if the increased 

toxicity of coated MWCNTs is due to differences in cellular uptake, we quantified 

percent uptake of uncoated and coated MWCNTs in HBMECs in monolayer and found 

that uncoated MWCNTs were taken up at a higher percent compared to coated 

MWCNTs. This increase in uptake of uncoated MWCNTs compared to coated MWCNTs 

may be due to the increased aggregation and sedimentation of the uncoated MWCNTs; 

however, it may be due to alternate cellular interactions caused by the coating. Our 

previous studies tracking the uptake of uncoated and DSPE-PEG-coated MWCNTs by 

breast cancer cells indicated that the uncoated tubes, which aggregate in culture media, 

were taken up by phagocytic pathways including macropinocytosis
40

. On the other hand, 

we found that direct piercing of the cell membrane played a role in uptake of DSPE-PEG 
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coated tubes
40

. Others have shown that PEG-coated nanoparticles exhibit decreased 

uptake in a cervical cancer model 
61

 as well as various neural cell populations (microglia, 

astrocytes, neural stem cells) 
62

 relative to nanoparticles with other coatings. This 

indicates that a PEG-coating may actively decrease cell uptake due to changes in surface 

chemistry that may ultimately affect cellular interactions 
62

. Thus, the mechanism by 

which different types of MWCNTs translocate across cell membranes may influence their 

cytotoxicity. Ultimately, our present findings indicate that higher cellular uptake of 

MWCNTs does not necessarily correlate with increased toxicity. Because the high 

cytotoxicity of the DSPE-PEG coated MWCNTs we observed in HBMEC monolayers 

was not seen when HBMECs were grown on Matrigel, our data suggest that growth 

conditions can also significantly affect the toxicological responses of HBMECs to 

different types of MWCNTs.  
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CONCLUSIONS 

In this paper, we present a modification of a commonly used viability assay (CellTiter-

Glo®) that is effective to evaluate cell viability in a 2D and 3D setting without CNT 

interference. We show that MWCNTs do not influence HBMEC viability, induce 

apoptosis, decrease microvessel formation, or affect microvessel integrity when 

HBMECs are grown on Matrigel. In contrast, MWCNTs are cytotoxic to HBMECs 

grown directly on standard tissue culture plastic. These findings contribute to the field of 

nanotoxicology by validating methods of toxicological analysis in two dimensional and 

three dimensional cell models and promote an array of toxicity assays to evaluate cell 

viability with minimal interference by MWCNTs. Furthermore, based upon the available 

data, it appears that studies of MWCNT cytotoxicity in endothelial cell monolayers may 

not be predictive of in vivo outcomes, which supports further research into the use of 

tissue-mimicking endothelial cell culture models to help bridge this gap.  

 

  



 119   
 

FIGURES 

 

Figure 1. Evaluation of the cytotoxicity induced by MWCNTs on HBMECs grown on 

plastic or matrigel. HBMECs were plated on standard tissue culture plastic or matrigel 

coated plastic and recovered overnight. HBMECs grown on plastic (A) or Matrigel (B) were 

treated for 24 h with increasing doses of different types of MWCNTs as indicated. Cells were 

lysed, pelleted, and the supernatant was analyzed for ATP content as a measure of cell 

viability using the CellTiter-Glo assay. Three independent biological replicates were 

performed with at least three technical replicates per treatment group. Endpoint analysis 

shows the groups that are significantly different (*p≤0.05, **p≤0.01) at the highest dose 

(ANOVA; post-hoc T-Test). In parallel, lysates of similarly treated cells grown on plastic (C) 

or Matrigel (D) were collected and probed for cleaved PARP, a protein indicative of 

apoptosis, via western blot analysis. GAPDH was used as a loading control. Lysates from 

U87 cells treated with 10 µM doxorubicin was used as a positive control. Cells grown on 

matrigel were isolated using dispase to degrade the matrigel without affecting HBMEC cell 

integrity. The graph below the western blot displays average fold change of cleaved PARP 

protein levels relative to GAPDH loading control for three independent biological replicates. 

Fold change is displayed as the mean ± standard deviation of each experiment. 
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Figure 2. Evaluation of uncoated or coated MWCNT uptake in HBMECs. HBMECs 

were plated on plastic to form monolayers and treated the following day with cut 

uncoated 
3
H-MWCNT, cut DSPE-PEG coated 

3
H-MWCNT, or vehicle for the specified 

times. (A) Cells were washed twice in ice cold PBS, harvested in lysis buffer, and 
3
H 

activity was assessed using a scintillation counter.  Percent uptake was calculated based 

on input decays per minute. Three samples were used for each condition and the data are 

displayed as the mean ± standard error of each measurement.  (B) Images taken after 24 h 

treatment show increased aggregation and sedimentation of uncoated MWCNTs on to 

HBMECs. By comparison, no aggregated or sedimented cut, DSPE-PEG coated 

MWCNTs are apparent. *p<0.05 (T-Test). 
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Figure 3. Tube Formation Assay of MWCNT-treated HBMECs. HBMECs were treated 

in monolayer overnight with 25 µg/mL of each type of MWCNTs and then were replated 

on matrigel to induce tube formation. After 6 h, photomicrographs of tube formation 

were taken. Representative images are shown in (A). The average number of HBMEC 

vessel rings was quantified in three independent biological replicates, with each 

biological replicate containing triplicate technical replicates. Data are displayed as the 

mean ± standard error of each experiment (B). Significant differences among groups are 

indicated: *p<0.05 (ANOVA; post-hoc T-Test). 
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Figure 4. Treatment of HBMEC tubes with MWCNTs. HBMECs were plated in 

triplicate on matrigel and allowed to form tube structures, followed by treatment with 25 

µg/mL of each type of MWCNT. After 6 h and 16 h, photomicrographs of tube formation 

were taken. Representative images are shown in (A) for a single biological replicate. The 

average number of HBMEC vessel rings was quantified and measured in three 

independent biological replicates, with each biological replicate containing triplicate 

technical replicates. Data are displayed as the mean ± standard deviation of each 

experiment (B and C). No significant (p>0.05) difference among groups was detected 

(ANOVA). 
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Supplementary Figure S1. Dynamic Light Scatter (DLS) analysis of multiwalled 

carbon nanotube (MWCNT) formulations of varying oxidation status and coatings. (A) 

Unmodified MWCNTs suspended in deionized water (Uncut Uncoated) at 1 mg/mL were 

analyzed by DLS immediately following dilution in H2O (red) or 1xPBS (green). 

Identical analysis was carried out on (B) Acid oxidized MWCNTs suspended in 

deionized water (Cut Uncoated), (C) Unmodified MWCNTs suspended in 2% DSPE-

PEG solution (Uncut Coated), (D) Acid oxidized MWCNTs suspended in 2% DSPE-PEG 

solution (Cut Coated). 
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Supplementary Figure S2. Spun vs Unspun MWCNT CellTiter-Glo®. MDA-MB-231 

cells were suspended in 1:1 PBS:CellTiter-Glo® then spiked with MWCNTs (Uncut 

Uncoated, Uncut Coated, Cut Uncoated, Cut Coated) to final concentrations of 0 – 25 

µg/mL. Immediately following addition of MWCNTs, cells were (A) immediately 

transferred without a spin step or (B) spun for 5 min at 13,000x G then transferred to 

white strip plates to determine luminesence values. Relative luminesence was determined 

for each concentration. Samples were prepared and measured in triplicate and are 

displayed as the mean ± standard deviation of each measurement. 
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Supplementary Figure S3. Absorbance of CellTiter-Glo® Processed Cells. MDA-MB-

231 cells were treated with MWCNTs for 24 hr. After MWCNT treatment, media was 

removed and replaced with a 1:1 mixture of 1xPBS:CellTiter-Glo®. The resulting 

solution was mixed, spun down for 5 min at 13,000x G to remove MWCNTs, the 

supernatant was transferred to glass cuvettes and absorbance was measured. The 

absorbance values of the MWCNT-treated MDA-MB-231 cells are shown as red squares 

on the MWCNT (µg/mL) vs Absorbance plots to show that negligible amounts of CNTs 

remain in the CellTiter-Glo® supernatant after spinning.  
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Supplementary Figure S4. Evaluation of the cytotoxicity induced by MWCNTs on 

MDA-MB-231 cells grown on plastic. MDA-MB-231 cells plated on plastic were treated 

for 24 h with increasing doses of MWCNTs of different oxidation status and coatings 

(Uncut Uncoated, Uncut Coated, Cut Uncoated, Cut Coated). After 24 h, cells were 

lysed, pelleted, and the supernatant was analyzed for ATP content as a measure of cell 

viability using the CellTiter-Glo assay. Samples were prepared and measured in triplicate 

and are displayed as the mean ± standard deviation of each measurement. 
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Supplementary Figure S5. Evaluation of the cytotoxicity induced by MWCNTs on 

HBMECs grown on plastic or matrigel. HBMECs were plated on standard tissue culture 

plastic or matrigel coated plastic and recovered overnight. HBMECs grown on plastic (A 

& B) or Matrigel (C & D) were treated with increasing doses of different types of 

MWCNTs as indicated. Lysates were collected and probed for cleaved PARP, a protein 

indicative of apoptosis, via Western blot analysis. GAPDH was used as a loading control. 

Lysates from U87 cells treated with 10 µM doxorubicin was used as a positive control. 

Images of the first biological replicate are included in Figure13. Here, each Western blot 

shown is an independent biological replicate used in the densitometry analysis in Figure 1 

(C & D). 
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Supplementary Figure S6. Tube Formation Assay of MWCNT-treated HBMECs. 

HBMECs were treated in monolayer overnight with 25 µg/mL of each type of MWCNTs 

and then were replated on matrigel to induce tube formation. After 6 h, photomicrographs 

of tube formation were taken. Representative images of the first biological replicate are 

included in Figure 3. Here, representative images are shown for two additional 

independent biological replicates (each with at least three technical replicates per 

treatment group) are shown in (A; independent biological replicate #2) and (B; 

independent biological replicate #3). Each biological replicate included three technical 

replicates per treatment group and these data were used for the statistical analysis 

presented in Figure 3. 
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Supplementary Figure S7. Treatment of HBMEC tubes with MWCNTs. HBMECs 

were plated in triplicate on matrigel and allowed to form tube structures, followed by 

treatment with 25 µg/mL of each type of MWCNT. After 6 h and 16 h, photomicrographs 

of tube formation were taken. Representative images of the first biological replicate are 

included in Figure 4. Here, representative images are shown for two additional 

independent biological replicates (each with at least three technical replicates per 

treatment group) are shown in (A; independent biological replicate #2) and (B; 

independent biological replicate #3). Each biological replicate included three technical 

replicates per treatment group and these data were used for the statistical analysis 

presented in Figure 4. 
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TABLES 

  
Uncut Cut (Acid Oxidized) 

 Dispersant Uncoated 
Coated (2% 

DSPE-PEG) 
Uncoated 

Coated (2% 

DSPE-PEG) 

Hydrodynamic 

diameter (D)/ 

Polydispersity 

index (PI) 

H2O 
D=185 ± 2 nm 

PI=0.29 ± 0.02 

D=251 ± 13 nm 

PI=0.34 ± 0.02 

D=137 ± 0.1 nm 

PI=0.27 ± 0.01 

D=171 ± 0.4 nm 

PI=0.25 ± 0.01 

PBS 

D=2086 ± 333 

nm PI=0.55 ± 

0.04 

D=219 ± 12 nm 

PI=0.38 ± 0.08 

D=709 ± 126 

nm PI=0.31± 

0.02 

D=166 ± 0.6 nm 

PI=0.22 ± 0.02 

ζ-potential H2O -37.9 ± 0.5 mV -32.9 ± 0.9 mV -49.3 ± 1.0 mV -37.2 ± 0.6 mV 

Table I. Physicochemical characterization of MWCNTs 
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ABSTRACT 

Glioblastoma (GBM) is the most common and most lethal primary brain tumor. Currently 

no treatment is curative and most result in eventual tumor recurrence. Tumor recurrence 

is thought to be driven by the presence of unique cells that occupy the cancer stem cell 

niche that have pluripotent and self-renewal capabilities. These unique cells, deemed 

cancer stem cells (CSCs), have been shown to be highly resistive to current therapies 

used to treat GBM, including ionizing radiation and temozolomide. Because current 

therapies have proven ineffectual in preventing tumor recurrence, researchers and 

clinicians are looking into thermal ablative therapies as an alternative treatment option. 

One such thermal ablative therapy is Laser Interstitial Thermal Therapy (LITT), which is 

a minimally invasive therapy that uses an interstitial fiber optic laser to generate ablative 

temperatures (T ≥ 55 °C) at the tumor site over a span of minutes. To improve heat 

generation of thermal ablative therapies, the addition of nanoparticles in combination 

with different sources of electromagnetic radiation is being thoroughly studied. A highly 

promising nanomaterial for use in thermal ablative therapies is multiwalled carbon 

nanotubes (MWCNTs), because of their unique chemical and physical properties that 

make them attractive for use in biomedical applications. The effects of carbon nanotubes 

and the subsequent combination thermal ablative therapy on the stemness phenotype in a 

GBM model have yet to be evaluated. In our studies, we utilize the neurosphere 

formation assay and detection of common stemness markers to evaluate the effects of our 

2% DSPE-PEG MWCNT and carbon nanotube mediated thermal ablative therapy 

(CNMTT) on the stemness phenotype in a G48 GBM cell model. The studies presented 

in this paper find that 2% DSPE-PEG MWCNTs may decrease the stemness phenotype 
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of G48 GBM cells; as indicated by decreased expression Sox2 and decreased neurosphere 

formation following CNT exposure. Furthermore, CNMTT may also decrease the G48 

stemness phenotype, as indicated by the diminished number of G48 neurospheres and the 

decreased neurosphere diameter after heating via CNMTT. These findings are promising 

and warrant further investigation into the effects of CNTs and CNMTT on the GBM 

stemness phenotype and its clinical repercussions. 
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INTRODUCTION 

Glioblastoma (GBM) is the most common and most lethal primary brain tumor, with a 5 

year overall survival of approximately 5% and a median survival of approximately 14 

months (American Brain Tumor Association). Currently in the clinic, patients with GBM 

are treated with surgical resection to remove as much of the tumor bulk as possible, 

followed by a combination of ionizing radiation and chemotherapy with the alkylating 

agent, temozolomide (TMZ)
1, 2

. However, these therapies only provide minimal 

improvement to survival, and tumor recurrence is often inevitable. Eventual repopulation 

of the tumor volume and subsequent tumor recurrence is hypothesized by some to be the 

result of cancer stem cells and their potential to be resistant to conventional therapies, 

including radiation and chemotherapy 
3
.  

The Cancer Stem Cell (CSC) hypothesis postulates that a unique type of cancer cell that 

occupies the stem cell niche is sufficient to initiate and sustain the tumor bulk through a 

set of unique characteristics, including 1) their ability for unlimited self-renewal, 2) 

pluripotency, or their ability to differentiate into diverse cell types, and 3) their 

tumorigenicity
4, 5

. Dependent upon cancer type, cancer stem cells (CSC) are characterized 

by the presence of certain stemness markers. For glioblastoma, some of those markers 

include Sox2 and CD133
6-9

. SOX2 is a transcription factor that helps to maintain the 

stemness phenotype through maintenance of an undifferentiated state in cancer stem 

cells
7
. Furthermore, CD133 expression is highly associated with glioma stem cells and 

subsequent therapeutic resistance
8-10

. The presence of CSCs is of so much concern to 

researchers and clinicians because CSCs have been shown to drive therapeutic 

resistance
11-13

. One study evaluating the efficacy of ionizing radiation in treating glioma 
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stem cells (GSCs) found that GSCs expressing CD133 survive ionizing radiation in 

increased levels compared to non-CD133-expressing tumor cells 
10

. Furthermore, 

investigation into the efficacy of chemotherapeutic agents in treating GSCs showed 

conflicting results, with some studies showing increased resistance of CD133-positive 

GSCs to treatment with temozolomide, carboplatin, paclitaxel and etoposide 
14

 and other 

studies showing that GSCs are sensitive to treatment with temozolomide 
3, 15

. The CSC 

hypothesis postulates that only therapies that can eliminate the CSC population will be 

able to induce long-term responses 
3
.  

Because current therapies have proven ineffectual in treating CSCs and eventually lead to 

tumor recurrence, researchers and clinicians are looking into thermal ablative therapies as 

an alternative treatment option including Laser Interstitial Thermal Therapy (LITT).  

LITT is currently used in the clinic to treat recurrent GBM by using interstitial fiber optic 

lasers in the Near Infrared (NIR) range, with wavelengths of 980 nm or 1064 nm
16

, to 

generate ablative temperatures (T ≥ 55 °C) at the tumor volume over a span of 3 – 13 

minutes
17, 18

. Exposure to these ablative temperatures leads to protein denaturation, 

aggregation and oxidation, eventually resulting in cell death
19, 20

. To improve the rate of 

heat deposition of thermal therapies, nanomaterials are being used in addition to radiation 

sources to generate ablative temperatures at much quicker rates than radiation alone 
21

. 

Multiwalled carbon nanotubes (MWCNTs) are of particular interest for use in thermal 

ablative therapies because they are efficient absorbers of Near Infrared radiation (NIR) 

and can generate enormous amounts of heat after exposure to NIR
22

. Carbon Nanotube 

Mediated Thermal Therapy (CNMTT) is a combination thermal ablative therapy that uses 

laser energy in the NIR spectrum to excite CNTs introduced to the tumor site to generate 
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highly localized thermal ablation and greatly increase the delivery of heat to the tumor 

relative to laser heating alone 
22

. Furthermore, CNMTT has been shown to be effective in 

treating both bulk and stem-like cells in a breast cancer model
23

. Other studies evaluating 

the effects of thermal therapies using gold nanoshells showed that gold nanoshell 

mediated thermal therapy can eliminate radioresistant breast cancer stem cells, in turn, 

sensitizing breast CSCs to radiation 
24

. However, despite their many benefits, thermal 

ablative therapies have the potential to expose cancer cells to sublethal stressors that 

could activate downstream stress pathways ultimately leading to increased cancer 

“stemness” and therapeutic resistance
25, 26

. Therefore, it is essential to investigate the 

effects of any novel treatment on the cancer stem cell population.  

Previous studies conducted by Lisanti et al found that treatment of GBM cells with 

carbon-based graphene led to differentiation of CSCs and depletion of formation of 

neurospheres 
27

. These results raise the question of how other carbon-based materials 

may influence the GBM stemness phenotype. The studies presented in this paper evaluate 

the effects of 2% DSPE-PEG coated MWCNTs that were previously characterized
28

 on 

the GBM stemness phenotype, by quantifying  expression of stemness markers and the 

formation of neurospheres. Furthermore, we investigate the effects of laser mediated 

thermal ablative therapies with and without the presence of CNTs on the stemness 

phenotype via the formation of neurospheres as an indicator of stemness. These studies 

show that 2% DSPE-PEG coated MWCNTs and CNMTT may decrease the stemness 

phenotype in a GBM cell model.  
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MATERIALS AND METHODS 

Cell Culture G48 GBM cells were cultured in Roswell Park Memorial Institute (RPMI) 

1640 Medium (Thermo Scientific) supplemented with 10% fetal bovine serum (FBS) 

(Sigma), 1% penicillin-streptomycin (Gibco), and 4.5 g/L glucose at 37 
o
C under 5% CO2 

in a humidified incubator. 

Preparation of MWCNT dispersions Short multi-walled carbon nanotubes (MWCNTs) 

8-15 nm in diameter (Nanostructured & Amorphous Materials, Inc.) were acid oxidized 

and purified as previously described
29

. A preparation of 2% 1,2-Distearoyl-sn-Glycero-3-

Phosphoethanolamine conjugated to Polyethylene Glycol (DSPE-PEG) (Nanocs, Inc.) 

was made by dissolving the surfactant at a concentration of 2% weight to volume in 

deionized water as previously described 
28, 30

. Nanoparticle dispersion was prepared by 

hydrating 10 mg of acid oxidized MWCNTs with 10 mL of 2% DSPE-PEG solution in a 

20 mL glass vial, followed by 30 minutes of bath sonication (Branson 2510).  

Nanoparticle suspensions were rendered isotonic by the addition of one part in 10 of 10x 

phosphate-buffered saline (PBS) (Invitrogen, Carlsbad, CA, USA) prior to dilution in cell 

culture media. 

Physiochemical Characterization of MWCNTs by Dynamic Light Scattering Analysis 

Hydrodynamic diameter and zeta potential were measured using the Zetasizer Nano ZS90 

(Malvern Instruments, Malvern, UK) at 25°C, with automatic settings, adjusting for the 

refractive index and viscosity of the dispersant. The particles were diluted to 5 µg/mL, 

and 1 mL was added to a disposable, clear plastic cuvette (Sarstedt, Newton, NC, USA). 

Each measurement was taken in triplicate. 
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CellTiter-Glo
®
 Assay After treatment, cell culture media was gently removed and 

replaced with a 1:1 mixture of 1xPBS and CellTiter-Glo® reagent. Samples were 

incubated at room temperature for 10 minutes in the dark. The resulting solution was 

mixed, centrifuged for 5 min at 13,000x G to remove MWCNTs. The supernatant was 

transferred to Microtiter™ Microlite™ White Strip Plates (Thermo Scientific), and total 

luminescence was measured using a Tecan GENios microplate reader.  

Generation of Heating Curves To determine the rate of heating using laser energy only 

or CNMTT wells of a 48 well plate were filled with 500 µL/well of dye free growth 

media or 10 µg/mL 2% DSPE-PEG CNT solution. Samples in each well were exposed to 

a 970 nm diode laser (K-laser, USA) for 0−120 seconds using a 3, 6, 9, or 12 W 

continuous wave beam with an area of 1 cm
2
. Pre- and post-NIR temperatures of wells 

were determined via thermocouple (Fluke). Temperature change as a function of laser 

exposure time was used to determine the duration of laser exposure time needed to 

achieve the necessary temperature ranges for our heating model. For all cell culture 

experiments, specific temperatures were verified in parallel, cell free wells receiving 

equivalent treatments. 

Carbon Nanotube Mediated Thermal Therapy To heat treat cells using laser alone or 

CNMTT, G48 cells were plated in monolayer in 48 well plates and allowed to adhere 

overnight. Once adherent, normal growth media was gently removed and 500 µL/well of 

dye free growth media or 10 µg/mL 2% DSPE-PEG CNTs, or P8A1-conjugated DSPE-

PEG-coated CNTs (final concentration: 0.5 µM P8A1 and 10 µg/mL 2% DSPE-PEG 

CNTs) was added to each well and were immediately exposed to a 970 nm diode laser at 

9 W/cm
2
 in order to reach indicated temperatures based on heating curves. Following 
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indicated recovery times, viability was assessed via CellTiter-Glo® assay or cells were 

replated in neurosphere forming conditions. 

qRT-PCR RNA isolation was conducted using TRIzol® Reagent system (Life 

Technologies). Reverse Transcriptase was performed using SuperScript™ III Reverse 

Transcriptase system (Invitrogen). The following primers were used for qRT-PCR: Sox2: 

Forward 5’- GGAGTTGTCAAGGCAGAGAAGAG -3’ Reverse 5’- 

GAGAGAGGCAAACTGGAATC -3’ Oct4: Forward 5’- 

TGGTCCGAGTGTGGTTCTGTAA -3’ Reverse 5’- TGTGCATAGTCGCTGCTTGAT 

-3’ CD44: Forward 5’- GTTTGCATTGCAGTCAACAGTCG -3’ Reverse 5’- 

GTTACACCCCAATCTTCATGTCCAC -3’  CD133: Forward 5’- 

CAATGACCCTCTGTGCTTGGTGC -3’ Reverse 5’- 

GGTGGAAGCTGCCTCAGTTCAG -3’  GAPDH: Forward 5’- 

ACTGCCAACGTGTCAGTGG -3’ Reverse 5’- GTGTCGCTGTTGAAGTCAGA -3’ in 

combination with GoTaq® qPCR Master Mix. qRT-PCR was performed on the Roche 

LightCycler® 480 II.   

Western Blot Analysis Lysates were collected using M-PER Mammalian Protein 

Extraction Reagent (Thermo Scientific) supplemented with 1% Halt
TM

 Protease & 

Phosphatase Inhibitor Cocktail (Thermo Scientific). Protein concentration was 

determined for each sample using a Bicinchoninic acid (BCA) protein assay kit (Thermo-

Fisher/Pierce). Subsequently, 20 µg of protein lysate were subjected to sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on a 12% Ready Gel® Tris-HCl 

gels (Bio-Rad) and transferred to nitrocellulose (Bio-Rad). Membranes were blocked 

with 5% non-fat milk solution in tris-buffered saline (TBS) with 1% Tween 20 (Sigma-
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Aldrich) for 30 minutes. Blots were probed with antibodies diluted in 5% BSA or 5% 

milk. Antibodies (Cell Signaling Technology) were diluted to the following 

concentrations: Sox2 (1:1000) and GAPDH (1:10,000) in 5% milk or BSA according to 

manufacturer’s protocol. Membranes were developed using SuperSignal® West Pico 

Chemiluminescent Substrate (Thermo Scientific).  

Neurosphere Growth Conditions and Analysis To form neurospheres, 5,000 G48 

cells/well were suspended 200 µL/well of Neurobasal® Media supplemented with 1% 

Glutamax, 1% penicillin-streptomycin, 2% B-27 supplement, 1% N-2 supplement, 20 

ng/mL epidermal growth factor EGF, and 20 ng/mL basic fibroblastic growth factor 

bFGF (Gibco) in Corning® 96 Well Clear Flat Bottom Ultra Low Attachment 

Microplate. Cells were allowed to form neurospheres over a span of 7 days. After 7 days, 

neurospheres were transferred to 24 well plates filled with 500 µL/well normal growth 

media and imaged using Invitrogen EVOS FL Auto Imaging System (Thermo Fisher). 

Spheroid diameter was then measured using the “Measure” feature in ImageJ software 

(https://imagej.nih.gov/ij/). To perform the secondary neurosphere formation assay, 

neurospheres formed from untreated cells were pooled and then dissociated into a single 

cell suspension by incubating neurospheres in 2 mL trypsin at 37 °C for 2-5 minutes. 

Dissociated neurosphere-derived cells were then heated using laser only or CNMTT 

conditions as stated previously in this section. Following treatment, cells were 

immediately replated in neurosphere forming conditions to form secondary neurospheres. 

 

 

https://imagej.nih.gov/ij/
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RESULTS 

Evaluation of sensitivity of G48 GBM cells to 2% DSPE-PEG CNTs 

A solution of 2% DSPE-PEG coated CNTs were created using methods previously 

described
28, 30

 by dispersing acid oxidized  MWCNTs in 2% weight to volume aqueous 

solution of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-amino(polyethylene 

glycol)5000 (DSPE-PEG). 2% DSPE-PEG CNTs exhibited a hydrodynamic diameter in 

water of 195 ± 3.6 nm and 179 ± 5.9 nm in physiologic solutions, and a zeta potential of -

38.4 ± 0.5 mV (Table S1). At high doses, 2% DSPE-PEG CNTs have been shown to be 

toxic to other GBM and normal brain cells lines, including human brain microvascular 

endothelial cells and normal human astrocytes
28, 30

. Therefore, it is necessary to define a 

safe dose range to minimize toxicity. In order to determine a minimally toxic dose of 2% 

DSPE-PEG coated MWCNTS (2% DSPE-PEG CNTs), adherent G48 cells were treated 

with increasing concentrations of 2% DSPE-PEG CNTs for 24 or 48 hours. After 

viability was assessed via CellTiter-Glo®, a dose dependent decrease in viability was 

observed as concentration of 2% DSPE-PEG CNTs increases, with a sharp decrease in 

viability occurring after treatment with 25 µg/mL CNTs (Fig 1). However, 10 µg/mL 

CNTs was minimally toxic to G48 cells after 24 and 48 hour treatments, with viability 

only decreasing to 90% at 24 hours and 96% at 48 hours. From this evaluation of 

viability we have determined that treatment with 10 µg/mL 2% DSPE-PEG CNTs is 

minimally toxic to G48 cells; therefore, this dose can be utilized in further studies to 

evaluate the efficacy of CNT-mediated photothermal therapy.  
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Determination of photothermal therapy conditions and evaluation of their efficacy in 

killing G48 GBM cells  

Once an optimal dose of 10 µg/mL 2% DSPE-PEG CNTs was determined, it was then 

necessary to determine laser parameters sufficient to generate ablative temperatures with 

the optimal dose of CNTs. Currently in the clinic, lasers used to treat GBM range from 10 

– 15 watts 
16, 31

. In order to evaluate the heating efficacy of a 970 nm diode laser, wells 

containing a 10 µg/mL CNT solution (CNMTT conditions) were exposed to a 970 nm 

diode laser set to 3, 6, 9, or 12 W for increasing amounts of time and the resulting 

temperatures of the media was measured. The resulting heating curves for the different 

power settings show that as laser power increases, the time needed to reach ablative 

temperatures decreases (Fig 2A). For example: under CNMTT heating conditions, a 12 

W laser can generate ablative temperatures in 25 seconds, whereas as 3 W laser requires 

90 seconds to generate the same temperatures. Figure 2B displays the laser exposure 

time necessary to reach a ΔT ≈ 30 °C under laser only compared to CNMTT conditions 

for different laser-power settings. Compared to laser alone, CNMTT generates ablative 

temperatures at much faster rates compared within the same laser power. Under 12 W 

heating conditions, laser heating alone required 35 seconds to reach ablative 

temperatures, whereas CNMTT heating conditions only required 25 seconds to reach 

ablative temperatures. However, when the laser was set to 12 W, the plastic of the cell 

cultures plates melted, making this power setting logistically unsound. Therefore, we 

determined that a laser-power setting of 9 W was optimal for future studies.  



 154   
 

Once laser-power parameters were determined, G48 GBM cells were exposed to heating 

via laser only or CNMTT conditions with the optimized CNT dose (10 µg/mL) and the 

laser set to 9 W/cm
2
. Forty eight hours after heating, cell viability was assessed via 

CellTiter-Glo assay with an enhanced spin step to remove excess CNTs. As expected, 

there is a dose dependent decrease in viability as laser exposure time increases for both 

laser only conditions and CNMTT (Fig 2C). However, heating via CNMTT generates far 

more cell killing than heating with laser alone when exposed to the same laser time. After 

26 seconds of laser exposure time, laser only conditions resulted in a 97% resulting 

viability, whereas the same laser exposure time with the presence of 10 µg/mL CNTs 

resulted in 17% viability after heating. This shows that the addition of CNTs increases 

the efficacy of thermal ablation at clinically relevant laser doses. 

Validation of neurosphere growth conditions in enriching stemness phenotype 

Common markers of stemness include Sox2, Oct4, Nanog, CD133, and CD44 
6-9, 32, 33

. 

Additionally, tumor-derived spheroids that are enriched for cancer stem cells (CSCs) or 

cells with stem cell-related characteristics are used as an in vitro surrogate system to 

study CSC properties 
34

. Therefore, it is expected that neurospheres exhibit an increase in 

stemness markers relative to cells grown in normal monolayer growth conditions. To 

evaluate the stemness phenotype in the G48 GBM cell model we wanted to validate the 

neurosphere formation assay as an indicator of stemness. In order to do this, G48 cells 

were grown in monolayer or neurosphere growth conditions, which consisted of G48 

cells suspended in neurobasal growth media in non-adherent plates for 7 days (see 

Materials and Methods). Relative mRNA expression of stemness markers, including 

Sox2, Oct4, Nanog, and CD133, was analyzed via qRT-PCR in G48 cells grown in 
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monolayer and G48 neurospheres. As expected, G48 neurospheres exhibited a significant 

increase in expression of stemness markers relative to G48 cells grown in monolayer (Fig 

3). This observed increase in mRNA expression of stemness markers confirms that G48 

neurospheres are a valid indicator of increased stemness and can, therefore, be used in 

future experiments to evaluate stemness.  

Evaluation of stemness phenotype in GBM cells following exposure to 2% DSPE-PEG 

CNTs 

As previously stated in the introduction, carbon-based materials have been shown to 

selectively target cancer stem cells and decrease the ability of GBM cells to form 

neurospheres 
27

. In addition to neurosphere formation as a marker of stemness, the 

expression of certain markers are also indicative of a stemness phenotype, including 

Sox2, Oct4, Nanog, CD44, and CD133 
6-9, 32, 33

. Therefore, we wanted to evaluate the 

effects of our optimized CNT on the expression of stemness markers in G48 GBM cells. 

To do this, G48 cells were treated with 10 µg/mL 2% DSPE-PEG CNTs for 24 hours and 

relative protein expression was quantified via Western Blot analysis (Fig 3A). Following 

treatment with CNTs, Western blot analysis of stemness markers showed a significant 

decrease in protein expression of Sox2 (Fig 3B), a well-established marker of stemness in 

GBM 
7
. Furthermore, western blot analysis also showed that there was no increase in 

CD133 or Nanog protein expression following CNT treatment (Fig S1). Taken together, 

these results suggest that 2% DSPE-PEG CNTs may decrease the stemness phenotype of 

G48 GBM cells; as indicated by decreased levels of Sox2 observed in G48 cells after 

treatment with 2% DSPE-PEG CNTs.  



 156   
 

Evaluation of the effects of CNMTT on GBM stemness phenotype  

To evaluate the effects of CNMTT on the stemness phenotype of G48 GBM cells, G48 

cells were treated in monolayer with 10 µg/mL 2% DSPE-PEG CNTs and immediately 

exposed to a 970 nm diode laser at 9 W/cm
2
 in order to reach 50-52 °C. Twenty four 

hours after heating, cell viability was assessed via CellTiter-Glo, RNA was collected for 

qRT-PCR analysis, or cells were replated in neurosphere growth conditions. Heating G48 

cells to 50-52 °C with laser alone resulted in a decreased viability of 60%, and 70% after 

heating via CNMTT (Fig 5A). Evaluation of mRNA expression showed a significant 

decrease in expression of Sox2 and CD44 following CNT treatment alone, but not laser 

heating alone or CNMTT (Fig 5B). There was no significant difference observed in Oct4 

expression following treatment. However, there was an observed increase in CD133 

expression following treatment; but these changes are not significant and may be due to 

the fact that CD133 expression was very low, making absolute changes look much more 

drastic than they actually are. Because evaluation of stemness markers via qRT-PCR is 

only one method of monitoring changes in the stemness phenotype, we wanted to 

perform a functional neurosphere assay to evaluate the effects of CNMTT on the G48 

stemness phenotype. After 7 days of growth, neurospheres were imaged (Fig 5C) and the 

number of neurospheres was quantified for each treatment group (Fig 5D). Following 

laser treatment alone, there was no observed change in the number of neurospheres 

relative to untreated control cells. Furthermore, CNT treatment alone did not significantly 

change the number of neurospheres relative to untreated cells. Despite CNMTT resulting 

in a slightly higher viability compared to laser heating alone, CNMTT led to an observed 

decrease in the number of neurospheres relative to all other treatment groups. Taken 
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together, these results suggest that CNMTT decreases the G48 stemness phenotype, as 

indicated by the decreased number of G48 neurospheres after heating via CNMTT.  

Evaluation of the effects of CNMTT in treating stem-like GBM cells  

Because neurospheres enrich for stemness (as indicated by the observed elevated mRNA 

expression levels in G48 neurospheres), we wanted to evaluate the effects of CNMTT in 

treating stemness-enriched neurospheres. In order to do this, primary G48 neurospheres 

were grown over a span of 7 days then dissociated into a single cell suspension. This 

single cell suspension was then exposed to laser only heating conditions or heating via 

CNMTT and immediately replated in secondary neurosphere forming conditions (Fig 

6A). After 7 days, neurospheres were imaged (Fig 6B) and the number of secondary 

neurospheres was quantified for each treatment group (Fig 6C). The addition of CNTs 

alone leads to a slight decrease in the number of secondary neurospheres relative to 

control, but this change is not significant. Heating cells to 46-48 °C using laser only 

conditions actually increases the number of secondary neurospheres relative to control; 

whereas, heating dissociated G48 neurospheres with CNMTT to the same temperatures 

leads to a decrease in the number of secondary neurospheres. Similar trends were 

observed after heating to 50-52 °C: with the number of neurospheres increasing after 

laser only heating and decreasing after CNMTT relative to control. However, these 

changes were not significant. Taken together, these data show that the addition of CNTs 

to laser heating may lead to a decrease of the G48 stemness phenotype, as indicated by 

the decreased number of secondary G48 neurospheres after heating via CNMTT. 
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DISCUSSION 

Based on the Cancer Stem Cell (CSC) hypothesis, only therapies that can eliminate the 

CSC population will be able to induce long-term responses by preventing repopulation of 

the tumor bulk 
3
. In order to improve upon current therapies available for the treatment of 

GBM, depletion of the cancer stem cell fraction or stemness characteristics must be 

observed. In our studies, we evaluated the effects of 2% DSPE-PEG MWCNTs alone, 

laser heating alone, or Carbon Nanotube Mediated Thermal Therapy (CNMTT) on the 

stemness phenotype in a GBM model.  

For our studies, a dose of 10 µg/mL was determined to minimize toxicity while still 

maintaining the ability to generate ablative temperatures after exposure to laser energy. 

Based on previous studies evaluating the toxicity of 2% DSPE-PEG MWCNTs, a dose of 

10 µg/mL is minimally toxic to other GBM cell types as well as normal human astrocytes 

(NHA) grown in a monolayer
30

. However, this dose is probably highly conservative 

based on previous studies evaluating toxicity in a Human Brain Microvascular 

Endothelial Cell (HBMEC) model that found 2% DSPE-PEG MWCNTs were toxic to 

HBMECs grown in monolayer, but non-toxic to HBMECs grown on basement 

membrane. Generation of heating curves using different laser-power settings showed that 

maximizing power minimizes the time needed to reach ablative temperatures, while the 

addition of CNTs increases the rate of heat deposition compared to laser heating alone. 

Additionally, when comparing the efficacy of laser heating alone versus CNMTT in 

treating G48 GBM cells, CNMTT led to far more cell killing than laser alone when 

exposed to the same laser time. These results agree with many studies that have found 
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that the addition of CNTs improves heat generation and efficacy compared to laser alone 

22, 23, 25, 30, 35
. 

Once optimal treatment conditions were determined, we then wanted to evaluate the 

effects of 2% DSPE-PEG CNTs on the expression of stemness markers. Before we could 

do this, we needed to validate the markers we would be using to evaluate stemness in a 

G48 cell model. In order to validate stemness markers, we utilized neurospheres as a 

surrogate to enrich for stem-like characteristics
34

. CSCs are distinguished by 

characteristic markers including elevated CD133 or CD44 and expression of pluripotent 

factors, Oct4, Sox2, and Nanog 
6-9, 32, 33, 36, 37

. As expected, G48 neurospheres grown in 

neurobasal media showed a significant increase in the expression of characteristic 

stemness markers, including Sox2, Nanog, CD44, and CD133. From these results, we 

have validated our capacity to observe a significant increase in stemness markers in G48 

GBM cells grown as neurospheres and can, therefore, use these markers in future 

experiments to validate changes to the stemness phenotype.  

To evaluate the effects of 2% DSPE-PEG CNTs on the stemness phenotype in G48 GBM 

cells, Western Blot analysis was performed to monitor changes in protein expression 

levels of characteristic stemness markers, including Sox2, Nanog, and CD133, following 

treatment with CNTs. Western Blot analysis showed a significant decrease in Sox2 

protein expression and no induction of Nanog or CD133 following treatment with CNTs. 

The observed decrease in Sox2 is a promising outcome because in patient studies, 

biopsies of GBM patients that exhibit elevated levels of Sox2 were associated with poor 

outcome 
7
. The observed decrease in Sox2 protein expression following CNT treatment 

suggests a decrease in the stemness phenotype, but the mechanism behind this decrease 
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remains unknown. Previous studies have shown that CNTs down-regulate c-myc, an 

essential protein for maintaining and regulating stemness of glioma stem cells (GSC)
38, 39

. 

Therefore, CNTs may inhibit the stemness phenotype of GSC by downregulating c-myc. 

Our findings also resemble previous studies that found that treatment of GBM cells with 

carbon-based graphene led to differentiation of CSCs and depletion of the stemness 

phenotype via observed decreased neurosphere formation 
27

. 

The increased rate of heat deposition and subsequent improved cell killing resulting from 

CNMTT compared to laser only heating conditions is a compelling argument for the use 

of CNMTT in the stead of thermal ablative therapies that use laser alone. However, it can 

be argued that clinicians could simply just increase the laser exposure time to generate 

temperatures comparable to those generated by CNMTT. This is why we found it crucial 

to evaluate the effects of diverse thermal therapies by heating cells to equivalent 

temperatures and then evaluating their stemness phenotype. To evaluate the effects 

CNMTT on the stemness phenotype, qRT-PCR analysis was performed to monitor 

changes in mRNA expression levels of characteristic stemness markers, including Sox2, 

Oct4, CD44, and CD133 following treatment with CNTs only, laser heating only, or 

CNMTT. Sox2 and CD44 exhibited a significant decrease in expression following 

treatment with CNTs alone, but not laser heating or CNMTT. These results suggest that 

CNTs alone may decrease the stemness phenotype, but the addition of a heating element 

may induce a protective response in these cells. Because monitoring changes of stemness 

markers is only one method of evaluating the stemness phenotype, we wanted to perform 

a functional neurosphere assay to evaluate the effects of CNMTT on the G48 stemness 

phenotype. Tumor-derived spheroids are enriched for cells with stem cell characteristics 
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and are frequently used as an in vitro surrogate system to study CSC properties 
34

. 

Furthermore, the formation of GBM tumor-derived neurosphere is a significant predictor 

of clinical outcome
40

 and is associated with decreased progression free survival and 

overall survival
41

. Despite CNMTT resulting in a slightly higher viability compared to 

laser heating alone, CNMTT actually led to an observed decrease in the number of 

neurospheres relative to all other treatment groups; whereas following laser treatment 

alone, there was no observed change in the number of neurospheres relative to untreated 

control cells. These findings agree with many previous studies showing the effects of 

nanoparticle mediated thermal therapies in depleting the stemness phenotype
42-46

. More 

specifically to CNMTT, previous studies have shown that CNMTT is sufficient to 

decrease the breast CSC fraction, whereas conventional heating methods led to an 

increase the breast CSC fraction
23

. Taken together, these results suggest that CNMTT 

decreases the G48 stemness phenotype, as indicated by the decreased number of G48 

neurospheres after heating via CNMTT.  

There is a myriad of literature that conveys the ability of nanoparticle mediated 

photothermal ablative therapies to treat stemness-enriched cells in a variety of cancer 

models
42-47

. In a gastric cancer model, gold nanostar mediated photothermal therapy was 

effective in treating CD44-expressing spheroid colonies 
46

. And in a breast cancer model, 

gold nanorod mediated thermal ablation was sufficient to inhibit the growth of CD44-

enriched mammospheres 
47

. Therefore, we wanted to evaluate the efficacy of CNMTT in 

treating stemness-enriched neurospheres. In order to do this, primary G48 neurospheres 

were dissociated into a single cell suspension and heated using laser alone or CNMTT 

and immediately replated in secondary neurosphere forming conditions. Exposure to 
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CNTs alone did not result in any significant changes to the number of secondary 

neurospheres; suggesting that CNTs may not be sufficient to treat stemness-enriched cells 

on their own. Following laser only heating to 46-48 °C, the number of secondary 

neurospheres increased relative to the untreated control; whereas heating stemness-

enriched cells to an equivalent temperature by CNMTT led to an observed reduction in 

the ability of G48 GBM cells to form secondary neurospheres. This same trend is 

observed at higher temperatures (50-52 °C); with the number of neurospheres increasing 

after laser only heating and decreasing after CNMTT relative to control, but these 

changes are not significant. Taken together, these data suggest that stemness-enriched 

G48 cells may be sensitive to CNMTT but not laser heating alone, and that laser heating 

alone may actually induce stemness characteristics. These findings agree with previous 

studies performed in a breast CSC (BCSC) model where heating cells with conventional 

water bath heating led to an increase in the BCSC fraction and heating with CNMTT lead 

to a decrease in the BCSC fraction 
23

.  
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CONCLUSION 

Because CSCs are resistant to standard radiation and chemotherapy, the inability to 

treat this critical subpopulation may account for repopulation of the tumor bulk and 

ultimate disease recurrence. Therefore, novel therapies for the treatment of GBM must be 

effective in addressing this critical cell fraction. Our studies show that CNMTT may be 

more effective than laser alone in depleting this resistant subpopulation, and that CNTs 

themselves may play a role in depleting the stemness phenotype. Further investigation 

into the mechanism behind the observed effects of CNTs alone and CNMTT on GBM 

stemness phenotype is warranted.  
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FIGURES 

 

Figure 1. Evaluation of the cytotoxicity induced by 2% DSPE-PEG coated 

MWCNTs. Adherent G48 GBM cells were treated with increasing concentrations of 2% 

DSPE-PEG coated MWCNTs for 24 or 48 hr. After the indicated times, cell viability was 

evaluated using the Cell-Titer Glo assay with enhanced spin step (see Materials and 

Methods).   
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Figure 2. Laser therapy at clinically relevant laser doses is enhanced with the 

addition of CNTs. A) Wells containing 500 µL of 10 µg/mL CNT were exposed to 3, 6, 

9, or 12 W/cm
2
 laser for increasing amounts of time in order to reach ablative 

temperatures. Temperature change (ΔT) relative to laser exposure time is graphed. B) 

Wells containing 500 µL of dye free media alone (Laser only) or 500 µL of 10 µg/mL 

CNTs (CNMTT) were exposed to 3, 6, 9, or 12 W/cm
2
 970 nm diode laser. The time 

necessary to reach ΔT ≈ 30 °C was determined. C) Wells containing adherent G48 cells 

and 500 µL of dye free media alone (Laser only) or 500 µL of 10 µg/mL CNTs (Laser + 

CNTs) were exposed to a 970 nm diode laser at 9 W/cm
2
 for increasing amounts of time. 

Cells were allowed to recover for 48 hours and cell viability was determined via Cell-

Titer Glo with enhanced spin step.   
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Figure 3. Neurosphere growth conditions enrich for stemness markers. G48 cells 

were grown in monolayer on plastic or in neurosphere growth conditions. Neurosphere 

growth conditions consisted of G48 GBM cells suspended in neurobasal growth media in 

non-adherent plates (see Materials and Methods). Neurospheres formed over a span of 7 

days. Relative mRNA expression of stemness markers (Sox2, Oct4, Nanog, CD133) was 

analyzed via qRT-PCR, with GAPDH serving as an internal control. The average mRNA 

expression was quantified and measured in triplicate replicates. Data are displayed as the 

mean ± standard deviation of each replicate. Significant differences (*, p < 0.05) between 

treatment groups were determined by Student’s T-test. 
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Figure 4. CNTs decrease stemness marker Sox2 in G48 GBM cells grown in 

monolayer. Adherent G48 cells were treated with 10 µg/mL 2% DSPE-PEG CNTs for 

24 hours. A) Relative Sox2 protein expression, a common marker of stemness, was 

analyzed via Western Blot analysis, with GAPDH serving as a loading control. Human 

embryonic stem cells and Platinum-Acridine treated G48 cells served as controls. The 

average protein expression was quantified and measured in three independent biological 

replicates. B) Densitometry analysis of the average protein expression level of Sox2 

relative to GAPDH. Data are displayed as the mean ± standard deviation of each 

experiment. Significant differences (*, p < 0.05) between treatment groups were 

determined by Student’s T-test. 
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Figure 5. CNMTT of G48 GBM cells grown in monolayer decreases neurosphere 

formation. Adherent G48 cells were treated with 10 µg/mL 2% DSPE-PEG CNTs and 

immediately exposed to a 970 nm diode laser at 9 W/cm
2
 in order to reach 50-52 °C. 

Cells were allowed to recover for 24 hours and cell viability was determined via Cell-

Titer Glo with enhanced spin step (A), collected for qRT-PCR analysis, or replated in 

neurosphere forming growth conditions. B) Relative mRNA expression of common 

stemness markers, Sox2, Oct4, CD44, and CD133, were evaluated via qRT-PCR in three 

independent biological replicates, with each biological replicate containing triplicate 

technical replicates. Data are displayed as the mean ± standard error of each experiment. 

Significant differences among groups are indicated: *p<0.05 (ANOVA; post-hoc Tukey 

Test). C) Representative images show G48 neurospheres after 7 days of growth in 

neurobasal media, following an initial 24 hr recovery time after heating. D) Number of 

neurospheres was quantified in three independent biological replicates, with each 

biological replicate containing triplicate technical replicates. Data are displayed as the 

mean ± standard error of each experiment. No significant differences among groups were 

detected via ANOVA and post-hoc Tukey Test. 
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Figure 6. CNMTT of primary neurosphere derived G48 GBM cells does not 

decrease secondary neurosphere formation. A) Primary G48 neurospheres were grown 

in neurosphere growth conditions for 7 days, after which primary neurospheres were 

dissociated into single cell suspensions and heated using laser only or CNMTT. 

Following heat treatment, cells were replated in neurosphere growth conditions to form 

secondary neurospheres. B) Representative images show secondary G48 neurospheres 

after 7 days of growth in neurobasal media, following heating via laser only or CNMTT. 

C) The number of secondary neurospheres was quantified for each treatment group. Data 

are displayed as the mean ± standard deviation of triplicate replicates. No significant 

differences among groups were detected via ANOVA and post-hoc Tukey Test.  
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Supplementary Figure 1. CNTs decrease Sox2 protein levels in G48 GBM cells. 

Adherent G48 cells were treated with 10 µg/mL 2% DSPE-PEG CNTs and lysates were 

collected after 24 hours. A) Lysates were probed for Sox2 or B) CD133 and Nanog, all 

markers of stemness, via Western blot analysis. GAPDH was used as a loading control. 

Lysates of human embryonic stem cells and Platinum-Acridine treated G48 cells were 

used as controls. 
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TABLES 

 
Dispersant 2% DSPE-PEG 

Hydrodynamic 

diameter (D)/ 

Polydispersity 

index (PI) 

H
2
O 

D=195 ± 3.6 nm 

PI=0.34 ± 0.03 

PBS 
D=179 ± 5.9 nm 

PI=0.33 ± 0.05 

Zeta Potential H
2
O  -38.4 ± 0.5 mV 

D: hydrodynamic diameter; PI: Polydispersity index  

Supplementary Table 1. Physiochemical Characterization of MWCNTs by Dynamic 

Light Scattering Analysis  
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Translation of CNMTT: A Balancing Act 

Currently, clinical options for treating GBM are limited and no treatment is curative. The 

overarching goal of the studies presented in this dissertation was to further the 

development of CNMTT towards becoming a frontline therapy and an addition to the 

current standard of care for the treatment of GBM. CNMTT is a promising therapy 

because it is minimally invasive, can access deep seeded tumors that are otherwise 

unresectable via conventional surgery, and has been shown to be effective in treating 

stem-like cells 
1-3

. However, in order to translate CNMTT into the clinic, a balancing act 

of many different components must be achieved.  

The main concern for use of CNTs is their toxicity. However, the toxicity of CNTs relies 

on many variables, including CNT characteristics 
4
, the dose of CNTs themselves, the 

type of cell being evaluated 
5
, and the environment in which they will be used 

6, 7
. 

Because our CNTs are designed for local infusion, acute systemic toxicity is less of a 

concern. However, because of their need to move throughout a three dimensional space 

(i.e. the tumor volume), we discovered that they needed to be coated in a highly dense 

coating of phospholipid PEG (2% DSPE-PEG). This optimized coating led to an 

observed increase in cytotoxic effects to GBM cell lines as well as non-tumorigenic cell 

lines, including Normal Human Astrocytes (NHAs) and Human Brain Microvascular 

Endothelial Cells (HBMECs). Despite the observed increase in toxicity of our optimized 

CNTs, we did not want to compromise the ability of our optimized CNTs to move across 

a large volume by changing the formulation; therefore, we needed to determine a dose 

that would minimize the toxicity to normal surrounding cells. Through extensive toxicity 

studies, we determined that a dose of 10 µg/mL of our optimized CNTs is a highly 
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conservative estimate to minimize toxicity to normal cells. This dose is highly 

conservative because when evaluated in more complex tissue models, our optimized 

CNTs appear to have no effect on toxicity to GBM cells grown in 3D GBM spheroid 

cultures or HBMECs grown on basement membrane. These findings are consistent with 

other studies showing that toxicity of CNTs in minimized in more complex model 

systems 
8-10

. 

The next component that needed to be evaluated was the irradiation parameters. 

Currently, lasers used in the clinic are in the NIR range, with wavelengths of 970 nm or 

1064 nm, and have power settings between 10 – 15 watts 
11, 12

. With this in mind, we 

evaluated the ability of laser energy to generate ablative temperatures with and without 

CNTs. In agreement with studies before us 
1, 13

, we found that the addition of CNTs 

increased the rate of heat deposition, where it was possible to generate much higher 

temperatures at a much quicker rate than laser heating alone. Furthermore, we concluded 

that we could achieve higher rates of cell killing using CNMTT than laser alone at 

equivalent laser parameters in a monolayer and a 3D spheroid model.  

Despite numerous studies demonstrating the enhanced heating efficacy of CNMTT 

compared to conventional heating methods 
1, 13

, CNMTT must show a clear advantage 

over other forms of thermal therapy prior to clinical translation. To demonstrate potential 

superiority of CNMTT compared to conventional heating methods, it is necessary to 

evaluate the potential biological repercussions of the thermal therapies in question. 

Regrettably, our studies showed that neither CNMTT nor conventional heating methods 

can overcome thermotolerant GBM cells. However, we have demonstrated that our 

optimized CNTs alone do not induce a heat shock response, nor do they induce stemness 
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characteristics. Furthermore, our CNTs were shown to actually decrease expression of the 

GSC stemness marker, Sox2, and decrease formation of neurospheres. Compared to laser 

heating alone, CNMTT led to a decrease in neurosphere formation and showed potential 

efficacy in treating stemness-enriched GBM cells. This differs from conventional heating 

methods, which exhibited a potential enrichment of the stemness phenotype after laser 

heating. This observed decrease in the stemness phenotype after CNMTT could be a 

potential advantage that argues for use of CNMTT over laser therapy alone.  

Future Directions 

Targeting of CNTs: Targeting CNTs to molecules that are over-expressed on tumor cells 

can increase malignant cell binding, uptake and selectivity of CNTs 
14

. One study 

demonstrated that folate-conjugated CNTs targeted to the upregulated folate receptor on 

breast cancer cells increased efficacy of CNMTT compared to CNMTT using non-

targeted CNTs 
15

. Taken together, it can be said that targeting can improve CNT cell 

binding and uptake, which can subsequently improve efficacy of CNMTT. In preliminary 

studies, we have demonstrated the improved efficacy of CNMTT using MWCNTs 

targeted to a multidrug resistance (MDR) receptor compared to CNMTT using non-

targeted MWCNTs (data not shown). Furthermore, MWCNTs have been shown to down-

regulate ATP-binding cassette (ABC) transporter, a receptor that mediates drug 

resistance, in an adenocarcinoma model 
16

. This data suggests that highly resistant cells 

may be susceptable to CNTs targeted to receptors involved in MDR. Furthermore, the 

addition of another targeting agent could increase the specificity of CNTs to GBM cells. 

IL-13Rα2 is overexpressed in 70% of GBM patients and represents a promising target 

molecule for novel GBM targeted therapies 
17

. An IL-13Rα2 binding peptide, Pep-1, 
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developed in the lab of Dr. Waldemar Debinski at Wake Forest School of Medicine has 

been shown to selectively target GBM cells over-expressing IL-13Rα2 but does not target 

normal brain tissue 
18

. Future studies could examine the CNT binding, uptake, and 

subsequent efficacy of CNMTT using multi-targeted MWCNTs targeted to receptors 

involved in MDR and the highly GBM specific IL-13Rα2.  

Effects of CNMTT on Invasion and Migration: In order to improve upon current 

thermal therapies, CNMTT must not activate stress response pathways that may decrease 

the efficacy of subsequent therapies. The ultimate goal of CNMTT is to heat malignant 

tissue to ablative temperatures to induce tumor cell death. This is easily achievable in the 

region closest to the focal point of the laser; however, cells in the reversible zone further 

away from the focal point of the laser have the potential to be exposed to sub-lethal 

stressors 
19

. Exposure to sub-lethal stressors may activate stress responses, including the 

heat shock response, migration, or invasion 
1, 20-22

. In previous studies it has been shown 

that incomplete radiofrequency ablation induces accelerated invasive growth in a 

hepatocellular carcinoma (HCC) model 
23

. GBM has an invasive subtype and in previous 

studies it has been shown that treatment with ionizing radiation and bevacizumab leads to 

an epithelial-mesenchymal transition (EMT) like transition in GBM 
24

. Therefore, it is 

important to study how novel therapies will influence this transition. Preliminary studies 

in our lab have shown that expression of Slug and Zeb1, key players in EMT, are 

decreased in U87 GBM cells treated with CNMTT and CNTs alone. Conversely, Snail, 

another key regulator in the EMT transition, is highly upregulated in U87 cells heated to 

sub-ablative temperatures using conventional heating methods. Taken together, this data 

suggests that conventional heating methods may actually increase an invasive phenotype, 
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whereas CNMTT may decrease the GBM invasive phenotype. Additionally, preliminary 

studies utilizing a wound healing assay have shown that CNMTT decreases migration 

relative to cells treated with conventional heating. This leading data warrants further 

studies evaluating the effects of CNMTT or laser heating alone on the invasive phenotype 

in GBM. Future studies could utilize transwell invasion assays, wound healing assays, as 

well as qRT-PCR and Western Blot analysis to evaluate essential genes and proteins 

involved in invasion and migration, including Snail, Slug, Twist, and Zeb1. 

Effects of CNMTT on GBM stemness: Cancer Stem Cells (CSCs) are thought to be 

responsible for repopulation of the tumor bulk leading to eventual disease recurrence 
25, 

26
. Studies show that recurrent lesions have a higher proportion of GBM stem cells that 

constitute the tumor volume compared to newly diagnosed tumors 
27

. GBM stem cells 

have been shown to be more resistant to chemotherapeutic agents – including 

temozolomide, carboplatin, and paclitaxel – as well as conventional thermal treatments 
1, 

27
. Therefore, novel therapies must address this critical subpopulation of cells. Previous 

studies have shown that CNMTT is sufficient to treat both the bulk and stem cell-like 

populations 
1-3

. The works presented in this dissertation suggest that CNMTT may lead to 

a decrease in the stemness phenotype of a GBM cell model, and that this observed 

decrease may be due to CNTs themselves. In previous studies, MWCNTs have been 

shown to down-regulate c-myc 
16

, a protein that has been shown to be required for glioma 

stem cell maintenance 
28

. Therefore, CNTs may be causing a decrease in the stemness 

phenotype by way of c-myc down-regulation. Further investigation into the potential 

mechanism and pathways behind the effects of CNTs and CNMTT on the GBM stemness 

phenotype is warranted. Glial fibrillary acidic protein (GFAP)-promoter, an upstream 
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regulator of c-myc, could be investigated for changes following CNT exposure or 

CNMTT.  

In vivo efficacy studies of CNMTT: Many studies have evaluated the in vivo efficacy of 

CNMTT in a variety of murine cancer models, including a glioma model 
3, 29

, and have 

shown promising results in improvements to overall survival and decreased tumor 

volume 
13, 30, 31

. Therefore, yet another in vivo study evaluating the efficacy of CNMTT in 

a mouse model would be redundant. The novelty of our thermal therapy lies in the novel 

ability of our optimized CNTs to move across large volumes relative to other CNT 

formulations 
32

. Therefore, in order to improve upon current studies and show novelty of 

our therapy, future studies would require use of a larger animal model, such as a canine 

model. Although murine models have shown to recapitulate the human brain very 

closely, canine models allow for testing in the context of a larger brain while still 

recapitulating the human brain environment 
33

. Canine models are a frequently utilized 

model system when evaluating therapies for brain tumors because dogs can form 

spontaneous brain tumors and have been shown to mimic the human brain environment 

very closely 
33, 34

. The larger size of the canine brain would allow us to show the unique 

ability of our 2% DSPE-PEG coated MWCNTs to travel across large volumes.  
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Conclusion 

The translation of CNMTT into clinical application will take a balancing act to manage 

all of the components that comprise this therapy: nanomaterial properties, dose, 

irradiation parameters, and influences on the efficacy and potential repercussions of 

treatment. The work presented in this dissertation contributes to the ultimate goal of 

clinical translation of CNMTT by identifying a material that can move across large 

volumes while maintaining the ability to generate ablative temperatures, defining a 

conservative minimally toxic dose of CNTs, determining irradiation parameters of 

CNMTT that improve efficacy relative to laser heating alone, and evaluating the 

biological repercussions that show CNMTT may offer a unique advantage over other 

thermal therapies. Moving forward, clinical translation of CNMTT using our optimized 

2% DSPE-PEG MWCNT will require in vivo studies in a canine model showing 

improved efficacy relative to LITT and clear evaluation of the effects of CNMTT on 

various stress-related pathways.  

 

 

 

 

 

 



 188   
 

REFERENCES 

1. Burke, A. R.; Singh, R. N.; Carroll, D. L.; Wood, J. C.; D'Agostino, R. B., Jr.; 

Ajayan, P. M.; Torti, F. M.; Torti, S. V., The resistance of breast cancer stem cells to 

conventional hyperthermia and their sensitivity to nanoparticle-mediated photothermal 

therapy. Biomaterials 2012, 33 (10), 2961-70. 

2. Paholak, H. J.; Stevers, N. O.; Chen, H.; Burnett, J. P.; He, M.; Korkaya, H.; 

McDermott, S. P.; Deol, Y.; Clouthier, S. G.; Luther, T.; Li, Q.; Wicha, M. S.; Sun, D., 

Elimination of epithelial-like and mesenchymal-like breast cancer stem cells to inhibit 

metastasis following nanoparticle-mediated photothermal therapy. Biomaterials 2016, 

104, 145-57. 

3. Santos, T.; Fang, X.; Chen, M. T.; Wang, W.; Ferreira, R.; Jhaveri, N.; 

Gundersen, M.; Zhou, C.; Pagnini, P.; Hofman, F. M.; Chen, T. C., Sequential 

administration of carbon nanotubes and near-infrared radiation for the treatment of 

gliomas. Front Oncol 2014, 4, 180. 

4. Bardi, G.; Nunes, A.; Gherardini, L.; Bates, K.; Al-Jamal, K. T.; Gaillard, C.; 

Prato, M.; Bianco, A.; Pizzorusso, T.; Kostarelos, K., Functionalized carbon nanotubes in 

the brain: cellular internalization and neuroinflammatory responses. PLoS One 2013, 8 

(11), e80964. 

5. Bussy, C.; Al-Jamal, K. T.; Boczkowski, J.; Lanone, S.; Prato, M.; Bianco, A.; 

Kostarelos, K., Microglia Determine Brain Region-Specific Neurotoxic Responses to 

Chemically Functionalized Carbon Nanotubes. ACS Nano 2015, 9 (8), 7815-30. 

6. Singh, R.; Torti, S. V., Carbon nanotubes in hyperthermia therapy. Adv Drug 

Deliv Rev 2013, 65 (15), 2045-60. 



 189   
 

7. Burke, A. R.; Singh, R. N.; Carroll, D. L.; Owen, J. D.; Kock, N. D.; D'Agostino, 

R., Jr.; Torti, F. M.; Torti, S. V., Determinants of the thrombogenic potential of 

multiwalled carbon nanotubes. In Biomaterials, 2011 Elsevier Ltd: England, 2011; Vol. 

32, pp 5970-8. 

8. Behan, B. L.; DeWitt, D. G.; Bogdanowicz, D. R.; Koppes, A. N.; Bale, S. S.; 

Thompson, D. M., Single-walled carbon nanotubes alter Schwann cell behavior 

differentially within 2D and 3D environments. Journal of biomedical materials research. 

Part A 2011, 96 (1), 46-57. 

9. Movia, D.; Prina-Mello, A.; Bazou, D.; Volkov, Y.; Giordani, S., Screening the 

cytotoxicity of single-walled carbon nanotubes using novel 3D tissue-mimetic models. 

ACS nano 2011, 5 (11), 9278-90. 

10. Dal Bosco, L.; Weber, G. E.; Parfitt, G. M.; Cordeiro, A. P.; Sahoo, S. K.; Fantini, 

C.; Klosterhoff, M. C.; Romano, L. A.; Furtado, C. A.; Santos, A. P.; Monserrat, J. M.; 

Barros, D. M., Biopersistence of PEGylated Carbon Nanotubes Promotes a Delayed 

Antioxidant Response after Infusion into the Rat Hippocampus. PloS one 2015, 10 (6), 

e0129156. 

11. Riordan, M.; Tovar-Spinoza, Z., Laser induced thermal therapy (LITT) for 

pediatric brain tumors: case-based review. Translational Pediatrics 2014, 3 (3), 229-235. 

12. Medvid, R.; Ruiz, A.; Komotar, R. J.; Jagid, J. R.; Ivan, M. E.; Quencer, R. M.; 

Desai, M. B., Current Applications of MRI-Guided Laser Interstitial Thermal Therapy in 

the Treatment of Brain Neoplasms and Epilepsy: A Radiologic and Neurosurgical 

Overview. AJNR Am J Neuroradiol 2015, 36 (11), 1998-2006. 



 190   
 

13. Burke, A.; Ding, X.; Singh, R.; Kraft, R. A.; Levi-Polyachenko, N.; Rylander, M. 

N.; Szot, C.; Buchanan, C.; Whitney, J.; Fisher, J.; Hatcher, H. C.; D'Agostino, R., Jr.; 

Kock, N. D.; Ajayan, P. M.; Carroll, D. L.; Akman, S.; Torti, F. M.; Torti, S. V., Long-

term survival following a single treatment of kidney tumors with multiwalled carbon 

nanotubes and near-infrared radiation. In Proc Natl Acad Sci U S A, United States, 2009; 

Vol. 106, pp 12897-902. 

14. Marches, R.; Mikoryak, C.; Wang, R. H.; Pantano, P.; Draper, R. K.; Vitetta, E. 

S., The importance of cellular internalization of antibody-targeted carbon nanotubes in 

the photothermal ablation of breast cancer cells. In Nanotechnology, England, 2011; Vol. 

22, p 095101. 

15. Zhou, F.; Xing, D.; Ou, Z.; Wu, B.; Resasco, D. E.; Chen, W. R., Cancer 

photothermal therapy in the near-infrared region by using single-walled carbon 

nanotubes. J Biomed Opt 2009, 14 (2), 021009. 

16. Wang, Z.; Xu, Y.; Meng, X.; Watari, F.; Liu, H.; Chen, X., Suppression of c-Myc 

is involved in multi-walled carbon nanotubes' down-regulation of ATP-binding cassette 

transporters in human colon adenocarcinoma cells. Toxicol Appl Pharmacol 2015, 282 

(1), 42-51. 

17. Jarboe, J. S.; Johnson, K. R.; Choi, Y.; Lonser, R. R.; Park, J. K., Expression of 

interleukin-13 receptor alpha2 in glioblastoma multiforme: implications for targeted 

therapies. Cancer Res 2007, 67 (17), 7983-6. 

18. Pandya, H.; Gibo, D. M.; Garg, S.; Kridel, S.; Debinski, W., An interleukin 13 

receptor alpha 2-specific peptide homes to human Glioblastoma multiforme xenografts. 

In Neuro Oncol, United States, 2012; Vol. 14, pp 6-18. 



 191   
 

19. Muller, S., Magnetic fluid hyperthermia therapy for malignant brain tumors--an 

ethical discussion. In Nanomedicine, United States, 2009; Vol. 5, pp 387-93. 

20. Taylor, A. R.; Robinson, M. B.; Gifondorwa, D. J.; Tytell, M.; Milligan, C. E., 

Regulation of heat shock protein 70 release in astrocytes: role of signaling kinases. Dev 

Neurobiol 2007, 67 (13), 1815-29. 

21. Krmpot, A. J.; Janjetovic, K. D.; Misirkic, M. S.; Vucicevic, L. M.; Pantelic, D. 

V.; Vasiljevic, D. M.; Popadic, D. M.; Jelenkovic, B. M.; Trajkovic, V. S., Protective 

effect of autophagy in laser-induced glioma cell death in vitro. Lasers Surg Med 2010, 42 

(4), 338-47. 

22. Griguer, C. E.; Oliva, C. R., Bioenergetics pathways and therapeutic resistance in 

gliomas: emerging role of mitochondria. In Curr Pharm Des, Netherlands, 2011; Vol. 17, 

pp 2421-7. 

23. Yoshida, S.; Kornek, M.; Ikenaga, N.; Schmelzle, M.; Masuzaki, R.; Csizmadia, 

E.; Wu, Y.; Robson, S. C.; Schuppan, D., Sublethal heat treatment promotes epithelial-

mesenchymal transition and enhances the malignant potential of hepatocellular 

carcinoma. Hepatology 2013, 58 (5), 1667-80. 

24. Nakano, I., Proneural-mesenchymal transformation of glioma stem cells: do 

therapies cause evolution of target in glioblastoma? Future Oncol 2014, 10 (9), 1527-30. 

25. Reya, T.; Morrison, S. J.; Clarke, M. F.; Weissman, I. L., Stem cells, cancer, and 

cancer stem cells. Nature 2001, 414 (6859), 105-11. 

26. Zheng, S.; Xin, L.; Liang, A.; Fu, Y., Cancer stem cell hypothesis: a brief 

summary and two proposals. Cytotechnology 2013, 65 (4), 505-512. 



 192   
 

27. Liu, G.; Yuan, X.; Zeng, Z.; Tunici, P.; Ng, H.; Abdulkadir, I. R.; Lu, L.; Irvin, 

D.; Black, K. L.; Yu, J. S., Analysis of gene expression and chemoresistance of CD133+ 

cancer stem cells in glioblastoma. Mol Cancer 2006, 5, 67. 

28. Wang, J.; Wang, H.; Li, Z.; Wu, Q.; Lathia, J. D.; McLendon, R. E.; Hjelmeland, 

A. B.; Rich, J. N., c-Myc is required for maintenance of glioma cancer stem cells. PLoS 

One 2008, 3 (11), e3769. 

29. Wang, C. H.; Chiou, S. H.; Chou, C. P.; Chen, Y. C.; Huang, Y. J.; Peng, C. A., 

Photothermolysis of glioblastoma stem-like cells targeted by carbon nanotubes 

conjugated with CD133 monoclonal antibody. In Nanomedicine, A 2011 Elsevier Inc: 

United States, 2011; Vol. 7, pp 69-79. 

30. Huang, N.; Wang, H.; Zhao, J.; Lui, H.; Korbelik, M.; Zeng, H., Single-wall 

carbon nanotubes assisted photothermal cancer therapy: animal study with a murine 

model of squamous cell carcinoma. Lasers Surg Med 2010, 42 (9), 638-48. 

31. Zhang, Z.; Liu, S.; Xiong, H.; Jing, X.; Xie, Z.; Chen, X.; Huang, Y., Electrospun 

PLA/MWCNTs composite nanofibers for combined chemo- and photothermal therapy. 

Acta Biomater 2015, 26, 115-23. 

32. Eldridge, B. N.; Bernish, B. W.; Fahrenholtz, C. D.; Singh, R. N., Photothermal 

Therapy of Glioblastoma Multiforme Using Multiwalled Carbon Nanotubes Optimized 

for Diffusion in Extracellular Space. ACS Biomater Sci Eng, 2016; Vol. 2, pp 963-976. 

33. Candolfi, M.; Curtin, J. F.; Nichols, W. S.; Muhammad, A. G.; King, G. D.; 

Pluhar, G. E.; McNiel, E. A.; Ohlfest, J. R.; Freese, A. B.; Moore, P. F.; Lerner, J.; 

Lowenstein, P. R.; Castro, M. G., Intracranial glioblastoma models in preclinical neuro-



 193   
 

oncology: neuropathological characterization and tumor progression. J Neurooncol 2007, 

85 (2), 133-48. 

34. Debinski, W.; Dickinson, P.; Rossmeisl, J. H.; Robertson, J.; Gibo, D. M., New 

agents for targeting of IL-13RA2 expressed in primary human and canine brain tumors. 

PLoS One 2013, 8 (10), e77719. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 194   
 

BRITTANY N. ELDRIDGE 
 

 

4101 Horseshoe Bend  

Matthews, NC 28104 

704-301-7082 

brittany.eldridge.90@gmail.com 

 

EDUCATION 

  

May  2017 Ph.D. – Wake Forest University, Winston-Salem, NC 

Field: Cancer Biology 

Thesis: Carbon Nanotube Mediated Thermal Therapy for the 

Treatment of Glioblastoma │ Advisor: Dr. Ravi Singh 

GPA: 3.5 

 

May 2012 B.S. – University of North Carolina, Chapel Hill, NC 

Major: Biology 

Minor: English 

Thesis: Analyzing the cohesin meshwork as an alternative 

mechanism of chromosome segregation │ Advisor: Dr. Kerry 

Bloom 

GPA: 3.2 

 

RESEARCH EXPERIENCE 

 

August 2012 – 

Present 
Graduate Research  

Advisor: Dr. Ravi Singh 

Wake Forest Baptist Medical Center, Winston-Salem, NC 

Utilize methods of mammalian cell culture and nanoparticle analysis 

to develop carbon nanotube mediated thermal therapy as a novel 

treatment for glioblastoma 

 

August 2010 – 

May 2012 
Undergraduate Research  

Advisor: Dr. Kerry Bloom 

University of North Carolina at Chapel Hill, Chapel Hill, NC 

Employed methods of fluoresence microscopy and genetic 

manipulation in saccharomyces cerevisiae to investigate function of 

cohesin protein in chromosomal segregation 

 

August 2008 – 

May 2012 
Lab Technician Assistant 

Advisor: Dr. Kerry Bloom 

University of North Carolina at Chapel Hill, Chapel Hill, NC 



 195   
 

PUBLICATIONS 

 

November 2016 
Swanner, JL, Tenvooren, I, Bernish, BW, Sears, J, Eldridge, 

BN, Hooker, A, Fahrenholtz, CD, Donati, GL, Cook, KL, 

Vidi, PA, Singh, RN. (Nov 2016) Silver nanoparticles 

selectively treat triple negative breast cancer without 

compromising non-cancerous breast epithelial cell 

homeostasis. ACS Nano (Submitted). 

 

September 2016 
Eldridge, BN, Xing, F, Fahrenholtz, CD, Singh, RN. (Sept 

2016) Evaluation of multiwalled carbon nanotube 

cytotoxicity in cultures of human brain microvascular 

endothelial cells grown on plastic or basement membrane. 

Toxicology in Vitro 41: 223-231. 

 

May 2016 Eldridge, BN, Bernish, BW, Fahrenholtz, CD & Singh, RN. 

(May 2016) Photothermal Therapy of Glioblastoma 

Multiforme Using Multiwalled Carbon Nanotubes Optimized 

for Diffusion in Extracellular Space. ACS Biomater Sci Eng 

2: 963-976. 

 

April 2016 Tsabar M, Haase J, Harrison B, Snider CE, Eldridge B, 

Kaminsky L, et al. (April 2016) A Cohesin-Based 

Partitioning Mechanism Revealed upon Transcriptional 

Inactivation of Centromere. PLoS Genet 12 (4): 1-25.  

 

 

POSTERS & PRESENTATIONS 

 

November 2016 Wake Forest University Cancer Biology Department 

Research Report Seminar – Winston-Salem, NC 

Presentation: A balancing act in the development of carbon 

nanotube mediated thermal therapy: material, dose, and heat 

delivery 

 

November 2016 Guest Lecture: Biology 101 Class at North Carolina 

Wesleyan College – Rocky Mount, NC 

Presentation: Using heat to treat brain tumors: an 

application of the scientific method 

 

June 2016 American Association for Cancer Research (AACR) 

Engineering and Physical Sciences in Oncology Meeting – 

Boston, MA 

Poster: Photothermal therapy of GBM using MWCNTs 



 196   
 

optimized for diffusion in extracellular space  

 

February 2016 Wake Forest University Cancer Biology Department 

Research Report Seminar – Winston-Salem, NC 

Presentation: Development of Carbon Nanotubes for use in 

thermal therapy for GBM  

 

April 2015 Wake Forest University Cancer Biology Department 

Research Report Seminar – Winston-Salem, NC 

Presentation: The impact of heat shock mediated stress 

responses to thermal therapies 

December 2014 Materials Research Society Meeting – Boston, MA 

Presentation: Treatment of Glioblastoma with nanoparticle 

enhanced thermal therapy 

 

April 2014 Wake Forest University Cancer Biology Department 

Research Report Seminar – Winston-Salem, NC 

Presentation: Treatment of Glioblastoma with carbon 

nanotube mediated thermal therapy  

 

October 2013 Genetics and Environmental Mutagenesis Society 

Meeting – Durham, NC 

Poster: Nanoparticle Thermal Therapy for Glioblastoma  

 

HONORS & AWARDS 

 

August 2014 –      

August 2015 

Gunzenhauser Scholar: Awarded to outstanding graduate 

students studying cancer biology 

August 2008 –          

May 2012 

NC Bankers Association Merit Scholar: Awarded to 

undergraduate students based on academic merit 

 

 

LEADERSHIP & VOLUNTEERISM 

 

December 2016 
Sherwood Forest Elementary Science Fair, Judge 

Reviewed and evaluated science fair entries on the basis of 

scientific curiosity, project execution, and communication 

skills 

 

December 2016 
Cook Elementary In-class Science Enrichment, Volunteer 

Facilitated in-class science enrichment sessions to help 2
nd

 

grade students learn about inheritance through hands-on 

activities 



 197   
 

February 2015 
Wake Forest Biotech Case Competition, Volunteer 2015 

Aided in the organization and fulfillment of the intercollegiate 

Wake Forest Biotech Case Competition, where teams proposed 

innovative solutions to a biotech problem they were presented 

with 

 

August 2014 –         

May 2015 

Graduate Student Association, Student Relations Chair  

Organized and managed budgets for events for WFU graduate 

students to network and foster scientific collaborations  

 

September 2013 –    

May 2014 

Winston-Salem Chamber of Commerce Senior Academy, 

Mentor  

Mentored student at a local high school on a weekly basis 

helping with school work, development of study skills, and 

healthy habits to prevent drop-out 

 

October 2012 Forsyth County Science Fair, Volunteer 

Advised young scientist from a local elementary school on 

science fair project in order to instill a passion for the sciences 

 

August 2011 –         

May 2012 

Youth for Elderly Service, Volunteer 

Organized social events and activities for seniors in retirement 

communities in the Chapel Hill area  

 

June 2011 –         

August 2011  

Agriturismo Biologico Sant' Egle, Volunteer 

Assisted owner in hosting diverse guests from around the 

world while acquiring knowledge of techniques important to 

starting a business 

 


