Quantification of blood-brain barrier transport and neuronal toxicity of unlabelled multiwalled carbon nanotubes as a function of surface charge
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Abstract
Nanoparticles capable of penetrating the blood-brain barrier (BBB) will greatly advance the delivery of therapies against brain disorders. Carbon nanotubes hold great potential as delivery vehicles due to their high aspect-ratio and cell-penetrating ability. Studies have shown multiwalled carbon nanotubes (MWCNT) cross the BBB, however they have largely relied on labelling methods to track and quantify transport, or on individual electron microscopy images to qualitatively assess transcytosis. Therefore, new direct and quantitative methods, using well-defined and unlabelled MWCNT, are needed to compare BBB translocation of different MWCNT types. Using highly controlled anionic (-), cationic (+) and non-ionic (0) functionalized MWCNT (fMWCNT), we correlate UV-visible spectroscopy with quantitative transmission electron microscopy, quantified from c. 270 endothelial cells, to examine cellular uptake, BBB transport and neurotoxicity of unlabelled fMWCNT. Our results demonstrate that: i) a large fraction of cationic and non-ionic, but not anionic fMWCNT become trapped at the luminal brain endothelial cell membrane; ii) despite high cell association, fMWCNT uptake by brain endothelial cells is low (< 1.5% ID) and does not correlate with BBB translocation, iii) anionic fMWCNT have highest transport levels across an in vitro model of the human BBB compared to non-ionic or cationic nanotubes; and iv) fMWCNT are not toxic to hippocampal neurons at relevant abluminal concentrations; however, fMWCNT charge has an effect on carbon nanotube neurotoxicity at higher fMWCNT concentrations. This quantitative combination of microscopy and spectroscopy, with cellular assays, provides a crucial strategy to predict brain penetration efficiency and neurotoxicity of unlabelled MWCNT and other nanoparticle technologies relevant to human health. 
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Introduction

The blood-brain barrier (BBB) is a protective endothelial barrier lining the brain microvasculature. While its impermeability provides the brain with homeostasis and protection from pathogens, it also severely impedes brain penetration of the majority of therapies against brain diseases 1[]
. Therefore, there is an urgent need to develop vehicles capable of crossing the BBB to specifically deliver therapies into the brain [2]. Functionalised multiwalled carbon nanotubes (fMWCNT) have attracted considerable biomedical and pharmaceutical attention 
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[3-4]
 for a range of applications, including as neural prostheses 5[]
 and delivery of therapeutic compounds into the brain 6[]
. For instance, PEGylated oxidized MWCNT modified with angiopep-2 can successfully target and decrease the proliferation of brain cancer cells in vivo 
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[7]
, and functionalized multi- and single walled carbon nanotubes (SWCNT) improve outcomes in murine models of stroke 
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[8, 9]
 and excitoxicity 
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[10]
. In addition to demonstrating the therapeutic potential of MWCNT, these studies highlight the importance of detailed characterization and quantification of CNT interactions with brain cells. Previous studies have shown fMWCNT may enter the brain via internalization/transcytosis across the BBB [11-13]. However, fMWCNT quantification has mainly relied on detection of radioactive/fluorescent labelling of the carbon nanotubes. While informative, these methods have drawbacks, including alterations of CNT-cellular interaction, poor solubility, lack of control over the CNT physicochemical properties, and potentially erroneous quantification due to label release or modification. In the instance where CNT have been detected directly through transmission electron microscopy (TEM), it has been solely as a qualitative examination of CNT localization or cellular interaction. 
The data on cellular fate and neuronal effects of CNT following BBB transport is also limited and, in some instances, ambiguous. Internalization of peptide conjugates of MWCNT has been observed in cortical neurons 
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[12]
; however, PEGylated SWCNT were shown instead to be trapped at the cell surface, blocking stimulated membrane endocytosis in neurons 
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[14]
. CNT are also known to promote neurite outgrowth, and modulate ion channel activity and neuronal survival 
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[15, 16]
. This modulation can be both positive and negative, with soluble CNT in particular shown to exert both neurotrophic and cytotoxic effects depending on concentration, functionalization and agglomeration state 
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[15, 17, 18]
. Moreover, similarly variable effects were reported in vivo with differently functionalized MWCNT acting as pro- or anti- survival agents and, in some cases, inducing oxidative stress and inflammatory responses in murine models 
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[16]
. 
Mechanisms relating CNT physicochemical properties and functionalization to such variable brain effects remain elusive.  Therefore, complementary and more accurate studies are required to establish the precise location of fMWCNT in relation to anatomical brain structures, such as the glycocalyx lining of the luminal face of BBB endothelia, intra-endothelial vesicular localization, and neuronal interaction, in order to elucidate the mechanisms underpinning the biological effects of MWCNT. 

The process of translocation of different nanomaterials across the BBB in vivo and in vitro 
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[17, 19]
 has been tracked qualitatively through TEM, but cellular uptake and translocation is rarely quantified.  TEM is one of the few techniques available to generate high-resolution information about localisation and translocation of individual, unlabelled nanoparticles across the BBB at the cellular level 20[]
. It has been used to visualize the interaction of amino-functionalized MWCNT with porcine brain endothelial cells in vitro 
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[49]
, demonstrating MWCNT were internalized into vesicle-like structures, and translocated across endothelial monolayers, as determined by detecting either radioactivity in the basolateral chamber or the presence of MWCNTs-NH3+ within astrocytes in the basolateral chamber 
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[49]
. TEM can also help to qualitatively identify cell structures and organelles at the BBB that act as barriers to nanoparticle translocation; for example, lysosomes hinder carboxylated polystyrene nanoparticles from crossing the BBB 
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[19]
. Furthermore, TEM may be employed to detect ultrastructural changes of endothelial cells, pericytes, and astrocytes following exposure to neurotoxic silver nanoparticles 
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[21]
. However, TEM only samples low volumes, providing little statistically relevant information to examine (i) how properties of nanomaterials and cellular components affect NP translocation route/rate, (ii) how nanomaterials crossing the BBB affect cellular ultrastructure and function, (iii) how nanomaterials interact with, are internalized by, and subsequently influence parenchymal cells, in particular neurons, following BBB transport. Therefore, TEM protocols capable of generating statistically relevant information, as well as integrating correlative spectroscopic quantification techniques, will greatly enhance our understanding of CNT brain penetration at the sub-cellular level, aiding the optimization of CNT as brain drug delivery vehicles. 
To that end, employing highly controlled and unlabelled anionic, cationic, and non-ionic fMWCNT as a model system, this study presents a quantitative and thus statistical method to examine CNT mass internalization into and transportation across an in vitro model of the human BBB to further understand how CNT surface charge modulates the anatomical site at which the fMWCNT are trapped, impeding their ability to cross the BBB. Thermal activation of the CNT was selected as a means to efficiently modify the nanotube surface charge with minimal influence on the structural framework of the fMWCNT. This system has previously been used effectively for the study of lung toxicity [22] and modelling transport across the lung epithelium [23]. We also examined interaction of fMWCNT with hippocampal neurons and their effect on neuronal viability at concentrations comparable to the estimated basal levels in order to further investigate the effect of surface charge on neurotoxicity.

Materials and methods 
Carbon nanotubes and chemicals 

MWCNT (diameter 12.1 ± 3.7 nm diameter), synthesised by chemical vapour deposition (CVD), were obtained from Arkema SA (Lacq-Mourenx, France). 4-vinyl pyridine (4-VP, 95%), poly-(ethylene glycol) methacrylate (PEGMA, average molecular weight 530 g/mol), potassium 3-(methacryloyloxy)-propane-1-sulfonate (SPMAK), iodomethane (IMe, > 99%), and lithium hydroxide (LiOH, 98%) were purchased from Sigma-Aldrich (UK) for MWCNT functionalization. Ethanol (absolute, AnalaR Normapur) and water (HiPerSolv Chromanorm) were purchased from VWR (UK). Before use, all chemicals were passed through a chromatographic column consisting of neutral and basic aluminium oxide powders (aluminium oxide 90 (0.063-0.200 mm), activity stage I for column chromatography (Merck Millipore, Germany) and the filtrate of monomers were further degassed by bubbling N2 gas through the liquid for 30 mins, in order to remove radical inhibitors and oxygen 22[]
.

Functionalization of MWCNT 

Thermochemical grafting: The thermal activation process was carried out in a custom-made 30 mm diameter quartz tube attached to a sample flask, and the whole setup was connected to a vacuum system, as described previously 23[]
. Briefly, in a typical experiment, 100 mg MWCNT were heated to 1000oC for 2 h at a constant ramping rate of 10oC/min under vacuum (~ 5 x 10-4 mbar). After the thermal treatment, the reactor quartz tube was removed from the heating zone and allowed to cool to room temperature, under vacuum (~5 x 10-4 mbar). Then the MWCNT were transferred to the connected round bottom flask by gravity. Eight millilitres of the reactant (SPMAK was dissolved in degassed dimethylformamide (DMF) with 0.5g/mL concentration) was then injected into the flask and the reaction mixture stirred at room temperature overnight. The unreacted monomer was removed via filtration through a 0.45µm pore size polytetrafluoroethylene (PTFE) membrane (Whatman, GE Healthcare, UK) under vacuum. The product was thoroughly washed with washing solvent (absolute ethanol for PEGMA and M4VP functionalisation and HPLC water for SPMAK grafting), then dispersed in 90 mL of solvent and bath sonicated for 15 min. The filtration-sonication cycle was repeated three times in order to remove any physically absorbed reactants. The functionalised MWCNT are named by the abbreviation of the grafted polymer: e.g. PEGMA-MWCNTs. The other sample codes can be found in Table 1.

 Table 1 Physicochemical characteristics of fMWCNTs

	Sample code
	Monomer name
	Monomer Structure
	Surface Charge
	Monomer Mw
	ξ-potential (mV) (pH7, H2O)
	Grafting ratio (wt%)
	Grafting conc. (µmol/g)
	Diameter (nm)
	Length (nm)

	M4VP
	N-methyl 4-vinylpyridine iodide
	
	Cationic (+)
	247.1
	+8.7 ± 2.4
	8.7
	386
	12.1 ± 3.7
	936.8 ± 502.9

	PEGMA
	Poly (ethylene glycol) methacrylate
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	Non-ionic (0)
	528.9
	-7.8 ± 5.3
	18.3
	423
	12.1 ± 3.7
	777.7 ± 391.3

	SPMAK
	3-Sulfopropyl methacrylate potassium salt
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	Anionic    (-)
	206.7
	-22.9 ± 3.4
	9.2
	490.2
	12.1 ± 3.7
	823.5 ± 380.5


Synthesis of M4VP-MWCNT: P(4VP)-MWCNT (20mg) were dispersed in 10mL of methanol (99.8%, Sigma-Aldrich, UK) by sonication for 5 min; IMe (3.12 mL, 50.0mmol) was added drop-wise, and the reaction mixture was heated to 60oC overnight under N2 atmosphere 
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[24]
. Afterwards, the mixture was cooled to room temperature and filtered through a 0.45µm PTFE membrane. The MWCNT were washed with 3 x 30mL of absolute ethanol and then dispersed in 30mL of absolute ethanol and bath sonicated for 15mins. The filtration-sonication cycle was repeated three times in order to remove any physically absorbed reactants.
Characterization of fMWCNT
Description of the physicochemical characterisation of the M4VP (+), SPMAK (-) and PEGMA (0) MWCNT employed in this study is summarised in Table 1. Full characterization details (carried out previously within the group) for the employed MWCNT employed here are described in Chen et al. 
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[22]
 and Hu et al. [68]. In brief, the grafting ratio and concentration were calculated through thermogravimetric analysis (TGA). High-resolution TEM and Raman spectroscopy confirmed that the grafting procedure did not affect the structural framework of the CNT. Length distributions were established by analysing scanning electron microscope (SEM) images of dispersed fMWCNT by Image J. Lengths of more than 120 MWCNT were measured and the average length is presented in Table 1.

The colloidal stability of CNTs in water have been previously characterized [22, 68]. In addition, we examined the colloidal stability of CNTs in cell culture medium containing FBS (2.5%) at 0h, 4h, and 24h incubation. Visualization of CNT aggregation confirmed all functionalization schemes resulted in similar improvements in stability over non-functionalized pristine CNT (fig. S6). Furthermore, DLS measurements, though unable to accurately measure the Z-average size and PDI of individual CNTs due to serum protein interference, did indicate CNT aggregates (detected as 5 m peaks) were not affected by functionalization schemes or incubation time (fig. S7), indirectly confirming the CNT colloidal stability.

UV-vis spectroscopy: The water compatibility of MWCNT was characterised by UV-vis spectroscopy (Lambda 950, Perkin Elmer, UK). For water dispersibility tests, as-received and functionalised MWCNT were bath sonicated (45 kHz, 80W, VWR International, USA) in HPLC grade water for 15mins at concentrations of 100 µg/mL, 500 µg/mL, 1mg/mL and 2 mg/mL. MWCNT aggregates were settled by centrifugation for 15 mins at 10,000g. The concentration of grafted MWCNT was determined by UV absorbance and application of the Beer-Lambert law, A =ε x c x d, where A is the measured UV absorbance, ε is the extinction coefficient (36.10 mL.mg-1.cm-1 for Arkema MWCNTs at 800nm 25[]
) and d is the light path length (1 cm). 
Endotoxin assay: Although the thermal activation process guaranteed the sterility of the activated MWCNT 
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[26]
, after synthesis the MWCNT were handled in a laminar flow cabinet to maintain sterility. An endotoxin assay was performed using LAL Chromogenic Endotoxin Quantitation Kit (Thermo Scientific, UK) to confirm sterility. All glassware used for the fMWCNT functionalization, washing steps and LAL assay were used after oven sterilisation at 120oC for at least 2 hrs.
Cell culture

The immortalized human brain microvascular endothelial cell line hCMEC/D3 was obtained from Dr. Ignacio Romero, Open University, U.K. The cell line was established by lentiviral vector transduction of endothelial cells derived from human temporal lobe microvessels with the catalytic subunit of human telomerase (hTERT) and SV40 large T antigen 
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[27]
. hCMEC/D3 form a tight, polarized monolayer with low paracellular flux and appropriate expression of efflux transporters (e.g. p-glycoprotein) closely mimicking primary cells and the in vivo condition when plated on collagen/fibronectin coated surfaces 
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[27-30]
. Its ability to form impermeable monolayers with appropriate tight junction architecture has been previously demonstrated 31[]
. In addition, human origin cells more accurately predict clinical outcomes in comparison to non-human cell lines. On the other hand, their rapid proliferation compared to primary cells allows for high throughput screening of carbon nanotubes. 
hCMEC/D3 cells were cultured in Cell-Bind cell culture flasks (Corning, UK) to aid cell binding in EBM-2 medium (Lonza, Switzerland) supplemented with vascular endothelial growth factor (VEGF) (unless otherwise stated), insulin-like growth factor-1 (IGF1), epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), hydrocortisone, ascorbic acid, gentamycin, and 2.5% (v/v) foetal bovine serum (FBS) as recommended by the manufacturer (hereafter termed full EBM). Cells were incubated at 37oC in 5% CO2 in a humidified incubator, replenished with fresh medium every 2-3 days and passaged by detachment with trypsin/EDTA (2.5 g/L porcine trypsin and 0.2g/L EDTA) (Sigma-Aldrich, UK) when they reached 80% confluence. 

For transwell experiments, hCMEC/D3 cells were grown on polyester micropore transwell filters (1.0 µm pore diameter, 12 mm membrane diameter, Millipore, UK) coated with calf skin collagen type-I (100 µg/mL, Sigma-Aldrich, UK) and bovine plasma fibronectin (10 µg/mL, Sigma-Aldrich, UK) in 12-well plates, with full EBM in the upper (0.5mL) and lower (1.5mL) chamber. This pore diameter was selected to reduce the likelihood that the fMWCNT became trapped between the basal side of the hCMEC/D3 cells and the transwell filter.  Once cells reached ~90% confluence (after 3-4 days), medium was changed to full EBM without VEGF (hereafter termed NV-EBM), and cells cultured for a further 3 days to promote formation of a monolayer with a BBB-phenotype 31[]
.

For experiments not requiring transwells, cells were plated directly onto collagen/fibronectin-coated wells/glass cover slips and grown as above.

For cell treatment, fMWCNT suspended in water were ultrasonicated in a water bath for 2 mins, followed by dilution with NV-EBM to final working concentrations of 20 µg/mL and further ultrasonicated for 15 mins. hCMEC/D3 cells were then incubated with appropriate concentrations of fMWCNT (24 hrs) prior to quantifying internalization/translocation, cell monolayer permeability, cytokine release and cellular viability, as described below.

Permeability studies

Paracellular permeability to 4 or 70kDa FITC-dextran (Sigma, UK) was quantified as described by Lopez-Ramirez et al. 32[]
. Transwells were washed with phenol-free DMEM with 2% FCS (hereafter termed transport medium). Transport medium containing 1mg/mL FITC-dextran was then administered into the upper chamber (0.5mL) and the flux of FITC-dextran into the lower chamber (containing 1.5 mL transport medium) measured every 20 mins for 80 mins by quantifying the fluorescence of the basolateral medium at (exc 490 nm and (em 510 nm on a Glo-Max Promega plate reader (USA). The cleared volume was plotted against time, and the permeability coefficient (Pe, cm.min-1) was calculated by dividing the gradient by the transwell surface area. The Pe of empty transwell filters (Petw) was subtracted from the Pe of transwell filters containing cells (Pet) to calculate the Pe of the cells per se (Pec) following the below equation:
1/Pec = 1/Pet- 1/Petw

Trans-endothelial electrical resistance (TEER) measurements

The impedance to ion flux across the cell monolayer (TEER) was used as a parameter of monolayer integrity. TEER measurements were carried with an EVOM Ohm meter equipped with an STX2 electrode set (World Precision Instruments, UK). TEER readings of blank transwells were subtracted from TEER readings of transwells coated with cells to obtain TEER measurement of the cell monolayer per se. The TEER measurement was multiplied by the surface area of the transwell (1.12 cm2) to obtain the final measurement in Ω/cm2.
Enzyme-linked immunosorbent assays (ELISA)

hCMEC/D3 cells grown on 12 well plates were treated with fMWCNTs (see above). After 24 hrs of treatment, the cell culture medium was collected into Eppendorf tubes and immediately frozen. The cell culture medium was subsequently assayed for pro-inflammatory cytokine content using ELISA cytokine kits (Peprotech, UK) according to the manufacturer’s instructions. 
MTS assay

The MTS assay assesses cell viability through measurement of cell metabolism by quantification the chromogenic reduction of MTS reagent (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (Sigma-Aldrich, UK) by NADH-dependent intracellular oxidoreductase enzymes. Cells were grown in 96-well plates, treated with fMWCNT or staurosporin (10 µM, employed as a positive control for cell death) (24 hrs) washed with NV-EBM and incubated with fresh NV-EBM (100 µL) containing 10 µL MTS reagent (37oC, 1‑2 hrs). The optical density measured at 450 nm.  
LDH release assay

Lactate dehydrogenase (LDH) release was used as a measure of cellular membrane integrity and thus a second parameter of cell viability. Cells were cultured in 24-well plates as described above. Following treatment with fMWCNT or staurosporin (10 µM, employed as a positive control for cell death) (24 hrs), 10µL of cell culture medium was transferred to a 96-well plate and mixed with 100 µL of LDH detection reagent (Abcam, UK) to measure released LDH. The remaining attached cells were then lysed without removing the original medium using the kit’s cell-lysis solution according to manufacturer's instructions. Optical density was measured at 450 nm and cell viability quantified as the ratio of released LDH to cellular LDH. Results were normalized to the released:total ratio of control cells.
fMWCNT internalization and translocation measurement by UV-vis spectroscopy

fMWCNTs were administered to the apical chamber of transwell filter inserts containing hCMEC/D3 cells (see above). After 24 hrs, the apical and basolateral chamber medium was collected into separate eppendorf tubes. The cell monolayer was then washed twice with PBS (200 µL) to remove loosely-bound fMWCNT and the PBS washes were pooled with the apical chamber medium. The transwell surface was then covered with cell lysing solution (Cell-lytic M buffer, Sigma-Aldrich, UK, 200 µL) and placed at -20oC overnight to aid cell disruption. After thawing and dislodging the cells, the lysing solution was collected, sonicated in ice-cold water (15 mins) and diluted 1:2.5 with 1% SDS.  

For experiments involving endocytosis inhibition by low temperatures, hCMEC/D3 cells grown in 24 well plates were treated with fMWCNT at 4oC or 37oC for 4 hrs (a shorter incubation time was chosen to minimize cell damage by low temperature). Medium collection and cell lysing were performed as described above. UV-vis spectroscopy was employed to quantify the mass of fMWCNT mass remaining in the apical/basal chambers or cell-associated following cell treatment. In this case the samples were not centrifuged before they were measured.  
TEM imaging

fMWCNT were administered to the upper chamber of transwell filter inserts containing hCMEC/D3 cells (see above). After 24 hrs, the apical and basal medium was removed and the transwell filters were washed with ice-cold 0.9% saline (2x 200 µL) and incubated with 4% ice-cold glutaraldehyde with 0.1% hydrogen peroxide in 0.1M HEPES buffer for 1hr at 4oC. Following washing with 0.1M HEPES buffer, the transwell filters were bulk stained with osmium tetroxide to enhance contrast from cellular organelles. Briefly, the membranes were incubated with 500µL of 1% OsO4 solution (containing potassium ferricyanide, CaCl2.2(H2O), and 0.1M HEPES) x 1 hr at room temperature, followed by washing (x6) with deionised H2O. The membranes were then dehydrated in a graded ethanol concentration of 70%, 95% and dry 100% (volume ratio of ethanol to diH2O) ethanol for 15 mins (3x) each, at room temperature, followed by dry 100% acetonitrile for 15 mins (3x). After dehydration, samples were progressively infiltrated with 25% and 50% mixtures of Quetol 651 resin (Sigma-Aldrich, UK) in acetonitrile, for 24 hrs at room temperature, at each concentration, followed by infiltration in three changes of 100% resin over three days. The specimens were then cured at 60°C and over a further two days. The embedded membranes were cut using an ultramicrotome (Leica, UK) with a 35o diamond knife to a thickness of 70nm. 

Bright-field TEM (BF-TEM) imaging was carried out on an Cs-aberration-corrected Titan 80/300 (scanning) transmission electron microscope (S)TEM (FEI, UK) operated with an accelerating voltage of 80kV, which is below the critical threshold energy predicted for severe knock-on damage in CNTs 33[]
. No visible damage to the fMWCNT was observed during the course of the imaging experiments. Multiple cells (>20 per sample) from three cell exposures were surveyed by TEM. In order to determine whether the fMWCNT observed by TEM were embedded within the sample, and not located at the top or bottom surface of the microtomed section as a result of cutting artefacts, a bright-field tomographic tilt series was acquired using conditions previously reported 
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[34]
. Images were acquired over an angular tilt range of -50° to 50° at 2° increments. Image alignment and tomographic reconstruction using the simultaneous iterative reconstructions technique (SIRT) was performed using Inspect 3D software (v3.0, FEI, USA). Visualisation of the three-dimensional reconstruction was performed using Avizo software (v9.1, FEI, USA).

Quantification of fMWCNT localization by TEM

Following fMWCNT treatment (24 hrs) of hCMEC/D3 monolayers plated on coated transwells, fMWCNT localization in the apical, intracellular or basolateral compartments were systematically quantified through bright-field TEM imaging. A total of 15 independent TEM microtome segments (derived from three MWCNT-treated monolayers) were generated and examined for localization of each fMWCNT. As microtome sections were cut perpendicular to the plane of the transwell filter, and at a random rotation around the vertical axis, these constitute vertical uniform random (VUR) sections. From each TEM microtome segment, an average of 6 random zones were examined (Scheme 1). Each zone encompassed an average of three cells imaged with an average of 19 TEM frames. The average total number of cells imaged per fMWCNT equalled 270.  In order to determine the mass of fMWCNT in each VUR section unbiasedly, cycloid test lines were generated using a macro in Fiji. Any fMWCNT which intersected a cycloid test line were counted, and assigned as apical if above the cell membrane, intracellular if within the cell (both in the cytoplasm and in vesicles) or basal if in between the cell membrane and the transwell filter. The number of intersections was then converted to fMWCNT mass as detailed in SI ("stereological calculations"). 

[image: image1]
Scheme 1. Workflow used to quantify fMWCNT localization from the TEM images.  Three independent cell monolayers from each fMWCNT were cut into five microtome slices, from which 6 random areas were imaged through TEM.  Each area encompassed an average of three cells utilizing an average of 19 TEM images (average total cell number imaged = 270).  A cycloid grid was employed to count the number of apical, intracellular or basolateral fMWCNT instances in each of the TEM images were tallied to quantify the localization of fMWCNT.

Cultures of rat hippocampal neurons

All animals were handled in accordance with European Union legislation (European Directive 2010/63/EU). Rat foetal hippocampal neurons (E19, Charles River UK) were prepared as previously described 
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[35, 36]
. Briefly, after dissection, the hippocampi were cleared of blood vessels and meninges, mechanically chopped and trypsinized. The neurons were then washed in the presence of DNAse and trypsin inhibitor (Sigma, UK), and cellular debris was pelleted by centrifugation. The cells were resuspended and plated at a density of 50,000 cells/cm2 on poly-L-lysine coated eight-well Permanox Lab-Tek chamber slides (Thermo Scientific, UK) in Neurobasal medium supplemented with 2% (v/v) B27, 1% (v/v) glutamax, 100 U/mL penicillin, 100 μg/mL streptomycin, and 20 mM HEPES (all from Invitrogen, UK) for neurotoxicity assays.

Neurotoxicity assay

Hoechst staining to evaluate neurotoxicity was performed as previously described with minor modifications 
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[35]
. After seven days in vitro (DIV), hippocampal neurons were treated with fMWCNTs (M4VP, PEGMA, SPMAK, 0.25-4 μg/mL) or with hydrogen peroxide (H2O2, 0.6 or 1.2 μg/mL, used as positive control for cell death) for 24 hrs, fixed with 4% formaldehyde and stained with 5 μg/mL Hoechst 33258 (Invitrogen, UK). Images of 1,000–1,200 cells were recorded randomly for each group in each experiment employing a Nikon Eclipse E800 microscope with a Nikon Plan ×20 objective (Nikon, Japan) coupled to a video camera (QImaging, Canada). Images were acquired using the ImagePro software (Media Cybernetics, USA). Neuronal survival was evaluated as the ratio of live (non-pyknotic) neurons to the total number of neurons using the PlabApp software (Protein Laboratory, University of Copenhagen, Denmark), and the obtained viability levels were normalized to those in untreated controls (CTL, set to 100%).

Statistics
Statistics were performed using Origin 6.1 software (OriginLab, USA) and GraphPad Prism 4.0 (GraphPad, USA) by one-way analysis of variance (ANOVA) with Tukey’s or Dunnett’s post-hoc test, unless stated otherwise. Results are expressed as mean ± SEM.
Results
Toxic and inflammatory effects of fMWCNT on a human BBB in vitro model (hCMEC/D3)
The toxic and inflammatory effects of fMWCNT with varying surface charge (cationic (+) M4VP-, non-ionic (0) PEGMA-, or anionic (-) SPMAK-MWCNT) on immortalized human brain endothelial cell (hCMEC/D3) monolayers were measured to ensure that cell viability and monolayer permeability were not compromised following fMWCNT treatment 
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[37-39]
. The protein kinase inhibitor staurosporin (10 µM, employed as a positive control for cell death) increased LDH release and decreased metabolic activity (Figure 1a, b, respectively). Neither positive nor non-ionic fMWCNT affected hCMEC/D3 cell membrane integrity or metabolic activity after a 24 hrs treatment (20 µg/ml), as assessed by the LDH release and MTS assays, respectively (Figure 1a, b). However, while treatment with anionic fMWCNT induced no change in LDH release (Figure 1a), it led to a significant increase in metabolic activity (Figure 1b). 
Previous studies have shown that treatment of brain endothelial cells with different classes of nanoparticles enhances pro-inflammatory cytokine release by the endothelia 
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[40, 41]
, which subsequently increases BBB permeability by suppressing tight-junction protein expression 42[41, ]
. Therefore, the effect of fMWCNT on pro-inflammatory cytokine release from brain endothelia and barrier permeability was next examined. None of the fMWCNT types affected the release of the pro-inflammatory cytokines IL-1β, IL-6 and TNFαin hCMEC/D3 cells, after a 24 hr treatment (Figure 1c-e). In addition, there was no significant change in either the permeability coefficient of 70kDa dextran across endothelial monolayers or the transendothelial electrical resistance (TEER) (Figure 1f, g), demonstrating that the hCMEC/D3 monolayer permeability was not disrupted by fMWCNT treatment. 


[image: image2]
Figure 1. Effects of fMWCNT treatment on hCMEC/D3 cell viability, inflammation and permeability.  A 24hr treatment of hCMEC/D3 cells with cationic (+) M4VP-, non-ionic (0) PEGMA- or anionic (-) SPMAK-MWCNT (20µg/mL) did not induce cell death as assessed by LDH release (a) and MTS (b) assays. Anionic MWCNT treatment resulted in a significant increase in MTS reduction (b). Staurosporin (+, 10 µM) served as a positive cell death control, inducing a strong increase in LDH release (a) and reduction of intracellular NADH levels (b). Treatment of hCMEC/D3 cells with fMWCNTs did not affect inflammatory response or monolayer permeability, with no significant differences in the levels of released IL-1 (c), IL-6 (d) and TNFβ (e), as well as in permeability coefficient to 70 kDa FICT-dextran (f) and TEER (g) between control and fMWCNT treated cells. Results are displayed as mean + SEM of three independent experiments. **, *** denote p < 0.01, 0.001, respectively, vs. control, as determined by a one-way ANOVA (Tukey’s post-hoc test).

Cellular uptake, internalisation and translocation of fMWCNT across a human in vitro BBB model (hCMEC/D3)

The association of fMWCNT with brain endothelial cells was directly examined by quantifying fMWCNT concentration through UV-spectroscopy. All three fMWCNTs types were detected in the cell-associated fraction (Figure 2a-c) following a 4 hrs incubation. The cationic (+) fMWCNT showed the most prominent association (28.7 + 1.8% initial dose, ID) (Figure 2a), with non-ionic (0) and anionic (-) fMWCNT associating with cells to a lesser extent (9.4 + 1.4 %ID and 7.5 + 1.3 %ID, respectively) (Figure 2b, c). fMWCNT are known to enter cells by both passive and active uptake routes 6[]
. In this system, incubation at 4oC markedly reduced the cell-associated mass for all fMWCNT (8.1 + 0.1%ID, 3.4 + 0.3 %ID, 3.6 + 0.3 %ID for (+), (0) and (-), respectively) (Figure 2a-c). However, cellular association was still detected at 4oC, suggesting that both passive (surface binding and/or needle-like penetration) and active (endocytic internalization) processes contribute to fMWCNT association with brain endothelial cells. 
Following confirmation of fMWCNT association with brain endothelial cells, we examined fMWCNT distribution across BBB compartments (i.e. apical, intracellular, basal) as a function of surface charge. Brain endothelia (hCMEC/D3) monolayers plated onto porous transwell supports were treated with cationic, non-ionic, or anionic fMWCNT for 24 hrs, and the carbon nanotube content in the apical and basolateral chambers and cell lysates were quantified by UV-vis spectroscopy. The UV-vis quantification indicated that the amount of cell-associated and translocated fMWCNT was strongly dependent on the carbon nanotube surface charge (Figure 2d-f). At 24 hrs, very low cellular association of anionic (-) fMWCNT was observed, with the largest fraction of the carbon nanotube mass (87.5 ± 2.9%) remaining in the apical medium and only a small percentage (9.1 ± 2.3%) associated with the cells (Figure 2d, e). In contrast, cationic functionalization led to a significantly higher degree of cell association, with the largest fraction of the cationic (+) fMWCNT mass (92.8+0.9%) detected in the hCMEC/D3 cell lysate fraction (cell-associated CNT mass) and only a small percentage (6.7 ± 1.0%) remaining in the apical compartment (Figure 2d, e). The non-ionic (0) fMWCNT displayed an intermediate level of cell association (49.8 ± 0.8% of mass in the cell lysate and 49.4 ± 0.8% in the apical chamber (Figure 2d, e). Although low levels of carbon nanotubes were measured in the basolateral chamber for all fMWCNT charges (Figure 2f), the basolateral content of anionic (-) fMWCNT (3.4 + 0.6 %) was significantly higher than that of non-ionic (0) (0.8 + 0.1%) and cationic (+) fMWCNT (0.5 + 0.1%), indicating that negatively-charged MWCNT had the highest level of BBB crossing.

UV-vis spectroscopy is a high throughput tool for quantifying and comparing the amount of MWCNT mass in the apical, intracellular and basolateral compartments; however, this technique is unable to distinguish between properly internalised fMWCNT and those strongly interacting with the apical cell membrane without internalization or trapped at the transwell filter. For these reasons, UV-vis spectroscopy will overestimate the fMWCNT mass in the ‘intracellular’ compartment, and underestimate apical and basal fMWCNT mass. Therefore, qTEM was used to quantify the proportions of internalized and translocated fMWCNTs trapped between the basal cell membrane and the transwell filter (Figure 2g, h) at 24 hours.  fMWCNT internalisation and transport was analysed across c. 270 individual endothelial cells from three independent exposures for each fMWCNT type. Other time points were not sampled, given the time required to conduct this analysis. Detailed TEM quantification (see Methods section “Quantification of fMWCNT localization by TEM” and stereological calculations in SI) using the workflow described in Scheme 1 showed that actual cellular internalization was low in all cases with no statistically significant differences between fMWCNT classes (Figure 2g). The mass of translocated fMWCNT trapped at the basal compartment of the cells (i.e. space between the basal cell membrane and the transwell filter) was highest for the cationic (+) fMWCNT, though statistical significance was not reached (Figure 2h). 
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Figure 2. Quantification of fMWCNT internalization into and translocation across hCMEC/D3 cells through UV/vis spectroscopy and TEM. (a-c) The cell associated CNT mass was quantified following a 4hr incubation with fMWCNT at 37oC or 4oC. Incubation of cells at 4oC significantly inhibited cell internalization of all fMWCNT compared to incubation at 37oC. (d-f) The apical, cell-associated and basal CNT mass was quantified following treatment (24hr) of endothelial monolayers plated in transwell filters with fMWCNT. The anionic (-)MWCNT entered the cell to a minimal degree, with the bulk of CNT mass remaining in the apical medium (d). In contrast, cationic (+) MWCNT mass had only a small fraction remaining in the apical medium, with the majority found associated with the cell monolayer (e,f). The non-ionic (0) MWCNTs entered the cell to a moderate degree, with half of the CNT mass found in the apical medium and half of the CNT mass cell-associated (d-f). A small fraction of fMWCNT mass was detected in the basolateral medium for all MWCNT functionalizations (f), with a higher penetration amount of anionic (-) fMWCNT compared to non-ionic (0)- and cationic (+) MWCNT. TEM was employed to quantify the amount of actual fMWCNT cell internalization (g) and entrapment between the basal cell membrane and transwell filter following exocytosis (h). Results are displayed as mean + SEM of at least three (or two for (b)) independent experiments. Statistical significance was determined by a student’s T-test (a-c) or a one-way ANOVA (d-h) with Tukey’s post-hoc test. *, *** denote p < 0.05, 0.005, respectively, between corresponding columns. 
Cell-membrane interaction and intracellular localization of fMWCNT in human brain endothelium 
The cell-membrane interaction and intracellular localization of the different fMWCNT across human brain endothelial monolayers (hCMEC/D3) were examined by TEM. The non-ionic (0) fMWCNT were occasionally visualized near the plasma membrane as both individual species and small aggregates (Figure 3a, b). In addition, they were localised inside the cytoplasm (Figure 3c), inside intracellular vesicles (Figure 3a, d) and individual nanotubes were observed exiting the cell at the basolateral side of the hCMEC/D3 monolayer (Figure 3e).

In contrast, the cationic (+) fMWCNT showed a greater contact to the apical cell membrane (Figure 3f, g) compared to the other fMWCNT, presumably due to higher electrostatic attraction 43[]
. Cationic nanotubes were observed inside endocytic pits at the apical cell surface (Figure 3f), inserting into the plasma membrane (Figure 3g), and within the cytoplasm (Figure 3h) and intracellular vesicles of the hCMEC/D3 cells (Figure 3i). Individual cationic nanotubes were also detected in the space between the basolateral cell membrane and the transwell surface (Figure 3j), indicating the cationic (+) fMWCNT had translocated across the hCMEC/D3 endothelium monolayer.

Anionic (-) fMWCNT were rarely associated with the plasma membrane at the apical side of the cells (Figure 3k), and were occasionally observed translocating across the cell membrane to enter intracellular vesicles (Figure 3k, l), as well as individually free floating in the cytosol (Figure 3m). In addition, the anionic nanotubes were seen in small aggregates inside vesicular structures (Figure 3n). Importantly, anionic (-) fMWCNT exited the cells from the basolateral side of the hCMEC/D3 cells in small aggregates (Figure 3o).

[image: image3]
Figure 3. TEM images showing the range of fMWCNT localisation within hCMEC/D3 cells. Following a 24hr incubation with hCMEC/D3 monolayers non-ionic PEGMA (0) (a-e), cationic M4VP (+) (f-j) and anionic SPMAK (-) fMWCNT (k-o) are observed at endocytic pits on the apical side of the plasma membrane and intracellular vesicles (a,f,k), as well as piercing through the membrane to enter the cytosol (g,l). fMWCNTs were observed both unbound within the cytoplasm (c,h,m) and within membrane-bound vesicles as individual nanotbues (d,i) or aggregated clusters (n). In all cases, at least one instance of a fMWCNT located between the basolateral plasma membrane and the transwell filter was observed (e,j,o). All micrographs are oriented with the apical side upwards. Arrowheads indicate described instances in each panel. White font letters indicate: a = apical side, b = basolateral side, cy = cytoplasm, n = nucleus, f = transwell filter, v = vesicle. Scale bar = 200 nm.
Interactions of fMWCNT with the apical membrane

To further understand the initial interaction of fMWCNT with the brain endothelial cells, fMWCNT interaction with the apical cell membrane was imaged at higher TEM magnification. While the non-ionic (0) fMWCNT were occasionally visualized near the apical cell membrane (figure 4A), networks of cationic (+) fMWCNT were frequently observed closely interacting with the apical cell membrane and aligning their orientation parallel to the cell membrane (Figure 4B). In contrast the anionic (-) fMWCNT were rarely observed at the apical cell membrane, with the vast majority of the apical cell membrane TEM images devoid of MWCNT (an example of a region in which they are interacting with the apical membrane is shown in figure 4C; note the lower extent of direct cell membrane contact and cell membrane alignment compared to cationic nanotubes).

Electron tomography confirmation of fMWCNT crossing the BBB 
TEM imaging projects a (thin) 3D sample onto a 2D image, which can lead to ambiguity about the true localisation of CNT with respect to cellular membranes and organelles. Additionally, mechanical damage imparted during ultramicrotomy is known to bend and pull out MWCNT from the embedded blocks, and to redistribute CNT across the sample surface by dragging 44[]
. In order to verify the observed fMWCNT instances in 2D images were not due to mechanical artefacts, selected cases were further investigated by bright field TEM tomography. Figures 4 D-F show a reconstruction of a monolayer exposed to cationic (+) fMWCNT, confirming that the nanotubes are located in compartments continuous with the basolateral space (other examples of this phenomenon are shown in Supplementary figure S4). The 3D reconstruction also demonstrates that the fMWCNT in this area are located within the cell section, rather than at the surface of the section, allowing dragging and re-distribution artefacts to be discarded.
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Figure 4. TEM showing interactions of fMWCNT with the apical and basal membranes. (A) Individualised and clustered non-ionic PEGMA-MWCNT interacting with the plasma membrane. (B) Well-dispersed cationic M4VP-MWCNT form networks above the apical membrane and come into close association with the plasma membrane. (C) Anionic SPMAK-MWCNT are found adjacent to and piercing the apical membrane, although SPMAK-MWCNT were rarely seen interacting with the apical plasma membrane. Scale bars, 200 nm. ‘a’= apical side, ‘b’= basolateral side, ‘cy’= cytoplasm. (D-F) Bright field TEM image (D) and electron tomography reconstruction (E, F) of M4VP-MWCNT in an hCMEC/D3 cell section. Some M4VP-MWCNT are located at the apical plasma membrane, while the majority of fMWCNT are contained in a compartment which is connected to the basolateral space (arrows in panel F). The plasma membrane (grey) and M4VP-MWCNT (purple) have been segmented to label these structures.
The effect of fMWCNT on viability of hippocampal neurons

A key requirement for the application of fMWCNT as brain delivery vehicles in the clinic is low neurotoxicity. Given some CNT types have been shown to be neurotoxic in vitro 45[]
, the effect of cationic, non-ionic and anionic fMWCNT on the viability of cultured hippocampal neurons was examined. SEM images of fMWCNT-treated neurons confirmed the close association of all three types of fMWCNT with both neuronal cell bodies (Figure 5a-c, arrowheads; Supplementary figure 5) and axons (Figure 5d-f, arrowheads). Hydrogen peroxide (H2O2, 0.6 and 1.2 μg/ml) was employed as a positive cell death control as it prominently contributes to neurodegeneration in many brain insults 46[, 67]
 and has been implicated in nanomaterial-induced cytotoxicity [64-66]. Exposure to H2O2 resulted in profound neuronal death after 24 hrs, with cell survival rates of c. 40% and 20%, respectively, compared to vehicle treated controls (Figure 5g, quantified in fig. 5h). The concentration range for fMWCNT treatment was chosen based on the percentage of crossing nanoparticles in our BBB model (Fig 2, < 5%), yielding estimated basal CNT concentration of below 1 g/mL. Treatment with all classes of fMWCNT at 0, 0.25, 0.5, 1 and 2 μg/mL did not affect neuronal survival (Figure 5g, h). However, at a concentration of 4 g/ml, we observed a slight neurotoxic effect of cationic (+) and non-ionic (0) fMWCNT (figure 5h), which was absent from anionic (-) fMWCNT, perhaps reflecting closer interaction with neuronal cell membranes similarly to endothelial cell membranes.
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Figure 5. The effect of fMWCNT on survival of cultured hippocampal neurons. (a-f) SEM images of primary hippocampal neurons treated with fMWCNT (2 g/mL) for 24 hrs. Clusters of (0)-, (+)- and (-)MWCNTs interacted closely with neuronal cell bodies (a-c, arrow heads). Additionally, smaller aggregates and individualised fMWCNTs were observed in close association with axons (d-f, arrow heads). n = neuronal body. Images are representative of three independent experiments. Scale bar = 2 m (a-c), 10 m (d-f). (g,h) Cultured hippocampal neurons were treated with fMWCNT or H2O2 (0.6 or 1.2 g/ml, positive cell death control) for 24 hr, viability assessed by Hoechst 33258 staining. (g) Representative images of Hoechst 33258 stained hippocampal neurons left untreated (CTL) or treated with H2O2 or with fMWCNT (2 g/ml); with varying degrees of condensated nuclei indicating cell death. Scale bar = 50 m. (h) Viability of hippocampal neurons treated with M4VP, PEGMA, or SPMAK for 24 hrs. CTL (100%), survival rate in the untreated controls. *, **, ***, p < 0.05, 0.01, 0.001 vs. CTL, one-way ANOVA (Dunnett post-hoc test), four independent experiments.
Discussion
In order to successfully develop carbon nanotubes as drug delivery vehicles against brain diseases, their interaction with and transportation across the blood-brain barrier, as well as their toxicity profiles in neural cells, needs to be extensively characterized. Various in vitro and in vivo studies have successfully contributed towards the understanding of the mechanisms and rates of CNT transport across the BBB [11-13, 49]. However, CNT identification and quantification has relied on secondary labelling (e.g. fluorescent/ radioactive tags), which may affect CNT-cellular interaction and lead to inaccurate quantification due to label release/modification. Therefore, methodologies to directly measure CNT distribution across the BBB without the need for secondary labels will enhance the development of CNT as brain delivery vehicles. By performing detailed characterization of unlabelled and carefully controlled fMWNCT, we were able to provide new insights on the effects of MWCNT surface charge on brain endothelia internalization and BBB transport, as well as their interaction with and toxicity towards cultured hippocampal neurons.
Role of surface charge in BBB translocation
The combination of UV-visible spectroscopy and qTEM techniques show that fMWCNT surface charge critically influences cellular interaction, internalization amount and transcytosis across the human BBB in vitro, which corroborates previous findings on other cell types 
 ADDIN EN.CITE 

[47, 48]
. In contrast, a previous study examining the interaction of negatively and positively charged MWCNT with brain endothelial cells 49[]
 suggested that in vitro BBB transport was independent of MWCNT surface charge; however, this previous work used functionalization processes that oxidize the surface of the MWNCT using strong acids. This oxidation procedure provides a high degree of functionalisation with –COOH groups suitable for further modification, but inevitably damages the carbon framework 50[]
 and introduces highly functionalised oxidation debris 51[]
, known as carboxylated carbonaceous fragments (CCFs). Acid-oxidised MWCNTs, used in previous studies, have a significantly damaged surface, with very high concentration of functional groups, and open carboxylated ends; together with the presence of contaminating CCFs, this surface chemistry will significantly affect physicochemical properties and biological interactions [52, 53], including altering the dynamics of protein corona formation and distribution of protein adsorption. Furthermore, the oxidation reaction also introduces a wide range of different, oxygen-containing functional groups, obscuring the nature of the underlying CNT and generating an ill-defined generally acidic surface [54]. By using MWCNT functionalized through thermochemical grafting with minimal carbon framework damage, we show a different trend to other reports [49], emphasising the importance of using highly controlled fMWCNT. Though the mechanisms of CNT internalization (e.g. clathrin-mediated or caveolae-mediated endocytosis) have not been examined in the current study, the thermochemical CNT functionalization and the correlative quantification of non-labelled CNT established in this study will allow for more accurate data regarding the entry pathways to be obtained in the near future. 
Cell membrane barriers to fMWCNT transport
Given the endothelial cell membrane’s negative charge, it was expected that positively-charged cationic fMWCNT would adsorb onto the plasma membrane and subsequently become transported across the BBB using unspecific routes, such as adsorptive mediated transcytosis or needle-like penetration, resulting in higher rates of brain entry for positively-charged fMWCNT.  While UV-vis spectroscopy indeed indicated cationic (+) fMWCNT had higher levels of cellular association compared to non-ionic (0) or anionic (-) fMWCNT, closer inspection through TEM demonstrated the vast majority of the cationic fMWCNT were actually strongly interacting with the apical cell membrane without actual internalization, as well as being trapped between the basal cell membrane and the transwell support, possibly explaining the lowest level of translocation across the brain endothelial cells and release into the basolateral chamber. Recent studies have shown that the presence of the glycocalyx layer, a network of proteoglycans/glycoproteins, glycosaminoglycans, sialic acid and associated plasma proteins lining the luminal endothelium, constitutes a barrier against nanoparticle uptake into the endothelium 
 ADDIN EN.CITE 

[55]
. Thus, the cationic fMWCNT may be adsorbing strongly onto the negatively-charged glycocalyx structure, trapping the nanotubes onto the apical cellular phase preventing internalization. Indeed, a network of cationic fMWCNT was observed above the apical side of the plasma membrane, which was not seen for the other classes of fMWCNT (Figure 3f). TEM also revealed that the cationic fMWCNT were most frequently trapped at the basal side of the cells. Visualization of cationic nanotube trapping at cell membranes was supported by the UV-vis measurements of cell-associated fMWCNT mass. Entrapment of the cationic fMWCNT at the basal membrane may be a result of an interaction with negatively charged components of the basement membrane (e.g. heparan sulphate proteoglycans) lining the abluminal face of the brain endothelial cells, preventing them from reaching the basolateral chamber. These observations indicate the glycocalyx layer and the basal lamina act as important barriers against cationic fMWCNT translocation across the BBB despite high cellular association.  
Uptake of fMWCNT by cells
TEM imaging showed qualitatively similar mechanisms of cell entry and translocation for all classes of fMWCNT, though the extent of cell membrane interaction and alignment differed as a function of surface charge. The fMWCNT were observed taken up into intracellular vesicles (Figure 3a, d, I, n) through endocytic pits at the cell membrane (Figure 3f and m), indicating active endocytosis probably through adsorptive-mediated transcytosis (AMT) 56[]
, an observation which is supported by the reduction in internalization under endocytosis-inhibiting conditions (4oC). However, in specific cases, the fMWCNT pierced through the cell membrane (Figure 3b, g, i) and remained unbound in the cytosol not associated with vesicles (Figure 3c, h, m), a process previously described as a “nano-needle” mechanism of uptake 
 ADDIN EN.CITE 

[57-59]
, whereby fMWCNT enter the cell through an energy- and endocytosis-independent membrane perforation mechanism without causing cell death. Such a nano-needle mechanism explains the lack of full uptake inhibition by 4oC treatment. In addition, TEM imaging revealed that a fraction of fMWCNT was localized in the basolateral space closely associated with basolateral cell membrane deformation (Figure 3c, j, o), indicating exocytosis following transcytosis. Furthermore, they were not observed within the tight junctions constituting cell contact points, indicating paracellular leakage of fMWCNT likely did not contribute to the quantified basolateral MWCNT mass. Interestingly, basolateral cationic and non-ionic fMWCNT were frequently seen as individual nanotubes, while anionic fMWCNT were more often seen in agglomerated bundles, indicating higher vesicular packaging efficiency of negatively charged fMWCNT. Importantly, TEM tomography confirmed the location of the visualized CNT were not due to TEM processing artefacts, such as dragging and redistribution. 
Neurotoxicity of fMWCNT

A prerequisite for clinical translation of nanomaterials as drug delivery vehicles is that they are non-toxic to neurons, glia, and brain endothelial cells. In this work we used lower concentrations of the fMWCNTs for the neurotoxicity assays than for the BBB transwell studies to reflect the low amount of fMWCNT translocation across the BBB observed both in vivo (~1-5%) 
 ADDIN EN.CITE 

[49, 60, 61]
 and in our in vitro BBB model (Fig 2). However the concentrations used were higher than the expected dose present in the parenchyma (ca. 1 g/ml at 5% crossing of a maximal fMWCNT dose 20 g/ml), which is important to account for possible longer term tissue accumulation resulting in higher fMWCNT doses within the parenchyma 
 ADDIN EN.CITE 

[62,63]
. At concentrations up to 2 g/ml, all fMWCNT failed to induce toxicity in primary hippocampal neurons. However, we found that exposure to higher (4 g/ml) concentrations of cationic or non-ionic, but not anionic fMWCNT resulted in decreased neuronal viability (Fig 5h). Thus, as well as influencing the transport efficiency, the surface charge also affects fMWCNT neurotoxicity. The observed difference in neuronal effects between the three fMWCNT types most probably reflects their differing ability to interact with and be internalized by neurons and/or propensity to aggregate, with anionic fMWCNTs less likely to bind and be taken up by the negatively-charged cell membrane. Our findings corroborate previous studies demonstrating a dependence of fMWCNT cytotoxicity on NP functionalization 
 ADDIN EN.CITE 

[14, 16]
 and also suggest that in conditions where the BBB integrity is disrupted/artificially modulated resulting in higher MWCNT levels in parenchyma, some fMWCNT formulations may become toxic to brain cells. Thus, detailed in vivo studies will be required to establish safe CNT dosage profiles, and, moreover, those may have to be expanded to more chronic time-points and/or high dosages, to account for possible long-term effects and tissue accumulation.
In conclusion, the present UV-Visible spectroscopy/qTEM workflow allows for the cellular localization (apical, intracellular, basal) of CNT to be directly quantified with more accuracy than previously reported without the need for secondary CNT labelling (refer to SI for error analysis of this method). While UV-vis spectroscopy is a statistically reliable method for quantifying fMWCNT concentrations, it is unable to discriminate between fMWCNT actually endocytosed into brain endothelial cells and fMWCNT strongly interacting with the apical cell membrane due to interaction with the luminal glycocalyx. Similarly, it is unable to discriminate between intracellular fMWCNT and fMWCNT exocytosed through the basolateral cell membrane but trapped in the basolateral space before crossing the transwell filter. Therefore, we have employed quantitative TEM microscopy to deconvolute such interaction and accurately assess fMWCNT transport across the BBB.
Employing this method, we show that fMWCNT surface charge critically influences entrapment at the apical and basal membranes, most likely through interaction with the glycocalyx and basal membrane components, respectively, which in turn modulates the level of translocation of fMWCNT across an in vitro model of the human BBB. Hence, though the cationic fMWCNT had highest amount of cell interaction, this led to strong CNT retention both apically and basally, resulting in the negatively charged fMWCNT having the highest level of transport. The percentage of crossing was low and cellular internalisation of the fMWCNT did not correlate with the mass of translocation across the BBB at 24 hours. In addition, fMWCNT surface charge also affected CNT neurotoxicity. While it is not possible to directly compare the current developed method with traditional methods (e.g. fluorescence labelling) due to differences in CNT characteristics which that would ensue, in the future it will be of interest to verify the presented in vitro quantification in animal models. With the recent development in high throughput automated EM techniques, it should in future be possible to use these complementary techniques to measure transport of various nanoparticle platforms across the BBB to facilitate preclinical drug development of a wide range of targeted nanomedicines. 
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