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Abstract 

Carbon-Based Nanomaterials and their Medical Applications 

by 

Errol L. G. Samuel 

 

PEGylated hydrophilic carbon clusters (PEG-HCCs) are small (<50 nm long), water-

soluble carbon particles produced through the oxidation of single-walled carbon nanotubes 

(SWNTS) using oleum and nitric acid. The Tour lab has previously demonstrated that 

antibody-targeted drug-loaded carbon PEG-HCCs can be utilized for cancer-specific drug 

delivery both in vitro and in vivo. In this work, we append a range of receptor-binding peptides 

to PEG-HCCs, and show that these peptidyl-PEG-HCCs have enhanced utility in killing a 

number of different cancers in vitro and in vivo. Moreover, we can potentiate cancer-specific 

toxicity by using peptide-targeted PEG-HCCs to deliver xenobiotic drug pump inhibitors to 

cancer cells simultaneously with chemotherapy. 

With the plethora of drug delivery vehicles currently under study, we have diverted 

our attention to capitalizing on the intrinsic properties of our PEG-HCCs; most notably, 

their antioxidant activity. PEG-HCCs show high capacity to annihilate reactive oxygen 

species (ROS) such as superoxide and hydroxyl radicals, show no reactivity toward nitric 

oxide, and can be functionalized with targeting moieties without loss of activity. PEG-HCCs 

therefore offer an exciting new area of study for treatment of numerous ROS-induced 

human pathologies. Furthermore, a new class of carbon particles developed in the Tour lab, 

graphene quantum dots derived from coal, possess the same properties and are even more 

promising, given their inexpensive starting material and simple preparation. 



 
 

 

In many neurodegenerative diseases, inflammation is associated with an increase in 

ROS. We have found that PEG-HCCs are immunomodulatory, reducing inflammation by 

suppression of the effector memory T cell response. Further, PEG-HCCs can be modified 

in order to visualize them both in vitro and in vivo using magnetic resonance imaging (MRI). 

Our data, along with previous work, demonstrates potential T cell tracking utility of our 

nanoparticles and their ability to modulate inflammation. 

Finally, a different nanostructured material, graphene nanoscaffolds prepared form 

graphene oxide, was explored as a bioscaffold for neuronal regeneration after spinal cord 

injury (SCI). The graphene nanoscaffolds adhered well to the spinal cord tissue and there was 

no area of pseudocyst around the scaffolds suggestive of cytotoxicity. Instead, histological 

evaluation showed ingrowth of connective tissue elements, blood vessels, neurofilaments, and 

Schwann cells around the graphene nanoscaffolds. Thus, it may provide a scaffold for the 

ingrowth of regenerating axons after SCI. 
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Peptide-Targeted Nanovectors for the 
Treatment of Cancer 

This chapter was copied from reference 51. 
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Introduction 

In 2012 there were almost 600,000 deaths in the United States from cancer, including 

40,000 deaths from breast cancer and 14,000 from cancer of the brain.1 Of the myriad types 

of malignant primary brain tumor in humans, glioblastoma multiforme (GBM) is the most 

common and aggressive. Our approach toward developing intervention strategies to treat 

GBM is to utilize nanovectors, nanoparticles capable of transporting and delivering drugs 

and bioactive molecules, to aid therapeutic delivery of drugs into cancer cells. PEGylated 

hydrophilic carbon clusters (PEG-HCCs) are one such nanovector which has been 

successfully used to target glioma2 due to their high aqueous solubility and adsorption of 

hydrophobic compounds without the need for covalent drug attachment.3-5 PEG-HCCs 

have three properties that may allow them to be used clinically as nanovectors: (i) low 

biological toxicity with rapid clearance, (ii) hydrophobic domains which can be non-

covalently loaded with hydrophobic drugs, and (iii) strong affinity for IgG-type antibodies, 

allowing for targeting to a chosen surface epitope. Indeed, we have previously demonstrated 

that paclitaxel-loaded PEG-HCCs (PTX/PEG-HCCs, the slash “/” signifies a noncovalent 

linkage and the hyphen “-” signifies a covalent bond) could be targeted toward cancer cells 

both in vitro and in vivo using an antibody to the epidermal growth factor receptor 

(EGFRAB/PTX/PEG-HCCs).2,4,5 Note that basic drugs which are available as hydrophilic 

salts can often be rendered hydrophobic by conversion to their free-base forms. 

However, this approach provided only a modest effect in mouse xenograft models.4 

The difference between in vitro and in vivo xenograft responses to targeted drug therapy may 

have been due to the targeting mechanism or an alteration in the phenotype of the cancer 

cells grown under the two conditions. Many cancer cell types resist chemotherapy by 
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upregulating xenobiotic drug pumps leading to lower intracellular drug concentration.6 For 

example, P-glycoprotein, (P-gp, the product of the multidrug resistance gene, MDR), may be 

upregulated in the microenvironment of a tumor, but not when grown in cell culture.7 

In this study, we describe two strategies to improve the use of PEG-HCCs in the 

treatment of GBM and breast cancer. Firstly, instead of using antibodies, we have covalently 

linked high-affinity binding peptides to the PEG-HCCs for targeting epitopes on the surface 

of cancer cells. Secondly, we have formulated the peptidyl-PEG-HCCs with both a 

chemotherapeutic agent and a xenobiotic drug pump inhibitor in order to increase the 

amount of drug within targeted cancer cells, thus lowering the ED50.  

Methods 

HCC Functionalization, Drug Loading and Antibody Binding 

HCCs, PEG-HCCs, drug-loaded PEG-HCCs and antibody-targeted drug-loaded 

PEG-HCCS were prepared as reported by Berlin et al.3,4 The mass ratio of vinblastine to 

PEG-HCCs was 5:1 and the mass ratio for docetaxel to PEG-HCCs was 1.7:1. Mouse 

monoclonal antibodies, IgGs, with affinities to cancer cell surface epitopes HER2 [Neu 

(9G6)] and EGFR (528), were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA).  

 

Cell Cultures 

Primary human glioblastoma or astrocytoma cell cultures were prepared from tumors 

within 10 min of their excision by breaking up the tumor using a pipette, followed by 
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culturing for 2 weeks in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 

20% FBS, 1× GlutaMax-I, 1 mM sodium pyruvate, 100 U/mL Penicillin and 100 U/mL 

Streptomycin. The protocol for removal, culture and further study of the tumor was 

approved by our institutional review board. After 2 weeks, the same supplemented growth 

media was used but without sodium pyruvate. The prefix “BT” and a three numeral 

identifier were used to label all collected gliomas. ZR-75-1 human breast cancer cells were 

obtained from the ATCC (American Type Culture Collection, Manassas, VA, USA) and 

grown subject to their recommendations, using ATCC-formulated DMEM (Cat#30-2002) 

supplemented with 10% FBS. Cell cultures were grown for 24 h until confluent on Costar 

96-well growth plates (Corning, NYC, NY, USA) in a total volume of 250 µL that included 

all effectors. 

 

Florescence Microscopy 

Images were captured using a Nikon Eclipse TE2000-E at 4× or 20× magnification 

using a CoolSnap ES digital camera system (Roper Scientific) containing a Peltier cooled 

CCD-1300-Y/HS 1392×1040 imaging array. All images were saved as JPEG2000 files using 

Nikon NIS-Elements. 

 

Protein assay 

Cell proliferation studies with PEG-HCCs included a 100 µM CCCP positive, dead 

cell, control. After 24 h the cells were washed with PBS and suspended in 0.1% SDS. All 
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protein present in the well was measured using the Thermo Scientific Micro Bicinchoninic 

acid Assay Kit (Waltham, MA, USA).  

 

Cell Viability Assay 

ddTUNEL assays, which label 3’-OH DNA breaks, were performed as previously 

described.2,8 Biotinylated ddUTP was visualized using Texas Red-labeled avidin (A820, 

Invitrogen, Eugene, OR, USA). Cells were incubated with 1 µM Hoechst 33258 

(Cat#H1398, Molecular Probes, Eugene, OR, USA) for 1 h prior to fixation and cells were 

deemed to be non-viable if they had Dead Green/Hoechst signals >4.5× the level found in 

control cells, or had visible characteristics of irreversible microtubule disruption (i.e. ‘cog-

wheels’ and ‘speech bubble’ nuclei) and >4.2× the level of ddTUNEL labeled DNA 3’-OH 

ends in control cells.  

 

Preparation of peptidyl-PEG-HCCs and peptidyl-PEG-biotin. 

Synthesis of α-amino-ω-azido-poly(ethylene glycol) 

A thick-walled screw-cap reaction tube was oven-dried, fitted with a stir bar and 

septum, and pump/filled 3× with nitrogen. 10 mL freshly distilled THF (sodium, 

benzophenone) and 4.44 mL potassium bis(trimethylsilyl)amide (2.22 mmol) were added, 

and the solution was cooled to -78 °C using a dry ice/acetone bath. Separately, a 25 mL 

graduated cylinder was charged with 200 mg CaH2, fitted with a septum and cooled to -78 

°C. Ethylene oxide (5 mL, 100 mmol) was condensed in the cylinder and transferred to the 
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reaction tube via cannula. The septum on the reaction tube was removed and the tube was 

quickly sealed with the screw cap. The reaction was stirred at 60 °C for 16 h during which 

time the reaction mixture gradually turned a rusty orange-brown and became visibly viscous. 

The reaction was then cooled to room temperature and N,N-diisopropylethylamine (1.2 mL, 

7 mmol) was added followed by p-toluenesulfonyl chloride (1.27 g, 6.67 mmol) in a single 

portion. The light brown reaction mixture was stirred at 60 °C for 16 h, then poured into a 

solution of sodium azide in H2O to give a biphasic mixture. The mixture was heated at 90 °C 

for 4 h, extracted with diethyl ether (3 × 40 mL) and chloroform (4 x 40 mL). The 

chloroform extracts were combined, dried over magnesium sulfate, evaporated under 

reduced pressure to 30 mL and treated with diethyl ether (150 mL). The product crystallized 

as white needles upon cooling at -20 °C. The solid was collected on a PTFE membrane, 

washed with diethyl ether and dried in vacuo to give 3.7 g of azidopolyethylene glycol amine. 

GPC analysis gave Mn = 4623 and Mw = 5864, for a PDI of 1.27. The FTIR spectrum was 

characteristic of PEG, but due to the length of the PEG chain, the -N3 and -NH2 stretches 

were not visible. 

 

Synthesis of biotinylated poly(ethylene glycol) 

Biotin (9.4 mg, 0.038 mmol) and N,N’-dicyclohexylcarbodiimide (7.9 mg, 0.038 

mmol) were dissolved in dry N,N’-dimethylformamide and the resulting solution stirred at 

room temperature for 30 min. 4-dimethylaminopyridine (5 mg, 41 µmol) was added, 

followed by azidopolyethylene glycol amine (0.150 g, 0.026 mmol) and the reaction mixture 

was stirred for 16 h at room temperature. The reaction mixture was transferred to a dialysis 

bag (1000 MWCO) and dialyzed in continuously flowing DI water for 5 days. The water was 
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filtered and evaporated under reduced pressure. The residue was dissolved in 2 mL of 

chloroform and precipitated with cold diethyl ether to produce 0.120 g of biotinylated 

polyethylene glycol.  

 

General synthesis of peptide-functionalized biotinylated polyethylene glycol 

Alkynyl-functionalized peptide, for example, HC≡C-CO-YHWYGYTPQNVI (0.2 

mg, 0.13 µmol, prepared by BioPepTek, Malvern, PA, USA), was dissolved in 0.2 mL of a 

1:1 mixture of tert-butanol and DI water. Biotinylated polyethylene glycol (10 mg) was 

dissolved in 6 mL of a 1:1 mixture of tert-butanol and DI water. Copper sulfate (52 µL of a 

2.5 mM solution in water) and sodium ascorbate (52 µL of a 2.5 mM solution in water) were 

added and the reaction stirred for 2 days at room temperature. The mixture was dialyzed in 

continuously flowing DI water for 2 days and used as an aqueous solution for in vitro assays. 

Due to the large amount of PEG and small amount of peptide, IR and NMR analysis were 

unhelpful, as the PEG peaks dominated the spectra. Confirmation of both the peptide and 

biotin functionality was obtained during the in vitro binding assays described in the main text. 

 

Synthesis of azide-functionalized PEG-HCCs 

HCCs (30 mg, 2.5 mmol of carbon) were dissolved in 30 mL N,N’-

dimethylformamide with the aid of a bath sonicator (Cole Parmer model 08849-00) for 30 

min. N,N’-dicyclohexylcarbodiimide (205 mg, 1 mmol), azidopolyethylene glycol amine (293 

mg, 0.05 mmol) and 4-dimethylaminopyridine (5 mg, 41 µmol) were added, and the reaction 

was stirred for 24 h. The reaction mixture was transferred to a dialysis bag and dialyzed in 
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N,N’-dimethylformamide for 2 days, followed by dialysis in continuously refreshed DI water 

for 5 days. The resulting solution was then passed through a PD-10 column to yield a 

solution of azide-functionalized PEG-HCCs. Characterization was consistent with the 

literature.3 The concentration of the carbon core was determined using an empirically 

determined absorption coefficient of 0.0104 L/mg. 

 

Synthesis of peptide-functionalized PEG-HCCs 

Alkynyl-functionalized peptide, for example, HC≡C-CO-YHWYGYTPQNVI, (0.8 

mg, 0.52 µmol) was dissolved in 0.8 mL of a 1:1 mixture of tert-butanol and DI water then 

added to a 3 mL solution of azide-functionalized PEG-HCCs. To this solution was added 

tert-butanol (3 mL), copper sulfate (208 µL of a 2.5 mM solution in water) and sodium 

ascorbate (208 µL of a 2.5 mM solution in water) and the reaction stirred for 2 days at room 

temperature. The reaction mixture was dialyzed in continuously flowing DI water for 1 day, 

and used an aqueous solution.3 

. 

Assaying peptidyl-PEG-biotin binding to cancer cells 

Biopsies 

Human glioblastoma, harvested during craniotomoy and tumor excision, and breast 

cancer mouse-grown xenograft tumors were fixed, dehydrated, waxed and sliced at 20 µm 

and placed on slides in the conventional manner. After dewaxing and rehydration in PBS, 

the samples were incubated with Protein Block (X0909, Dako, Carpinteria, CA, USA) 
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supplemented with 0.1 mg/mL avidin (Sigma, USA) for 1 h, washed twice in PBS, then with 

1 µM biotin (Sigma), and finally twice with PBS. The tumor samples were then incubated for 

2 h at room temperature with peptidyl-PEG-biotin (150 µg/mL, ≈ 25 µM peptide). After 2 

h, the excess peptidyl-PEG-biotin was removed by washing twice in ice-cold PBS. The 

biotin was visualized using 2 mg/mL Texas Red-Avidin. After washing with PBS, the 

samples were mounted using SlowFade Gold with DAPI (S36938, Invitrogen), cover-slipped 

and sealed with nail varnish.  

 

Cell cultures 

Tumor cells were grown in 96-well plates and fixed in 4% paraformaldehyde 

overnight. The cells were washed twice with PBS, incubated with Protein Block/Avidin for 1 

h and washed twice more with PBS. The avidin was blocked with 1 µM biotin and the cells 

washed twice with PBS. The cells were then incubated for 2 h at room temperature with 

peptidyl-PEG-biotin (150 µg/mL, ~25 µM peptide). Excess peptidyl-PEG-biotin was 

removed by washing with ice-cold PBS. The nuclei were labeled using 1 µM DAPI and the 

biotin was visualized using 2 mg/mL Texas Red-Avidin. After washing, 100 µL PBS was 

added to each well. 

 

Comparison of peptide and antibody targeting of vinblastine and docetaxel toward 

EGFR 

Two human primary gliomal cell cultures, derived from tumor excision, labelled as 

BT111 and BT115 were grown to confluency in a pair of 96-well plates in 240 µL of 
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supplemented DMEM. Six wells on each side of each plate were treated with eight 

concentrations of vinblastine or docetaxel, to a final volume of 10 µL in PBS. In one plate, 

the EGFR-specific peptidyl-PEG-HCC delivery system was used at 0.5 mg drug/mg 

peptidyl-PEG-HCC. To the second plate was added 10 µL of drug-loaded PEG-HCCs 

targeted by monoclonal EGFR antibody (528, Santa Cruz) at 5 mg drug/mg PEG-HCC. 

After 23 h of incubation, the cells were incubated for 1 h with 1 µM Hoechst 33258, and 

then fixed by the addition of 50 µL of ice-cold 8% paraformaldehyde. The cells were washed 

twice in PBS and live/dead numbers were counted as previously reported.2 An additional 

control where 5 µM of drug-loaded PEG-HCC were added to BT111/115, untargeted by 

either peptides or antibodies, was performed for our earlier study where cells were measured 

by protein determination. 2 

 

Dye studies for assaying xenobiotic drug pump activity 

Drug competition assays for cancer cell xenobiotic pumps were conducted as 

previously described in the literature. Cells were incubated for 1 h with rhodamine 123 (5 

μM), Hoechst 33342 (5 μM) and carboxy-2',7'-dichlorofluorescein AM (10 µM)20-33 followed 

by fixation in 8% ice-cold PFA for 1 h and washing 4-6× with ice-cold PBS. Fluorescence 

images were recorded immediately after washing and all images were captured within 2 h. 
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Animal studies 

Glioma 

Primary human gliomal cells, BT111, were harvested on the day of injection using 

1% trypsin-EDTA (Invitrogen), and a single-cell suspension of 2 × 106 cells in serum-free 

growth medium was diluted with an equal volume of ice-cold Matrigel (BD Biosciences, San 

Jose, CA, USA). The flanks of 30 NuNu mice, 4–6-week-old (Strain 088, Charles River, 

Reno, NV, USA), were injected with 0.2 mL of the cell suspension. Perpendicular tumor 

diameters were measured using a digital Vernier scale caliper and the approximate tumor 

volume calculated using the modified formula for an ellipsoid: ½(width2 × length). 

Approximately 6 weeks later, 21 animals had tumors of ~200 mm3, and these mice were 

randomized into three groups of seven animals. The three groups received 0.2 mL tail vein 

injections on days 0, 17 and 32 according to the following schedule: 

Group 1, external control: saline. 

Group 2, untargeted control: vinblastine-laden PEG-HCCs (Vin/PEG-HCCs, 3.25/0.64 

mg/kg). 

Group 3, targeted treatment: antibody-targeted vinblastine-laden PEG-HCCs 

(GFAPAB/Vin/PEG-HCCs, 0.15/3.25/0.64 mg/kg). 

The animals were monitored over a 40 day trial period. 

Breast Cancer 

ZR-75-1 cells were obtained from ATCC and grown as recommended. A single-cell 

suspension of 2 × 106 cells in serum-free growth medium was diluted with an equal volume 

of ice-cold Matrigel. The flanks of 40 NIHIII mice, 4–6-week-old (Strain 201, Charles River) 
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were injected with 0.2 mL of the cell suspension in the flank. Approximately 3 weeks later, 

35 animals had tumors of ~263 mm3. These mice were randomized into the following 

groups of seven animals, with each mouse receiving 0.2 mL tail vein injections on days 0, 10 

and 20: 

Group 1, external control: untargeted, drug-free PEG-HCCs in saline (333 µg/kg) 

Group 2, untargeted control #1: untargeted docetaxel-laden PEG-HCCs (Doc/PEG-

HCCs, 17.2/10.3 µg/kg) and untargeted vinblastine-laden PEG-HCCs (Vin/PEG-HCCs, 

17.2/3.4 µg/kg). 

Group 3, peptide-targeted drugs: peptide-targeted docetaxel-laden PEG-HCCs 

(Doc/EGFRpeptide-PEG-HCCs, 17.2/32.5 µg/kg) and peptide-targeted vinblastine-laden 

PEG-HCCs (Vin/EGFRpeptide-PEG-HCCs, 17.2/32.5 µg/kg). 

Group 4, untargeted control #2: Doc/PEG-HCCs (17.2/10.3 µg/kg); Vin/PEG-HCCs 

(17.2/3.4 µg/kg); haloperidol-laden PEG-HCCs (Halo/PEG-HCCs, 39/78 µg/kg); and 

indomethacin-laden PEG-HCCs (Indo/PEG-HCCs, 39/78 µg/kg). 

Group 5, peptide-targeted drugs and pump inhibitors: Doc/EGFRpeptide-PEG-HCCs 

(17.2/38 µg/kg); Vin/EGFRpeptide-PEG-HCCs (17.2/38 µg/kg); peptide-targeted 

haloperidol-laden PEG-HCCs (Halo/integrinpeptide-PEG-HCCs, 39/129 µg/kg); and peptide-

targeted indomethacin-laden PEG-HCCs (Indo/integrinpeptide-PEG-HCCs, 39/129 µg/kg); 

total PEG-HCC of 334 µg/kg as in Group 1. 

Body weight and tumor size were assessed every 2-3 days, and the general clinical 

status of the animals assessed every day.  
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Results and Discussion 

Limitation of antibody targeting of PEG-HCCs in vivo xenograft models 

Our first strategy to increase the efficacy of PEG-HCCs as nanovectors relied on 

antibody targeting. We compared the effects of untargeted and antibody-targeted Vin/PEG-

HCCs on primary GBM tumors using a mouse xenograft, specifically a human BT111 

gliomal cell flank model. After tumor maturation, the three treatment groups received three 

injections, approximately 17 days apart, of (a) saline vehicle, (b) Vin/PEG-HCCs or 

Vin/GFAPAB/PEG-HCCs. As shown in Figure 1-1, the saline control showed a 55 ± 17% 

increase in size over the 40-day treatment regimen while there was a 55 ± 5% and 41 ± 5% 

decrease for tumors treated with targeted and untargeted Vin/PEG-HCCs, respectively. 

However, there was no significant difference between the targeted and untargeted therapies. 

These in vivo data contrast with in vitro data that showed a highly significant differential 

sensitivity toward GFAPAB/Vin/PEG-HCCs over Vin/PEG-HCCs.2 A similar lack of 

antibody targeted efficacy was also found using a tongue cancer xenograft, comparing 

EGFRAB/PTX/PEG-HCCs to PTX/PEG-HCCs.4 Although the data indicate that the 

choice of an anti-GFAP antibody for targeting is a poor one, we have validated the use of 

vinblastine as a possible gliomal chemotherapeutic agent, with Vin/PEG-HCCs shrinking 

tumor mass by ~50% with only three treatments. 
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Figure 1-1. Flank glioblastoma tumor shrinkage following treatment with vinblastine-
loaded PEG-HCC; effect of anti-GFAP antibody targeting. Twenty one mice with flank 
primary human glioblastoma (BT111) were randomized into three equally sized groups on 

day -4: saline vehicle (black diamonds), Vin/PEG-HCC (red triangles), 
GFAPAB/Vin/PEG-HCC (blue squares). Each group received 3 injections (yellow arrows). 

Both treatment groups diverge from the control group after the first injection, however, 
there is no statistical difference between the targeted and untargeted vinblastine groups at 

the end of the study. 

 

Cancer cell target identification and peptide targeting of PEG-HCCs 

Coupling peptides to PEG-HCCs 

To overcome the limitations of antibody targeting, we investigated the use of high-

affinity binding peptides. We synthesized peptidyl-PEG-biotin and peptidyl-PEG-HCC 

conjugates from a library of well-known peptides that bind to extracellular antigens as 

outlined in Table 1-1.  



15 
 

 

Table 1-1. Receptor targets and sequences of peptides coupled to PEG-HCC used in 
this study.  

Peptide target Peptide Sequence Kd nM 

c-Met YLFSVHWPPLKA (ref. 9) 65 

Epidermal Growth Factor 
Receptor YHWYGYTPQNVI (ref. 10) 22 

EGFRvIII FALGEA (ref. 11) 23 

Gastrin-releasing peptide 
Receptor QWAVGHLM (ref. 12) 0.8 

Integrin αvβ3 and α5β1 DFKLFAVYIKYR(ref. 13) >2 µM 

Interleukin-4 Receptor 
alpha KQLIRFLKRLDRNGGG (ref. 14) < 5 µM 

Neuropilin-1 NYQWVPYQGRVPYPRGGGKL (ref. 15) >2 µM 

Neuropilin-1 ATWLPPR (ref. 16) >5 µM 

Prostate Specific Membrane 
Antigen WQPDTAHHWATLK (ref. 17) >5 µM 

Transferrin receptor THRPPMWSPVWPGGG (ref. 18) 15 

Vascular Endothelial 
Growth Factor R-3 CGYWLTIWGC (ref. 19) - 

 

Using α-amino-ω-azido poly(ethylene glycol) as a starting point, we covalently 

attached either biotin or HCC to the amine end via an amide bond (Figure 1-2). The free 

azido end was then linked to an alkyne-terminated peptide via ‘click chemistry’ without 

damaging or modifying any amino acids.34  



16 
 

 

 

Figure 1-2. Synthesis of peptidyl-PEG-HCCs and peptide-PEG-Biotin. (A) PEG-
HCCs are prepared via carbodiimide coupling of an amino azido PEG to the HCCs. HCCs 
are a carbon nanoparticle approximately 3 nm ×40 nm with oxidized domains surrounding 

hydrophobic domains. Alkyne-functionalized peptides are conjugated to the PEG-HCC 
using a Hüisgen cycloaddition “click reaction”. Similarly, in (B), biotin-PEG is prepared via 

carbodiimide coupling with an amino azido PEG. Alkyne-functionalized peptides are 
conjugated to the biotin-PEG using a Huisgen cycloaddition “click reaction 

 



17 
 

 

Affinity and avidity of peptidyl-PEG-HCCs 

The number of EGF receptors on glioblastoma tumor cells is generally 10–200× 

higher than the surrounding non-tumorous brain tissue.35 The cell surface area of 

astrocytoma derived U87 cells has been measured to be 2000 µm2 (ref. 36) and image 

analysis of our GBM cells give similar values. In malignant tumors, EGFR density is typically 

between 0.1 and 2 million receptors per cell37,38 and gives an ‘average’ EGFR cancer cell 

surface density of ~1000 receptors per µm2, hence each receptor is ~32 nm from its nearest 

neighbor. Theoretically, a drug-loaded peptidyl-PEG-HCC with multiple peptide addends 

would bind to multiple cancer cell surface receptors. An average PEG-HCC is ~65 nm long 

and ~17 nm in diameter,39 and so each will interrogate an average of 3 receptors. As the 

peptidyl-PEG-HCCs possess multiple binding peptides, the nanovectors have high 

avidity.40.41 In the future, it may be possible to tune the binding of peptidyl-PEG-HCCs via 

the length of the PEG chain. 

Affinity of peptidyl-PEG-biotin  

In order to select the best targeting peptide(s) for each cancer cell type, we examined 

the ability of a panel of peptide sequences to attach to both unpermeabilized tumor biopsy 

samples and cells grown in culture. The binding of peptidyl-PEG-biotin constructs to the 

surface of cancer cells was visualized by fluorescence microscopy using Texas Red-Avidin 

(Figure 1-3). The ZR-75-1 human breast ductal carcinoma cells were selected because of 

their high levels of integrins, including αvβ3 and α5β1 (ref. 42), EGFR (ref. 43-45) and c-

MET (hepatocyte growth factor receptor) (ref. 46), whereas the presence of EGFRVIII has 

not been reported in this cell type. As expected, fixed, cultured, ZR-75-1 cells were strongly 
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labeled by peptidyl-PEG-biotin constructs which had affinity for integrins αvβ3 and α5β1, 

and EGFR. There was low level binding to c-Met, and the EGFRVIII specific peptidyl-PEG-

biotin showed no binding activity. A mouse-hosted xenograft of ZR-75-1 tissue section 

showed a similar pattern of labeling to that observed in cultured cells. The tumor was highly 

positive for integrins αvβ3 and α5β1 and for EGFR, showed some c-MET binding, but there 

was no EGFRVIII detected.  

In our studies with GBMs, we observed binding of EGFR-targeted peptidyl-PEG-

biotin constructs to a BT111 tumor section. Additionally, BT111 cultured cells displayed 

high levels of binding to peptidyl-PEG-biotin targeted to integrin αvβ3 and α5β1, and c-Met. 

We also examined two separate human GBM primary cell cultures, BT139 and BT149. Both 

showed similar levels of integrin αvβ3 and α5β1, EGFR and c-MET binding, but only BT139 

was able to bind the EGFRVIII-specific probe, indicating that this EGFR variant is present 

in these cells. The expression of EGFR and EGFRVIII in the three glioma tissues 

corresponded with the histopathology test results of patient biopsies.  
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Figure 1-3. 20× fluorescence microscopy of peptide-PEG-biotin bound to epitopes on 
tumor slices or cells grown in culture using Texas Red-Avidin. Red florescence is 

proportional to the amount of receptors, thereby enabling the screening of tumors for up-
regulated surface receptors. Nuclear DNA is labeled with either DAPI or Hoechst and the 

same acquisition times for Texas Red fluorescence were used throughout. 

Antibody targeting vs. peptide targeting 

Having determined that EGFR was a worthwhile target in a variety of different 

cancer cells, we proceeded to compare the efficacy of EGFRpeptide-PEG-HCCs and 

EGFRAB/PEG-HCCs towards these cell types grown in culture. Remarkably, the sensitivity 

to docetaxel (Doc) and vinblastine (Vin) is approximately 15-50× greater when using peptide 

targeting (Figure 1-4). In sharp contrast to the highly efficient chemotherapeutic drug 
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delivery observed using EGFRpeptide-PEG-HCCs, untargeted drug loaded PEG-HCCs have 

no effect on cells even at high concentrations.  

 

Figure 1-4. Targeting of human primary GBMs. (A) BT111 and (B) BT115 with Doc 
and Vin toward EGFR using EGFRAB/PEG-HCCs and EGFRpeptide-PEG-HCCs. Peptide-
targeting of both drugs is an order of magnitude more toxic than targeting using an anti-

EGFR antibody. The untargeted drug loaded PEG-HCCs were not toxic toward these cells 
at µM concentrations. 

Xenobiotic pump inhibitor delivery using peptidyl-PEG-HCCs 

Previous studies have indicated that the use of xenobiotic drug pump inhibitors may 

have the ability to increase the toxicity of Doc and Vin (Table 1-2). Therefore, we selected 

compounds that (i) based on their hydrophobicity should be adsorbed onto the PEG-HCCs, 

(ii) are approved by the FDA for therapeutic use in humans, and (iii) have been shown to 

increase the toxicity of Vinca alkaloids or taxanes. Both systemic indomethacin (Indo) and 

haloperidol (Halo) are known to potentiate the action of Vinca alkaloids in gliomal47 and 

human leukemia cells.48 Also, Indo potentiates Doc toxicity in pancreatic carcinoma49 

whereas Halo potentiates Doc toxicity in ovarian carcinoma50. Therefore, we investigated the 

usage of Halo and Indo, delivered via PEG-HCCs, to potentiate the toxicity of Doc and Vin.  
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In order to demonstrate that the effect of these non-toxic pump inhibitors was due 

to their competitive action on xenobiotic pumps, we performed dye competition studies. 

Different dyes are pumped out of the cells by a number of different xenobiotic pumps 

(Table 1-2) and competition for a xenobiotic pump by a drug causes more dye retention. 

Thus, if a pump which transports a dye into a particular cell is inhibited by a drug, then the 

level of dye retention, and hence its fluorescence signal, is increased. Breast and glioma cells 

were treated with EGFR antibody-targeted Doc/ or Vin/PEG-HCCs in the absence or 

presence of HER2 antibody-targeted Halo/ or Indo/PEG-HCCs. Cells were incubated with 

the chemotherapeutics (at 50 nM final concentration) and/or the pump inhibitors (at 1 µM) 

for 23 h, and then three dyes were added: rhodamine123 (Rh123), carboxy-2',7'-

dichlorofluorescein diacetate (DCF) and Hoechst 33342 (Hoechst). After a 1 h incubation 

with all three dyes, the cells were fixed, washed and imaged.  

We found that ZR-75-1 cells are very efficient at pumping both DCF and Hoechst 

from their cytoplasm, but are not quite as efficient with Rh123 (Figure 1-5). When the cells 

were exposed to 50 nM levels of Doc and Vin, there was an increase in the retention of all 

three dyes. Similarly, exposure to Halo or Indo alters the transport of all three dyes, with 

Halo being particularly good at arresting the export of Hoechst and Rh123, and Indo being 

the best agent to slow the export of DCF. Combinations of drugs and drug pump inhibitors 

increased the retention of dyes, indicating competition for the dyes. This effect is seen in 

both breast cancer and gliomal cells. 
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Table 1-2. The principle drug pumps which are up-regulated in cancer, examples of 
chemotherapeutic drugs which are pumped by each transport, visible dyes also 

transported by pump and some examples of compounds that are either non-
competitive inhibitors or competitive inhibitor co-substrates. 

Transporter 
Confers 

Resistance To 
Dyes Pumped 

Inhibitor 

or Substrate 

MDR1 
(P-glycoprotein) 
(refs. 20-22) 

Vinblastine, 
Docetaxel 

Hoechst33342, 
Rhodamine 123 

Haloperidol 

 BCRP, ABCG2 
(refs. 23,24) 

daunorubicin, 
doxorubicin, 
topotecan, 
epirubicin 

Hoechst33342, 
Rhodamine 123 

Indomethacin 

MRP1 (refs. 25,26) Vinblastine 
Rhodamine 123, 

carboxy-2',7'-
dichlorofluorescein 

Sulfinpyrazone 
Indomethacin 

MRP2 (refs. 27-29) Vinblastine 
carboxy-2',7'-

dichlorofluorescein, 
Rhodamine 123 

Sulfinpyrazone, 
Indomethacin 

MRP7 (refs. 30-33) 
 

Vinblastine, 
Docetaxel, 
Vincristine, 
paclitaxel 
etoposide, 

daunorubicin 

Rhodamine 123 
Sulfinpyrazone, 

Neratinib 
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Figure 1-5. Dye retention in the presence of Doc or Vin and/or pump inhibitors Halo 
or Indo. (A) Human breast cancer ZR-75-1 cells loaded with rhodamine 123 (red), 

dichlorofluoroscein (green) and Hoechst (blue) and combinations of antibody targeted PEG-
HCCs, unloaded or containing Doc, Vin, Halo or Indo. Note: Control cells (upper left) 
retain small amounts of rhodamine. (B) Human glioblastoma BT115 cells loaded with 

rhodamine 123 (red), dichlorofluoroscein (green) and Hoechst (blue) and combinations of 
antibody targeted PEG-HCC, unloaded or containing Doc, Vin, Halo or Indo. Note: 

Control cells (upper left) retain small amounts of dye. 
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Potentiation of chemotherapy using pump inhibitors in vitro 

To determine the toxicology of chemotherapeutics and drug pump inhibitors, we 

measured cell proliferation under the same conditions (24 h, 50 nM drug and 1 µM pump 

inhibitor), but without the addition of dyes since they alter the transport of both drugs. 

Figure 1-6a shows that ZR-75-1 cells are sensitive to both 50 nM Doc and Vin, when both 

were EGFR antibody targeted, with only ~70% of cells surviving after a 24 h incubation. 

These two chemotherapeutics are potentiated by Halo and Indo, delivered singly or jointly, 

with the combination of both agents doubling the toxicity of Doc. When ZR-75-1 cells were 

incubated with both chemotherapeutic agents and both pump inhibitors, less than 20% of 

cells survive. The surviving cells have normal nuclei morphology and do not appear to have 

been affected by either of the drugs. The effects on glioma cells were similar to that seen in 

ZR-75-1 cells (Figure 1-6b). Low levels of Doc and Vin killed ~10-20% of BT111 cells, but 

both chemotherapeutics in combination proved to be highly cytotoxic, killing ~75% of the 

glioma cells. As single agents, Halo and Indo show only a modest potentiation of the 

chemotherapeutics, but the combination of all four drugs and drug pump inhibitors killed 

>95% of the gliomal cells. 
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Figure 1-6. Potentiation of Doc and Vin by Halo and Indo. (A) Human breast cancer 
cells, ZR-75-1, were sensitive to EGFR targeted Vin and Doc, with 25% of the cells dying 
after 24 h of incubation with 50 nM, with no potentiation when both drugs were present. 
Halo and Indo, targeted using a HER2 antibody, were nontoxic to these cells, but both 

increased the toxicity of Doc and Vin. The combination of both pump inhibitors increased 
the toxicity of Doc and Vin fourfold. (B) In human GBM BT-111, there enhanced 

potentiation of cell death with the co-incubation of both drugs. Halo and Indo, targeted 
using a HER2 antibody, were nontoxic to these cells, but both increased the toxicity of Doc 
and to a lesser extent Vin. The combination of both pump inhibitors increased the toxicity 

of Doc & Vin by greater than fourfold. 
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Potentiation of chemotherapy using pump inhibitors in breast cancer xenograft 

Given the previous results, we hypothesized that using peptidyl-PEG-HCCs to deliver 

the chemotherapeutics Doc and Vin, and also the pump inhibitors Halo and Indo, would aid 

chemotherapy in a xenograft model. We chose to use human ductal breast cancer, ZR-75-1, 

as the targeted tumor, rather than a primary glioma, for two main reasons. Firstly, the 

presence of upregulated Integrin α5β1 and EGFR has been independently identified in ZR-

75-1.45 Secondly, primary GBM flank tumors grow very slowly compared to ZR-75-1 and a 

greater growth rate of the breast cancer makes it easier to observe any potentiation effect.  

Figure 1-7 shows the changes in the size of ZR-75-1 tumors grown in the flanks of 

immunocompromised mice over the 61 day treatment course. The initial study was 

terminated when a tumor in the saline/PEG-HCC control group reached 2 cm in length 

(ethical endpoint). The study allowed pair-wise comparisons of untargeted vs. targeted Doc 

and Vin (UDV vs. TDV), and of untargeted vs. targeted Doc and Vin with Halo and Indo 

(UDVHI vs. TDVHI), allowing us to observe if the peptide targeting effect observed in vitro is 

also observed in vivo. Of the seven mice in the TDVHI group, we observed complete 

remission of two animals where a tumor that had been 90 mm3 prior to treatment ceased to 

be observable on day 5 after the first injection and a 185 mm3 tumor ceased to be observable 

4 days after the third treatment. These results show that peptide targeting of Doc- and Vin-

loaded nanovectors is far superior to untargeted therapy, achieving statistical significance 

(p<0.001) after just 5 weeks. Furthermore, the combination of the peptide-targeted drug 

pump inhibitors Halo and Indo with peptide-targeted Doc and Vin is far superior to therapy 

with only peptide-targeted Doc and Vin, becoming statistically significant (p<0.001) on day 

35.  
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Figure 1-7. Potentiation of targeted chemotherapy by xenobiotic pump inhibition in 
xenografts. White arrows indicate treatment days. Control animals (black) received tail vein 
injections of PEG-HCCs, and after 61 days the tumor volumes had grown in volume 2.6×. 

Mice treated with untargeted PEG-HCC delivery of Doc and Vin (UDV, red), and mice 
given untargeted PEG-HCC delivery of Doc and Vin with the xenobiotic pump inhibitors 

Halo and Indo (UDVHI, mauve), had tumor volumes increase by ~ 50%, demonstrating the 
utility of the nanovectors even in the absence of targeting. Tumors in mice treated with 

EGFRpeptide-PEG-HCCs loaded with Doc and Vin (TDV, red) had the same volume on day 
61 as they had on day 0. Tumors in mice treated with EGFRpeptide-PEG-HCCs loaded with 

Doc and Vin along with integrinpeptide-PEG-HCCs loaded with Halo and Indo (TDVHI, 
orange) had tumors shrink to only 70% of the starting point. In two animals, tumors 

completely disappeared, indicated on the figure by yellow arrows. The statistical significance, 
at p < 0.05(*), p < 0.01(**) and p < 0.001(***), for three pair-wise comparisons was 
calculated by pair-wise t-Test and subject to Bonferroni’s correction for five groups. 
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We then performed a study extension by using a new control group. On day 61 of 

the initial study we pooled the seven mice that had the smallest tumors from the two internal 

control groups (UDV + UDVHI). We monitored the tumor volumes of the mice of the 

TDVHI group and this mixed control group to day 125 (Figure 1-8). We found that a further 

11% shrinkage of the TDVHI group occurred when comparing days 61 and 125, whereas in 

the UDV + UDVHI group, the tumors grew by >90%. 

 

Figure 1-8. Long term changes in tumor volume of xenografts of untargeted and 
targeted chemotherapy, with xenobiotic pump inhibition. The seven mice with the 

smallest tumors in the UDV and UDVHI groups had an average volume of 286 mm3 on Day 
61, whereas the average size of the TDVHI group was 195 mm3. About two months later, the 
ZR-75-1 tumors had grown to 560 mm3, whereas the treatment group tumors shrunk to only 

172 mm3. 

Peptide-targeted PEG-HCCs and cancer 

We have demonstrated that PEG-HCC are versatile nanovectors that can be targeted 

toward surface epitopes using covalently bound peptides. There are many advantages in the 

use of peptide targeting over antibody targeting, including the greatly reduced cost, the 

elimination of ‘humanizing’ antibodies, a smaller sized targeted nanovector complex and the 

fact that we see greater death of cancer cells in vitro and in vivo. Peptidyl-PEG-HCCs are 
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more efficient at drug delivery than their antibody-targeted counterparts, even though the 

binding affinities of individual peptides are orders of magnitude lower than typical antiobody 

binding affinities. This is due to the fact that peptidyl-PEG-HCCs with multiple epitope-

binding addends exhibit high avidity and each nanovector has the capacity to bind more than 

a single surface antigen. 

In addition to demonstrating that targeting of chemotherapeutically loaded peptidyl-

PEG-HCC causes cancer cell death in vitro and in vivo, we have also shown that we can 

potentiate the actions of these drugs by co-targeting the cancer cells using xenobiotic drug 

pump inhibitors using compounds that are part of established treatment regimes. The great 

advantage of using non-toxic xenobiotic drug pump inhibitors in conjunction with 

chemotherapeutic reagents is that this combination widens their therapeutic window.  

In an in vivo human breast cancer model we were able to show that chemotherapeutic 

drugs delivered by PEG-HCCs were much more effective when targeted using peptides that 

bind to the plasma face of the EGF receptor. Targeted xenobiotic pump inhibitors, 

decreasing tumor volume by an average of a third, enhanced the toxicity of the targeted 

anticancer drugs. Importantly, tumors treated with drugs/drug pump inhibitors were either 

eliminated (2 out of 7) or were static more than 3 months after treatment had finished. It is 

unknown if these targeted nanovectors are capable of treating GBM tumors in vivo, since it is 

not known if they can cross into the tumor body or the blood brain barrier. Therefore, a 

brain model of human GBM is the next test of our drug/drug pump inhibitor system. 
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Chapter 2 

Antioxidant Carbon Nanomaterials 

The introduction of this chapter appears in reference 27. 
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Introduction 

Oxidative stress is a state in which the equilibrium of pro-oxidants and antioxidants 

shifts in favor of pro-oxidant species. ROS contain unpaired electrons that are highly 

reactive toward other molecules such as nucleic acids, lipids and proteins. Oxidative damage 

to nucleic acids can lead to modifications of genetic material that contribute to mutagenesis. 

Lipid peroxidation is the reaction of ROS and lipids in a free-radical chain sequence also 

known as autoxidation. Oxidative damage to proteins can lead to alterations in their primary, 

secondary, and tertiary structure and of enzymes, leading to inactivation.1 

Superoxide (O2
•⁻) is a radical anion that is considered a primary ROS and it can form 

secondary ROS through interaction with other molecules, metals, or enzymes.2,3 For 

example, O2
•⁻	can facilitate production of the reactive hydroxyl radical (HO•) by releasing 

iron from iron-sulfur containing enzymes.4 In addition, O2
•⁻	can lead to the generation of 

hydrogen peroxide (H2O2) through dismutation. In the presence of nitric oxide (NO•), a 

radical used by several tissues as a signaling molecule, the highly reactive anion peroxynitrite 

(ONOO⁻) is formed. This species is implicated in lipid peroxidation and oxidative damage.5 

Lipid oxidation generates lipid free radicals. 

 

Shortcomings of classical antioxidants 

Despite the plethora of data on oxidative stress in disease, including acute ischemic 

injury, most large clinical trials with antioxidants have shown little to no benefit in disease 

treatment.6 We propose that the critical limitations of currently available antioxidants (Table 

1) include one or more of the following: (i) requirement for the presence of additional 
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downstream enzyme(s) to detoxify the radical product of an upstream molecule, (ii) limited 

number of radicals removed per antioxidant moiety, (iii) antioxidant regeneration by 

enzymes which may be consumed in the toxic milieu, and (iv) production of additional 

radicals through the antioxidant’s mechanism of action. 

The in vivo response to oxidative stress is to transfer the free radical through a chain-

reaction that requires the concerted action of many antioxidants. For instance, superoxide 

dismutase and catalase work sequentially to convert O2
•⁻ to H2O2 and oxygen and then 

finally to oxygen and water.7,8 As a result, this arrangement necessitates that both enzymes 

are present to effectively destroy the radical. Furthermore, the majority of classical 

antioxidants can remove at most two radicals per molecule of antioxidant. Most antioxidants 

such as glutathione, vitamin C, and vitamin E reduce an ROS by donating electrons to the 

free radical, and in the process generating an additional ROS (oxidized vitamin C and 

vitamin E) which then requires additional enzymes to regenerate the antioxidant. These 

limitations may provide one explanation why, even though transgenic models that 

overexpress antioxidants show quite robust protection against acute injury, there is little 

evidence for benefit of antioxidant therapy in a clinical setting when therapy begins 

following the injury.9,10 

In cases of high oxidative stress, such as those following acute nervous system 

injuries, in conditions of ischemia or reperfusion, or during hemorrhagic shock and 

resuscitation, free radicals may be transferred to nearby proteins, nucleic acids or lipids, 

which can lead to additional biological damage. Classical antioxidant systems would be 

exhausted under such conditions, and regeneration of antioxidants might not occur. 

Therefore, antioxidants that can quench or dismutate multiple radical species or act as 
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terminal acceptors to a large number of ROS might be more beneficial during conditions of 

excessive oxidative bursts than antioxidants that require regeneration. 

Nano-antioxidants 

The need for efficient antioxidants has led to the development of nanoparticle 

antioxidants, which can include many structures such as liposomes and metal. Metal oxide 

nanoparticles such as cerium oxide (CeO2) and yttrium oxide (Y2O3) have shown promising 

results in several disease models.11 Other precious metals such as gold or platinum stabilized 

with pectin were able to quench O2
•- and H2O2.12 In a similar vein, nano-jewels, composed of 

a diamond nanoparticle scaffold supporting either gold or platinum nanoparticles, have 

nearly 2-fold higher antioxidant activity than glutathione.13 

Carboxy-functionalized carbon-based buckminsterfullerenes (C60) were found to be 

highly reactive with ROS, and this may be mediated through their highly conjugated double 

bond system.14 Several water-soluble derivatives of C60 were synthesized and tested in cells 

and found to be neuroprotective in cultured cortical neurons.15 C60 and its derivatives have 

been reported to react with O2
•⁻ radicals, hydroxyl radical, alkylperoxyl radicals, alkoxyl 

radicals, and benzyl radicals.15-17 Some C60 derivatives were found to possess SOD mimetic 

properties, although their rate constant was around 100-fold slower than SOD16 and 

functionalization reduced activity in some circumstances.14 Carbon nanotubes have also been 

found to have antioxidant activity,18,19 however, there are concerns regarding toxicity of these 

structures.20 
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Poly(ethylene glycol)-functionalized hydrophilic carbon clusters (PEG-HCCs): active 

nanovectors 

The limited aqueous solubility of many new therapeutics and promising drug 

candidates is a long-standing challenge in the pharmaceutical industry. A safe, modular drug 

delivery platform consisting of small (<40 nm) poly(ethylene glycol)-functionalized 

hydrophilic carbon clusters (PEG-HCCs) is a possible solution.21 Because of the presence of 

hydrophobic domains on the HCC core, PEG-HCCs would be excellent carriers for 

hydrophobic drugs such as paclitaxel, docetaxel, SN-38, prednisone, rosiglitazone, 

idarubicin, vinblastine, and glibenclamide. Drugs can be loaded non-covalently and the 

resulting aqueous solutions are stable at room temperature for at least 5 months.21 

This platform was extended into a targeted drug delivery vehicle by functionalizing 

the PEG-HCCs with both monoclonal antibodies and targeting peptides. PEG-HCCs can be 

noncovalently functionalized with the antibody to the epidermal growth factor receptor 

(EGFR) (Cetuximab (Cet)) for specific delivery of unmodified PTX to EGFR+ tumors but 

not EGFR- tumors.22,23 Analogous delivery to tissue specific targets in glioblastoma 

multiforme (GBM), an aggressive human brain cancer with poor clinical outcome, has 

shown enhanced tumoricidal activity in multiple cell lines without evidence of toxicity to 

normal human astrocytes.24 

Subsequently, it was thought that the graphitic structure of the HCC core would 

result in antioxidant activity, as has been shown for fullerene derivatives.13-15 Indeed, PEG-

HCCs have been shown to be remarkable antioxidants, and are able to annihilate ROS such 

as superoxide and hydroxyl radical in vitro and in vivo.25,26 As such, PEG-HCCs offer an 
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exciting new area of study for treatment of numerous pathologies in which ROS are 

implicated, and could potentially succeed where classical antioxidants have failed. 

 

PEG-HCCs are antioxidants 

PEG-HCCs possess a remarkable ability to quench O2
•⁻ and HO• while being inert 

to NO and ONOO⁻.25 One potential mechanism for quenching is the catalytic dismutation 

of O2
•⁻ whereby the HCC core of the PEG-HCC is not destroyed: 

 

PEG-HCC + O2
¯ → PEG-HCC¯ + O2 (1) 

PEG-HCC¯ + O2
¯ + 2 H2O → PEG-HCC + H2O2 + 2 HO¯ (2) 

 

This proposed mechanism of action, while similar to a previously described tris-

malonic acid derivative of C60 (C3), does not invoke the same high entropy transition state.16 

A PEG-HCC can accept an electron from O2
- (eq 1) to form a highly delocalized electron 

pair on the conjugated carbon core, followed by the donation of an electron to a second 

molecule of O2
- (eq 2) accompanied by the rapid capture of two protons from water to 

complete the catalytic cycle.  

PEG-HCCs are readily internalized by murine brain endothelial (bEnd.3) cells and 

were effective at reducing ROS levels when administered 10 minutes after induction of 

oxidative stress, whereas PEG-SOD and PBN, a small molecule antioxidant, required 

pretreatment with 10-fold or higher dose to achieve comparable ROS reduction.26 Moreover, 

treatment with PEG-HCCs significantly restored cell viability whereas PEG-SOD and PBN 
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displayed minimal cellular protective effect when administered following the onset of 

oxidative stress.25-27 

Graphene quantum dots (GQDs) as replacements for PEG-HCCs  

Despite the superb performance of PEG-HCCs, their acceptance is still a hurdle 

because of their SWNT starting material.12,13 An alternate material recently developed in the 

Tour lab are graphene quantum dots (GQDs) which use coal as the starting material. This 

coal is converted to GQDs in a single step using sulfuric and nitric acid, a milder oxidation 

than that used to prepare PEG-HCCs (Figure 2-1).28 We have synthesized these GQDs from 

three sources of coal: anthracite (“a”), bituminous coal (“b”) and coke (“c”).  Each of the 

three coal types studied gave a different yet individual set of water soluble nanostructures, 

and each of the three possessing individualized photophysical characteristics of isolated 

graphitic honeycomb domains within oxidized boarders, rendering them fluorescent by 

quantum confinement while water and PBS-soluble. Numerous studies have been published 

on applications of graphene quantum dots, but few have explored their biological 

applications, and these focus mainly on imaging.29-32 We hypothesized that the similar 

structure of the GQDs and PEG-HCCs – conjugated domains surrounded by oxygen-

containing functional groups – would result in the GQDs possessing similar antioxidant 

activity. 
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Figure 2-1. b-GQDs synthesis and characterization. (A) Macro-scale image and 
simplified illustrative nanostructure of bituminous coal. (B) SEM image of ground 
bituminous coal with sizes ranging from 1 to hundreds of microns in diameter. (C) 

Schematic illustration of the synthesis of b-GQDs. Oxygenated sites are shown in red. (D) 
TEM image of b-GQDs showing a regular size and shape distribution. (E) HRTEM image 
of representative b-GQDs from d; the inset is the 2D FFT image that shows the crystalline 
hexagonal structure of these quantum dots. (F) AFM image of b-GQDs showing height of 
1.5 to 3 nm. Not hown are the c-GQDs with size average of 5.7 nm diameter and b-GQDs 

with size average 29.3 nm. Reproduced from reference 28. 
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Methods 

Carbon Nanomaterials 

PEG-HCCs and GQDs were prepared as previously described.21,27 

 

Lactate dehydrogenase (LDH) assay 

bEnd.3 cells (ATCC) were seeded in 24-well plates at 24,000 cells per well, and 

grown in 1 mL Dulbecco's modified Eagle's medium (4 mM L-glutamine, 1.5 g/L sodium 

bicarbonate, 4.5 g/L glucose; 10% fetal bovine serum (Atlanta Biological); 1% pen/strep) in 

an incubator set to 37 °C with 5% CO2. Cells were incubated for 48 h, at which point the 

media was refreshed and cells exposed to quantum dots at 8 and 16 µg/mL – these 

concentrations are greater than the concentrations of similar oxidized nanomaterials used in 

previously reported in vitro superoxide protection assays. 

After incubation for 24 hours, the media was removed and tested for LDH (Roche). 

Select wells were treated with water and vortexed to lyse the cells; this gives a high control of 

100% toxicity as it releases LDH from every cell present. The absorbance at 490 nm was 

recorded using a Daigger plate reader. Fresh media and quantum dots were added to the 

remaining wells, and the cells were incubated for a further 48 hours and the LDH assay was 

repeated. This process was repeated once more at 72 hours. Treatments were carried out in 

triplicate, controls were carried out in duplicate. 
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Hydrogen peroxide dose-response 

bEnd.3 cells (ATCC) were seeded in 6-well plates at 80,000 cells per well, and grown in 2 

mL Dulbecco's modified Eagle's medium (4 mM L-glutamine, 1.5 g/L sodium bicarbonate, 

4.5 g/L glucose; 10% fetal bovine serum (Atlanta Biological); 1% pen/strep) in an incubator 

set to 37 °C with 5% CO2. After 48 h the cells were treated with PBS or increasing 

concentrations H2O2. Cells were then incubated at 37 °C, 5% CO2 for 24 h. At this time, the 

cells were then trypsinized with 0.25% Trypsin-EDTA for 5 min and transferred to 1.5 mL 

Eppendorf tubes. The cells were centrifuged at 1500 rpm for 10 min. The supernatant was 

removed and the pellets were resuspended in 300-400 µL of complete medium plus 150 µL 

of the Live/Dead reagent. The Live/Dead Viability/Cytotoxicity Assay (Molecular Probes) 

was performed according to the manufacturer’s instructions. After a 45 min incubation the 

cells were counted using a Neubauer Hemacytometer and a Nikon eclipse 80i microscope set 

to FITC which detected live cells. Each well was sampled 4 times, and the number of live 

cells in 4 fields of view were counted for each sample to give a total of 16 measurements 

which were averaged to yield the number of cells per well. The experiment was carried out in 

duplicate. 

Hydrogen peroxide protection assay 

bEnd.3 cells (ATCC) were seeded in 6-well plates at 80,000 cells per well, and grown in 2 

mL Dulbecco's modified Eagle's medium (4 mM L-glutamine, 1.5 g/L sodium bicarbonate, 

4.5 g/L glucose; 10% fetal bovine serum (Atlanta Biological); 1% pen/strep) in an incubator 

set to 37 °C with 5% CO2. After 48 h the cells were treated with PBS or H2O2, followed 15 

min later by appropriate doses of the relevant carbon nanomaterial. Cells were then 
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incubated at 37 °C, 5% CO2 for 24 h. At this time, the cells were then trypsinized with 

0.25% Trypsin-EDTA for 5 min and transferred to 1.5 mL Eppendorf tubes. The cells were 

centrifuged at 1500 rpm for 10 min. The supernatant was removed and the pellets were 

resuspended in 300-400 µL of complete medium plus 150 µL of the Live/Dead reagent. The 

Live/Dead Viability/Cytotoxicity Assay (Molecular Probes) was performed according to the 

manufacturer’s instructions.  After a 45 min incubation the cells were counted using a 

Neubauer Hemacytometer and a Nikon eclipse 80i microscope set to FITC which detected 

live cells. Each well was sampled 4 times, and the number of live cells in 4 fields of view 

were counted for each sample to give a total of 16 measurements which were averaged to 

yield the number of cells per well. The experiments were carried out in duplicate. 

Electron paramagnetic resonance assay  

PEG-HCCs or GQDs were mixed with increasing amounts of KO2 dissolved in DMSO/18-

crown-6 in 0.05 M NaOH for >15 s and then frozen in liquid N2 to stop the reaction and 

preserve the remaining superoxide radical. EPR spectra were then recorded. To account for 

background dismutation of O2
•- , a sample lacking the nanomaterial was measured, and its 

EPR spectrum was subtracted from the sample spectrum to obtain the amount of KO2 

decay catalyzed (or neutralized) by the nanomaterial. 

 

Results and Discussion 

Before using the GQDs in any biological application, we evaluated their cytotoxicity 

using the lactate dehydrogenase (LDH) assay, which determines the level of LDH in the cell 
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culture supernatant. Lactate dehydrogenase is present in all cells, catalyzing the 

interconversion of pyruvate and lactate. When the plasma membrane is damaged – a 

hallmark of necrosis – LDH is rapidly released into the cell culture supernatant. During the 

assay, LDH in the supernatant reduces the tetrazolium salt 2-(4-todophenyl)-3-(4-

nitrophenyl)-5-phenyl-2H-tetrazolium chloride (INT) to formazan. This formazan dye is 

water-soluble and has a broad absorption maximum at approximately 500 nm. LDH enzyme 

activity in the culture supernatant increases as the number of dead cells (or cells with 

damaged plasma membranes) increases. The increase in supernatant LDH activity directly 

correlates to the amount of formazan formed over time. The cells treated with the quantum 

dots show similar LDH levels when compared to the PBS control, suggesting that the 

nanoparticles are not toxic (Figure 2-2). 

With this data in hand, the next step was in vitro evaluation of antioxidant activity. 

We chose to use hydrogen peroxide as our radical source as it has been shown to produce a 

cascade of radicals. Furthermore, we chose to pretreat cells with hydrogen peroxide, and 

then subsequently with our nanomaterials. This represents a harsh test of efficacy since the 

cells are initially stressed with no exogenous antioxidant present. Our antioxidant testing in 

cell culture utilized the brain endothelial cell line, bEnd.3 cells41. We selected this cell type 

because of our focus on the latter effects of transient ischemia at the neurovascular unit that 

impair reperfusion and promote edema.  

To assess the optimal dose of H2O2, we treated cells with increasing concentrations 

of that oxidant then incubated the cells for 24 h 15 min. The number of live cells remaining 

was determined using a Live/Dead Viability/Cytotoxicity assay. Not surprisingly, we found a 

concentration dependent reduction in viable cells when treated with H2O2 (Figure 2-3). 
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Figure 2-2. Graphene quantum dots show minimal toxicity regardless  
of the type of coal starting material. Error bars = SD. 

 

 

Figure 2-3. Dose dependent reduction in viable cells after treatment  
with H2O2 for 24 h. Error bars = SD. 
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For the subsequent protection experiments, we chose to use 100 µM as the 

concentration of H2O2. This concentration results in a 30-35% reduction in viable cells, 

which we felt gave room for protection. Higher concentrations of H2O2 would result in far 

too much death well before any intervention could take place. Remarkably, the quantum 

dots were able to protect against H2O2 in a dose dependent manner, with the highest dose 

giving almost complete protection (Figure 2-4). The PEG-HCCs performed similarly, 

indicating the potential of the GQDs to eventually replace PEG-HCCs. 

 

Figure 2-4. PEG-HCCs and graphene quantum dots protect cells against H2O2.  
Note that the concentrations of the carbon nanomaterials refer to the carbon core 

concenrations. Error bars = SD. 

To confirm that the means of in vitro protection was in fact radical scavenging, it is 

necessary to repeate the experiment, this time staining the cells with a ROS-sensitive dye 

such as CellROX or H2DCFDA. Both these dyes react with ROS to produce a fluorescent 
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species, the intensity of which is proportional to the amount of ROS present. Based on the 

survival studies in Figure 2-4, we expect that cells exposed to H2O2 and then treated with 

quantum dots will show decreased fluorescence intensity relative to controls treated with 

PBS. Efforts are currently underway to optimize the conditions for this series of 

experiments. 

In a preliminary cell-free screen, we used a newly developed steady-state kinetic assay 

using KO2 and direct freeze-trap EPR to follow the decay of O2
- in the presence and 

absence of PEG-HCCs and graphene quantum dots (Figure 2-5). 

 

Figure 2-5. PEG-HCCs and coal-derived graphene quantum dots exhibit  
enzyme-like saturation behavior on reaction with superoxide.  

PEG-HCC data is taken from reference 33.  

As suspected, preliminary data indicates that GQDs react with superoxide, with the O2
- 

signal decreasing faster with increasing levels of GQDs. The typical saturation kinetics is 

observed with ~5 mM Km and a turnover number of 8000 - 12,000 s-1, a value about an 

order smaller than that of PEG-HCCs. Additional replicates are required to get better 

statistical data, but these preliminary results are certainly promising. 
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PEG-HCCs are unique due to their high antioxidant capacity, the possibility of 

catalytic behavior, and non-reliance on detoxifying enzymes. Additional advantages include 

the potential to become targetable via simple mixing with antibodies and carry additional 

drug payloads. PEG-HCCs – and now GQDs – thus offer an exciting new area of study for 

the treatment of numerous ROS-induced human pathologies.27 

Author Contributions 

I prepared PEG-HCCs and carried out all the cell culture studies with the assistance 

of William Dalmeida. Dr. Vladimir Berka carried out the EPR studies of the graphene 

quantum dots. Ruquan Ye synthesized the graphene quantum dots.  
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Chapter 3 

Carbon Nanoparticles as Radioprotectants: 
Towards an Oral Drug for the Mitigation of 
the Effects of Ionizing Radiation Exposure 

 

  



58 
 

 

Introduction 

Total body exposure to radiation can take many forms, including a nuclear reactor 

accident, nuclear warfare or spaceflight. This exposure is potentially deadly, as there is 

currently no antidote. The most replicative cells are the most sensitive to the acute effects of 

radiation, particularly spermatocytes, lymphohematopoietic elements, and intestinal crypt 

cells.1,2 The dose of radiation to biological material is defined in terms of the amount of 

energy absorbed per unit mass; one gray (Gy) is the absorption of one joule of energy by one 

kilogram of matter. Whole-body radiation exposure of only 5 Gy results in gastrointestinal 

failure, which is usually characterized by nausea, vomiting, anorexia, diarrhea, fluid 

electrolyte imbalance, increased vascular permeability, vascular collapse, and infection, 

collectively referred to as the gastro-intestinal (GI) syndrome.1,3 Bone marrow failure results 

in fatal immune dysfunction. While bone marrow or stem cell transplantation can rescue the 

bone marrow, radiation-induced irreversible gastrointestinal damage (GI syndrome) is fatal; 

death occurs within two weeks of exposure.1,2  

The search for radioprotectors is decades old. Ever since the first reports in 1948 

that cysteine had the ability to protect mice against the effects of total-body x-ray irradiation, 

the sulfhydryl compounds have been the subject of much research.4–7 Spurred by this 

discovery, the United States Army developed a program in 1959 at the Walter Reed Army 

Research Institute that resulted in the synthesis and testing of over 4,000 compounds with 

the goal of mitigating the effects of radiation.4 In the end, one compound, WR-2721 (now 

known as amifostine), was chosen when balancing efficiency with toxicity. It is the only 

treatment for radiation exposure that has been FDA approved8–10. Unfortunately, amifostine 

is toxic in the concentrations that are usually required for treatment. Additionally, amifostine 
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is ineffective when taken orally, and is only approved for intravenous injection by trained 

personnel. This is a major drawback for mass administration in the event of a disaster. The 

ideal radioprotector offers good protection against acute and chronic radiation damage, is 

suitable for oral administration, has no significant toxicological effects, is readily available 

and not too expensive, and is chemically stable to permit easy handling and storage.11 No 

single drug available on the market today possesses all of these qualities. 

Deoxyribonucleic acid (DNA) is the critical target of radiation 4,12 and the previously 

mentioned biological effects all follow from damage to the DNA. Radiation can interact with 

DNA directly or indirectly.4,13 Direct action is the dominant process in radiation consisting 

of neutrons or alpha particles. Here, the atoms in DNA may be ionized or excited, and this 

initiates a chain of events that leads to biological change. Radiation can also interact with 

other atoms or molecules in the cell – particularly water, since it makes up 80% of cells – to 

produce reactive oxygen species (ROS) and reactive nitrogen species (RNS) that are able to 

diffuse far enough to reach and damage DNA; this is indirect action. DNA damage takes the 

form of single- and double-strand DNA breaks; double-stranded DNA breaks are lethal as 

they cannot be repaired by the cell. The excessive production of ROS leads to oxidative 

stress, loss of cell function and finally apoptosis or necrosis.14–16 

Ionizing radiation also results in oxidative damage to proteins and membrane lipids, 

and both contribute to the biological effects of radiation.13 This tissue response to radiation 

(within 24 h) is similar to an acute phase inflammatory reaction17 and stimulates expression 

of growth factors and inflammatory cytokines which lead to the continuous generation of 

ROS that further propagates tissue injury. Organized tissues are restored to normal 

morphology through regeneration of progenitor cells that survived radiation, which then 
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repopulate the depleted organ – a process that can take days or weeks depending primarily 

on the extent of radiation damage and rate of cellular proliferation. 

 Antioxidant molecules have been a popular choice in the search for 

radioprotectants, and many compounds with antioxidant activities have been shown to be 

effective. 4,18–20 Ascorbic acid (also known as vitamin C) has been reported to be an effective 

antioxidant and free radical scavenger and has also been shown to protect several biological 

systems against ionizing radiation.19,20 It has also been shown that whole body x-ray radiation 

decreases vitamin C and E concentrations in bone marrow.19,21,22 At the same time, this 

depletion coincided with an increase in the expression of markers for oxidative cellular 

damage in the bone marrow.19 This suggests that antioxidant vitamins act as hydrogen 

donators to scavenge radiation-induced free radicals in the bone marrow. Hematopoietic 

recovery after total body irradiation depends on the presence of undamaged stem cells in the 

bone marrow,20 and supplying more potent antioxidants to the bone marrow may be a viable 

route to protection of the hematopoietic system after exposure to ionizing radiation. 

Carbon nanotubes are essentially large arrays of conjugated double bonds, and so are 

expected to have excellent electron donor-acceptor capabilities.23 This feature makes them 

reactive towards free radicals24–26 and their use as free radical scavengers in a wide variety of 

applications has continued to be explored.27–29 Indeed, Lucente-Schultz et al. have shown 

that single-walled carbon nanotubes (SWNTs) are potent antioxidants.16,30 Heavily oxidized 

single-walled carbon nanotubes dubbed hydrophilic carbon clusters (HCCs) have also been 

shown to decrease superoxide levels in mice after traumatic brain injury.31 Previous work in 

the Tour group examined the ability of ultra-short single-walled carbon nanotubes (US-

SWNTs) alone or loaded with different molecules of interest to protect mice from 12 Gy of 
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whole body irradiation or to mitigate the effects of this radiation.16 These studies examined 

the effect of radiation on the stem cells in the intestinal crypts, a marker of the GI 

Syndrome. Over 100 different formulations were screened in over 1000 mice but none was 

successful.16 This work is a continuation of these previous efforts. 

Results and Discussion  

Bisphosphonates for calcium targeting 

A new approach was developed to target the secondary site of radiation, the bone 

marrow. The reasons for this are two-fold. First, due to the slower turnover rate of cells in 

the bone marrow, time to death is extended (and therefore so is the available treatment 

time). Second, radiation treatments are judged based on their ability to extend life. Prior 

studies were ended after 3 days,16 and so meaningful conclusions on life-extension could not 

be drawn. 

Our approach to target these nanoparticles to the bone marrow uses 

bisphosphonates, which are a class of drugs that prevent the loss of bone mass in conditions 

such as osteoporosis, and have long been explored as targeting agents.32–36 The structure of a 

bisphosphonate is similar to pyrophosphate, however, the substitution of the central oxygen 

in pyrophosphate for a carbon results in bisphosphonates being extremely resistant to 

hydrolysis. The bisphosphonate moiety endows these molecules with an affinity for 

hydroxyapatite, the main component of bone mineral. We hypothesized that 

bisphosphonate-functionalized PEGylated hydrophilic carbon clusters will mitigate the 

effects of whole body irradiation on mice through free radical scavenging at the bone 

marrow. 
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Preparation of hydroxyapatite targeting poly(ethylene glycol) 

Synthesis of a bisphosphonate-functionalized poly(ethylene glycol) began with the 

method described by Guénin et. al.37 As published, this scheme converts 4-aminobutyric acid 

to (4-amino-1-hydroxy-1-phosphono-butyl)phosphonic acid (commonly known as 

alendronic acid) in 3 steps, proceeding through Boc protection of the amino group, 

succinimidation of the carboxylic acid and finally, installation of the bisphosphonate moiety 

with concurrent Boc deprotection. We reasoned that starting with an α-Boc-amino-ω-

succinimide-poly(ethylene glycol) would give us the α-amino-ω-bisphosphonate 

poly(ethylene glycol) when subjected to identical conditions. However, this scheme was 

unsuccessful. Several attempts at synthesizing alendronic acid failed, casting doubts as to the 

chances of success with the polymer. Additionally, the starting polymer is prohibitively 

expensive, which we discovered is the norm for complex heterobifunctional poly(ethylene 

glycol). These combined factors caused us to abandon this scheme and take another 

approach. 

The next approach was a convergent route that involved a copper-catalyzed azide-

alkyne cycloaddition to couple an α-amino-ω-alkynylpoly(ethylene glycol) with an azido 

derivative of alendronic acid, (4-azido-1-hydroxybutane-1,1-diyl)diphosphonic acid. An 

alternate route to alendronic acid was described by Kieczykowski et al.38 and produced 

alendronic acid (2) in fair yield (Scheme 3-1).  

Scheme 3-1. Synthesis of alendronic acid 
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At this point, however, the scheme broke down. The conversion of the amino group 

of alendronic acid to an azido group failed due to poor solubility of the starting alendronic 

acid in both water and organic solvents. As a result, synthesis of the α-amino-ω-

bisphosphonate-poly(ethylene glycol) using this approach was not possible. 

After some contemplation, we realized that an α-amino-ω-carboxy-poly(ethylene 

glycol) could, under similar conditions described by Kieczykowski et al., form α-amino-ω-

bisphosphonate-poly(ethylene glycol) (5) as shown in Scheme 3-2. Polymerization proceeded 

via the anionic ring-opening reaction of ethylene oxide with fresh potassium 

hexamethyldisilazane (KHMDS) as the initiator. Capping with t-butylbromoacetate and 

subsequent deprotection gave the α-amino-ω-carboxy-poly(ethylene glycol) (H2N-PEG-

COOH, 4). 4 was then treated with H3PO4/PCl3 and on workup yielded α-amino-ω-

bisphosphonate-poly(ethylene glycol) (H2N-PEG-BP, 5). 

Scheme 3-2. Synthesis of  

α-amino-ω-bisphosphonate poly(ethylene glycol) (H2N-PEG-BP) 

 

 

The ability of the H2N-PEG-BP to bind calcium was determined by simply dissolving 20 mg 

of polymer in 10 mL of water or 5 mM CaCl2 solution and subjecting it to dialysis against a 

continuous DI water flow for 7 days. Analysis by inductively coupled plasma optical 
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emission spectroscopy (ICP-OES) revealed that samples containing H2N-PEG-BP were 

remarkably efficient at retaining calcium (SI Figure 1). The α-amino-ω-methoxy 

poly(ethylene glycol) (H2N-PEG-OMe) control exhibited no binding to calcium. 

 

Preparation of BP-PEG-HCCs 

HCCs were prepared by subjecting purified SWNTs39 to a harsh oxidation procedure 

which uses oleum and nitric acid.40 The H2N-PEG-BP was covalently attached to the HCCs 

using standard DCC-coupling chemistry The carbon core concentration was estimated by 

UV-vis spectrophotometry and an empirically derived extinction coefficient.30 

Characterization of the BP-PEG-HCCs was consistent with previous publications (SI Figure 

2).  

Table 3-1. Experiment Design for evaluating the ability of  
BP-PEG-HCCs to protect against WBI 

Group Route Dose Treatment timepoints after WBI 

1 none none no treatment 

2 gavage 0.20 mL no treatment

3 i.p. 0.20 mL no treatment

4 i.v. 0.20 mL no treatment

5 gavage 0.15 mL 15 min, 1.5 h, 7 d, 14 d, 21 d  

6 i.p. 0.15 mL 15 min, 1.5 h, 7 d, 14 d, 21 d 

7 i.v. 0.15 mL 15 min, 1.5 h, 7 d, 14 d, 21 d 
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Radiation Experiment 1 

Mice were exposed to whole-body irradiation and treated with 100 mg/L BP-PEG-

HCC via i.v. (intravenously, in the tail vein of the mouse), i.p. (intraperitoneally, given in the 

body cavity of the mouse), gavage (force feeding the mouse), or not at all. Table 3-1 details 

the experiment and Figure 3-1 shows the results. The mean survival time (i.e. the time at 

which there is 50% survival) was 13 days, regardless of treatment. 

 

Figure 3-1. Radiation survival curves indicate a mean survival time of 13 days, 
regardless of treatment. (a) Mice were treated with BP-PEG-HCC as a single dose given 
15 min before WBI. (b) Mice were treated with BP-PEG-HCC in multiple doses given 15 

min before and 15 min, 1.5 h, 7 d, 14 d and 21 d after WBI. 
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Radiation Experiment 2 

With these disappointing results, we reverted to our previous radiation exposure 

protocol, which focuses on the stem cell crypts in the small intestine.16, 41 Stem cells in the 

these crypts constantly replace the epithelial cells of the villi (Figure 3-2). As they contain 

rapidly dividing cells, these crypts are quite sensititive to radiation, and the loss of these stem 

cells is the major cause of death after radiation exposure. The assay we have chosen to use 

measures the effects of radiation on the survival of jejunal crypts.41 There are typically ~160 

crypts in a healthy mouse.16 Upon exposure to 12 Gy of radiation, the number of crypts 

decreases to ~15 within 3 days if no antidote is given.  

 

Figure 3-2. Diagram of a cross-section of the jejenum in the small intestine, 
highlighting the villi and the crypts. 

 

In this experiment, we expanded our search to include other carbon nanoparticles. 

Given the recent report of C60 improving the lifespan of rats via an antioxidant mechanism,42 

we included a C60 formulation in olive oil (SI Figure 3). We also included oxidized carbon 
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black (OCB), as well as mixed polymer brush nanoparticles (MPBNPs, Scheme 3-3) that can 

partition between oil and water phases, hypothesizing that this would aid in cellular uptake in 

the gut.  

Scheme 3-3. Synthesis of mixed polymer brush nanoparticles 

 

Additionally, we included amifostine, a drug we have used previously, along with a 

derivative which was methylated in order to increase its hydrophobicity (Scheme 3-3), 

ostensibly to aid in intestinal absorption (Scheme 3-4).43 Synthesis of this methylamifostine 

(11) followed established procedures43–45 starting with the addition of 3-aminopropanol to 

ethylene carbonate, followed by chlorination with SOCl2 then NaH-assisted ring closure to 

yield the intermediate oxazolidinone (8). Reaction of 8 with N-methyl-p-toluenesulfonamide 

followed by deprotection/ring opening and substitution of the bromine atom with 

thiophosphate gave 11 in 37% yield overall.  
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Scheme 3-4. Synthesis of methylamifostine (WR-3689) 

 

 

Nanoparticle and small molecule formulations were prepared in both oil and in water, to 

investigate whether the polarity of the solvent had any impact on oral bioavailability (Table 

3-2). Mice were treated by gavage (0.2 mL per mouse) 30 min before exposure to 12 Gy 

whole-body irradiation. Unfortunately, none of the formulations was successful. Each 

formulation fared as well as the control group which only received radiation (Figure 3-3). 
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Table 3-2. Concentration of materials used in WBI experiment 2. 

Group Formulation 
Concentration 

(mg/mL) 
1 Oil - 

2 C60 in oil 1.3 

3 Carbon black in oil 5 

4 Oxidized carbon black in oil 5 

5 
Mixed polymer brush nanoparticles in 

oil 
0.5 

6 Carbon Black in water 5 

7 Oxidized carbon black in water 5 

8 
Mixed polymer brush nanoparticles in 

water 
0.6 

9 Amifostine water/oil emulsion 5 

10 Methylamifostine water/oil emulsion 5 

11 Methylamifostine in water 5 
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Figure 3-3. Number of surviving jejunal crypts after 12 Gy WBI. 

  

  



71 
 

 

Radiation Experiment 3 

Given the extreme nature of our previous experiment, we pursued a more gentle 

evaluation: whether carbon nanoparticles could mitigate the effect of a lower radiation on 

the blood. At doses of 2-5 Gy, damage results to the hematopoietic system. The rapidly 

dividing precursor cells are destroyed by the radiation, thereby diminishing the subsequent 

supply of mature red blood cells, white blood cells and platelets (Figure 3-4). 

 

Figure 3-4. The pattern of depletion and recovery of the principle circulating 
elements of the blood following an intermediate dose of total-body radiation. The 
curves are purely illustrative: The time at which the nadir occurs is a combination of the 
radiosensiticity of the stem cells and the lifetinme of the mature functional cells. Adapted 

from Hall, E. J. Radiobiology for the Radiologist; Lippincott Williams & Wilkins: 
Philadelphia, 2000, Figure 19.3. 
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Table 3-3. Experiment 3 design 

Group Formulation 
Concentration 

(mg/mL) 

1 C60 in oil 1.3 

2 Hydrophilic carbon clusters (HCCs) in oil 5 

3 PEG-HCCs in oil 5 

4 Carbon black in oil 5 

5 Oxidized carbon black in oil 5 

6 Mixed polymer brush nanoparticles in oil 0.6 

 

As before, we employed a variety of carbon nanoparticles, this time only in oil and 

dosed orally (0.2 mL per mouse) 30 min before exposure to 2 Gy WBI. (Table 3-3). Four 

days following radiation exposure, blood was drawn and the number of neutrophils, 

lymphocytes, and platelets were counted (Figure 3-5). Radiation exposure reduced the level 

of neutrophils and lymphocytes approximately 3-fold. Platelet levels were unaffected. 

Pretreatment of animals with the carbon compounds did not have a significant effect on 

these endpoints, indicating that the carbon particles do not have a protective effect for 

radiation-induced blood cell damage. 
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Figure 3-5. Effect of low-dose whole body irradiation on a) neutrophils, b) 
lymphocytes, and c) platelets, 4 days after WBI in the presence of various treatment 

formulations. No treatment was successful in providing protection. 
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Radiation Experiment 4 

In light of the failure of the carbon nanoparticles to show any mitigation effect, we 

focused our attention on small molecules, namely derivatives of amifostine designed to be 

more hydrophobic. We hypothesized that these modifications would enhance the oral 

bioavailability of amifostine, making it more suitable for oral dosage43. We also included 

melatonin, a molecule reported to have anti-radiation effects46 (Table 3-4).  

Table 3-4. Experiment 4 design 

Group Treatment*

1 WBI only (12 Gy)

2 0.5 g/kg amifostine gavage + WBI

3 0.75 g/kg amifostine gavage + WBI

4 1.0 g/kg amifostine gavage + WBI

5 0.5 g/kg methylamifostine gavage + WBI

6 0.75 g/kg methylamifostine gavage + WBI 

7 1.0 g/kg methylamifostine gavage + WBI

8 0.5 g/kg melatonin gavage + WBI

*Each treatment was given 30 min prior to WBI 

 

Of the compounds tested, amifostine provided the best protection, with each dose 

performing equally well. Methylamifostine provided approximately half the protection of 

amifostine at doses above 0.75 g/kg, while melatonin fared no better than the untreated 

animals (Figure 3-6). 
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Figure 3-6. Comparison of orally dosed amifostine, methylamifostine and melatonin. 

 

Radiation Experiment 5 

While experiment 4 was being carried out, an even more hydrophobic derivative, 

butylamifostine, 15, was synthesized via a similar route to that of 11 (Scheme 3-5). 

Butylamine was first tosylated and reacted with 8, after which, deprotection/ring opening 

and substitution followed to give 15 in 48% yield overall. With the results from experiment 4 

in hand, we proceeded to evaluate the ability of amifostine to provide protection and lower 

doses. Additionally, we varied the timepoint of pretreatment, dosing animals both 15 and 30 

min before WBI (Table 3-5), and looked at crypts both in the jejunum (as before) and the 

duodenum. We found that as the concentration of amifostine was lowered, the amount of 

protection provided also decreased (Figure 3-7). Variation of the pretreatment timepoint had 
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no impact on the level of protection. Disappointingly, butylamifostine provided minimal 

protection saving only ~60 crypts. 

 

Scheme 3-5. Synthesis of butylamifostine 

 

 

 

 

Table 3-5. Experiment 5 design 

Group Treatment

1 WBI only (12 Gy) 

2 0.5 g/kg amifostine (-15 min) gavage + WBI 

3 0.25 g/kg amifostine (-30 min) gavage + WBI 

4 0.25 g/kg amifostine (-15 min) gavage + WBI 

5 0.15 g/kg amifostine (-30 min) gavage + WBI 

6 0.15 g/kg amifostine (-15 min) gavage + WBI 

7 0.63 g/kg Butylamifostinea (-30 min) gavage + WBI 
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Figure 3-7. Comparison of 15 and 30 min pretreatment of amifostine, as well as 
pretreatment of butylamifostine.  
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Future Outlook 

Synthesis of a dodecylamifostine was mostly completed when we decided not to 

pursue this line of investigation any further (Scheme 3-6). 

Scheme 3-6. Synthesis of dodecylamifostine 

 

Concurrent with the alkyl derivatives, we had postulated that an amphiphilic moiety 

such as Brij could increase lipophilicity without reducing aqueous water solubility. Progress 

to Brij derivatives of amifostine is shown in Scheme 3-7. The synthesis proceeds as for the 

alkyl deriviatives, however we realized that Brij would not survive the Ts-deprotection and 

ring-opening step which uses HBr in acetic acid. To avoid this issue, we proposed a 3-stage 

reaction utilizing NaBH4, NaOH and finally PBr3 to afford the penultimate brominated 

product. 
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Scheme 3-7. Synthesis of Brij-functionalized amifostine 

 

 

 

As contingencies, alternative routes to Brij (and other) derivatives were proposed, 

starting from the pharmacophore and employing various coupling reactions such as amide 

formation, urea formation and reductive amination to couple the hydrophobic moiety 

(Scheme 3-8). Synthesis of the amifostine pharmacophore proceeded via mono-Boc-

protection of 3-aminopropan-1-ol followed by activation of the alcohol and its subsequent 

substitution by the amino group of ethanolamine. Bromination and deprotection gave the 

pharmacophore in 12% yield overall (Scheme 3-9). 
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Scheme 3-8. Potential routes towards additional amifostine derivatives 

 

 

 

Scheme 3-9. Synthesis of amifostine pharmacophore 
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Recent experimental results have yielded insight as to the failure of our antioxidant 

nanoparticles to mitigate the effects of ionizing radiation compared to amifostine. Once 

inside cells, in addition to scavenging free radicals – thereby protecting cellular membranes, 

DNA and other biomolecules from damage – amifostine is oxidized to its disulfide 

metabolite which causes rapid consumption of oxygen in the cellular environment.8 While 

PEG-HCCs do react with hydroxyl and superoxide radicals, the products of the reaction 

with superoxide are hydrogen peroxide and oxygen. Oxygen is known to be a radiation 

sensitizer,4,47,48 and so it is very likely that treatment with PEG-HCCs sensitized the very 

tissue that we were trying to save. Furthermore, this effect was previously observed by our 

group.49 In a mouse flank tumor model, animals treated with antibody-targeted drug-loaded 

PEG-HCCs and radiation fared significantly better than animals with either treatment on its 

own (Figure 3-8). At the time, there was no explanation for this phenomenon. 

 Retrospectively, it appears that the PEG-HCCs, in addition to being capable drug 

delivery vehicles, were sensitizing the tumors to the incoming radiation therapy via the 

production of oxygen during their reaction with superoxide. This oxygen made the tumor 

cells more susceptible to the incoming radiation since they were not as hypoxic as untreated 

tissue. 
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Figure 3-8. In vivo effects of treatment with radiation, PTX/PEG-HCCs, 
Cet/PTX/PEG-HCCs, and their combinations on tumor growth and survival time in 

mice. (A) In vivo effects of treatments on tumor growth in OSC-19-luc mice. Points 
indicate means; bars, standard errors (SE). (B) In vivo effects of treatments on survival time 
of OSC-19-luc mice. (C) In vivo effects of treatments on tumor growth inHN5mice. Black 
arrows indicate treatment days. Points, mean; bars, SE (D) In vivo effects of treatments on 

survival time in HN5 mice. Animals were euthanized when they had lost more than 20% of 
their initial body weight or at 50 d after cell inoculation. Survival was analyzed by the 

Kaplan-Meier method and compared with log-rank tests. Reproduced from reference 50. 
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Supporting Information 

Figures 

 

SI Figure 1. Calcium binding assay. Solutions containing H2N-PEG-BP show increased 

calcium retention after 7 days of continuous dialysis in DI water. 
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SI Figure 2. Characterization of HCCs and BP-PEG-HCCs. (a) TGA of the HCCs and 

BP-PEG-HCCs reveal a 58% and 98% weight loss respectively. Purified SWNTs have a 10% 

weight loss. (b) C(1s) portion of the XPS spectrum confirms the high degree of oxidation for 

the HCCs (C=O peaks >285 eV) and the presence of PEG for the BP-PEG-HCCs (strong 

C-O peak at 286 eV). (c) Comparison of Raman spec-tra of SWNTs, HCCs and BP-PEG-

HCCs reveals the lack radial breathing modes in HCCs and BP-PEG-HCCs as well as an 

increased D/G ratio. The baseline rise in the BP-PEG-HCC spectrum is due to 

fluorescence. (d) FTIR confirms the presence of PEG. HCC absorbances are visible in the 

BP-PEG-HCC spectrum, but they are not prominent. 
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SI Figure 3. C60 in olive oil. Left Photo of C60 dissolved in olive oil. Right UV-vis spectrum 

of C60 dissolved in olive oil which matches the literature reference. 
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Methods  

General 

Unless noted otherwise, all chemicals were purchased from Sigma-Aldrich and used 

without further purification unless otherwise indicated. Dialysis bags (MWCO 50000) were 

purchased from CelluSep. SWNTs (HPR 187.4) were purchased from HiPco Laboratory at 

Rice University. 

Characterization 

Gel permeation chromatography (GPC) analysis was performed using a PL-GPC 220 

equipped with a PLgel 5 μm 10E3A column and an RI detector. Thermogravimetric analysis 

(TGA) was carried out on a Q50 TA instrument using nitrogen from room temperature to 

950 °C at 5 °C/min. UV-vis absorption data were collected using a Shimadzu UV-3101 PC 

and samples contained in 1.5 mL methacrylate cuvettes or 3 mL quartz cuvettes. The carbon 

core concentration of BP-PEG-HCCs was determined by absorbance at 763 nm using an 

experimentally determined extinction coefficient of 0.0104 L/mg. Raman spectra were 

measured on a Renshaw Raman microscope using a 633 nm HeNe laser. X-ray 

photoelectron spectroscopy (XPS) measurements were performed on a PHI Quantera SXM 

scanning X-ray microprobe with a 36.00 eV passing energy, 45° takeoff angle and a 100 µm 

beam size. Inductively-coupled plasma optical emission spectroscopy (ICP-OES) 

measurements were obtained using a PerkinElmer ICP-OES system. Samples were dissolved 

in water obtained from a NanoPure system (Barnstead, Dubuque, IA USA). Nuclear 

magnetic resonance (NMR) spectra were taken on a 400 MHz Bruker instrument. 
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Preparation of alendronic acid 

An oven-dried 25 mL three-necked flask was fitted with a stir bar, two septa and a 

condenser and purged with nitrogen. At this point, 4-aminobutyric acid (2 g, 0.019 mo1) 

phosphorous acid (1.6 g, 0.019 mol), and methanesulfonic acid (8 mL) were added to the 

flask and the mixture was heated to 65 °C with stirring. PC13 (3.5 mL, 0.04 mol) was added 

over 25 min, and the clear, colorless solution was maintained at 65 °C overnight. The still 

clear, colorless solution was subsequently cooled to room temperature and poured onto 20 

mL of ice with stirring. The reaction flask was rinsed with 15 mL of water and the combined 

solution refluxed for 5 h. The solution was then cooled to room temperature and after 

adjusting the pH to 4.3 with 50% NaOH, it was cooled at 0-5 °C for 2 h. The resulting white 

crystals were filtered, washed with cold water (2 × 5 mL) and 190 proof ethanol (10 mL), 

and dried yielding 2.8 g (60% yield) of alendronic acid. lH NMR (400 MHz, D2O): δ 3.04 

(2H, m), 2.02 (4H, m); 31P NMR (H3PO4/D2O): δ 19.1. 

 

Preparation of H2N-PEG-tBu 

A thick-walled reaction tube was oven-dried, fitted with a stir bar and septum, and 

pump/filled with nitrogen three times. 10 mL freshly distilled THF and 2.22 mL potassium 

bis(trimethylsilyl)amide (1.11 mmol) were added, and the solution was cooled to -78 °C using 

a dry ice/acetone bath. Separately, a 25 mL graduated cylinder was charged with 200 mg 

CaH2 fitted with a septum and cooled to -78 °C. 8 mL of ethylene oxide was condensed in 

the cylinder and 5 mL (100 mmol) was transferred to the reaction tube via cannula. The 

septum on the reaction tube was removed and the tube was quickly sealed. The reaction was 
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stirred at 60 °C for 48 h during which time the reaction mixture gradually turned a rusty 

orange-brown and became visibly viscous. The reaction was then cooled to room 

temperature and t-butylbromoacetate was added, causing the color of the reaction mixture to 

fade to a pale straw color. The tube was resealed, and the reaction was stirred at 45 °C for 24 

h. The solution was cooled to room temperature and transferred to a separatory funnel. 

Brine (20 mL) was added, and the solution was extracted with CHCl3. The CHCl3 extracts 

were combined and dried with MgSO4, then concentrated to 5 mL. Et2O was added to 

precipitate the polymer, which was dried to yield 3.6 g of amino, t-butyl functionalized PEG. 

NMR analysis gave an n = 73, which corresponds to a molecular weight (Mn) of 3350 Da. 1H 

NMR (400 MHz, CDCl3): δ 1.71 (s, 9H), 3.64 (m, 292 H). GPC analysis indicated that the 

polymer had a MW of 3500 and a PDI of 1.09. 

 

Preparation of H2N-PEG-COOH 

H2N-PEG-tBu (4 g) was added to a 100 mL flask and dissolved in 20 mL CH2Cl2. 

Trifluoroacetic acid (3 mL) was added and the mixture was stirred at room temperature for 3 

h, after which the solvent was removed by evaporation, leaving behind a yellow oil. Et2O (50 

mL) was added to precipitate the polymer, which was dried to yield 3.6 g of amino-carboxyl 

PEG. 1H NMR (400 MHz, CDCl3): δ 3.66 (m). 

 

Preparation of H2N-PEG-BP 

An oven-dried 25 mL three-necked flask was fitted with a stir bar, two septa and a 

condenser then purged with nitrogen. H2N-PEG-COOH (3 g, 0.9 mmol) was subsequently 
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added, along with phosphorous acid (74 mg, 0.9 mmol) and THF (20 mL). The mixture was 

heated to 60 °C with stirring, at which point PC13 (0.27 mL, 2.7 mmol) was added over 25 

min, and the clear, yellow straw-colored solution was maintained at 60 °C for 2 days. DI 

water (20 mL) was then added, and the mixture was refluxed for 5 h. The yellow solution 

was cooled to room temperature and transferred to a 500 MWCO dialysis bag and dialyzed 

against a constant flow of DI water for 48 h. The cloudy white solution was transferred to a 

separatory funnel. Brine (20 mL) was added, and the solution was extracted with CHCl3. The 

CHCl3 extracts were combined and dried with MgSO4, then concentrated to 5 mL. Et2O was 

added to precipitate the polymer, which was dried to yield 0.9 g (some loss of polymer 

occurred during transfer from dialysis) of amino-bisphosphonate PEG. 

Comparison of the t-butyl and (–CH2CH2–) peaks in the 1H NMR spectrum of H2N-

PEG-tBu gave a molecular weight (Mn) of 3300 Da. Analysis by gel permeation 

chromatography (GPC) agreed with this value, and revealed a polydispersity index of 1.09. 

Subsequent treatment of α-amino-ω-t-butyl-poly(ethylene glycol) with TFA in CH2Cl2 led to 

the removal of the t-butyl group, as evidenced by the disappearance of the singlet at 1.9 

ppm. The presence of phosphorus was confirmed using ICP-OES, which gave a total 

phosphorus content of 0.8-0.9% (w/w). This is just under half the expected phosphorus 

content expected for a polymer of this length.  

Confirmation of the bisphosphonate moiety was carried out spectrophotometrically 

using a method by Kuljanin et al. 37 which is based on the formation of an ultraviolet-

absorbing 1:1 complex between bisphosphonates and Fe3+. In a typical assay, 80 µL of 5 

mM FeCl3 in 2 M HClO4 was added to a quartz cuvette with 100 µL of the polymer 

solution (10 mg/mL). The volume was made up to 3 mL with DI water and the absorbance 
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was read at 300 nm. As expected, when alendronic acid was mixed with Fe3+ an absorbance 

maximum emerged at 270 nm, and the absorbance at 300 nm was concentration dependent. 

H2N-PEG-BP displayed similar concentration-dependent binding behavior upon 

reaction with Fe3+, even after dialysis for 24 and 48 hours (Figure 1). These results indicate 

that the bisphosphonate moiety is present and covalently bound to the polymer. The H2N-

PEG-COOH starting material displayed no such behavior. A control reaction carried out 

with α-hydroxy-ω-methoxypoly(ethylene glycol) (HO-PEG-OMe) yielded a polymer that had 

no activity with Fe3+ (Supporting information Figure S2). Comparison of alendronic acid 

and the H2N-PEG-BP gave loading values in agreeance with the ICP-OES. 

 

 

Preparation of HCCs 

A three-necked 1 L round-bottomed flask was oven dried and charged with 300 mg 

of purified SWNTs and a magnetic stir bar. The SWNTs were then dissolved in 150 mL 

oleum, the joints were sealed with Teflon, and the solution stirred for 5 days. At this point, 

the solution was cooled to 0 °C with an ice/brine bath, and 150 mL of an ice cold 1:1 

mixture of oleum and nitric acid was added portionwise. During the addition, the solution 

was monitored to ensure that it never exceeded 20 °C. The addition took approximately 1 

hour and the final proportion of oleum to nitric acid was 3:1. After addition of the acidic 

mixture was complete, the ice/brine bath was removed and the solution was heated to 65 °C 

for 90 min. The solution was then cooled to room temperature and poured on 500 mL of ice 

to quench the reaction. This solution was allowed to stir for 16 h then filtered through a 

PTFE membrane (0.45 µm pore size). When the solid was nearly exposed, 50 mL of water 
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was added. Once the solid was again nearly exposed, the vacuum was removed and 160 mL 

of methanol was slowly added to dissolve the solid, then 500 mL of ether to precipitate the 

solid. Filtration was resumed, and the solid was occasionally agitated with a Teflon spatula. 

The solid was then transferred to a glass scintillation vial and heated using a hot plate while 

being pulverized with a Teflon spatula. The final product is a fine black powder (160 mg). 

 

Preparation of BP-PEG-HCCs 

HCCs (10 mg, 0.83 mmol) were dissolved in DMF using a bath sonicator for 30 min. 

DCC (68 mg, 0.33 mmol) and BP-PEG-NH2 (58 mg, 0.017 mmol) were then added and the 

reaction was stirred for 30 min. 1 flake of DMAP was added and the reaction was stirred for 

24 h. The solution was purified by dialysis in DMF for 2 days, followed by dialysis in 

continuously refreshed DI water for 5 days. The solution was then passed through a PD-10 

column to yield a solution of BP-PEG-HCCs with a carbon core concentration of 250 mg/L 

 

Radiation Protection Experiments 

For the bone marrow protection experiment, 70 male C3Hf/KamLaw mice 3-4 

months old, were divided into 7 groups of 10 mice each. Five mice were housed per cage 

and irradiated together. We administered 8.5 Gy whole-body irradiation using 300 kVp X-

rays at a dose rate of 1.84 Gy/min (+0.045 min) as a single dose XRT. Mice were checked 

once per day following whole body irradiation until the first death, and then were checked 

twice daily for the remainder of the study. All physical and behavioral changes were noted. 

When mice became moribund (i.e. exhibited hunched posture, ruffled fur, persistent 
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diarrhea, labored breathing and more than 20% weight loss) they were euthanized by CO2 

inhalation. Latency to time of euthanasia and percent morbidity was determined on the 30th 

day following whole body irradiation.  

For the low-dose blood protection experiment, 60 ICR mice (12 weeks old) were 

divided into groups of 5. Animals were treated with a single dose (0.2 mL per animal) of the 

appropriate formulation by gavage 30 min before 2 Gy WBI using gamma rays from a Cs-

137 source. 4 days post-irradiation, blood was drawn and analysis was performed to 

determine the concentration of neutorphils, lymphocytes and platelets. 

For all other radiation experiments, female C3Hf/KamLaw mice, 3-4 months old, 

were divided into groups of 8. Eight mice were housed per cage -- 6 drug-treated mice and 2 

XRT control mice-- and were irradiated together. Mice were exposed to 12 Gy WBI using 

300 kVp X-rays at a dose rate of 1.84 Gy/min (+ 0.045 min) as single dose XRT. All 

irradiated mice were euthanized 3 d and 14 h after WBI. The jejenum and the duodenum 

were removed from each mouse and placed in vial of 10% neutral phosphate buffered 

formalin for histological preparation and H&E staining. The number of surviving crypts per 

tissue cross-section was scored and the number of surviving cells/circumference determined 

for each treatment group. 

 

Preparation of C60 in olive oil 

C60 (75.8 mg) was added to a scintillation vial. Olive oil (15.7 g) and oleic acid (0.77 g) 

were added, and the mixture was stirred at room temperature shielded from light for 7 days. 

The mixture was then centrifuged at 2890×g for 2 h and filtered through a 0.22 

polyethersulfone µm filter to give a clear dark purple solution. The concentration of C60 was 
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determined by absorbance at 600 nm (ε = 788 M-1 cm-1) (Angew. Chem. Int. Ed. 1995, 34, 

105) 

 

Preparation of mixed polymer brush nanoparticles (MBPNPs) 

Oxidized carbon black (10 mg, 0.83 mmol carbon), 2000 MW polycaprolactone (8.3 

mg) 5000 MW poly(ethylene glycol) (21 mg), dicyclohexylcarbodiimide (172 mg) and 

dimethylaminopyridine (40 mg) were combined in a roundbottom flask and suspended in 10 

mL of DMF. The mixture was sonicated overnight, then purified by sequential dialysis in 

DMF and water. For the radiation experiments, MPBNPs (3 mg) were suspended in 6 g 

olive oil supplemented with 0.3 g oleic acid. The mixture was stirred at room temperature 

overnight. 

Synthesis of 2-hydroxyethyl (3-hydroxypropyl)carbamate, 6 

3-Aminopropanol (7.5 g, 0.1 mol) was added dropwise with stirring to ethylene 

carbonate (8.8 g, 0.1 mol). The reaction was stirred overnight at room temperature. The 

product (a colorless oil) was used without purification. 

 

Synthesis of 2-chloroethyl (3-chloropropyl)carbamate, 7 

SOCl2 (28.7 g, 0.24 mol) was added dropwise under nitrogen to 6 (16.3 g, 0.1 mol). 

The reaction was then heated to 55 °C for approximately 2 h, until there were no fumes 

visible, after which the reaction was quenched by the addition of 30 mL of 10% NaHCO3. 

The organic layer was separated, and the aqueous layer was washed with Et2O (2 × 10 mL). 
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The organic layers were combined, dried over MgSO4 and the solvent evaporated under 

reduced pressure to yield 16.1 g of 7 as a pale yellow oil (80% yield). 1H NMR (400 MHz, 

CDCl3) δ 5.00 (1H, s br) 4.32 (2H, t) 3.68 (2H, t) 3.60 (2H, t) 3.37 (2H, q) 2.00 (2H, qt). 

 

Synthesis of 3-(3-chloropropyl)oxazolidin-2-one, 8 

A flame-dried flask was placed under nitrogen and charged with 3.3 g of NaH (80.6 

mmol, 60% dispersion in oil). The oil was removed by careful washing with hexane, after 

which the remaining NaH was suspended in 50 mL freshly distilled THF and cooled in an 

ice bath. 7 (13.45 g, 67.2 mmol) was dissolved in freshly distilled THF and added dropwise 

to the NaH suspension via cannula. After stirring at room temperature for 90 min, the 

reaction was quenched by the addition of 20 mL DI water. The reaction mixture was 

extracted 3× with 15 mL diethyl ether, dried over MgSO4 and the solvent evaporated under 

reduced pressure to yield 9.45 g of 8 as a pale yellow oil (86% yield). 1H NMR (400 MHz, 

CDCl3) δ 4.37-4.33 (2H, m) 3.63-3.58 (4H, m) 3.43 (2H, t) 2.07 (2H, qt). 

 

Synthesis of N,4-dimethyl-N-(3-(2-oxooxazolidin-3-yl)propyl)benzenesulfonamide, 9 

8 (1.77 g, 11 mmol), N-methyl-p-toluenesulfonamide (2 g, 11 mmol), Cs2CO3 (5.37 g, 

16.5 mmol), NaI (0.25 g. 1.65 mmol) were added to a flask and suspended in 20 mL of 

anhydrous DMF. The reaction was stirred at 115 °C for 16 h, after which 20 mL of DI water 

was added. The mixture was extracted with benzene (3 × 10 mL), the organic layers were 

dried over MgSO4 and the solvent removed under reduced pressure to give 2.86 g of 9 as an 
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orange oil (83% yield). 1H NMR (400 MHz, CDCl3) δ 7.65 (2H, m) 7.32 (2H, m) 4.35 (2H, 

m) 3.66 (2H, m) 3.33 (2H, t) 3.01 (2H, t) 2.71 (3H, s) 2.43 (2H, s) 1.87 (2H, qt). 

 

Synthesis of N1-(2-bromoethyl)-N3-methylpropane-1,3-diamine, 10 

9 (2.86 g, 9.1 mmol) and phenol (0.77 g, 8.19 mmol) were added to a round-bottom 

flask and dissolved in 10 mL 33% HBr in acetic acid. A stirbar was then added, the flask was 

sealed with a rubber septum which was held in place by two turns of copper wire, and the 

reaction stirred at room temperature for 3 d. Following this, the reaction was refluxed for 24 

h. Upon cooling to room temperature, a precipitate formed. The mixture was filtered and 

the residue was washed sequentially with ethyl ether and acetone to give 2.93 g of 10 (90% 

yield) as a pale gray solid. 1H NMR (400 MHz, D2O) δ 3.59 (2H, t) 3.46 (2H, t) 3.00-3.13 

(4H, m) 2.62 (3H, s) 2.04 (2H, m). 

 

Preparation of sodium thiophosphate 

A 3-necked round bottom flask fitted with an addition funnel, thermometer and a 

rubber septum was pump/filled 3× with nitrogen. The flask was then charged with NaOH 

(20 g, 0.5 mol) and 150 mL DI water. PSCl3 (14.3 g, 8.6 mL, 85 mmol) was added to the 

addition funnel. The PSCl3 was added dropwise with stirring, initially forming a biphasic 

mixture. After 10 min, the reaction appeared pale yellow and was a uniform phase. After 

stirring for an addition 5 min, the reaction was cooled in an ice/brine bath, at which time a 

white solid precipitated. The solid was filtered, dissolved in 50 mL DI water and precipitated 

with 40 mL methanol. This process was repeated once more, then the solid was suspended 
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in methanol and stirred at room temperature for 1.5 h to give a finely divided white solid. 

The solid was filtered and dried under vacuum overnight, yielding 8 g of Na3SPO3 which was 

stored in glass ampoules under nitrogen. The filtrate from the final filtration was filtered 

once again to yield 9 g of Na3SPO3, which was set aside for future purification via 

precipitation. 31P NMR (162 MHz, D2O) δ 32.33 (s). 

 

Synthesis of methylamifostine [((2-((3-

(methylamino)propyl)amino)ethyl)dihydrosulfinyl)phosphine dioxide], 11 

Na3SPO3 (0.5 g, 2.8 mmol) was dissolved in 3 mL DI water. 10 (1 g, 5.1 mmol) was 

then added and the mixture was stirred to form a solution. 4 mL DMF was then added, and 

the mixture was left standing at room temperature for 1 h. At this point, the mixture was 

cooled in an ice bath, and 15 mL DMF was added dropwise. The mixture was then placed in 

a freezer (-20 °C) overnight, giving white crystals which were filtered and rinsed with ice-

cold ethanol. Final yield of 11 was 0.43 g, (67%). 1H NMR (400 MHz, D2O) δ 3.24 (2H, t) 

3.03 (4H, td) 2.81-2.87 (2H, m) 2.60 (3H, s) 2.00 (2H, qt). 

 

Synthesis of N-butyl-4-methylbenzenesulfonamide, 12 

Butylamine (2 g, 27.3 mmol), TsCl (2.6 g, 13.7 mmol) and silica gel (6.85 g) were 

added to a flask and stirred at room temperature for 24 h. The disappearance of TsCl was 

confirmed by TLC, at which time the mixture was suspended in 30 mL of hexanes and 

passed through a silic plug to remove the excess amine. The solvent was removed under 
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reduced pressure to give 3.07 g of 12 (92% yield). 1H NMR (400 MHz, CDCl3) δ 7.76 (2H, d) 

7.31 (2H, d) 4.56 (1H, t) 2.94 (2H, q) 2.43 (3H, s) 1.42 (2H, m) 1.3-1.25 (2H, m) 0.85 (3H, t). 

Synthesis of N-butyl-4-methyl-N-(3-(2-oxooxazolidin-3-

yl)propyl)benzenesulfonamide, 13 

12 (2.86 g, 12.6 mmol), 8 (2.06 g, 12.6 mmol), Cs2CO3 (6.16 g, 18.9 mmol), NaI (0.28 

g, 1.89 mmol) were added to a flask and suspended in 30 mL of anhydrous DMF. The 

reaction was stirred at 115 °C for 18 h, after which 20 mL of DI waer was added. The 

mixture was extracted with benzene (3 × 10 mL), the organic layers were dried over MgSO4 

and the solvent removed under reduced pressure to give 4.13 g of 13 (92% yield). 

Purification was unnecessary. 1H NMR (400 MHz, CDCl3) δ 7.65 (2H, m) 7.32 (2H, m) 4.35 

(2H, m) 3.62 (2H, m) 3.29 (2H, t) 3.01 (4H, q) 2.42 (3H, s) 1.90 (2H, qt) 1.46 (2H, m) 1.25 

(2H, sext) 0.89 (3H, t). 

 

Synthesis of N1-(2-bromoethyl)-N3-butylpropane-1,3-diamine, 14 

13 (4.13 g, 11.7 mmol) and phenol (0.77 g, 8.19 mmol) were added to a round-

bottom flask and dissolved in 20 mL 33% HBr in acetic acid. A stirbar was then added, the 

flask was sealed with a rubber septum which was held in place by two turns of copper wire, 

and the reaction was stirred at room temperature for 3 d. Following this, the reaction was 

refluxed for 24 h. Upon cooling to room temperature, a precipitate formed. The mixture was 

filtered and the residue was washed sequentially with ethyl ether and acetone to give 3.98 g 

of 14 (86% yield) as a white crystalline solid. 1H NMR (400 MHz, D2O) δ 3.59 (2H, t) 3.46 
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(2H, t) 3.11 (2H, t) 3.03 (2H, t) 2.95 (2H, t) 2.02 (2H, m) 1.54 (2H, qt) 1.26 (2H, q) 0.80 (3H, 

t) 

 

Synthesis of butylamifostine [S-(2-((3-(butylamino)propyl)amino)ethyl) O,O-

dihydrogen phosphorothioate], 15 

Na3SPO3 (0.45 g, 2.5mmol) was dissolved in 3 mL DI water. 14 (1 g, 2.5 mmol) was 

then added and the mixture was stirred to form a solution. 4 mL DMF was then added, and 

the mixture was left standing at room temperature for 1 h. At this point, the mixture was 

cooled in an ice bath, and 15 mL DMF was added dropwise. The mixture was then placed in 

a freezer (-20 °C) overnight, giving white crystals which were filtered and rinsed with ice-

cold ethanol. Final yield of 15 was 0.45 g (66% yield). 1H NMR (400 MHz, D2O) δ 3.23 (2H, 

t) 3.02 (4H, t) 2.91 (2H, t) 2.85 (2H, m) 2.00 (2H, qt) 1.51 (2H qt) 1.24 (2H sext) 0.78 (3H t). 

 

Synthesis of N-dodecyl-4-methylbenzenesulfonamide, 16 

Dodecylamine (4.63 g, 25 mmol) was dissolved in 25 mL CHCl3 and cooled to 0 °C 

in an ice bath. Pyridine (4 mL, 50 mmol) was added, followed by TsCl (5.72 g, 30 mmol) 

portionwise. The reaction was stirred at 0 °C for 3 h then allowed to warm to room 

temperature overnight with stirring. To the reaction mixture was added 30 mL diethyl ether 

and 10 ml DI water. The organic layer was washed sequentially with 1 N HCl (3 × 25 mL), 

10% NaHCO3 (3 × 25 mL), DI water (3 × 25 mL) and brine (1 × 25 mL). The solvent was 

removed under reduced pressure and the residue was recrystallized from methanol to give 

7.6 g of 16 as off-white needle-like crystals (90% yield). 1H NMR (400 MHz, CDCl3) δ 7.75 
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(2H, d) 7.32 (2H, d) 4.24 (1H, t) 2.74 (2H, 1) 2.44 (3H, s) 1.42 (2H qt) 1.26-1.22 (18H m) 

0.89 (3H t). 

 

Synthesis of N-dodecyl-4-methyl-N-(3-(2-oxooxazolidin-3-

yl)propyl)benzenesulfonamide, 17 

16 (1.7 g, 5 mmol), 8 (0.82 g, 5 mmol), Cs2CO3 (2.44 g, 7.5 mmol), NaI (0.11 g, 0.75 

mmol) were added to a flask and suspended in 20 mL of anhydrous DMF. The reaction was 

stirred at 115 °C for 2 d, at which time the reaction was judged to be complete by TLC. The 

reaction was cooled to room temperature, 20 mL of DI water was added, and the mixture 

was extracted with benzene (2 × 20 mL). The organic layers were combined, washed with 20 

mL DI water, and dried over MgSO4. The solvent was removed under reduced pressure to 

give 2.15 g of 17 (92% yield). Purification was unnecessary. 1H NMR (400 MHz, CDCl3) δ 

7.67 (2H, m) 7.31 (2H, m) 4.36 (2H, m) 3.63 (2H, m) 3.31 (2H, t) 3.10 (4H, m) 2.43 (3H, s) 

1.91 (2H, qt) 1.48 (2H, qt) 1.25 (18 H, m) 0.89 (3H, t). 

 

Synthesis of N1-(2-bromoethyl)-N3-butylpropane-1,3-diamine, 18 

17 (2.5 g, 5.4 mmol) and phenol (0.45 g, 4.8 mmol) were added to a round-bottom 

flask and dissolved in 10 mL 33% HBr in acetic acid. A stirbar was then added, the flask was 

sealed with a rubber septum which was held in place by two turns of copper wire, and the 

reaction was stirred at room temperature for 3 d. Following this, the reaction was refluxed 

for 24 h. Upon cooling to room temperature, a precipitate formed. The mixture was filtered 

and the residue was washed sequentially with ethyl ether and acetone to give 2.4 g of 14 
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(87% yield) as a brown solid. 1H NMR (400 MHz, D2O) δ 3.70 (2H, t) 3.55 (2H, t) 3.21 (2H, 

t) 3.13 (2H, t) 3.04 (2H, t) 2.13 (2H, m) 1.68 (2H, m) 1.26 (18 H, m) 0.84 (3H, t). 

Synthesis of Brij-OTs 

Brij97 (7.1 g, 10 mmol) and DABCO (2.24 g, 20 mmol) were added to a round 

bottom flask and dissolved in 10 mL dichloromethane. The flask was stoppered with a 

drying tube and cooled to 0 °C. TsCl (2.86 g, 15 mmol) was added portionwise over 5 min, 

forming a slurry. The reaction was stirred at 0 °C for 1 h, then allowed to warm to room 

temperature and stirred overnight. The reaction mixture was then filtered, and the residue 

was washed with dichloromethane. The filtrate was washed sequentially with 1 M HCl (2 × 

15 mL), 5% NaHCO3 (2 × 15 mL) and DI water (2 × 15 mL). The organic layer was then 

dried over MgSO4
 and the solvent removed under reduced pressure to give 5.9 g of Brij-OTs 

as a colorless oil (69% yield). 1H NMR (400 MHz, CDCl3) δ 7.81 (2H, d) 7.35 (2H, d) 5.35 

(2H, m) 4.17 (2H, m) 3.68-3.43 (37H, m) 2.46 (3H, s) 2.01 (3H, q) 1.74 (3H, s) 1.58 (2H, 

quint) 1.26 (24H, m) 0.89 (3H, t). 

 

Synthesis of Brij-N3 

Brij-OTs (5 g, 5.8 mmol) was dissolved in 25 mL DMF. NaN3 (0.754g, 11.6 mmol) 

was added, and the reaction was stirred at 80 °C for 48 h. The reaction mixture was allowed 

to cool to room temperature, then extracted with CHCl3 (3 × 20 mL) and concentrated 

under reduced pressure to give Brij-N3 in 87% yield (3.8 g). 1H NMR (400 MHz, CDCl3) δ 

5.35 (2H, m) 3.68-3.43 (37H, m) 2.01 (3H, q) 1.78 (3H, s) 1.58 (2H, quint) 1.26 (24H, m) 

0.89 (3H, t). FTIR (2926, 2852, 2096 cm-1) 
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Synthesis of tert-butyl (3-hydroxypropyl)carbamate 

3-aminopropan-1-ol (2 g, 2.1 mL, 27 mmol) was dissolved in 60 mL THF and coold 

to 0 °C. K2CO3 and Boc2O were then added, and the reaction was stirred under nitrogen 

overnight. The solvent was evaporated under reduced pressure, leaving a white residue 

which was dissolved in ethyl acetate and washed sequentially with DI water (3 × 20 mL) and 

brine (1 × 20 mL). The aqueous washings were combined and extracted with ethyl acetate (3 

× 20 mL). Finally, the ethyl acetate extracts were all combined and washed once more with 

brine (20 mL), then dried over MgSO4. The solvent was removed under reduced pressure 

and the residue purified by column chromatography (eluent 1:1 hexanes/ethyl acetate) to 

give 3.9 g of tert-butyl (3-hydroxypropyl)carbamate (83% yield). (400 MHz, CDCl3) δ 4.80 

(1H, br s) 3.66 (2H, 3) 3.29 (2H, q) 3.03 (1H, br s) 1.65 (2H, quint) 1.45 (9H, s). 

 

Synthesis of tert-butyl (3-((2-hydroxyethyl)amino)propyl)carbamate 

tert-butyl (3-hydroxypropyl)carbamate (3.9 g, 22 mmol) was dissolved in 50 mL 

dichloromethane and cooled to 0 °C. Methanesulfonyl chloride (12.6 g, 8.5 mL, 0.11 mol) 

was added, followed by triethylamine (15.3 mL, 11.1 g, 0.11 mol). The reaction mixture 

changed from colorless to dark yellow, and this color change was accompanied by an 

exotherm. The reaction was allowed to warm to room temperature and stirred for 1 h. 20 

mL of 15% NaOH was then added and the aqueous layer was removed. The organic layer 

was washed with brine (2 × 20 mL), dried over MgSO4, and the solvent removed under 

reduced pressure. The residue was dissolved in 40 mL dry acetonitrile, ethanolamine (5.31 

mL, 88 mmol) was added, and the reaction was stirred at 75 °C overnight. The acetonitrile 
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was then evaporated under reduced pressure, and the residue dissolved in 30 mL 

dichloromethane. The organic layer was washed with DI water (20 mL) and set aside. The 

aqueous layer was extracted with ethyl acetate (3 × 15 mL). The dichloromethane fraction 

was washed with sat. NaCO3 (20 mL) and combined with the ethyl acetate fraction, and the 

combined mixture was dried over MgSO4. Removal of the solvent under reduced pressure 

yielded 2.7 g of tert-butyl (3-((2-hydroxyethyl)amino)propyl)carbamate (57% yield). (400 

MHz, DMSO-d6) δ 6.77 (1H, t) 4.41 (1H, s br) 3.41 (2H, t) 2.93 (2H, q) 2.52-2.45 (4H, m) 

1.47 (2H, quint) 1.36 (9H, s). 

 

Synthesis of Synthesis of N1-(2-bromoethyl)propane-1,3-diamine) 

tert-butyl (3-((2-hydroxyethyl)amino)propyl)carbamate (2.74 g, 12.6 mmol) was 

dissolved in 15 mL dichloromethane. CBr4 (4.6 g, 13.9 mmol) was added and the mixture 

was stirred to form a solution, then cooled to 0 °C. Triphenylphosphine (3.65 g, 13.9 mmol) 

was added portionwise with vigorous stirring, and stirred afterwards for 24 h. The reaction 

mixture was concentrated under reduced pressure, and added to dichloromethane, forming a 

white precipitate. The mixture was filtered, and the filtrate was evaporated under reduced 

pressure and redissolved in 50 mL dichlromethane. 25 mL of this solution was transferred to 

a separate flask, and 2 mL of trifluoroacetic acid was added to it. The reaction was stirred at 

room temperature for 1.5 h, during which time a white precipitate formed. The precipitate 

was filtered and dried to give 283 mg of N1-(2-bromoethyl)propane-1,3-diamine). (400 MHz, 

D2O) δ 3.84 (2H, m) 3.22-3.16 (4H, m) 3.10 (2H, t) 2.14-2.06 (2H, m). 
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Spectra  
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Chapter 4 

 

Characterization of a new MR-detectable 
nanoantioxidant 

This chapter was copied from reference 16. 
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Introduction 

Neurodegenerative diseases are associated with inflammation and increased 

production of reactive oxygen species which results in a state of oxidative stress.1-4 These 

hallmarks of inflammation and ROS elevation have been shown to cause damage to tissues 

and organs, but even more so to organelles such as mitochondria, and cell components such 

as DNA, lipids and proteins.5-7 Once this cascade of events has been initiated, the end result 

is typically apoptosis and, in the case of neurodegenerative disease, the loss of irreplaceable 

neurons.1-4,6,7 As a result, much time and research has been spent studying how to mitigate 

inflammation using immunomodulatory and anti-inflammatory drugs, as well as how to 

lower oxidative stress with the use of antioxidants. 

Our novel nanoantioxidants are polyethylene glycosylated-hydrophilic carbon 

clusters (PEG-HCCs).8,9 PEG-HCCs were first developed and described by Lucente-Schultz 

et al. and are derived from ultra-short single-walled carbon nanotubes approximately <40 nm 

in length and 2-3 nm wide.8 PEG moieties have been added to their side-walls for improved 

biodistribution. Berlin et al. then demonstrated the flexibility of these nanoantioxidants in 

that their side walls could be non-covalently functionalized with antibodies10 and also 

demonstrated their effectiveness as an in vitro antioxidant.8,9 Their work showed that PEG-

HCCs were highly effective at preventing oxidative damage, more so than trolox, a vitamin 

E analog.8 Another group utilized these nanoantioxidants in vivo, within a rat model of 

traumatic brain injury (TBI) and showed that it improved cerebral blood flow post-TBI via 

the scavenging of superoxide molecules.9 Finally, aside from their antioxidant capacity, they 

have also been utilized as a targeted vector for the directed transport of paclitaxel, an anti-

cancer medication to tumor cells by the non-covalent addition of antibodies to their side-
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walls.10 Most striking of all in these studies is the lack of acute toxicity. Due to their ultra-

short, ultra-small size (falling along the size of proteins), high degree of oxidation, 

undetectable metal content, and high dispersion and low aggregation due to the PEGylation, 

there have been no signs of toxicity in cells, mice or rats.10 

The field of cell-labeling, specifically of T cells, has worked towards developing an 

agent that will allow the longitudinal tracking of T cells in an in vivo system using MRI. Thus 

far, studies have shown that T cells can be labeled in vitro with several agents such as 

superparamagnetic iron-oxide particles (SPIOs) or a novel perfluoropolyether (PFPE) 

nanoparticle.11-13 Because the signal intensity is dependent on the levels of loading within the 

cells, they must be loaded in vitro to ensure high loading. The labelled cells are then 

adoptively transferred into the animal to be imaged. Unsurprisingly, there are some 

drawbacks to these methods. In both cases, there are biocompatibility concerns. In the case 

of the SPIOs, there is the difficulty of distinguishing the signal from background and 

artifacts due to the T2* nature of SPIO imaging.12,13 In the case of PFPE, signal intensity is 

low, even when cells are pre-loaded with the agents and adoptively transferred. There is 

further loss of signal as cells divide.11,14 Finally, there is still limited uptake by T cells versus 

uptake by monocytes, which is speculated to be due to the smaller size and lower phaogcytic 

function of T cells compared to that of monocytes.11-14 Thus, there is still a need for a T cell-

specific labeling agent that has high signal, i.e. T1-agent. 

As we worked to characterize our nanoantioxidant, we discovered that upon 

subcutaneous administration, they localized within the nearest draining lymph nodes in a 

reproducible pattern. This pattern coincided with what is currently known as the T cell zone. 
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Consequently, we became interested in assessing whether our nanoantioxidants were 

localizing within this T cell zone and could be utilized as a T cell labeling agent.  

In our study, we add a number of new characteristics to the lengthening list of PEG-

HCC functions in that they i) suppress the effector memory T cell response, ii) accumulate 

in lymph organs within the T cell-zone and iii) can be modified with the addition of 

gadolinium complexed to diethylene triamine pentaacetic acid ([Gd]DTPA) for in vivo 

visualization utilizing MRI. We report our findings of treating wildtype mice with the 

nanoantioxidant and make novel observations as to their localization within immune organs, 

i.e. lymph node both ex vivo and in vitro. Our findings not only indicate that these 

nanoantioxidants can modulate the immune system, but also can be monitored in vivo via 

addition of an MR-detectable moiety.  

  

Methods 

Preparation of PEG-HCCs & [Gd]DTPA-PEG-HCCS 

PEG-HCCs and DTPA-PEG-HCCs were prepared as previously described by Berlin 

et al.10 Figure 4-1 shows the structure of a DTPA-PEG-HCC. DTPA-PEG-HCCs were 

placed in a vial (5 mL, 314 mg/L of HCC core). To this was added an aqueous solution of 

GdCl3•6H2O (12 mg in 100 µL DI H2O). The solution was vortexed for 5 min then allowed 

to stand for 30 min before passage through a PD-10 column to remove excess Gd3+.  
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Figure 4-1. Structure of a [Gd]DTPA-PEG-HCC 

Mouse Work 

All mice utilized for this work were wildtype C57Bl/6J (The Jackson Laboratory) 

approximately 10-15 weeks of age. Animal housing and handling were in compliance with 

NIH Guidelines for the Care and Use Laboratory Animals. Animal protocols were approved 

by The Institutional Animal Care and Use Committee (IACUC) at Baylor College of 

Medicine prior to any work being carried out.  

 

Mouse treatment paradigm and lymph node extraction 

All mice were treated under anesthesia, i.e. 5% isoflurane and 100% oxygen. WT 

C57Bl/6 mice were given subcutaneous injections of approximately 200 µL of PEG-HCCs, 

[Gd]DTPA-PEG-HCCs, 5 mM Magnevist® or PBS vehicle in the flank near the base of the 

tail. Twenty-four hours post-injection, mice were anesthetized using 5% isoflurane and 

oxygen and sacrificed using cervical dislocation. Inguinal and auxiliary lymph nodes are then 

removed carefully and surrounding adipose tissue was carefully dissected off using a low-
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powered light microscope. Lymph nodes were then either embedded in 1% agarose for MR 

imaging or placed in 10% formalin for histology.  

 

Delayed-Type Hypersensitivity (DTH) Assay 

DTH assay was carried out as previously described by Beeton et al. 2001 (15). 

Briefly, 10-week old, female C57Bl6J mice were immunize against ovalbumin using an 

emulsion consisting of Complete Freund’s Adjuvant (CFA) and ovalbumin. They were 

injected with the emulsion at the base of the tail. Prior to immunization, mice were treated 

intravenously with PEG-HCCs or PBS vehicle, for a period of 5 weeks. One week after 

immunization, the ear lobes of mice were challenged with a solution of ovalbumin in one ear 

lobe and a solution of PBS vehicle in the other. One day after challenge, ear lobe thickness 

was measured using a micrometer and the swelling was recorded as the difference in size 

between the PBS vehicle-treated ear and the ovalbumin-treated ear.  

 

Ex Vivo and In vivo MR Imaging 

Mice were treated with PEG-HCCs, [Gd]DTPA-PEG-HCCs, 5 mM Magnevist® or 

PBS vehicle as described previously. Twenty-four hours post-injection, mice were 

anesthetized on 5% isoflurane and 100% oxygen, placed in the animal holder (Bruker 

BioSpin, Billerica, MA) and kept at 2% isoflurane and oxygen and imaged using 9.4 T, 

Bruker Avance BioSpec Spectrometer with a 21 cm horizontal bore (Bruker, BioSpin, 

Billerica, MA) and a 35 mm resonator. During imaging, breathing was monitored and body 

temperature was kept at 37 °C using an animal heating system (SA Instruments, Stony 
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Brook, NY). After imaging, mice were removed from the MRI and placed on a heating pad 

until they awoke, at which time they were returned to their cages.  

Protocol for MR scans 

Mice were imaged using a Rapid Acquisition with Refocused Echoes (RARE) 

protocol to obtain T1-weighted images with the following parameters: TE=11.721 ms, 

TR=590.940 ms, FOV=25 mm, matrix size=256x256, taking 2 min, 31 s and 280 ms. T1-

measurements were done using a RARE protocol with Variable Acquisition Time 

(RAREVTR) with the following parameters: TE=10 ms, TR=200 – 6000 ms, FOV=20 mm, 

matrix size=128x128, taking 4 min, 3 s and 200 ms. Ex vivo and in vivo scans were carried 

out using a RARE protocol with the following parameters: TE=7.510 ms, TR=1500 ms, 

average=4, rare factor=4, FOV=36x30 mm, matrix size=256x256, taking 4 minutes and 48 

seconds. All scans were carried out using Paravision 4.0 software (Bruker BioSpin, Billerica, 

MA) 

 

Histology 

Once extracted, lymph nodes were placed in 10% formalin and embedded in paraffin 

for sectioning. Lymph node sections were rehydrated through an alcohol gradient of 100%, 

95%, 70%, 50% and 30% ethanol. Antigen retrieval was then carried out by heating slides in 

a sodium citrate solution after which, they were blocked overnight at 4 °C in a solution of 

5% fetal bovine serum, serum of the appropriate species in PBS. After blocking, slides were 

then incubated at 1:150 with primary antibodies against CD5 (Abcam) and PEG (Epitomics) 

for two hours at room temperature. After slides were washed in PBS, they were incubated at 
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1:250 with fluorescent secondary antibodies anti-rat Alexa 488 and anti-rabbit Alexa 568 

(Abcam) for one hour at room temperature. Slides were then washed with PBS, dried and 

coverslipped with mounting media containing DAPI. Finally, images were taking using a 

Zeiss confocal microscope in the Optical Imaging and Vital Microscopy (OIVM) core at 

Baylor College of Medicine.  

  

Results 

PEG-HCCs can function as immunomodulators 

Previous work has shown that PEG-HCCs can scavenge radicals and lower ROS 

levels in vivo after traumatic brain injury (8,9); however, no data has been shown on their 

immunomodulatory characteristics. We chronically treated WT C57Bl/6J mice with PEG-

HCCs or PBS vehicle once a week over a 5-week period. At the end of this 5-week period, 

the mice were challenged with a solution of ovalbumin, against which they had been 

immunized one week prior, in one ear, and PBS in the other. We found that chronic 

treatment with PEG-HCCs resulted in decreased inflammation within the ear lobes which 

had been challenged with ovalbumin compared to ear lobes that had been challenged with 

PBS as shown in Figure 4-2. Our results indicate that chronic treatment of PEG-HCCs once 

a week, for 5 total treatments has immunomodulatory effects by reducing the effector 

memory T cell response in an in vivo system. 
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Figure 4-2. PEG-HCCs are immunomodulating. Wildtype C57Bl/6 mice were treated 
chronically for a period of 5 weeks with either PEG-HCC or PBS. Ear swelling after 

ovalbumin challenge shows that chronic treatment with PEG-HCCs resulted in significantly 
reduced inflammation compared to those treated with PBS vehicle. *P<0.05 

Addition of gadolinium changes the T1-properties of PEG-HCCs 

For in vivo imaging, we appended a clinically approved MR-contrast agent, 

Magnevist® to the end of the PEG chains of the PEG-HCCs to produce[Gd]DTPA-PEG-

HCCs. Using a T1-weighted protocol, we were able to show that [Gd]DTPA-PEG-HCCs 

(tube 2) at 340 mg/L had increased signal intensity as shown in Figure 4-3 compared to a 

solution of PEG-HCCs alone (tube 1) at 690 mg/L. Measurement of T1-times shows that 

addition of the gadolinium moiety results in significantly lower T1-times for the [Gd]DTPA-

PEG-HCCs compared to PEG-HCC alone as shown in the graphs in Figure 2. As the 

relaxivity is indicative of the strength of a T1-agent, our next step was to measure the 

relaxivity of the [Gd]DTPA-PEG-HCCs.  
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Figure 4-3. [Gd]DTPA-PEG-HCCs have increased signal intensity compared to 
PEG-HCC alone. T1-weighted scans and T1-times were assessed of [Gd]DTPA-PEG-

HCCs, PEG-HCCs and appropriate controls. The signal intensity of phantoms containing 
[Gd]DTPA-PEG-HCCs are comparable to that of Magnavist®. T1-times were also 

measured, and the T1-times of [Gd]DTPA-PEG-HCC is also decreased compared to PEG-
HCC alone. 1-PEG-HCC, 2-Gd[DTPA]-PEG-HCC, 3-Water, 4-PBS, 5-Magnevist (5mM). 

**p<0.01, ***p<0.001 

As mentioned previously, [Gd]DTPA (Magnevist®) is currently utilized clinically as a 

T1-contrast agent and lowers the T1-times near its surroundings. At 9.4 T, the relaxivity of 

[Gd]DTPA has been reported to be approximately 3.9 s-1mmol-1. We first measured the 

relaxivity of PEG-HCCs alone and observed no concentration-dependent change in T1-time 

as shown in the line graph in Figure 4-4. With the addition of [Gd]DTPA to the PEG-

HCCs, however, we see a change in T1-time that correlates to the concentration of the 

[Gd]DTPA-PEG-HCC solution. The slope of this line is 9.5 mM-1s-1 indicating the 

possibility of three [Gd]DTPA moieties on each of the PEG-HCC molecules.  
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Our results demonstrate our ability to modify the PEG-HCCs into T1-contrast 

agents and the potential of our [Gd]DTPA-PEG-HCCs as MR-detectable agents, giving us a 

way to to assess their delivery and localization into target locations. 

 

Figure 4-4. [Gd]DTPA-PEG-HCCs have increased relaxivity compared to PEG-HCC 
alone. Relaxivity was measured for two different batches of Gd[DTPA]-PEG-HCC. There 
was little variation to be seen within the two samples, and the relaxivity was measured to be 

approximately 9.5 mM-1s-1 with a correlation coefficient of 0.9895. PEG-HCC alone, 
however, did now show any concentration dependent changes in T1-times. 

Treatment with [Gd]DTPA-PEG-HCCs results in accumulation in lymph nodes 

It was previously shown that PEG-HCCs are rapidly cleared from the body of mice, 

however, there is some initial accumulation in the liver and spleen (10). In fact, it has been 

shown that PEG-HCCs and similar particles are cleared via the biliary pathway and, as 

expected, this results in accumulation in the liver. The spleen is also highly vascularized, and 

this allows for the accumulation of nanomaterials within in. Interestingly, we discovered that 

the administration of PEG-HCCs and [Gd]DTPA-PEG-HCCs subcutaneously at the base 

of the tail of mice resulted in high accumulation of [Gd]DTPA-PEG-HCCs within the 
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lymph nodes at 24 hours post-injection. This can be seen in Figure 4-5 where accumulation 

of the [Gd]DTPA-PEG-HCCs makes a distinctive black patterning within the lymph node 

(see inset).  

Ex vivo imaging of treated lymph nodes shows positive contrast: 

Twenty-four hours after mice were injected subcutaneously at the base of the tail 

with [Gd]DTPA-PEG-HCCs, their axillary lymph nodes were carefully excised from the fat 

pad and embedded into 1% agarose for overnight imaging via MRI. Interestingly, the 

accumulation of the [Gd]DTPA-PEG-HCCs can be seen in the lymph nodes due to their 

dark coloration (see inset in Figure 4-5).  

 

Figure 4-5. [Gd]DTPA-PEG-HCCs accumulate in draining lymph nodes. Twenty-
four hours post-injection, [Gd]DTPA-PEG-HCCs were shown to accumulate in the 

draining lymph nodes (auxiliary lymph nodes) after subcutaneous injection at the base of the 
tail in wildtype mice 

Overnight imaging utilizing a T1-weighted scan, showed an increase in signal 

intensity along the same zones where [Gd]DTPA-PEG-HCC accumulation was visualized by 

eye as seen in Figure 4-6. We do not see this increase in signal intensity in the lymph nodes 
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from mice treated with PBS vehicle, indicating that the change in signal intensity is due to 

accumulation of [Gd]DTPA-PEG-HCCs.  

 

Figure 4-6. [Gd]DTPA-PEG-HCC treated lymph nodes can be visualized ex vivo 
with MRI. Lymph nodes were embedded in 1% agarose and were imaged using T1-

weighted MRI. Shown above are the [Gd]DTPA-PEG-HCC treated lymph node, PBS-
treated lymph node both embedded in 1% agarose and water in a PCR tube. 

In vivo imaging of treated mice shows positive contrast in lymph nodes 

We have seen that the [Gd]DTPA-PEG-HCCs can be visualized in vitro within 

phantoms, and ex vivo within lymph nodes in which the fat tissue has been carefully excised 

from the surrounding tissue. Our next goal was to visualize them in vivo. There are several 

challenges to visualizing lymph nodes. First, lymph nodes are approximately a millimeter in 

size making slice selection difficult. Secondly, their positioning within the fat pads makes 
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them candidates for susceptibility artifacts. Finally, as we are imaging a live animal, its 

breathing motion, paired with the small size of the lymph organ we are attempting to 

visualize, add to the difficulty of acquiring images free of motion artifacts.  

We were able to select a single slice through the center of the lymph node. A band of 

increased signal intensity can be seen along the edge of the lymph node similar to what was 

seen in the excised lymph nodes, which we do not see in the lymph node of a mouse treated 

with vehicle PBS as shown in Figure 6. Images were normalized to a water phantom that was 

included in all imaging, and the application of a Gaussian filter, exaggerates this bright band 

seen in the [Gd]DTPA-PEG-HCC treated lymph node (Figure 4-7), and a plot graph of a 

line through each of the lymph nodes (Figure 4-8) shows the increased signal intensity along 

the edge of the lymph node that we do not see in the PBS-treated one.  

 

Figure 4-7. [Gd]DTPA-PEG-HCC accumulation can be seen in lymph nodes. 
Gd[DTPA]-PEG-HCC-treated lymph nodes show a bright band along their edge Twenty-

four hours post-injection, mice were imaged using a T1-weighed scans through their inguinal 
lymph nodes. Image a is the lymph node of a PBS-treated mouse, while image b is the lymph 

nodes from a [Gd]DTPA-PEG-HCC treated mouse. Increased signal intensity can be 
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visualized along the edge of the [Gd]DTPA-PEG-HCC treated lymph node, however, no 
such signal intensity increase can be discerned in the PBS-treated lymph node 

 

 

 

Figure 4-8. Plot profile through lymph node shows increased SI on edge of lymph 
node. An increase in signal intensity can be seen along the edge of the lymph node treated 
with [Gd]DTPA-PEG-HCC on bottom compared to the PBS-vehicle treated lymph node 

shown on top Images were initially normalized to water phantom and then a Gaussian filter 
was applied to increase contrast of the lymph nodes 
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Figure 4-9. Accumulation of [Gd]DTPA-PEG-HCCs around germination centers of 
lymph nodes. [Gd]DTPA-PEG-HCCs accumulate in the area surrounding germination 
centers within lymph nodes (seen as black particles in bright field images) as shown in a 

above. This coincides with the T cell-zone as shown in c They are absent from images taken 
from lymph nodes treated with PBS shown in b. Staining for PEG (in red) is also positive in 
the [Gd]DTPA-PEG-HCC treated lymph node and is missing in lymph nodes treated with 

PBS. 
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[Gd]DTPA-PEG-HCCs accumulate around germinal centers. 

We have shown that PEG-HCCs are immunomodulatory in that they suppress the 

effector memory T cell response as shown by the DTH assay. Also, the [Gd]DTPA-PEG-

HCCs appear to be localizing within the T cell zone in the lymph organs. As a result, we 

decided to carry out immunofluroescence staining for CD5, a T cell marker, and PEG for 

the [Gd]DTPA-PEG-HCCs. Any co-localization of both these antibodies would indicate 

that our [Gd]DTPA-PEG-HCCs are being internalized by T cells, which would be a novel 

finding on its own in that T cell labeling with an MR-detectable agent has yet to be reported.  

The PEG antibody coincided well with the brightfield images of the lymph node 

sections. As seen in Figure 4-9a, the [Gd]DTPA-PEG-HCCs localize around germination 

centers within the lymph nodes. This coincides with reported T cell zones shown in Figure 

8c. Interestingly, the lymph node section taken from the PBS vehicle treated mouse, did not 

show any positive signal for [Gd]DTPA-PEG-HCCs as shown in Figure 4-9b.  

 

Discussion 

Previous work done by the Tour group has shown the effectiveness of PEG-HCCs 

in lowering oxidative stress in vitro and in vivo in a rat model of traumatic brain injury. They 

have also demonstrated that PEG-HCCs can be utilized as a nanovector by loading them 

with drugs for delivery. This allows for a two hit treatment involving the drug that it is 

loaded with along with the radical scavenging potential. Finally, in the same capacity, PEG-

HCCs have also been shown to be targetable with the non-covalent addition of antibodies to 

the side walls of the carbon core. 
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 We identified several new facets of [Gd]DTPA-PEG-HCCs in this study. These 

nanoantioxidants i) are immunomodulatory in that they can suppress the effector memory T 

cell response, ii) accumulate in lymph organs within the T cell zone surrounding the germinal 

centers and iii) can be visualized in vivo via MRI by the addition of a T1-contrast agent 

Gd[DTPA] also known as Magnevist®. We were able to visualize the general location of the 

[Gd]DTPA-PEG-HCCs in the lymph organs and observe that their accumulation coincides 

with what is known as the T cell zone surrounding germinal centers. Since we see that PEG-

HCC treatment has an effect on the memory T cell response and also appears in the T cell 

zone, we can conclude that PEG-HCCs and [Gd]DTPA-PEG-HCCs do affect the T cells.  

This discovery of T cell modulation by PEG-HCCs is a novel characteristic. Our 

findings give impetus to possibility of utilizing PEG-HCCs (and their modified forms) in the 

treatment of inflammatory diseases where oxidative stress is a key propagating and even 

initiating factor. As a result, the importance of further characterizing this nanoantioxidant in 

the treatment of human disease is of the utmost importance.  
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Chapter 5 

Biocompatibility of reduced graphene oxide 
nanoscaffolds following acute spinal cord 

injury in rats 

This chapter was copied from reference 41. 
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Introduction 

There are disappointingly few options for the treatment of spinal cord injury (SCI) to 

date, despite years of research on the subject. Supportive medical care and early surgical 

decompression, when applicable,11 remain the cornerstones of management following acute 

injury.33 Broadly speaking, SCI can be divided into primary and secondary injury. Primary 

spinal cord injury refers to the initial insult to the spinal cord, and includes a heterogeneous 

group of mechanisms including: contusion/compression, stretch injury, and transection of 

various degrees. These injuries can lead to axonal disruption and tissue degeneration. 

Secondary injury refers to the complex cellular and molecular mechanisms, both local and 

systemic, that lead to additional spinal cord damage. Secondary mechanisms of spinal cord 

injury include hypoperfusion to the injured spinal cord due to neurogenic shock and local 

vascular damage, excitatory neurotransmitter accumulation free-radical injury, transcellular 

electrolyte shifts, and local inflammation. Treatment of SCI is primarily directed at 

addressing secondary mechanisms of injury. Intravenous methylprednisolone is currently the 

only available treatment option aimed at secondary SCI. However, despite initial excitement, 

the administration of steroids has fallen out of favor due to their deleterious side effect 

profile and minimal benefit.5-8  

A consequence of SCI is the formation of scar tissue and posttraumatic microcystic 

myelomalacia. The extant each is dependent on injury severity. Two types of scar tissue can 

be formed: glial and fibrous. The glial scar consists of a loose network of astrocytic 

processes connected by tight junctions.4 Fibrous scarring is made up of extracellular matrix 

deposition and type IV collagen, forming a tight barrier. In addition to creating a mechanical 

barrier, both types of scars may obstruct neuronal regeneration. There is ongoing tissue 
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engineering research focused on constructing a permissive environment at the site of injury 

and thus supporting axonal regeneration.15 

Development of a bioscaffold that assists with neural tissue regeneration and the 

prevention/bypass of scar formation is an ongoing area of research. Graphene is a substance 

of recent interest in neurosurgery, one of the applications of which is as a SCI bioscaffold. 

Graphene can be described as a two-dimensional (2D) sheet of sp²-hybridized graphitic 

carbon.2,24 The extended π-conjugation of its honeycomb arrangement yields unique 

properties such as zero-gap semiconductor characteristics,9,23 high thermal conductivity,3 

high current densities with little noise,9,12,24 high surface area-to-volume ratio,13 and chemical 

modifiability that allows for functionalization of biotherapeutic molecules.19 These properties 

confer graphene with significant biomedical potential. Of the numerous studies that have 

been conducted on graphene, most have focused on novel uses in microprocessing, 

superconductors and composite materials with little focus on biological applications 

excluding nascent investigations in biosensing.14,16,22,30,34-36 Consequently, the bioapplicability 

and potential cytotoxic effects of graphene have been minimally studied. Two recent studies 

of note have examined the cytotoxic effects of graphene and graphene oxide (GO) in 

solution on pheochromocytoma-derived PC12 cells; however, solubilized graphene does not 

mimic growth-surface applications.1,40 

While 2D graphene films have been used for studying neuronal growth in vitro,54 they 

are not easily translated to in vivo applications. As a result, we searched for a new three-

dimensional (3D) graphene-based material that could be used as a scaffold in vivo. Recent 

efforts have successfully demonstrated the production of self-assembled 3D hydrogels by 

reducing graphene oxide using a variety of conditions.10,17,28,31,32,37,39 These reduced graphene 
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hydrogels exhibit excellent mechanical strength and high conductivity and may be more 

relevant to biomedical applications such as regeneration of acutely and chronically injured 

spinal cords.26 Studying structured graphene with neurons acquires further importance when 

one considers that multiple studies have documented electrically inducible alignment of 

neural cells, growth of axons, and clinical improvement in patients with SCI.25,27,29,38 Given 

graphene’s potential as a nanoscaffold that physically supports, electrically stimulates, 

positionally informs, and organizes the 3D cytoarchitecture required for axonal regeneration, 

it is important to assess the interaction and bioreactivity of this nanomaterial with 

mammalian neuronal cells in a rat model for spinal cord injury. To the best of our 

knowledge, no other investigation has assessed the direct biocompatibility of reduced 

graphene oxide implanted in the injured spinal cord of a rat.  

Materials and Methods 

Graphene oxide scaffold preparation 

Graphene oxide (38 mg, produced by the method of Marcano, et al.20) was dissolved 

in 10 mL of deionized water in a glass test tube with the aid of sonication. NaHSO3 (75 mg) 

or ascorbic acid (75 mg) was added and the mixture was vortexed briefly. The tube was 

heated at 90 °C for 16 to 20 h then cooled to room temperature. The resulting hydrogel was 

removed from the tube and stored in deionized water in a 20 mL scintillation vial before use 

(Figure 5-1A). 

The morphology of the resulting hydrogel was characterized by SEM after 

lyophilization. The porous structure is formed by cross-linking of graphene sheets, and the 

pore sizes range from hundreds of nanometers to several micrometers (Figure 5-1B). 
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Figure 5-1. A) Synthesis and B) SEM characterization of graphene gels. Based on the 
images, the pore sizes range from hundreds of nanometers to several micrometers. 
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Graphene oxide scaffold biocompatibility 

Toxicity of the reduced graphene hydrogels was tested using the LDH assay. Rat 

adrenal pheochromocytoma cells (PC12 cells) were obtained from the American Type 

Culture Collection (ATCC) and maintained under standard culture conditions. Cells were 

grown in Ham’s F-12 media supplemented with 15% horse serum, 2.5% fetal bovine serum, 

and 1% penicillin/streptomycin in a humidified atmosphere of 95% air and 5% CO2 at 37 

°C. Prior to cell seeding, a cell count was performed using a Hemacytometer. 

Cylindrical slices of both sodium bisulfate reduced hydrogel and ascorbic acid 

reduced hydrogel (10 mm × 5 mm) were cut and submerged in complete media for one day, 

after which the media was refreshed, and the gels were seeded with PC12 cells (2.0 × 104 

cells). The seeded gels were submerged in media. The seeded gels were cultured for 7 days, 

and LDH assay was carried out every other day before refreshing the growth medium 

(Figure 5-2A). Experiments were carried out in triplicate. LDH results indicate that both the 

ascorbic acid and sodium bisulfite reduced graphene hydrogels are non-toxic. 

At the end of this 7 day period, the cells were fixed with methanol and stained with 

DAPI and MAP-2 and observed under a Nikon Eclipse 80i research microscope (Figure 5-

2B,C). The morphology of cells was normal, and the cells showed high affinity for the 

porous gel structure. For the animal work, we used the sodium bisulfite reduced graphene 

hydrogel, as it is stronger and easier to handle than the gels produced using ascorbic acid. 
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Figure 5-2. In vitro evaluation of graphene hydrogel. A) Cellular cytotoxicity assay over 
a 7 day period shows no toxicity associated with the graphene hydrogel. B) and C) 

Fluorescence microscope images of cells growing on the grapehene hydrogel. 

 

Scaffold implantation and animal care  

A hemi-spinal cord transection was selected as a model of evaluating in vivo the effect 

of graphene implantation on SCI immediately after creating the lesion. Twenty (19 male and 

1 female) 8-week-old Wistar rats (Velaz, Ltd.) each weighing 300 - 400 g were used. 8 hours 

prior to surgery, food was withheld, and Carprofen (analgesic tablets) was administered. 
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Anesthesia was induced by means of inhaled 2% isofluorane. The skin over the upper 

thoracic spine was shaved and prepped. A laminectomy was performed at approximately T2 

under a surgical microscope using aseptic technique. The dura was opened and a 2-mm wide 

hemi-segment of spinal cord was excised from the left side, producing the SCI. Using a 

surgical microscope, we ensured that no remaining tissue was left in this segment. 

In 10 animals, a hydrogel matrix (HydroGel™, Portland, MD) was laid onto the 

injured spinal cord and open dura. This was followed by approximation of paraspinal muscle 

with sutures (Vicryl, Johnson & Johnson) and skin closure with skin staples (MultiFire 

Premium, Covidien). These animals served as a control group. 

In 10 animals, we inserted an approximate 2 × 2 × 2-mm block of the graphene 

scaffold with an overlying layer of hydrogel matrix. This was followed by muscle and skin 

closure. These animals served as the treatment group. 

In both groups, bladder expression was performed until the recovery of sphincter 

control, and enrofloxacin (5 – 10 mg/kg) was administered subcutaneously for 7 days to 

prevent urinary infection. All animals were kept in cages with food and water ad lib. Pain 

control was provided for 5 days after surgery with buprenorphine (0.05 – 0.5 mg/kg), 

banamine (2 – 4 mg/kg), and/or rimadyl tablets. This study was performed in accordance 

with our Institutional Animal Care and Use Committee (IACUC) and was approved by the 

Baylor College of Medicine IRB (Protocol #AN-6016). 

There were no unexpected deaths in follow-up before intentional sacrifice of the 

animals in the present experimental protocol. In prior iterations of our experiment with a 

complete transection of the spinal cord, we experienced an unacceptably high mortality rate 

secondary to permanent bladder dysfunction and presumed urinary tract infection/urosepsis. 
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Tissue processing and histology 

Animals were sacrificed 30 days after surgery by means of CO2 inhalation. A 3-cm 

long segment of the thoracic spinal column with spinal cord (including injury epicenter with 

implanted graphene scaffold and/or hydrogel) were carefully dissected out for each animal 

and left overnight in 10% buffered neutral pH formalin. The bone was removed, and the 

spinal cord itself was postfixed in the same fixative for 24 hours. Each spinal cord was 

embedded in paraffin and cut in 10 µm–thick sections on a cryostat. The sections were 

stained with H&E, Luxol fast blue, and cresyl violet using standard protocols. For 

immunohistochemical studies, the following primary antibodies and dilutions were used: 

GFAP-Cy3 (1:200, Sigma-Aldrich) to identify astrocytes, NF 160 (1:200, Sigma-Aldrich) to 

identify neurofilaments, p75 (1:100, Chemicon International) to identify Schwann cells, 

RECA-1 (1:50, Abcam) to identify endothelial cells of blood vessels, ED-1 (1:100, 

Invitrogen) for macrophages, CS-56 (1:50, Sigma-Aldrich) to identify chondroitin sulfate, 

and CD4 (1:800, Abcam). Alexa Fluor 488 goat anti-rabbit IgG (1:200, Invitrogen), IgM Cy3 

(1:100, Chemicon International), and Alexa Fluor 594 goat anti-rabbit IgG (1:500, 

Invitrogen) were used as secondary antibodies. 

 

Results 

Comparison of control and treatment groups  

We compared the results of graphene scaffold implantation in the treated group with 

the hydrogel only implantation control group. The treatment group showed good graphene 
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scaffold integration inside the lesion site (Figure 5-3A). There were no pseudocyst cavities 

found at the implant-tissue borders. The mechanical properties of the scaffold seemed to 

allow it to adhere to the spinal cord stumps without excessive pressure on surrounding 

nervous tissue.Rats with hydrogel matrix only after injury developed large areas devoid of 

tissue at the lesion site, suggesting possible pseudocyst formation (Figure 5-3B). 

 

Figure 5-3. Representative photomicrographs illustrating SCI development after 
hemi-spinal cord transection at the T2 level (A) with reduced graphene oxide 

nanoscaffold performed immediately after transection and (B) without treatment (control 
group). Notice the area devoid of tissue (arrow) at the site of lesion in the control slide, 

suggesting possible pseudocyst formation. In contrast, there is exuberant cell proliferation 
(asterisk) demonstrated with implantation of the nanoscaffold, and no cavity is evident. 

H&E, bar = 2 millimeters. 

 

Histological evaluation of reduced graphene oxide scaffold integration 

Figure 5-4 shows the results of histological analysis three months after SCI. 

Connective tissue elements, such as fibroblasts, collagen, blood vessels, and chondroitin 

sulfate were densely adherent in and around the graphene nanoscaffold. Cellular infiltration 

close to the nanoscaffold consisted of mostly macrophages, as seen on H&E-stained 
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sections and confirmed with ED-1 immunohistochemical studies, together with a few CD4-

positive lymphocytes. Histologically, we searched for any inflammatory response or adverse 

reaction of the tissue to the implanted material. Except for occasional foreign body 

granulomas seen at the implant-tissue borders, no purulent inflammatory reaction was 

observed. Neurofilaments grew towards the nanoscaffold at the tissue-implant border. 

Schwann cells (p75-positive cells) were also found at the lesion site. They readily adhered to 

the graphene nanoscaffold. Outside of the hydrogel, most p75-positive cells were found at 

the spinal root zone, the most probable source of these Schwann cells. Astrocytes, the 

predominant cell type in glial scar formation, seemed to be inhibited from proliferation at 

the spinal cord-implant border. 
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Figure 5-4. Photomicrographs illustrating structural regeneration of the spinal cord 
tissue using a nanoscaffold. The incompletely transected spinal cord is bridged using a 

reduced graphene oxide scaffold for tissue ingrowth and cell infiltration. (A) The spinal cord 
adheres well to the nanoscaffold. H&E, bar = 150 micrometers. (B) Loose connective tissue 
forms between the spinal cord tissue and reduced graphene oxide scaffold. H&E, bar = 150 

micrometers. (C) Chondroitin sulfate forms in and around the nanoscaffold. CS56 
immunostaining (D) with corresponding phase contrast image (C), bar = 150 micrometers. 
(E) Blood vessels and (G) neurofilaments grow and branch close to the scaffold. RECA-1 

immunostaining (F) and NF160-g488 immunostaining (H) with corresponding phase 
contrast images (E,G), respectively, bar = 150 micrometers. (I) Schwann cells grow in close 

proximity to the reduced graphene oxide scaffold. p75 immunostaining (J) with 
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corresponding phase contrast images (I), bar = 150 micrometers. (K) Astrocytes growth 
seem to be inhibited around the scaffold. GFAP-Cy3 immunostaining (L) with 

corresponding phase contrast images (K), bar = 150 micrometers 

Discussion 

The unique properties of graphene including its high conductivity, surface-to-area 

ratio, ability to be modified with biomolecules, and atomic-level thickness make it an ideal 

candidate for use as a scaffold in multiple applications including deep brain stimulation, 

spinal cord regeneration, and treatment of neurodegenerative diseases.21 Prior to graphene, 

carbon nanotubes (CNTs) were similarly promoted as a nanocarbon-neuronal interface. 

However, the results of CNT biocompatibility testing have demonstrated substantial CNT-

induced neurotoxicity.40 Moreover, graphene's simpler microfabrication, lack of cytotoxic 

impurities, and higher conductivity in conjunction with concerns over the asbestos-like 

molecular structure of CNTs have made graphene the ascendant investigational 

bionanomaterial in current tissue engineering research. Previous studies have demonstrated 

no adverse effect resulting from direct interface between neurons and an in vitro immobilized 

graphene-structure.26 In the current study we examined the use of a graphene nanoscaffold 

in an animal transection model to confirm in vivo biocompatibility. We also looked for 

evidence that graphene provides a scaffold for the ingrowth of regenerating axons after SCI.  

Histologic observation of the lesion site in the hydrogel only matrix demonstrated a 

large area devoid of tissue (Figure 5-3B). Pseudocyst cavities, which commonly form in areas 

of necrotic tissue following spinal cord injury, most likely occupied this space before 

preparation of the slide. This formation creates an environment that is an inhibitory 

influence for tissue regeneration. The graphene nanoscaffold, when implanted into the site 
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of injury, provided a surface for growth, attachment, and survival of tissue (Figure 5-3A). 

The regenerating tissue migrates into the lesion site towards the graphene nanoscaffold and 

then demonstrates the ability to incorporate itself onto the surface of the implant. 

Examining the cytoarchitecture under phase-contrast microscopy, we were able to further 

characterize this growth. There is ingrowth of tissue into the graphene nanoscaffold with 

strong attachment at the implant-tissue border (Figure 5-4A) and robust growth of tissue 

around these graphene nanoscaffolds (Figure 5-4B).  

We were able to confirm neuronal regeneration with NF-160 stained slides. It 

demonstrated neurofilament growth that parallels the contour of the graphene nanoscaffold 

(Figure 5-4G). Neurofilaments were also observed in dense foci in proximity to the graphene 

nanoscaffold. During axonal growth, new neurofilament subunits are incorporated along the 

length of the axon. We can therefore assume that there is local axonal sprouting and 

generation of neuritic processes which may be directionally influenced and supported by the 

graphene nanoscaffold. These results suggest that graphene may play a role in positionally 

informing and organizing the three-dimensional cytoarchitecture for axonal regeneration. 

The presence of connective elements necessary for neuronal regeneration was 

observed around the graphene nanoscaffold. Chondroitin sulfate, stained with CS-56, was 

observed with growth centered at the tissue-implant border (Figure 5-4C). Endothelial cells, 

stained with ED-1, were observed in close proximity to the graphene nanosacffold (Figure 

5-4F). Schwann cells, stained with p-75, were also found at the lesion site and in proximity to 

the graphene nanoscaffold, with diffuse growth throughout adjacent tissue (Figure 5-4I). 

Astrocytes, stained with GFAP-Cy3, were observed to have dense growth at the site 

of the injury, specifically bordering newly regenerated tissue around the graphene 
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nanoscaffold (Figure 5-4K). This reactive astrocytosis, assumed to be a glial scar, serves as a 

barrier to neurite growth physically and through the upregulation of inhibitory molecules. 

The amount of glial scarring observed was expected, and was no different morphologically 

or quantitatively from the glial scar in the control group. In the presence of the glial scar, it 

appears that the graphene nanoscaffold may create a permissive environment for tissue 

regeneration (Figure 5-4L).  

The use of artificial implants in spinal cord injury draws concerns for possible 

inflammatory reactions towards the material. In our study, we observed cellular infiltration 

close to the graphene nanoscaffold that was predominantly macrophages, as seen on H&E-

stained sections and confirmed with ED-1 immunohistochemical stains, along with a few 

lymphocytes. Combining scaffold implantation with the use of neurotrophic factors or stem 

cell treatment may lead to improved results. Loh et al.18 found that modifying HPMA-RGD 

hydrogel with either brain-derived neurotrophic factor or ciliary neurotrophic factor 

significantly increases the ingrowth of axons into the implant compared with results achieved 

with unmodified hydrogels. There also other potential chemical/molecular pairings with 

graphene nanoscaffolds that could prove effective which could be explored in future 

research, including biofunctionalization with DNA and/or proteins.34 

Our work to date demonstrates that graphene-based nanomaterials represent an 

additional promising group of bioscaffolds with potential to further advances in SCI 

research. These nanoscaffolds have previously been shown to be biocompatible in vitro26 and 

now we have demonstrated its biocompatibility in an in vivo SCI model. Moreover, we found 

pronounced ingrowth of connective tissue elements and nervous tissue elements, such as 
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NF160-positive neurofilaments and Schwann cell projections both in and adjacent to the 

reduced graphene oxide nanoscaffolds. 

Conclusions 

Our study demonstrates the biocompatibility of an immobilized graphene-structured 

surface for direct neuronal interface in vivo. The 3D structure of reduced graphene oxide 

allowed growth of blood vessels, neurofilaments, and Schwann cell on its surface. Given its 

low toxicity compared to other nanomaterials, graphene has potential as a key material in 

neuronal interface studies. Graphene’s neurocompatibility, electrical conductivity and ability 

to carry neuroregenerative biomolecules supports further investigation as a nanoscaffold for 

the treatment of SCI.  
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