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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 sp2 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(Chen et al., 2011). 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(Alshehri et al., 2016; Madani et al., 

2011; Singh and Torti, 2013). CNTs readily pass through cell membranes due to their unique 

needle-like structure(Al-Jamal et al., 2011b; Lacerda et al., 2013; Lacerda et al., 2012), and 

can be used to deliver drugs or nucleic acids to cells(Pantarotto et al., 2004; Singh et al., 

2005).

There is a growing interest in the development of CNTs to treat neurological damage and 

brain disease(Ouyang et al., 2016; Zhao et al., 2011). Potential applications of CNTs in the 

brain include their use as scaffolds to support neuronal growth and enhance the performance 

of synaptic interfaces(Cellot et al., 2009), as vectors for intracerebral delivery of nucleic 

acids to reduce damage and improve recovery following stroke(Al-Jamal et al., 2011a; Lee 

et al., 2011), and as platforms to display antigens to enhance immune responses against 

gliomas(Zhao et al., 2011). CNTs generate tremendous heat upon exposure to near infrared 

radiation, making them useful for photothermal cancer therapy(Burke et al., 2012; Singh and 

Torti, 2013). We and others demonstrated the potential to use CNTs for photothermal 

treatment of glioblastoma, a deadly brain tumor(Eldridge et al., 2016; Santos et al., 2014; 

Wang et al., 2011).

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 (Leite 

et al., 2015). Even gold nanoparticles, widely considered to exhibit little toxicity and high 

biocompatibility, can induce neurotoxic effects (Jung et al., 2014), which emphasizes the 

need for rigorous studies evaluating the potential neurotoxicity of nanomaterials. The 

cytotoxicity due to CNT exposure has been evaluated in various brain cell types including 

microglia,(Bardi et al., 2013; Bussy et al., 2015) astrocytes(Meng et al., 2013; Min et al., 

2015; Zhang et al., 2011) and neurons(Bussy et al., 2015; Lee et al., 2011). 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(Bardi et al., 2013), the type 

of cell(Bussy et al., 2015), and the biological context (i.e. the microenvironment) in which 

the test is performed(Burke et al., 2011; Singh and Torti, 2013). 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 

(Herzog et al., 2007; Worle-Knirsch et al., 2006). More significantly, cytotoxicity assays 

using cells grown on standard laboratory plastics fail to recapitulate the complex 
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morphology, diffusional barriers and altered cell signaling that are present in tissue(Krug 

and Wick, 2011; O’Brien et al., 2002; Pampaloni et al., 2007; Worle-Knirsch et al., 2006; 

Yamada and Cukierman, 2007), 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(O’Brien et al., 2002; Pampaloni et al., 

2007; Yamada and Cukierman, 2007). 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(Behan et 

al., 2011; Chia et al., 2015; Movia et al., 2011).

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(Kafa et al., 2016; Kafa et al., 2015), but the in vitro studies used porcine vascular 

endothelial cells, which 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(Arnaoutova and Kleinman, 2010). 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(Boulares et al., 1999). 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(Eldridge et al., 2016), 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.

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™-2 SingleQuots® (Lonza) at 37 °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 
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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(Fahrenholtz et al., 2015). 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 10× 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 

(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 13,000 × 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™ 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 °C for 30 min, then washing 2x with ice cold 1xPBS prior to lysis. Protein 

concentration was determined for each sample using a Bicinchoninic acid (BCA) protein 
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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).

3H-MWCNT Uptake Assay

Radiolabeled MWCNTs were prepared using methods similar to those we previously 

described(Fahrenholtz et al., 2015). 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 (3H) glucosamine (3H-GlcN; 1 mCi/ml in water; Perkin Elmer) and 2 mg 

of Sulfo-NHS (N-hydroxysulfosuccinimide; Thermo Scientific) were added. A 1/10th 

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 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 3H-GlcN was separated from 

the 3H-MWCNTs using 100K MWCO centrifuge columns (EMD Millipore), and the 

radiochemical purity of the 3H-MWCNTs was determined to be greater than 98%. The 3H-

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 × 105 cells/well). The 

following day, cells were treated with uncoated 3H-MWCNT, DSPE-PEG coated 3H-

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 3H activity was assessed as described above. Prior to lysis, 

photomicrographs of 3H-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 °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. 
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HBMECs were treated with 25 μg/mL of 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.

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 1 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 1). 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 1, Supplementary Fig S1C, D). ζ-potential measurements show that DSPE-

PEG coated MWCNTs (cut and uncut) are less 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 
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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 × 

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 

centrifugati on to remove MWCNTs, leading to significant decreases in the detected 

luminescence signal as MWCNT concentration 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 × 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 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 
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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 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 3H-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(Fahrenholtz et al., 2015). 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 3H-MWCNT. At various time 

points (5 min to 24 h), cells were washed thoroughly to remove 3H-MWCNT that were not 

bound or taken up by cells. Cells were then lysed and 3H activity in the lysate was assessed 

by scintillation counting. Both uncoated and DSPE-PEG coated 3H-MWCNTs exhibited a 

time dependent increase in binding/uptake; however, the uncoated 3H-MWCNTs showed a 

much higher cell association compared to coated 3H-MWCNTs (Fig 2A). This is drastic 

increase in cell binding/uptake of uncoated 3H-MWCNTs relative to coated 3H-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(Wierzbicki et al., 2013) or enhance(Meng et al., 2015) 

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 
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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(Azad et al., 2013). 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 

MWCNT-loaded scaffolds (Lee and Parpura, 2009; Mattson et al., 2000). 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(Brown et al., 2016). 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.

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(Bardi et al., 2013; Cho et al., 2014; Nafee et al., 

2009; Truong et al., 2011; Wang et al., 2016). 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(Krug and Wick, 2011; Monteiro-

Riviere et al., 2009; Worle-Knirsch et al., 2006). For example, studies have shown that CNTs 

are incompatible with the MTT assay, a common technique to evaluate cell viability (Worle-

Knirsch et al., 2006). 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 
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grown in three dimensional cultures. Although it is known that CNTs can quench 

luminesence(Palencia et al., 2015), 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 

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 (Dubiak-Szepietowska et al., 2016; Lee et al., 2009; 

Muoth et al., 2016; Stocke et al., 2017; Wills et al., 2016). 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(Behan et al., 2011) 

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(Movia et al., 2011). PEG 

functionalized SWCNTs also did not induce significant morphological alterations in rat 

hippocampus(Dal Bosco et al., 2015). 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(Eldridge et al., 2016). 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(Burke et al., 2011; Kafa et al., 2015; Ren et al., 2012; Wang et 

al., 2016). However, pristine SWCNTs cause dose dependent cytotoxicity and endothelial 

barrier dysfunction to human umbilical vein endothelial cell (HUVECs) 

monolayers(Rodríguez-Yáñez et al., 2015), and endothelial damage in vascular beds in 

mice(Burke et al., 2011). 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 (Behan et al., 2011; 

Eldridge et al., 2016; Movia et al., 2011).

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 
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mimicking hydrogels, indicating that this type of nanotube was potentially useful for 

intracerebral applications including photothermal therapy of glioblastoma(Eldridge et al., 

2016). 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(Fahrenholtz et al., 2015). On the other hand, we found that 

direct piercing of the cell membrane played a role in uptake of DSPE-PEG coated 

tubes(Fahrenholtz et al., 2015). Others have shown that PEG-coated nanoparticles exhibit 

decreased uptake in a cervical cancer model (Sims et al., 2016) as well as various neural cell 

populations (microglia, astrocytes, neural stem cells) (Jenkins et al., 2016) 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 (Jenkins et al., 2016). 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.

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.
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Refer to Web version on PubMed Central for supplementary material.
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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 3H-MWCNT, cut DSPE-PEG coated 3H-MWCNT, or vehicle for the specified 

times. (A) Cells were washed twice in ice cold PBS, harvested in lysis buffer, and 3H 

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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