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Abstract

Aims—To evaluate the use of glucosamine functionalized multiwalled carbon nanotubes (glyco-

MWCNTs) for breast cancer targeting.

Materials & methods—Two types of glucosamine functionalized MWCNTs were developed 

(covalently linked glucosamine and non-covalently phospholipid-glucosamine coated) and 

evaluated for their potential to bind and target breast cancer cells in vitro and in vivo.

Results & conclusion—Binding of glyco-MWCNTs in breast cancer cells is mediated by 

specific interaction with glucose transporters. Glyco-MWCNTs prepared by non-covalent coating 

with phospholipid-glucosamine displayed an extended blood circulation time, delayed urinary 

clearance, low tissue retention and increased breast cancer tumor accumulation in vivo. These 

studies lay the foundation for development of a cancer diagnostic agent based upon glyco-

MWCNTs with the potential for superior accuracy over current radiopharmaceuticals.
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Background

Breast (and other) cancers exhibit increased sugar uptake due to alterations in the normal 

metabolism of glucose [1] and elevated expression of glucose transporters (GLUTs) [2]. 

Clinically, the use of 18F-fluorodeoxyglucose (18FDG) to identify tumors exhibiting high 

glucose uptake by positron emission tomography (PET) has had a dramatic impact on breast 
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cancer management through improved staging [3]. When injected into a patient's blood 

stream, 18FDG is taken up and retained by cancer cells at a more rapid rate than normal 

cells, and tumor sites show up as ‘hot spots’ on a PET scan. Although accuracy in detecting 

tumors larger than 2 cm is high, 18FDG-PET may miss approximately one third of invasive 

cancers smaller than 1 cm [4,5]. As early and accurate diagnosis is still the most effective 

approach to treating breast cancer, improvements in the use of technology to detect and 

monitor cancer will have a dramatic effect on human health.

Recent developments in the application of nanomaterials such as carbon nanotubes (CNTs) 

for cancer imaging may allow for significant improvements in detection of disseminated 

tumors (reviewed in [6]). CNTs consist of sheets of sp2 carbon rolled into single- or multi-

walled tubes and are extremely useful for biomedical applications due to their extraordinary 

thermal, optical, and electrical properties [7]. They offer many advantages for targeted 

molecular imaging of cancer; foremost is their ability to deliver large numbers of imaging 

agents per each targeted molecular recognition event, which can improve the sensitivity and 

specificity of imaging [8,9]. Secondly, CNTs can be engineered to deliver radiotracers [9–

11], MR contrast agents [12] and their innate properties enable ultrasound [13], 

photoacoustic [14] and near-infrared (NIR) imaging [15]. Thirdly, they are internalized by 

cells [16,17] and can act as delivery vehicles for therapeutic applications including 

chemotherapy [18], radiotherapy [8,9] gene delivery [19,20] and as mediators for 

photothermal cancer therapy [21].

Pristine (pure carbon) CNTs have hydrophobic, low-polarity surfaces, which present 

challenges for dispersion in physiologic solutions [22]. In order to increase the aqueous 

dispersion of CNTs, it is necessary to chemically functionalize their surfaces. To this end a 

variety of strategies including acid oxidation [23], cycloaddition reactions [19] and 

adsorption of amphiphilic surfactants [24] have been developed to render CNT surfaces 

more hydrophilic. Further chemical modification and biofunctionalization of these 

hydrophilic CNTs makes it possible to generate bioactive nanotubes bound to nucleic acids 

[19,20,25], antibodies [24], peptides [26] and carbohydrates (reviewed in [27]).

The ability to enhance carbohydrate mediated interactions through multivalent display on 

functionalized nanomaterials has generated significant interest [28]. CNTs are well suited 

for this application because the high aspect ratio and surface area of CNTs enable the 

display of a large number of carbohydrates [29–31] in a manner that that favors multivalent 

ligand–receptor interactions [32–34]. This is of particular importance for studying 

carbohydrate binding due to the relatively low binding affinity of individual mono- and 

polysaccharides for their target ligands [28]. Carbohydrate functionalized CNTs have proven 

effective for biosensing [35], bacterial interaction [36,37] and specific molecular binding/

recognition applications in cell-free systems [33,38,39]. For interaction with mammalian 

cells, functionalization of CNTs with simple sugars provides benefits of high aqueous 

dispersion stability and low cytotoxicity in vitro [39–41] and in vivo [41,42]. 

Functionalization with an appropriate sugar may allow for targeting of the nanotubes to sites 

of high glucose uptake such as tumors. However, the affinity of carbohydrate functionalized 

CNTs for binding receptors or transporters expressed by mammalian cells has not been 

studied extensively.
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Currently, FDG is the only sugar used clinically for cancer imaging. Glucosamine (2-

amino-2-deoxyglucose), an FDG derivative, also binds to glucose transporters 

overexpressed by cancer cells and glucosamine derivatives have shown potential as a cancer 

imaging agent in preclinical studies [43–45]. Several studies have demonstrated that 

functionalization of nanoparticles with glucosamine or other glucose derivatives can be used 

as a strategy to increase the cell uptake or alter the biodistribution of the glyconanoparticles 

as compared with nonglycoparticles [46–50]. However, all previous studies traced the 

nanoparticle core rather than the displayed sugar. We hypothesized that radiolabeled sugars 

could be used as both a nanoparticle targeting and detection agent and that multivalent 

display of the a radiolabeled sugar from a nanoparticle scaffold would lead to increased 

sugar binding, uptake and signal amplification due to the additive effects resulting from 

incorporating multiple radiolabels and targeting ligands into a single nanometer-sized 

particle.

Here we report the development of glycomultiwalled carbon nanotubes (glyco-MWCNTs). 

Two types of glyco-MWCNTs were evaluated. Glucosamine was covalently conjugated 

directly to oxidized MWCNTs (MWCNT-GlcN) or to distearyl-

phosphotidylcholinepolyethylene glycol (DSPE-PEG-GlcN) which was then used to 

noncovalently coat oxidized MWCNTs through hydrophobic interactions (MWCNT-DSPE-

PEG-GlcN). To delineate the role that GLUTs played in the binding and uptake of the 

glyco-nanotubes, breast cancer cells were exposed to glyco-MWCNTs alone or in 

combination with inhibitors of sugar transport (excess glucosamine; cytochalasin B) or 

cytochalasin D, an actin depolymerizing agent that can inhibit macropinocytosis and 

caveolin-mediated endocytosis, independent of sugar transport. We also performed in vivo 

studies to evaluate differences in tumor accumulation, blood kinetics, biodistribution and 

body clearance between free glucosamine, MWCNT-GlcN and MWCNT-DSPE-PEG-GlcN. 

Our data demonstrate the capacity for breast cancer targeting in vitro and in vivo through 

multivalent interactions between glucosamine displayed on MWCNTs and GLUTs 

expressed on breast cancer cells and suggest glyco-MWCNTs may show promise as a 

tumor-targeted diagnostic agent.

Materials & methods

Cell culture & chemical reagents

MDA-MB-231 breast cancer cells were obtained from American Type Culture Collection 

(CRM-HTB-26). MDA-MB-231 were maintained in complete media consisting of 

DMEM/F12 (Life Technologies) supplemented with 10% fetal bovine serum (Sigma-

Aldrich), 100 IU/ml penicillin and 100 μg/ml streptomycin (Life Technologies). D-

glucosamine hydrochloride was purchased from Acros Organics. Kaiser test reagents, 

cytochalasin B, cytochalasin D and 2-(N-morpholino) ethanesulfonic acid solution (MES, 1 

M in water) were obtained from Sigma Aldrich. Short acid oxidized MWCNT (0.5–2 μm in 

length; 8–15 nm diameter) were obtained from Nanostructured & Amorphous Materials Inc. 

(TX, USA). N-hydroxysuccinimide ester (NHS) of DSPE-PEG(5000) (DSPE-PEG-NHS) 

was obtained from Nanocs. 1-ethyl-3-(3-dimethylaminopropyl)carboiimide (EDC) and 
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sulfo-NHS were obtained from Pierce. 3H-glucosamine (specific activity: 37.3 Ci/mmol) 

was obtained from Perkin Elmer.

Synthesis of glyco-MWCNTs

To reduce size and increase aqueous dispersibility, the initial stock of MWCNTs was further 

acid oxidized using sulfuric acid and nitric acid treatment (3:1 mixture) for 3 h at 75°C. The 

MWCNTs were resuspended in sodium hydroxide (1.0 N), sonicated for 10 min, and 

incubated at room temperature for 30 min to remove carbonaceous debris formed during 

oxidation. Next, MWCNTs were resuspended in hydrochloric acid (0.1 N), sonicated for 10 

min and incubated at room temperature for 30 min to reprotonate the carboxyl groups 

introduced during the initial acid oxidation. Between each acid or base treatment, the 

MWCNTs were collected on a 0.1 μm Omnipore JV filter membrane (Millipore) by vacuum 

filtration and washed extensively with water until the flow thru was clear and the pH was 

neutral. Finally, the MWCNTs were scraped from the membrane, dried and used for 

conjugation to glucosamine. A two-step process was used to create radiolabeled 3H-

MWCNT-GlcN. First 3H-glucosamine (100 μCi) was reacted with 10 mg of MWCNTs and 

EDC/sulfo-NHS in 50 mM MES buffer (pH 5.5) overnight in the dark. This was then 

followed by a second reaction with excess cold glucosamine and fresh EDC/sulfo-NHS in 

50 mM MES to increase the glucosamine functionalization of the nanotubes. The final 3H-

MWCNT-GlcN were collected on a 0.1 μm Omnipore JV membrane by vacuum filtration 

and washed extensively with water until radioactivity in the flow thru was undetectable. For 

the second type of glyco-MWCNTs, 2 mg DSPE-PEG-NHS was reacted with 100 μCi 3H-

glucosamine for 1 h in 200 μl PBS (pH 7.4), then added to 1 ml PBS (pH 7.4) containing 10 

mg/ml DSPE-PEG-NHS and 0.18 mg/ml glucosamine, and incubated overnight in the dark 

at 4°C. The following day 10 mg acid-oxidized MWCNTs were added to the DSPE-PEG-

GlcN solution, then sonicated six times for 10 min, exchanging water between cycles to 

prevent overheating as previously described [22]. The MWCNTs and DSPE-PEG-GlcN self-

assembled through hydrophobic interactions (MWCNT-DSPE-PEG-GlcN). The progress of 

all reactions was monitored by the ninhydrin reaction [51] using a Kaiser test kit (Sigma) to 

demonstrate the formation of a bond between the EDC or NHS activated carboxyl group and 

the free amine on glucosamine, which is indicated by the a decrease in the amount of free 

amine. As a final step, glycosylated MWCNTs were washed extensively using a 30 kD size 

exclusion spin column (Millipore) to remove any small molecules not associated with the 

nanotubes. Washing was repeated until the concentration of radioactivity in the final filtrate 

represented less than 5% of the concentration of radioactivity remaining in the fraction 

containing the glyco-MWCNTs.

Physicochemical characterization

The hydrodynamic diameter of glyco-MWCNTs was assessed by dynamic light scattering 

(DLS) using a Zetasizer NS90 (Malvern Instruments) in both water and PBS in automatic 

mode, and by nanoparticle tracking analysis (NTA) using a Nanosight NS500 (Malvern 

Instruments). The ζ-potential of glyco-MWCNTs was assessed in Milli-Q water at pH 6.8–7 

using the Zetasizer NS90. Concentration of glyco-MWCNTs was determined by NTA. 

Glyco-MWCNTs were diluted 50,000-fold in 0.1 μm filtered milli-Q water in triplicate and 

at least three measurements of each sample were taken. Additional dilutions were assessed 
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to ensure linearity of the measurements with changes in concentration. Nanoparticle tracking 

analysis was used to determine the particle concentration of glyco-MWCNTs. 

Measurements were made at 25°C using the Nanosight NS500 running NTA v3.0 software 

with the following settings used for data acquisition: temperature: 25°C; camera level: 16; 

duration: 90 s; detect threshold: 4. To determine particle concentrations, samples from 

glyco-MWCNT preparations used for in vivo studies were diluted in triplicate (1:5000 and 

1:50000) in degassed Milli-Q (Type I) water and concentration and particle size 

distributions were determined. Three measurements from each dilution were taken.

Cell-uptake assays

Two hundred thousand MDA-MB-231 cells were seeded in 12-well plates (BD Falcon) in 1 

ml of complete media and allowed to attach overnight. The following day cells were washed 

once in PBS and media was replaced with glucose-free DMEM (Life Technologies) for 30 

min. Medium was aspirated and replaced with 1 ml of glucose-free DMEM containing 3H-

glyco-MWCNTs or the relevant 3H-labeled controls. For competition or uptake inhibition 

studies, cold glucosamine, cytochalasin B or cytochalasin D were added during both the 30 

min pretreatment and at the time of adding radiolabeled materials. For all radiolabeled 

assays 0.025–0.05 μCi per well were used. Cells were incubated for the times indicated in 

the figures, washed twice in ice-cold PBS and harvested in cell lysis buffer (20 mM TRIS, 

0.1M NaCl, 2% Triton-X, 10 mM EDTA). Cell lysates were transferred to scintillation vials, 

mixed with scintillation cocktail (Ecolume, MP Biomedicals) and 3H activity was assessed 

using a scintillation counter (Beckman Coulter LS6500).

Transmission electron microscopy

Six hundred thousand MDA-MB-231 cells per well were plated on six-well dishes in 2 ml of 

media and allowed to recover for 24 h at 37°C. Cells were washed twice with PBS, then 

glucose-free DMEM containing glyco-MWCNTs was added and cells were incubated for 60 

min. Cells were washed three times with PBS, scraped and then fixed in 4% glutaraldehyde 

at 4°C overnight. Next, cells were pelleted, embedded in resin, cut into ultrathin sections (80 

nm) and placed on copper coated formvar grids then imaged using a Tecnai Spirit 

transmission electron microscope (FEI).

In vivo biodistribution assays

All animal experiments were performed with prior approval by Wake Forest University 

Institutional Animal Care and Use Committee. Female, 8–10-week-old nu/nu mice were 

purchased from the National Cancer Institute. Mice were housed in groups of five in 

individually ventilated cages with a 12 h light/dark cycle and were allowed access to food 

and water ad libitum. Mice were allowed to acclimatize for 2 weeks prior to beginning 

experiments. For tumor inoculation, MDA-MB-231 cells in Matrigel (BD Biosystems) (50 

μl containing 2 × 106 cells) were injected into the fourth inguinal mammary fat pad of mice. 

Tumor growth was monitored by calipers and volume was determined using the formula: 

volume = 0.52 × (width) × (length) × (width + length)/2 where length and width are the two 

largest perpendicular diameters. When the tumors reached an average volume of 250 mm3 

(approximately 3 weeks postimplantation), mice were injected intravenously with 3H-
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glucosamine, 3H-DSPE-PEG-GlcN, 3H-MWCNT-GlcN, 3H-MWCNT-DSPE-PEG-GlcN, or 

PBS. Mice were then housed in metabolic cages to allow for collection of urine. Blood (25 

μl) was collected from the tail vein at the intervals indicated. Tissue was harvested, weighed 

and radioactivity in harvested tissue was quantified similarly to previously described 

methods [11]. Briefly, tissues were dissolved 2 ml Scintigest (Fisher), then placed in a 60°C 

shaking incubator overnight. Samples were decolorized with hydrogen peroxide and glacial 

acetic acid was added to reduce chemiluminescence. Samples were topped with scintillation 

cocktail (Cytoscint ES, MP Biomedicals), shaken vigorously to mix, and radioactivity was 

measured in a Beckman Coulter LS6500 liquid scintillation counter using default settings 

for 3H with active correction for sample autoluminescence (Lumex) and color quenching 

(H-number plus). Readings of each tissue from PBS treated mice were subtracted from the 

readings obtained from 3H-treated mice to account for and remaining background 

luminescence.

Results

Physicochemical characterization of glycosylated MWCNTs

Physicochemical factors including particle size, shape, density and surface chemistry are all 

known to affect internalization of nanoparticles by cells and can alter rates of sedimentation 

onto a cell monolayer leading to alterations in the apparent uptake rate [52,53]. We therefore 

prepared two versions of glyco-MWCNTs and evaluated their physicochemical properties 

and dispersion stability prior to conducting cell binding and uptake assays. Initially, 

carbodiimide mediated linkage chemistry was employed to covalently conjugate 

glucosamine to carboxyl groups on acid-oxidized MWCNTs (MWCNT-GlcN). 

Alternatively, a self-assembly technique was used to noncovalently coat MWCNTs with 

glucosamine conjugated to distearyl–phosphotidylcholine-polyethylene glycol (DSPE-PEG-

GlcN) through hydrophobic interactions (MWCNT-DSPE-PEG-GlcN). Schematics of the 

two types of glycol-MWCNTs are shown in Figure 1. Notably, prior to conjugation of 

glucosamine to the MWCNTs, the acid oxidized tubes were washed in sodium hydroxide to 

remove fulvic acids formed during acid treatment from the surface of the nanotubes to avoid 

the possibility of functionalizing an adsorbed layer of carbonaceous debris [23].

The hydrodynamic diameter, ζ-potential and particle concentration of MWCNT-GlcN and 

MWCNT-DSPE-PEG-GlcN were determined by DLS and NTA. In water, all particle 

preparations were found to possess negative ζ-potentials and exhibit monomodal particle 

size distributions with a high degree of correlation between the hydrodynamic diameter 

assessed by DLS as compared with NTA (representative examples are shown in 

Supplementary Figure 1 [please see online at www.futuremedicine.com/doi/full/10.2217/

NNM.15.90] for MWCNT-GlcN and Supplementary Figure 2 for MWCNT-DSPE-PEG-

GlcN). As compared with MWCNT-GlcN, MWCNT-DSPE-PEG-GlcN dispersed in water 

were smaller (109 vs 182 nm by DLS), which may be due to the extensive sonication used to 

disperse and coat the MWCNTs with DSPE-PEG-GlcN. Electron micrographs also indicate 

that MWCNT-DSPE-PEG-GlcN are generally smaller than MWCNT-GlcN and show that 

both types of glyco-MWCNTs are disentangled (Supplementary Figures 1D & 2D). 

MWCNT-DSPE-PEG-GlcN were less negatively charged than MWCNT-GlcN (−17.6 vs 
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−38.3), which is expected due to the charge shielding provided by coating MWCNTs with 

DSPE-PEG-GlcN. When dispersed in PBS, MWCNT-GlcN began to aggregate and 

sediment over time (Supplementary Figure 3). By contrast, MWCNT-DSPE-PEG-GlcN 

remained stably suspended in PBS without aggregating for several months. The 

consequences of these differences will be discussed below in greater detail.

Glyco-MWCNTs exhibit sugar-specific interactions with breast cancer cells

In order to assess the binding and uptake kinetics of the glyco-MWCNTs, MDA-MB-231 

breast cancer cells were treated for 0 to 90 min with equivalent radioactive doses 

(approximately 50 nCi per well) of 3H-MWCNT-GlcN, free 3H-GlcN, 3H-MWCNT-DSPE-

PEG-GlcN or free 3H-DSPE-PEG-GlcN. Cells were then washed with PBS and the 

radioactivity in the cell-associated fraction (which includes both the surface bound and 

internalized 3H-GlcN or its nanoparticle conjugate) was quantified using a liquid 

scintillation counter. As shown in Figure 2A, both 3H-MWCNT-GlcN and 3H-MWCNT-

DSPE-PEG-GlcN were taken up more rapidly and to a greater extent than free 3H-GlcN. 

Cell binding/uptake reached a plateau by 60 min and significantly more 3H-MWCNT-GlcN 

or 3H-MWCNT-DSPE-PEG-GlcN was bound or internalized by the cells than 3H-GlcN 

(3.4% or 1.9 vs 1.4% of total dose respectively) after 90 min. Notably, free 3H-DSPE-PEG-

GlcN was not taken up by cells and remained extracellular for the duration of the 

experiment. The increased accumulation of 3H-MWCNT-GlcN compared with 3H-

MWCNT-DSPE-PEG-GlcN is in part due to aggregation of 3H-MWCNT-GlcN in the media 

leading to sedimentation. Importantly, the lack of cell associated of 3H-DSPE-PEG-GlcN in 

the absence of MWCNTs indicated that all cellular accumulation observed was exclusively 

mediated by the fraction of 3H-DSPE-PEG-GlcN adsorbed onto the MWCNTs. These 

results demonstrate that glyco-MWCNTs increased the cell associated fraction of the 

conjugated sugar as compared with the free sugar.

To delineate the role that GLUTs played in the binding and uptake of 3H-MWCNT-GlcN 

and 3H-MWCNT-DSPE-PEG-GlcN, MDA-MB-231 breast cancer cells were treated with 

competitive inhibitors of sugar transport. Control experiments using 3H-GlcN were run to 

demonstrate the activity of the sugar transport inhibitors. Structurally and functionally, each 

GLUT possesses an exofacial and an endofacial sugar binding domain. Both sites are 

required for sugar transport across the plasma membrane, but only the exofacial site 

mediates binding to extracellular sugars [54]. Excess glucosamine was used to compete 

binding at the exofacial sugar binding site and cytochalasin B, an inhibitor of sugar transport 

that acts by binding to the endofacial surface of GLUTs, was used to prevent the 

internalization of extracellular sugars [55].

For the first experiment, cells were pretreated with 10 mM cold glucosamine for 30 min 

prior to the addition of glyco-MWCNTs to determine if the free sugar could compete for cell 

binding or uptake. As shown in Figure 2B & C, this concentration was sufficient to 

significantly reduce the cell associated fraction of 3H-GlcN, 3H-MWCNT-GlcN and 3H-

MWCNT-DSPE-PEG-GlcN by greater than 90, 33 and 22%, respectively. For the second 

experiment, 5 μM cytochalasin B was added to the cells 30 min prior to the addition of the 

two types of nanotubes to determine to role translocation of the displayed sugar to the 
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intrafacial binding site played in the cell association of the glycosylated nanotubes. Despite 

being sufficient to block >90% of the uptake of 3H-GlcN, treatment of MDA-MB-231 cells 

with 5 μM cytochalasin B had no significant effect on the cellular accumulation of 3H-

MWCNT-GlcN and 3H-MWCNT-DSPE-PEG-GlcN. It is important to note that as shown in 

Figure 2A, free (not absorbed onto MWCNTs) 3H-DSPE-PEG-GlcN was not taken up by 

MDA-MB-231 cells. Because 3H-DSPE-PEG-GlcN was not taken up by cells, competition 

studies using this molecule were uninformative and are not shown.

MWCNTs are too large to enter cells via small molecule transporters such as GLUTs, and 

though glucosamine functionalization increases the accumulation of nanotubes at the cell 

surface through binding to GLUTs, entry into cells is likely to depend upon other 

mechanisms. This is consistent with the results of our experiments which indicate that 

competition at the exofacial sugar binding site of GLUTs, but not at the intrafacial site, 

reduced the fraction of glyco-MWCNTs found to associate with cells. CNTs are known to 

translocate across cell membranes using several distinct mechanisms including endocytosis 

(macropinocytosis, calveolin-mediated, clathrin-dependent), receptor mediated uptake, and 

through ‘nanoneedle’ effects involving direct piercing of cell membranes [56]. There are 

limited methods to inhibit each of these uptake mechanisms without having a significant 

impact on glucose transport as well. However, cytochalasin D, an actin depolymerizing 

agent, can inhibit macropinocytosis and caveolin-mediated endocytosis with minimal effect 

on sugar transport. As shown in Figure 3A, treatment of MDA-MB-231 cells with 

cytochalasin D decreased the cellular accumulation of MWCNT-GlcN by 34% as compared 

with a nonsignificant 10% reduction of 3H-GlcN transport. Strikingly, under similar 

conditions, cytochalasin D had no effect on cellular accumulation of MWCNT-DSPE-PEG-

GlcN (Figure 3B). These results indicate that macropinocytosis and/or caveolin-mediated 

endocytosis played a significant role in cellular retention of MWCNT-GlcN, but did not 

influence the accumulation of MWCNT-DSPE-PEG-GlcN.

As a follow up to these studies, we incubated MDA-MB-231 cells with 3H-MWCNT-GlcN 

or 3H-MWCNT-DSPE-PEG-GlcN for an hour. Cells were then washed, fixed and processed 

for imaging by TEM. Electron micrographs show that 3H-MWCNT-GlcN generally were 

found within intracellular vesicles, often in aggregates (Figure 3C), which is consistent with 

our DLS data that indicated this type of glyco-MWCNT tended to aggregate in physiologic 

solution. In contrast, 3H-MWCNT-DSPE-PEG-GlcN were internalized by cells and direct 

piercing of the cell membrane played a role in uptake, but many of the nanotubes remained 

localized to the cell surface (Figure 3D). Combined, these results support a model in which 

specific interactions with GLUTs contribute to the binding of glyco-MWCNTs to cells but 

not their internalization, which requires non-GLUT mediated uptake mechanisms.

Glyco-MWCNTs increase the delivery of radiolabeled sugars to tumors in mice

An in vivo study was conducted to evaluate the effect that conjugation to MWCNTs had on 

the blood and urinary clearance, biodistribution, and tumor targeting of 3H-GlcN. In an 

initial study, nude mice were administered a 0.1 μCi dose of 3H-MWCNT-GlcN 

(approximately 7.3 ± 0.3 × 1013 particles as determined by NTA) by tail vein injection. 

Because 3H-MWCNT-GlcN aggregated in PBS, a solution of 5% L-glucose in water (weight 
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to volume) was used to render the delivery vehicle isotonic with blood. Dynamic light 

scattering indicated that 3H-MWCNT-GlcN did not aggregate in 5% L-glucose 

(Supplementary Figure 3A). L-glucose was selected instead of the more commonly used D-

glucose because unlike D-glucose, L-glucose does not compete with glucosamine for 

binding to glucose transporters [57]. This eliminates any possible competition occurring 

between the delivery vehicle and the 3H-MWCNT-GlcN for uptake at the tumor. As a 

control, mice were injected with 5% L-glucose alone. Immediately following injection, mice 

were placed in metabolic cages and pooled urine was collected at 1 h postinjection, from 1–

24 h postinjection, and from 24–48 h postinjection. Three mice treated with 3H-MWCNT-

GlcN were sacrificed at 1 h, 24 h and 48 h postinjection. Blood and tissues (liver, spleen, 

skin, muscle, kidney, heart and lung) were collected at the time of death. Quantification 

of 3H was performed by liquid scintillation counting, and data were normalized per unit 

volume body fluid or unit mass of tissue. 3H-MWCNT-GlcN showed marked lung, liver and 

spleen accumulation (Figure 4A). Between 1 h and 48 h, radioactivity detected in the lung 

decreased with a concomitant increase in levels detected in the spleen, possibly indicating a 

redistribution of 3H-MWCNT-GlcN from the lung to the spleen. It is unknown if this was 

mediated by movement of phagocytic cells containing 3H-MWCNT-GlcN or by the gradual 

release of 3H-MWCNT-GlcN aggregates from the lung which then were captured by the 

spleen. Substantial levels of 3H-MWCNT-GlcN were not found in the blood and 

radioactivity levels in the urine were low, indicative of rapid clearance from blood 

circulation and minimal renal excretion (Figure 4B, C). Due to the rapid clearance from the 

blood and high uptake by the lung, 3H-MWCNT-GlcN were deemed unsuitable for further 

preclinical evaluation for tumor targeting.

In a second study, MDA-MB-231 cells in matrigel were injected into the 4th inguinal fat pad 

of nude mice. Tumors were allowed to grow for approximately 3 weeks to average volume 

of 250 mm3. Two doses, a ‘low dose’ of 0.1 μCi or a ‘high dose’ of 1.3 μCi of 3H-GlcN 

or 3H-MWCNT-DSPE-PEG-GlcN containing 2.3 ± 0.3 × 1011 or 1.6 ± 0.2 × 1012 particles 

respectively (as determined by NTA) in PBS, were administered to tumor-bearing mice by 

tail vein injection (3 to 6 mice per group). Intravenous injection of PBS alone or a 0.1 μCi 

dose of 3H-DSPE-PEG-GlcN alone served as controls. Immediately following injection, 

mice from each treatment group were placed in a metabolic cage and pooled urine was 

collected at 1 h postinjection. The mice were then transferred to a clean metabolic cage and 

pooled urine was collected from 1 to 24 h postinjection. Blood was collected from the tail 

vein 10 min, 60 min and 24 h postinjection. Mice were euthanized 24 h postinjection and 3H 

activity in tissue was quantified as detailed above.

As shown in Figure 5A, 3H-GlcN was cleared rapidly from the blood. Only a negligible 

amount of 3H-GlcN was detectable 60 min postinjection at the low dose and less than 2% ID 

ml−1 of the high dose remained in the blood at the same time point. In contrast, 3H-

MWCNT-DSPE-PEG-GlcN displayed sustained blood residence with 20–22% ID ml−1 

detectable 60 min postinjection for both doses. In comparison to 3H-GlcN, 3H-DSPE-PEG-

GlcN also exhibited extended blood residence, but was cleared more rapidly than 3H-

MWCNT-DSPE-PEG-GlcN with less than 3% ID ml−1 still detectable at 60 min 

postinjection. After 24 h, little radioactivity was present in the blood for any treatment or 

control group.
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Analysis of radioactivity in the urine indicated that both 3H-GlcN and 3H-DSPE-PEG-GlcN 

were rapidly excreted in urine with greater than 300% ID ml−1 detected within the small 

volume of urine (between 100 and 200 μl) collected 1 h after injection (Figure 5B). 

Substantially less radioactivity was detected in the urine excreted over the next 23 h from 

these groups of mice, though higher concentrations of 3H-DSPE-PEG-GlcN (50% ID ml−1) 

as compared with 3H-GlcN (7 or 12% ID ml−1 depending upon the administered dose) were 

detected. Radioactivity detected in the urine of mice 1 h after injection of 3H-MWCNT-

DSPE-PEG-GlcN was at least tenfold less than that mice treated with 3H-GlcN or 3H-

DSPE-PEG-GlcN. This is consistent with the longer blood residence time, which is expected 

to correlate with a slower rate of excretion, detected for 3H-MWCNT-DSPE-PEG-GlcN as 

compared with 3H-GlcN and 3H-DSPE-PEG-GlcN. 3H activity in feces was quantified but 

accurate measurements were not obtained for all groups due to contamination of 3H from the 

urine and data are not reported. However, fecal clearance over the first 24 h is expected to be 

low.

Notable differences existed between the organ and tumor distribution of 3H-MWCNT-

DSPE-PEG-GlcN, 3H-GlcN and 3H-DSPE-PEG-GlcN in these mice 24 h after injection 

(Figure 6A). Both 3H-GlcN and 3H-DSPE-PEG-GlcN were not found at appreciable levels 

in any of the normal tissues tested. In contrast, radioactivity from 3H-MWCNT-DSPE-PEG-

GlcN was detected in the liver and spleen, consistent with uptake or filtration by the 

mononuclear phagocyte system. Less than 1.5 or 4% ID ml−1, depending on dose, was 

detected in the lung, which was at least fourfold less than that of 3H-MWCNT-GlcN. 

Radioactivity from 3H-MWCNT-DSPE-PEG-GlcN was also detected in the kidney, though 

this may have been en route to the urine. Most importantly, more radioactivity from 3H-

MWCNT-DSPE-PEG-GlcN than 3H-GlcN was detected in tumors (threefold more at the 

low dose and twofold at the high dose) and noradio activity was detected in tumors of mice 

injected with 3H-DSPE-PEG-GlcN (Figure 6B). Additionally, the tumor to muscle ratio 

of 3H-MWCNT-DSPE-PEG-GlcN was significantly greater than that of 3H-GlcN at both the 

low and high doses tested (1.7- and 4.7-fold, respectively) (Figure 6C). Combined, these in 

vivo results indicate that 3H-MWCNT-DSPE-PEG-GlcN exhibits several advantages over 

the corresponding free sugar with regards to potential for cancer detection.

Discussion

MWCNTs have a large surface area that can be decorated with imaging and targeting 

moieties to increase tumor accumulation and specificity of the imaging signal [34]. 

Borrowing from 18FDG-PET imaging, we exploited the fact that many cancers express 

higher levels of sugar transporters than normal tissues and developed sugar coated 

MWCNTs to target these cells. We found that compared with 3H-GlcN alone, 3H-MWCNT-

DSPE-PEG-GlcN displayed an extended blood circulation time, delayed urinary clearance, 

low tissue retention and increased breast cancer tumor accumulation in vivo. 3H-MWCNT-

DSPE-PEG-GlcN also increased the tumor to muscle uptake ratio of the radiolabeled sugar 

displayed on the nanotube surface in comparison to the free sugar. This is the first study to 

examine the possibility of using glyconanotubes for tumor targeting and this study lays the 

foundation for development of a cancer diagnostic agent based upon MWCNTs with the 

potential for superior accuracy over current radiopharmaceuticals.
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Progress toward translating CNTs from merely interesting to clinically useful has been 

hampered by safety concerns associated with use of CNTs in the body [58]. Despite an 

extensive body of research showing that appropriate design can ameliorate many unwanted 

effects of CNTs, there is a continued debate over their toxicity [21]. The in vivo fate of 

CNTs largely is related to the physicochemical properties of the tubes, and even minor 

structural or chemical changes to particle surfaces significantly alter the biologic fate of 

nanoparticles [59]. Therefore, our current work builds upon our previous research which 

showed that carboxylated MWCNTs noncovalently coated with DSPE-PEG were not 

thrombogenic following intravenous administration in mice [60]. It is also important to 

differentiate between the confounding results of toxicity tests designed to determine the 

effect of accidental exposure to CNTs from tests involving intentional exposure to CNTs 

which have been modified for biomedical applications [61]. For example, toxicity tests 

involving very long, pristine CNTs similar to raw material used for industrial purposes 

demonstrate the potential carcinogenicity of CNTs [62], while CNTs functionalized for 

biomedical applications, such as those used in our study, are not carcinogenic [63].

Comparisons between actively targeted and nontargeted CNTs generally indicate that 

targeted CNTs are taken up to a greater degree than untargeted tubes by cells expressing an 

appropriate partner to the targeting ligand (reviewed in [64]). However, investigations to 

determine the relative binding kinetics of different nanoparticles are complicated because 

the physical properties that influence cellular interactions of nanoparticles also affect their 

solution dynamics [53]. Failure to account for potential changes in solution dynamics 

induced by physicochemical alterations in the CNTs caused by different modifications to 

CNT surfaces could affect the interpretation of data demonstrating differential cell binding 

or uptake. A specific example of this possibility is exhibited by our studies. In vitro data 

showed that 3H-MWCNT-GlcN accumulated in breast cancer cells to a higher degree 

than 3H-MWCNT-DSPE-PEG-GlcN (3.4% exposed dose vs 1.9%, respectively, after 1 

h). 3H-MWCNT-GlcN and 3H-MWCNT-DSPE-PEG-GlcN also displayed distinct colloidal 

properties – notably, despite similar hydrodynamic diameters and ζ-potential in water at pH 

5.5, 3H-MWCNT-GlcN lacked colloidal stability in PBS, pH 7.4. Over time 3H-MWCNT-

GlcN aggregated and then began to sediment. By contrast, 3H-MWCNT-DSPE-PEG-GlcN 

remained well dispersed for months even after dilution in PBS, pH 7.4. Because of the 

increased stability in physiologic solutions, 3H-MWCNT-DSPE-PEG-GlcN did not settle on 

cells as rapidly as the 3H-MWCNT-GlcN, which may have led to the observation of 3H-

MWCNT-GlcN being taken up by cells more rapidly and to a greater degree than 3H-

MWCNT-DSPE-PEG-GlcN in vitro.

While our study is the first to examine the binding and uptake of glyco-MWCNTs, several 

studies by others showed that sugar functionalization of spherical lipid or gold nanoparticles 

increased their uptake by cancer cells in comparison to nonfunctionalized counterparts [46–

50]. A recent study by Male and colleagues demonstrated that such interactions may not be 

specifically related to binding to GLUTs but instead may be due to alterations in 

physicochemical characteristics that affect the cell uptake of the glycosylated gold 

nanoparticles [65]. For our studies, it also is unlikely that MWCNTs, due to their size, can 

pass through GLUTs to enter cells. However, the display of a large number of glucosamine 
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molecules on the surface of rod-like stuctures like MWCNTs favors multivalent ligand–

receptor interactions which may be considerably stronger than the individual binding of 

single glucosamine molecules to individual transporters [32–34]. Thus, interactions with 

glucose transporters may impact the accumulation of glyco-MWCNTs by increasing their 

localization near the cell membrane or increasing the rate at which the nanotubes 

subsequently enter the cells. In our studies, competition with 10 mM cold glucosamine was 

sufficient to block the uptake of free 3H-GlcN by greater than 90%. By contrast, this 

concentration of cold glucosamine caused only a 20–30% decrease in the cellular 

association of both 3H-MWCNT-GlcN and 3H-MWCNT-DSPE-PEG-GlcN, which may be 

indicative of a stronger polyvalent interaction between the tubes and the cells as has been 

observed for other types of targeted nanotubes [28,37]. It is not clear why free 3H-DSPE-

PEG-GlcN (not adsorbed on MWCNTs) was not taken up by cells. The basal affinity of 

individual glucosamine molecules with GLUTs is low with a Km in the millimolar range 

[66] and it is possible that a failure to translocate from the external to the internal binding 

site on glucose transporters due to the presence of the bulky PEG group may further increase 

the ‘off’ rate. This is consistent with our data showing that cytochalasin B, which competes 

with glucosamine for binding to the endofacial sugar binding site of GLUTs, has no impact 

on the binding of 3H-MWCNT-DSPE-PEG-GlcN.

We note that 3H-MWCNT-GlcN and 3H-MWCNT-DSPE-PEG-GlcN accumulated in and on 

breast cancer cells via distinct mechanisms. 3H-MWCNT-GlcN cellular accumulation was 

decreased after treatment with cytochalasin D, an actin depolymerizing agent which can 

inhibit macropinocytosis and caveolin-mediated endocytosis. On the other hand, the cellular 

accumulation of 3H-MWCNT-DSPE-PEG-GlcN was not impacted by cytochalasin D. 

These data indicate that 3H-MWCNT-GlcN, in part, rely on endocytosis for intracellular 

accumulation, while endocytosis does not appear to play a major role for the uptake of 3H-

MWCNT-DSPE-PEG-GlcN. Electron micrographs show that 3H-MWCNT-DSPE-PEG-

GlcN are internalized by cells and that direct piercing of the cell membrane plays a role, but 

many of the nanotubes remained localized to the cell surface. Thus, one explanation for the 

lack of effect of cytochalasin D on 3H-MWCNT-DSPE-PEG-GlcN is that most of the 

nanotubes were bound to the cell membrane and remained associated with the cell, but were 

not internalized by endocytosis. These experiments represent one of the first direct 

comparisons of the binding and uptake of PEGylated and uncoated CNTs, but more detailed 

investigations will be needed to generalize our findings.

Numerous sugar functionalized nanoparticles have been developed for tumor targeting in 

vivo [41,46,48,67,68], but prior to our study a direct comparison between the biodistribution 

and tumor uptake of the free sugar versus the nanoparticle conjugate has not been 

performed. Previous studies evaluating the biodistribution in mice of nanotubes conjugated 

to glucosamine via thionyl chloride activation of carboxyl groups on nanotubes (similar to 

our 3H-MWCNT-GlcN) indicated that the nanotubes accumulated in the lungs [69]. Similar 

results were obtained using nanotubes conjugated to N-acetylglucosamine via cycloaddition 

reactions [41]. We also find that 3H-MWCNT-GlcN accumulate in the lungs following 

intravenous injection and are rapidly cleared from the blood stream. However, 3H-MWCNT-

DSPE-PEG-GlcN exhibit a longer blood circulation time, delayed urinary clearance, and 
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accumulate in the tumors at a substantially higher level in comparison to 3H-MWCNT-

GlcN, 3H-GlcN, or free 3H-DSPE-PEG-GlcN. In notable contrast to the 3H-DSPE-PEG-

GlcN adsorbed onto the MWCNTs, free 3H-DSPE-PEG-GlcN did not accumulate in any 

tissue, and was cleared from the blood then excreted at high levels in the urine within an 

hour of injection. It is important to point out that for all of these studies we traced a 

radiolabeled sugar rather than the nanotubes themselves. Because of the remarkable 

difference in the biodistribution and body clearance kinetics between free 3H-DSPE-PEG-

GlcN and its MWCNT conjugate, we were able to specifically determine the influence of the 

nanoparticle and phospholipid conjugation on the uptake, biodistribution and clearance of 

the sugar. At this point, our studies do not differentiate between detecting the intact sugar or 

any potential metabolite or degradation product, and pharmacodynamics studies will be 

necessary to determine if any such derivatives are generated. Furthermore, the long term fate 

and clearance of the MWCNTs themselves is unknown and requires further investigation.

Conclusion

Nanoparticles designed to recognize and bind tumor cell receptors have shown a great deal 

of promise in preclinical studies when used to assess the availability of therapeutic targets 

and monitor the efficacy of treatment [70]. However, for clinical utility in diagnostic 

imaging of cancer, nanoparticles ideally should be targeted to a biomarker that is universally 

present. As a step toward this goal, we have developed glyco-MWCNTs that bind to GLUTs 

which are frequently overexpressed by tumors. We demonstrated the capacity for breast 

cancer targeting through multivalent interactions between the displayed sugars and GLUTs 

expressed on breast cancer cells. A basic design was identified for glucosamine 

functionalized MWCNT exhibiting increased blood circulation, delayed excretion, greater 

tumor accumulation and improved signal to noise ratio for tumor detection compared with 

free glucosamine. In the future, our glyco-MWCNT platform will be adapted to display 

sugars with higher affinity for GLUTs or modified with isotopes suitable for PET imaging. 

The differential in vivo kinetics between free DSPE-PEG-GlcN and the nanoparticle 

conjugate many facilitate the rapid preparation and labeling of such particles since 

separation of the components may not be necessary prior to administration. With further 

development, this new nanomaterial may prove superior to current imaging agents for early-

stage cancer detection, and it is anticipated that this agent will serve as the basis for a 

multimodal platform for future combined cancer therapy and diagnostic applications.

Future perspective

There remains significant room for improvement over the conventional FDG-based PET 

imaging for cancer detection and staging. CNTs have the ability to display a large number of 

positron emitters per particle and if properly targeted will improve the signal to noise ratio 

thus increasing the sensitivity of detecting small metastases that are presently missed. 

Antibodies, aptamers or other bulky targeting moieties are expensive to produce and may 

hamper the ability of CNTs to penetrate within tumors. Therefore, small molecular ligands 

such as the sugars used in our study may overcome these obstacles. Furthermore, the 

overexpression of GLUTs by many tumor types makes this approach highly versatile for the 

detection of many types of cancer. At the doses required for imaging, CNTs are expected to 
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be nontoxic and represent a logical progression in radiopharmaceuticals. We believe that 

initial studies using low doses of CNTs will pave the way for their use not only as a 

diagnostic agent, but also as a combination therapeutic delivery system (theranostic). We 

anticipate that targeted nanomaterials will be further investigated and utilized as a carrier for 

a personalized theranostic system that is tailored to individual patients/tumors. Personalized 

medicine using chemotherapeutic-loaded CNTs functionalized with targeting moieties has 

the potential to simultaneously diagnose cancer, monitor tumor progression, and also 

monitor efficiency of chemotherapeutic delivery to greatly improve upon current standard of 

care therapy for breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Executive summary

Current status of breast cancer imaging

• Fluorodeoxyglucose positron emission tomography is currently used for breast 

cancer imaging as standard-care diagnosis; however, a significant portion of 

small metastatic tumors are missed and methods must be improved.

Development of a glucosamine functionalized carbon nanotube-based imaging agent

• Breast cancers rely on aerobic glycolysis for energy and express higher levels of 

glucose transporters than normal breast tissues.

• We developed two iterations of glucosamine functionalized multiwalled carbon 

nanotubes (MWCNT-GlcN [covalently functionalized]; MWCNT-DSPE-PEG-

GlcN [noncovalent hydrophobic functionalization]) to target breast cancer 

through interaction with glucose transporters.

Key results of findings

• Glyco-MWCNTs accumulated in breast cancer cells in vitro with altered 

kinetics compared with free glucosamine.

• Glyco-MWCNTS specifically interacted with glucose transporters noted by 

competition with free glucosamine.

• MWCNT-DSPE-PEG-GlcN were well tolerated in mice and showed 

accumulation in breast cancer xenografts.

• MWCNT-DSPE-PEG-GlcN, compared with free glucosamine, displayed an 

extended blood circulation time, delayed urinary clearance, low tissue retention 

and increased breast cancer tumor accumulation with an improved signal-to-

noise ratio.

Implications

• These studies lay the foundation for the development of breast cancer diagnostic 

agent based upon glyco-MWCNTs with the potential for superior accuracy over 

current radiopharmaceuticals and for use in multimodal therapeutic applications.
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Figure 1. Schematic for glucosamine functionalization of multiwalled carbon nanotubes
Preparation of glyco-MWCNTs is described in detail in ‘Materials & methods’ and 

schematically for (A) 3H-MWCNT-GlcN and (B) 3H-MWCNT-DSPE-PEG-GlcN.

GlcN: Glucosamine; MWCNT: Multiwalled carbon nanotube.
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Figure 2. Binding and uptake of glyco-multiwalled carbon nanotubes in vitro
To determine binding and uptake rates of glyco-nanotubes by breast cancer cells, (A) MDA-

MB-231 cells were exposed to 3H-MWCNT-GlcN or 3H-GlcN or 3H-MWCNT-DSPE-PEG-

GlcN or free 3H-DSPE-PEG-GlcN in glucose-free media. At the indicated times, cell were 

washed, lysed, and then radioactivity in the lysate was quantified by scintillation counting. 

MDA-MB-231 cells were pretreated for 30 min in glucose-free medium containing 

cytochalasin B (5 μM), excess glucosamine (10 mM) or vehicle, then treated for 60 min with 

(B) 3H-MWCNT-GlcN or control 3H-GlcN or (C) 3H-MWCNT-DSPE-PEG-GlcN or 

control 3H-GlcN in fresh glucose-free media containing cytochalasin B, 10 mM 

glucosamine, or vehicle as indicated. Sixty minutes later, cell were washed, lysed, and then 

radioactivity in the lysate was quantified by scintillation counting. Data in (A) are displayed 

as percentage uptake ± standard deviation. Data in (B & C) are shown as relative uptake in 
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the presence of competitor as compared with uptake in the absence of competitor ± standard 

deviation. All panels are representative of three independent experiments performed in 

triplicate. (*p < 0.05; **p < 0.01, two-tailed Student's t-test for the indicated pairwise 

comparisons).

GlcN: Glucosamine; MWCNT: Multiwalled carbon nanotube.
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Figure 3. Determination of the mechanism of internalization of glyco-multiwalled carbon 
nanotubes in vitro
To determine the role of endocytosis in the uptake of glyco-MWCNTs, MDA-MB-231 cells 

were pretreated for 30 min in glucose-free medium containing endocytosis inhibitor 

cytochalasin D (10 μM) or vehicle, then exposed to (A) 3H-MWCNT-GlcN or 3H-GlcN or 

(B) 3H-MWCNT-DSPE-PEG-GlcN or 3H-GlcN in fresh glucose-free media containing 

cytochalasin D or vehicle. Sixty minutes later, cell were washed, lysed, and then 

radioactivity in the lysate was quantified by scintillation counting. To determine the 

subcellular localization of glycosylated MWCNTs, MDA-MB-231 cells were incubated with 

MWCNT-GlcN or MWCNT-DSPE-PEG-GlcN for 60 min. Cells were washed extensively 

in PBS, fixed, scraped and then ultrathin sections (80 nm) supported on copper coated 

formar grids were prepared and imaged by electron microscopy. (C) MWCNT-GlcN 

generally were found in vesicles while (D) MWCNT-DSPE-PEG-GlcN are found to be 

associated with the cell membrane (gray arrows), piecing extracellular and intracellular 

membranes (white arrows), and entrapped in intracellular vesicles (black arrows). Data in (A 
& B) are shown as relative uptake in the presence of inhibitor as compared with uptake in 

the absence of inhibitor ± standard deviation and are representative of three independent 
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experiments performed in triplicate. (*p < 0.05, two-tailed Student's t-test for the indicated 

pairwise comparisons).

GlcN: Glucosamine; MWCNT: Multiwalled carbon nanotube; n.s.: Not significant.
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Figure 4. Biodistribution, blood and urinary clearance of 3H-multiwalled carbon nanotube-
glucosamine
Nude mice (n = 3 per group) were injected intravenously with 0.1 μCi of 3H-multiwalled 

carbon nanotube-glucosamine. (A) One, 24 and 48 h after injection, tissues were excised, 

lysed and then radioactivity in the lysate was quantified by scintillation counting. Data are 

displayed as percentage injected dose per gram tissue ± standard deviation. (B) Pooled urine 

was collected between 0–1 h, 1–24 h and 24–48 h after injection, and assessed by 

scintillation. (C) Blood samples were drawn 0, 1, 24 and 48 h after injection, and 

radioactivity assessed by scintillation. Data are shown as percentage injected dose per ml 

blood ± standard deviation.
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Figure 5. Blood and urinary clearance of 3H-multiwalled carbon nanotube-DSPE-PEG-
glucosamine
MDA-MB-231 were established as xenografts in nude mice. Nude mice (n = 3–8 per group) 

were injected intravenously with free 3H-DSPE-PEG-GlcN, 3H-GlcN (0.1 μCi [low dose] or 

1.3 μCi [high dose]), 3H-MWCNT-DSPE-PEG-GlcN (0.1 μCi [low dose] or 1.3 μCi [high 

dose] or PBS control and placed in metabolic cages. (A) Blood samples were obtained 10 

min, 60 min and 24 h postinjection, and radioactivity was quantified by scintillation 

counting. Data are shown as percentage injected dose per ml blood ± standard error. (B) 
Pooled urine was collected at 0–1 h and (C) 1–24 h after injection, and radioactivity was 
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quantified by scintillation counting. Data in (B) are shown as percentage injected dose per 

ml urine.

GlcN: Glucosamine; MWCNT: Multiwalled carbon nanotube.
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Figure 6. Tumor accumulation of 3H-multiwalled carbon nanotube-DSPE-PEG-glucosamine
MDA-MB-231 were established as xenografts in nude mice. Mice (n = 3–8 per group) were 

injected intravenously with free 3H-DSPE-PEG-GlcN (0.1 μCi), 3H-GlcN (0.1 μCi [low 

dose] or 1.3 μCi [high dose], 3H-MWCNT-DSPE-PEG-GlcN (0.1 μCi [low dose], or 1.3 μCi 

[high dose]), or PBS control. (A) 24 h after injection, tissues were excised, lysed and then 

radioactivity in the lysate was quantified by scintillation counting. Data are displayed as 

percentage injected dose per gram tissue ± standard error. (B) Breast cancer tumors were 

excised, assessed by scintillation, and data are shown as percentage injected dose per gram 

tumor ± standard error. (C) Tumor to muscle ratio is shown from tissues harvested 24 h after 

injection. (*p < 0.05, two-tailed Student's t-test for the indicated pairwise comparisons).

GlcN: Glucosamine; MWCNT: Multiwalled carbon nanotube.
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