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ABSTRACT OF THE DISSERTATION 

The Surface Reactivates of Single-Walled Carbon Nanotubes and  
Their Related Toxicities 

 
by 

Lei Ren 

Doctor of Philosophy, Graduate Program in Environmental Toxicology  
University of California, Riverside, September 2012 

Dr. Wenwan Zhong, Chairperson 
 
 

After 20 years of extensive exploration, people are more and more convinced on the great 

potentials of single-walled carbon nanotubes (SWCNTs) in the applications of many 

different areas. On the other hand, the properties and toxicities have also been closely 

watched for the safe utilization. In this dissertation I focus on the surface properties of 

SWCNTs and their related toxicities. 

In chapter 2, we revealed the generation of peroxyl radical by the unmodified SWCNT 

and the poly(ethylene glycol) functionalized SWCNT in aqueous solution with capillary 

electrophoresis (CE) and a reactive oxygen species (ROS) indicator, 2,7-

dichlorodihydrofluorescein (H2DCF). According to the results, we identified peroxyl 

radical, ROO• as the major ROS in our system. Peroxyl radical could be produced from 

the adsorption of oxygen on the SWCNT surface.  

In chapter 3, we studied oxidation of several biologically relevant reducing agents in the 

presence of SWCNTs in aqueous solutions. H2DCF and several small antioxidants 
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(vitamin C, Trolox, and cysteine), and a high-molecular-weight ROS scavenger (bovine 

serum albumin (BSA)) were selected as reductants. We revealed that the unmodified or 

carboxylated SWCNT played duplex roles by acting as both oxidants and catalysts in the 

reaction.  

In chapter 4, we confirmed that SWCNTs bind to horseradish peroxidase (HRP) at a site 

proximate to the enzyme’s activity center and participating in the ET process, enhancing 

the activity of (HRP) in the solution-based redox reaction. The capability of SWCNT in 

receiving electrons and the direct attachment of HRP to the surface of SWCNT strongly 

affected the enzyme activity due to the direct involvement of SWCNT in ET. 

In chapter 5, the toxicity of SWCNTs coated with different concentrations of BSA to a 

human fibroblast cell line was explored. The result indicates that the toxicity of SWCNTs 

decrease with the higher coating degree as assumed. Then we choose mitochondrion to 

study the interactions between the proteins and SWCNTs. It turns out that SWCNTs 

coated with less BSA would have more proteins adsorbed on them, which obviously 

implies that interfering with the interactions between the nanomaterials and their ambient 

proteins by coatings would reduce their toxicity. 
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Chapter 1. Introduction 

 

1.1 INTRODUCTION TO CARBON NANOTUBES 

 

1.1.1 Basics about carbon nanotubes 

Carbon nanotubes (CNTs) are carbon molecules with a cylindrical nanostructure 

composed of sp2 bonds.  There are mainly two types of CNTs available. Single-walled 

nanotube (SWCNT) is formed by a single layer of graphene rolled seamlessly into a 

cylinder shape with diameter of several nanometers and length of up to centimeters[1, 2]. 

Multi-walled nanotubes (MWCNT) consist of such cylinders of multiple concentrical 

layers of graphene with one on top of another, and the layers are separated by a distance 

of 0.35 nm, similar to the basal plane separation in graphite[3]. The diameters of 

MWCNTs vary from 2 to 100 nm and lengths of tens of microns. 

The discovery of MWCNTs was reported by Iijima in 1991[3]. The needle-like tubes was 

produced by arc-charge evaporation, a method which is also use for the synthesis of 

fullerene, which were produced one year earlier than CNTs. Later in the year 1993, two 

groups from Japan and US showed independently that SWCNTs could be produced by 

covaporizing carbon and catalytic metals like cobalt and iron in an arc generator[1, 2]. 
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There are a lot of ways to wrap a graphene sheet into a cylinder, and the easiest way of 

looking into their conformations is by their axis directions. In general, carbon nanotubes 

could be classified into three different conformations: zigzag, armchair, and chiral 

tubes[4]. Briefly, the graphene sheet could be rolled up along the symmetry axis, which 

would give either a zig-zag tube or an armchair tube. The graphene sheet could also 

possibly be rolled up in a direction which doesn't follow a symmetry axis into a chiral 

nanotube. In chiral nanotube equivalent atoms of each unit cell are aligned in a way of 

spiral.  

 

1.1.2 Properties of carbon nanotubes 

 

1.1.2.1 Mechanical and electrical properties 

CNTs show a wide variety of interesting physical properties. Mechanically, Due to the C-

C covalent bonding and the seamless hexagonal network, CNTs are known to be the 

stiffest fiber, with a strength to weight ratio in the axial direction up to four times greater 

compared with carbon reinforcing fibers. As early as 1993, the rigidity of short SWCNT 

was calculated to be around 1500 GPa[5], close to that of graphite. A direct measurement 

was made in 1997 with an atomic force microscope (AFM), which gave an average value 

of 1.28 TPa[6]. Electrically, the properties of nanotubes could be very different from tube 

to tube depending on their geometry[7]. They can be either metallic or semiconducting. 

The electrical conducting performance of metallic SWCNTs are like long ballistic 
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quantum conductors with the charge carriers exhibiting a large phase coherence length[8]. 

The resistivity of individual ropes of SWCNTs was measured to be around 10-4 Ω-cm at 

300 K[9], making them the most conductive fibers known. Electrons had been observed 

to be conducted through the tubes with coherence lengths of several microns without 

scattering[10]. The low resistance offers CNTs excellent electrochemical properties 

because it will be easier for the nanotubes to attract the oppositely charged ions to form 

an electrical double layer.  

 

1.1.2.2 Thermo and optical properties 

Thermally, the high thermal conductivities of nanotubes at room temperature have been 

observed[11], and optically, the spectrometric measurements on SWCNTs suspended in 

aqueous solution by surfactant have revealed distinct electronic absorption and emission 

transitions[12, 13], which derive from electronic transitions within one-dimensional 

density of states (DOS). Unlike the three-dimensional materials which have continuous 

DOS, the DOS of one-dimensional crystals descends gradually and then increases in 

discontinuous spike, the pattern of which are called van Hove peaks. As showed in Figure 

1, the optical transitions occur between the v1-c1, v2-c2, are usually assigned by S11, S22 

respectively. 
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Figure 1.1 The optical transitions occur between the v1 - c1, v2 - c2 in semiconducting 

single-walled carbon nanotubes 

 

 

1.1.2.3 Chemical properties 

The most important chemical property of CNTs is their redox activity. As electron 

transition within SWCNTs could be monitored optically, redox reactions of SWCNTs are 

able to be studied with the UV/vis/NIR absorbance spectra. It has been demonstrated that 

SWCNTs could be oxidized and reduced by small-molecule redox reagents in aqueous 

solutions. Valence electron density of 0.2-0.4 e-/100 carbon atoms and a reduction 

potential of 800 mV versus normal hydrogen electrode (NHE) are observed in oxidation 

of SWCNTs in water[14]. 

S11 S22

E
ne

rg
y 

(e
V

)

V1

C1

V2

C2



5 
 

Another chemical property which has drawn great attention is modifications and 

functionalizations of the surface of CNTs. The ability to modify the surface of CNTs is of 

great importance for their utilizations and applications as unmodified CNTs are highly 

hydrophobic, and would aggregate and precipitate in aqueous solution even after 

ultrasonication with high power. Surfactants are the most common tools to modify the 

CNTs noncovalently. The solubility of CNTs has been greatly improved in aqueous 

media by using various anionic, cationic, nonionic surfactants[15]. Other molecules like 

polymers and DNA are also used to improve the solubility of CNTs[16]. The surface of 

CNTs could be functionalized covalently with groups or small molecules by chemical 

treatments. A remarkable development for CNT functionalization is oxidation of 

nanotubes through extensive ultrasonic treatment in a 3:1 concentrated H2SO4:HNO3 

mixture, followed by the addition of HCl in the final step of purification before collecting 

the sample[17, 18]. In such process the tube caps are removed and the holes in the 

sidewalls form[19]. The opened ends and the side walls of the SWCNTs are terminated 

with carboxylic acid groups (-COOH). However, the length of pristine CNTs would also 

be shortened by such drastic conditions. Less vigorous conditions such as refluxing in 

nitric acid could minimize the shortening of the tubes[19]. The carboxyl groups reduce 

the interactions between the CNTs, and strongly improve dispersion of nanotubes into 

aqueous solution[19]. Moreover, presence of the -COOH on the surface of CNTs 

facilitate further modifications with other groups such as the highly hydrophilic polymer 

polyethylene glycol (-PEG) through a variety of solution-based techniques like amidation 

and esterification[19-21]. 
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1.1.3 Applications of carbon nanotubes 

Due to the special properties, CNTs have a wide range of potential applications. CNTs 

have been developed into electronic parts, sensors, drug carriers, and material for 

bioimage and biocatalysis. 

 

1.1.3.1 Carbon nanotube as transistors 

Early in 1998, the fabrication of a room temperature based field-effect transistor which 

consists of one single semiconducting SWCNT connected to two metal electrodes has 

been reported by Dekker and his coworkers[10]. The nanotube can be switched from a 

conducting to an insulating state by applying a voltage to a gate electrode. In 2001, the 

same group reported the successful fabrication of room-temperature single-electron 

transistor within an individual short nanotube section which is created by inducing local 

barriers into the tube with an AFM[22]. In the same year, Avouris and his coworkers 

build the first nanotube-based logic gates by integrating both p- and n-type nanotube 

transistors, implicating the potential utilization of such device as the basic unit of 

computers[23]. The SWCNTs based electromechanical actuators were demonstrated by 

Baughman and coworkers[24]. The actuators generate higher stresses than natural muscle 

and higher strains than high-modulus ferroelectrics. 
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1.1.3.2 Carbon nanotubes in electrochemistry 

The unique structural and electronic properties find a door for CNTs to the applications in 

electrochemistry. One of its important utilizations is working as an important material for 

the fabrication of electrodes. The extremely sensitive conductivity of CNTs in response 

to the surface adsorbates allows the utilization of CNT-based electrode as highly sensitive 

nanoscale sensors. Previous study showed that CNTs used in biosensors can enhance the 

electrochemical reactivity and accumulate important biomolecules, improving in the 

performance of sensing apparatus. An early design of carbon nanotube electrodes 

constructed using bromoform as binder showed ideal reversibility in cyclic voltammetry 

and significant superior compared to other carbon electrodes for studying the oxidative 

behavior of a neurotransmitter[25]. Wang and his coworkers developed CNT modified 

glassy carbon electrodes which enables the stable amperometric signal in response 10-4 M 

NADH in solution[26]. The coating of CNT features decrease in the overvoltage for the 

NADH oxidation and removes surface fouling effects. Besides the common 

configurations of CNT-based amperometric tranducers described as above, CNTs could 

also be coated effectively by aligning short SWCNT normal to an electrode by self-

assembly. Lin et al. employed a CNT nanoelectrode ensembles (NEEs) covalently 

immobilized with glucose oxidase via carbodiimide chemistry by forming amide linkages 

between their amine residues and carboxylic acid groups on the CNT tips for the selective 

detection of glucose[27]. The NEEs in their study consist of millions of short 

nanoelectrodes fixed in a polymer-based epoxy, on a chromium-coated silicon substrate. 

Lin's design is actually an enzyme electrode, which integrate the specificity of oxidase 
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and the electrochemical analytical power. They are extremely useful for clinical 

diagnostics or environmental monitoring. Other CNT-based enzyme electrodes also cover 

dehydrogenase biosensors, peroxidase biosensors, catalase biosensors and even 

miscellenous enzyme biosensor[28]. Besides small biomolecules and substrates of 

enzymes, CNT-based DNA biosensor DNA biosensors are also rapidly developed 

targeting rapid, simple and inexpensive testing of genetic and infectious diseases. Such 

biosensors rely on nucleic acid recognition processes[28]. The electrical signal responses 

to the hybridization of the complementary strand to the immobilized strand DNA probe 

onto the transducer surface. An example of such biosensor showed by Li et al. employs 

the CNTs embedded in SiO2 for ultrasensitive detection of DNA[29]. By combining with 

Ru(bpy)3
2+ mediated guanine oxidation, such electrode could detect the hybridization of 

subattomole targeting DNA. 

 

1.1.3.3 Carbon nanotubes in biofuel cells 

Another important application of these CNT-based electrodes includes the assembly of 

biofuel cells. The typical biofuel cell comprises an anode which biocatalyzes the 

oxidation of the fuel and a cathode which biocatalyzes the reduction of the oxidizer. As 

efficient hosts for the enzyme immobilization, CNTs can increase the enzyme loading 

and facilitate reaction kinetics, and thus improving the power density of biofuel cells. 

Most of the biofuel cells reported use glucose as the fuel and O2 as the oxidizer. The first 

SWCNT-based glucose/O2 biofuel cell was demonstrated by Mao et al.[30]. In their 
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design the glucose dehydrogenase (GDH) is employed as the anode biocatalyst for the 

oxidation of glucose, while NAD+ is used as the cofactor and laccase is the cathode 

biocatalyst for O2 reduction. The use of the SWCNTs has been found to offer a 

straightforward and effective route to enzymatic biofuel cells with a high voltage. Similar 

biofuel cells devised by Willner et al. with GDH as anode biocatalyst and bilirubin 

oxidase as cathode can give power output of 23 μWcm-2[31].   

 

1.1.3.4 Carbon nanotubes in drug delivery and diagnostic applications 

The potentials of using CNTs as innovative carriers for drug delivery and diagnostic 

applications have been extensively explored. In 2004 Bianco and his coworkers observed 

for the first time that functionalized CNTs are able to cross the membrane of many 

different types of cells by a mechanism which they termed as nanoneedle mechanism[32]. 

The result clearly indicates that CNTs are a very promising carrier system for future 

applications. As CNTs feature variety of modifications covalently or noncovalently by 

introducing several pharmaceutical related functional groups, a lot of designs of novel 

candidates based on CNTs for drug delivery have been proposed. Bianco et al. showed 

that ammonium-functionalized CNTs are able to associate with plasmid DNA 

electrostatically and penetrate the cell membranes[33]. The nanotubes taken up by the 

cells exhibit low cytotoxicity. CNT-associated plasmid DNA is delivered to cells 

efficiently, and raises the gene expression up to 10 times higher than those achieved with 

DNA alone. In another study they found that a peptide covalently linked to SWNTs could 
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also penetrates into the cells[32]. Moreover, CNTs can be functionalized with more than 

one group to carry simultaneously several moieties for targeting, imaging, and therapy, 

which could be of fundamental advantage for the treatment of cancer or different types of 

infections. By the approach of orthogonal methodology, which is used for the selection 

and control of the attachment of active molecules to the surface the CNTs, an antibiotic 

moiety is linked to the CNTs simultaneously with fluorescent probes for tracking the 

uptake of material[34]. The biological activities of the antibiotics are retained while 

CNTs are able to reduce the unwanted toxicity of the drug administered alone. With the 

same synthetic method, CNTs contains an anticancer agent molecule together with a 

fluorescent probe are also fabricated. The anticancer agent employed in the research is 

methotrexate[35]. The results of cell culture assay have shown that the activity of 

methotrexate conjugated to nanotubes is retained as methotrexate alone. This unique 

CNT-based design of drug carrier implies the possibility for improving bioavailability 

and, in the presence of a targeting unit, to address specifically cancer cells.  

Even though cellular internalization of carbon nanotubes is a well established fact 

observed in many different laboratories, evidence of the exact mechanism responsible for 

such observations is still under debate. Bianco et al. concluded that the functionalized 

CNTs could be taken up by many different types of cells and traffic intracellularly 

through the different cellular barriers by energy-independent mechanisms, while other 

factors like cell type, size of nanotube, extent of bundling—may also contribute to the 

ability of f-CNTs to penetrate the plasma membrane[36]. In contrast, Dai et al. reported 

that the cellular uptake of various proteins and oligonucleotides which bond covalently or 
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noncovalently on the sidewalls of acid-oxidized SWCNTs is via the energy-dependent 

endocytosis pathway[37]. The endocytosis pathway is mainly through clathrin-coated pits 

rather than caveolae or lipid rafts. The disruption of the formation of clathrin-coated 

vesicles on the cell membrane with either sucrose or a K+-depleted medium drastically 

reduced the level of cellular uptake of SWCNTs. 

The accumulation and excretion rates of CNTs are closely related to the CNT safety 

profile and their potential roles in pharmaceutical development. Although it has been 

claimed that CNTs could be cleaned from the blood compartment followed a rapid, first-

order manner through the renal excretion route without any toxic side effects or mortality 

to the executed animals[38], caution still should be made about the long-term fate of 

these very interesting but not-completely unveiled CNT material used.  

 

1.1.4 Toxicity of carbon nanotubes 

 

1.1.4.1 Pulmonary toxicity 

The predicted increase in the manufacture of CNTs raises the likelihood of human 

exposure, so the evaluations of toxicity and other biological effects of CNTs come into 

the picture. The researches on the toxicity of CNTs have been conducted on animals and 

cells. The pulmonary toxicity is the focus of those animal-based experiments, as lung is 

vulnerable and is the organ most likely to be exposed to CNTs. The first publication on 

pulmonary toxicity of CNTs was reported by Huczko et al., who concluded that no 
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abnormalities of pulmonary function or measurable inflammation in guinea pigs treated 

with the soot with a high content of CNTs were observed[39]. However, in their study 

they didn't include the examination of lung pathology, which was conducted in the other 

animal studies later as critical toxicological endpoint of the CNTs. Lam et al. 

intratracheally administered 0, 0.1, or 0.5 mg of carbon nanotubes, a carbon black as 

negative control, and a quartz positive control to mice[40]. The exposure lasted 7 days or 

90 days after the single treatment, after that the mice were sacrificed for examining the 

pathology of the lungs. The dose-dependent epithelioid granulomas even interstitial 

inflammation in some cases could be observed in their samples treated with CNTs 

product in the 7-day group.  In the 90-day group, the inspections showed the lesions 

became more evident, and the peribronchial inflammation and necrosis spread into the 

alveolar septa the lungs in some animals. In contrast, the negative control carbon black 

showed no observable pathological injury to the lung, while high-dose quartz could 

induce mild to moderate inflammation. Their result indicated CNTs are much more toxic 

to the lung than carbon black even quartz, which is considered a serious occupational 

health hazard in chronic inhalation exposures.   

Muller and his coworkers assessed lung persistence, inflammation and fibrosis 

biochemically and histologically induced by CNTs or ground CNTs which were 

administered intratracheally (0.5, 2 or 5 mg) to rats[41]. After 60 days, CNTs and ground 

CNTs could still be found in the lung even at the lowest dose, inducing inflammatory and 

fibrotic reactions. The formation of collagen-rich granulomas protruding in the bronchial 

lumen in association with alveolitis in the surrounding tissues could be observed in 



13 
 

pulmonary lesions induced by CNT. The lung of animals treated with CNTs or ground 

CNTs were noted having significantly stimulated expression of TNF-α, a key mediator in 

inflammation and fibrosis. 

Shvedova and coworkers demonstrated pulmonary effects of robust but acute 

inflammation combined with progressive fibrosis and granulomas in mice treated by 

pharyngeal aspiration of SWCNT[42]. A dose-dependent oxidative stress was displayed 

with the increase in the protein, LDH, and γ-glutamyl transferase activities in 

bronchoalveolar lavage, as well as the accumulation of 4-hydroxynonenal and depletion 

of glutathione in lungs. The increased expressions of proinflammatory cytokines like 

TNF-α, IL-1β, together with fibrogenic transforming growth factor (TGF)-β1 were also 

observed in their study. 

Simeonova et al. demonstrated a close cross-talk between the pulmonary and systemic 

circulation in mice upon the exposure to CNTs[43]. Exacerbate cardiovascular 

dysfunction and disease, such as atherosclerosis, might be triggered by the chronic and 

persistent systemic response. CNTs exposure were found leading to the response of 

stress-related genes such as MT-1, hypoxia inducible factor 3 alpha (Hif-3R), matrix 

metalloproteinase 9 (MMP- 9), and arginase II in a fashion of shared expression between 

the lung and circulating blood cells. In addition, the levels of PAI-1, a pro-coagulant 

acute-phase protein which is involved in inhibition of the fibrinolytic cascade, and IL-6, a 

mediator of the acute phase response and bone marrow activation for release of 
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leukocytes and platelets, were all significantly increased according to the measurement in 

the lung and plasma of animals exposed to CNTs. 

 

1.1.4.2 Toxicity on other organs 

Besides pulmonary toxicity, the toxic effects of CNTs to other main organs were also 

studied. Wang et al. studied the long-term accumulation and toxicity of CNTs in liver and 

spleen of mice by intravenously injection[44]. The Raman spectroscopy and TEM 

technique show evidently the long-term accumulation of SWCNTs in the main organs. 

Although significant changes could be observed from organ indices and serum 

biochemical parameters, no evidence shows apoptosis was induced in the main organs. 

Donaldson et al. introduced CNTs into the abdominal cavity of mice, and the nanotubes 

show asbestos-like, length-dependent, pathogenic behavior, which includes inflammation 

and the formation of lesions known as granulomas[45]. Gambhir et al. conducted the test 

of acute and chronic toxicity of functionalized CNTs on mice by intravenously injection 

and histology and Raman microscopic mapping demonstrating that functionalized 

SWCNTs persisted within liver and spleen macrophages for 4 months without apparent 

toxicity[46]. Recently Yan et al. reported that reversible testis damage can be caused by 

repeated intravenous injections of water-soluble CNTs into male mice, but such damage 

wouldn’t affect fertility[47]. Upon the accumulation of nanotubes in the testes, oxidative 

stress and decreased thickness of the seminiferous epithelium could be observed in the 

testis at day 15. But such damage was repaired at 60 and 90 days. Throughout the 90-day 
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period no significant change in the quantity, quality and integrity of the sperm could be 

detected. The pregnancy rate and delivery success of female mice that mated with the 

treated male mice indicated the fertility of treated male mice was not affected by CNTs. 

 

1.1.4.3 In vitro toxicity 

A lot of experiments were carried out for exploring the in vitro toxicity of CNTs. Zhao 

and Guo et al. explored the cytotoxicity SWCNTs, MWCNTs and fullerene (C60) on 

alveolar macrophage[48].  The MTT reduction, loss of the phagocytic ability, and 

imaging ultrastructures of injured cell were employed to indicate cytotoxicity. The tested 

carbon nanomaterials show quite different cytotoxicity to the cell. Cytotoxicity of 

SWCNTs was observed at a relatively lower dose, while no significant toxicity was 

observed for C60 up to a comparatively high dose. SWCNTs significantly impaired 

phagocytosis of cell at the low dose of 0.38 μg/cm2. Characteristic features of necrosis, 

degeneration, and sign of apoptotic cell death existed in the macrophages exposed to 

SWCNTs or MWCNT. Magrez et al. tested the toxicity of CNTs, carbon nanofibers, and 

carbon nanoparticles in vitro on lung tumor cells[49]. Their result clearly shows the size-

dependent toxic effect of these materials and the enhanced cytotoxicity when the surface 

of the particles is functionalized after an acid treatment. The toxicity of SWCNTs was 

assessed in human keratinocyte cells by Ramesh and coworkers. Increased oxidative 

stress and inhibition of cell proliferation were observed in response to treatment of cells 

with SWCNTs[50]. The investigation on signaling mechanism in keratinocytes upon 
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exposure to SWCNTs suggests that NF-κB is activated by SWCNT in a dose-dependent 

manner in keratinocytes and the mechanism of activation could be ascribed to the 

activation of stress-related kinases by SWCNT in keratinocytes.  

 

1.1.4.4 Studies on mechanisms of CNT toxicity 

Although the hazard effects of CNTs have been demonstrated by several different labs in 

various manners, the explanations for the mechanism of toxicity hasn’t come to a unified 

understanding yet. In early times, people suspect partial toxicity of CNTs could be 

attributed to metal catalysts which are introduced during the synthetic process. Based on 

measurement, the content of residual catalytic metals in a raw CNTs product could reach 

50%[51]. Lam et al. attribute the killing of about 50% of the mice within 7 days after 

administration of 0.5 mg/mouse of CNTs to the high content of nickel[40]. The 

ultrasonication of CNT suspensions is suspected to release the metals from carbon 

encapsulation. The released metals contact with lung cells to elicit toxicity[51]. However 

in the study of Shvedova and coworkers which are mentioned above, the highly purified 

sample of CNTs (0.23% iron) was used but still produced a dose-dependent increase in 

oxidative stress associated biomarkers with inflammation in the lungs[42]. So they 

conclude that oxidative stress and inflammatory induced by CNTs themselves are the 

important mechanism of nanotubes’ pulmonary toxicity. Such viewpoint was supported 

by many other people’s research, like in the study of Ramesh et al., oxidative stress is 

also proposed as the mechanism by which SWCNTs show an adverse effect on 
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keratinocytes and lead to NF-κB activation[50]. Vallyathan et al. investigated the reactive 

oxygen species (ROS) generation and cellular response in mesothelial cells exposed to 

SWCNTs[52].  Exposure to SWCNTs would induce the significant increase in generation 

of •OH in mesothelial. Adverse cellular responses in mesothelial cells were induced by 

SWCNTs through activation of molecular signaling associated with oxidative stress. 

Ramesn et al. measured the ROS production with fluorescent probe in lung epithelial 

cells cultured with or without SWCNTs[53]. The exposure to SWCNTs results in 

increased ROS in a dose and time dependent manner and decreased glutathione content. 

The result indicated the depletion and loss of protective mechanism against ROS in 

SWCNT treated cells.  

 

1.2 REVIEWS ON INSTRUMENTS AND TECHNIQUES 

 

1.2.1 Capillary electrophoresis 

The technique of capillary electrophoresis (CE) was invented in the 1960s for the 

separation of chemical species. The instrument for running CE is relatively simple is 

usually composed of a sample vial, source and destination vials, a capillary, electrodes, a 

high-voltage power supply, a detector, and a data output and handling device, as Figure 2 

shows. In a typical CE operation, the interior of the capillary is filled with an electrolyte. 

The sample can be introduced into the capillary by hydrodynamically or 

electrokinetically. When the electric field is applied, the electrically charged analytes will 
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move through the conductive medium at different rate based on its quantity of charge 

compared to its relative hydrodynamic size, and thus are been separated. As the 

hydrodynamic size is very closely relates to the mass of the molecule, it is also called the 

charge to mass ratio.  

 

Figure 1.2 Schematic diagram of a traditional CE set up 

 

Physically in electrophoresis, the negatively charged ions move toward the positively 

charged electrode and the positively charged ions move to the negatively charged 

electrode. However in CE all ions, including positive or negative, are pulled through the 
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capillary in the same direction by electroosmotic flow, because the electroosmotic flow 

of the buffer solution is generally greater than that of the electrophoretic flow of the 

analytes. Electroosmotic flow formed because of the mobility of the mobile cation layer. 

When the pH value is larger than three, silanol (Si-OH) groups attached to the interior 

wall of the capillary in a fused-silica capillary are ionized to negatively charged silanoate 

(Si-O-) groups, which will attract the positively charged cations of the buffer solution to 

form two inner layers of cations.  The inner layer is fixed because of its strong interaction 

with the silanoate groups, while the outer layer, which is called the mobile layer, could be 

pulled to move in the direction of the negatively charged cathode when an electric field is 

applied, dragging the bulk buffer solution migrates thus causing the electroosmotic flow 

of the buffer solution. 

CE has a wide range of applications, including DNA fingerprinting, protein 

characterization, and analysis of basic chemicals or small molecules, etc. DNA 

fingerprinting is a useful genotype-identification tool in which CE is employed to 

separates the PCR-amplified DNA with a one base pair resolution and creates specific 

peaks for each nucleotide to map the DNA sequence for organism. In order to separate 

proteins or peptides, a pH gradient through the capillary tube should be established first 

by the electric field, and individual protein/peptide in the sample migrates to their 

individual isoelectric points (pI) and stop. Each protein/peptide is thereby focused into a 

tight zone and then mobilized past the detector by pressure or through capillary 

electrophoresis. The mechanism of separation of CE also allows for analysis of a wide 
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variety of other samples, such as drugs and related substances. CE can provide 

extraordinary good resolution and sensitivity for the analysis of small molecules. 

 

1.2.2 Mass spectrometry and proteomics  

Mass spectrometry (MS) is now an essential analytical tool in modern labs focusing on 

chemistry, biochemistry, pharmacy, medicine, or the related fields. Mass spectrometry 

can be used to elucidate structure of unknown substances, measure environmental and 

forensic analytes, and detect the active ingredient of drugs, foods, and polymers for 

quality control. An early definition described the basic principle of mass spectrometry as 

a mean to separate the ions by their mass-to-charge ratio (m/z) and to detect them 

qualitatively and quantitatively by their respective m/z and abundance. A modern mass 

spectrometer usually consists of three parts, including an ion source, a mass analyzer, and 

a detector which are operated under high vacuum conditions. During early times the ions 

can be generated from either inorganic or organic compounds by thermal ionization, 

electric fields, impacting energetic electrons, etc. Of course there are many other modern 

ionization methods available today for people to use, such as electrospray ionization (ESI) 

and matrix-assisted laser desorption/ionization (MALDI). ESI and MALDI are all called 

‘soft ionization’ techniques for mass spectrometry.  They are now widely used for the 

analysis of biomolecules, such as DNA, proteins, peptides and sugars as well as large 

organic molecules such as polymers, as they allow the ionization of whole molecule by 

eliminating fragile and fragment which tend to happen when ionized by more 
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conventional ionization methods. Many different types of mass analyzers are available 

for purposes of different applications. In a sector field mass analyzer the charged ions are 

separated using an electric and/or magnetic field which affect the path and/or velocity of 

the ions. The time-of-flight (TOF) analyzer measures the time for the electric-field-

accelerated ions take to reach the detector. Quadrupole mass analyzers employs four 

parallel rods to generate a radio frequency (RF) quadrupole field,   which selectively 

control the passing of the ions through the quadrupole by stabilizing or destabilize the 

paths of ions. With the same physical principles as the quadrupole mass analyzer, the 

quadrupole ion trap works by trapping and then ejecting the ion in a time-based manner. 

Fourier transform ion cyclotron resonance (FT-ICR) and Orbitrap are the two most 

advanced mass analyzers today. FT-ICR measures the image current produced by ions 

cyclotroning in the presence of a magnetic field, while Orbitrap measures the image 

current of ions electrically trapped in an orbit around a central, spindle shaped electrode. 

After the ions leave the mass analyzer, they will be captured by some type of detector 

like electron multiplier and recorded.  

The life sciences are greatly promoted by the developments of mass spectrometry with 

wider mass range for higher molecular weights and effective fragmentation method for 

molecules. Proteomics research relies to a great extent on mass spectrometry, as MS is 

the most powerful tool for identification of proteins. In a typical proteomic research by 

MS, proteins are enzymatically digested into smaller peptides using proteases such as 

trypsin or pepsin in solution, in gel, or on the membrane of a filter in filter aided sample 

preparation (FASP) method which is developed in recent years. The obtained peptides are 
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then introduced to the mass analyzer and characterized by the m/z value of themselves 

and their fragments generated by tandem mass spectrometry. Collision-induced 

dissociation (CID) is the mostly employed method for fragmentation of peptides. Other 

fragment methods such as electron-capture dissociation (ECD), electron-transfer 

dissociation (ETD) and higher-energy C-trap dissociation (HCD) are also used to 

generate highly informative tandem mass spectrometry. 

 

1.3 SCOPE OF THE DISSERTATION 

In chapter 2, we revealed the generation of peroxyl radical by the unmodified SWCNT 

and the poly(ethylene glycol) functionalized SWCNT (SWCNT-PEG) in aqueous 

solution with the assistance of capillary electrophoresis (CE). CE provides a sensitive 

detection platform for the oxidation product of the employed reactive oxygen species 

(ROS) indicator, 2,7-dichlorodihydrofluorescein (H2DCF). In addition, its high separation 

power eliminates the fluorescence quenching exerted by SWCNT, which was a big 

problem encountered in measurements with microplate readers, and facilitates the 

screening of a large variety of ROS scavengers, including small molecules, surfactant, 

and proteins, in our study. Furthermore, CE enables the simultaneous incubation of 

multiple ROS indicators for comparison of their oxidation efficiency, improving the 

specificity in ROS recognition using the fluorescent indicators. Our results pointed out 

that peroxyl radical, ROO•, should be the ROS in our system, which could be produced 

from the adsorption of oxygen on the SWCNT surface because adsorption of surfactant 
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or proteins on the SWCNT surface could inhibit the oxidation and the anaerobic 

experiment led to data agreeing with the Langmuir isotherm. To our knowledge, this was 

the first clear identification of the type of ROS generated by SWCNT with a simple 

analytical method, indicating the potential toxicity of SWCNT holds to the biological 

hosts. 

In chapter 3, we studied oxidation of several biologically relevant reducing agents in the 

presence of SWCNTs in aqueous solutions. The selected reductants included a common 

indicator for intracellular level of reactive oxygen species (H2DCF), small antioxidants 

(vitamin C, Trolox, and cysteine), and a high-molecular-weight ROS scavenger (bovine 

serum albumin (BSA)). Duplex roles played by SWCNT were revealed. The unmodified 

or carboxylated SWCNT (SWCNT-COOH) acted as both oxidants and catalysts in the 

reaction. Moreover, they accelerated the oxidation reactions mediated by horseradish 

peroxidase (HRP), a representative member of the enzyme family actively involved in 

balancing oxidative stress. The diverse roles of SWCNTs in redox reactions may serve 

the chemistry basis for them to induce oxidative stress in biological systems as potential 

environmental pollutants. 

In chapter 4, we studied the electron transfer (ET) mechanism using single-walled carbon 

nanotube coupled with biological enzymes as a model system.  SWCNT enhanced the 

activity of horseradish peroxidase (HRP) in the solution-based redox reaction by binding 

to HRP at a site proximate to the enzyme’s activity center and participating in the ET 

process. ET to and from SWCNT was clearly observable using near-infrared 
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spectroscopy.  The capability of SWCNT in receiving electrons and the direct attachment 

of HRP to the surface of SWCNT strongly affected the enzyme activity due to the direct 

involvement of SWCNT in ET. 

In chapter 5, we explored how the BSA coating could reduce the interactions between the 

SWCNTs and proteins, which could contribute to alleviation of the cytotoxicity of nano 

material. The toxicity of SWCNTs coated with different concentrations of BSA to a 

human fibroblast cell line was explored. The result indicates that the toxicity of SWCNTs 

decrease with the higher coating degree as assumed. Then we choose mitochondrion to 

study the interactions between the proteins and SWCNTs. Mitochondrion is a membrane-

enclosed organelle which is found to be involved in several important processes like cell 

respiration, energy generation and cellular signaling, etc. A lot of proteins from 

mitochondrion are membrane-bound and tend to interact with the uncoated SWCNTs 

with highly hydrophobic surfaces. The mitochondria proteins which adsorbed onto the 

SWCNTs could be collected, digested and analyzed by LC-MS/MS. It turns out that 

SWCNTs coated with less BSA would have more proteins adsorbed on them compared to 

SWCNTs with more BSA on surface, which obviously implies that interfering with the 

interactions between the nanomaterials and their ambient proteins with coatings would 

reduce their toxicity. 
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Chapter 2. Capillary Electrophoresis-assisted Identification of 

Peroxyl Radical Generated by Single-walled Carbon Nanotube 

in a Cell-Free System 

 

2.1 INTRODUCTION 

  Carbon nanotubes (CNTs) are made by rolling up a graphene sheet into a tubular 

structure with the carbon atoms arranged in a series of condensed benzene rings.[1, 2] 

They first emerged as a new class of multifunctional materials for electronics, 

engineering, and sensing applications. Later, their large aspect ratios, fiberlike shapes, 

and large surface areas have been recognized to be beneficial for penetrating cellular 

barriers and loading drugs,[3-5] making them a new generation of drug carriers. However, 

the toxicity of CNTs is a big concern, because it was discovered to not only possess 

prolonged pulmonary residence,[6-8] but also induce pulmonary inflammation and severe 

toxic effects, such as acute cytotoxicity, DNA damage, and reactive oxygen species (ROS) 

production.[6, 9], [10-12] Interestingly, in vitro or even in vivo studies on CNT carrying 

drugs like amphotericin B, methotrexate, and doxorubicin had been found impose no 

toxic side effect or mortality.[1-3] Such conflicts could originate from the dependence of 

the toxicity of CNT on various factors such as size, degree and type of agglomeration, 

content of metal catalyst, and functionalization.[3, 7, 13-16] By far no decisive 

conclusions about the biosafety of CNTs have been attained. Hence, conducting more 



31 
 

investigations in a wider scope and developing more new technologies as well as 

methodologies are highly demanded, to discover the mechanisms by which CNT could 

exert its adverse effects on biological systems.[12, 17]  

  Among several proposed toxicological mechanisms of CNTs, induction of oxidative 

stress is the most accepted one.[3, 7, 18-20] Detection of ROS is often achieved with 

fluorescent ROS indicators, which is convenient with the employment of plate readers or 

fluorescence microscopes.[21] With one of the most popular fluorescent ROS sensors, 

the 2’,7’-dichlorodihydrofluorescein (H2DCF), induction of high cellular ROS levels by 

CNT was recognized.[7, 9, 18, 22] Because H2DCF can be oxidized by •OH, ONOO– or 

ROO•,[23] it is not specific enough to determine the types of radicals that are generated. 

Moreover, several cellular proteins, such as peroxidase, hematin, and cytochrome c, have 

all been found to catalyze the the oxidation of H2DCF..[21] Electron paramagnetic 

resonance (EPR) can be applied to differentiate the radical species more specifically, but 

it is very technical demanding. The low concentration of ROS and the complicated 

cellular environment usually prevent reliable EPR measurements. So far, few reports 

applied EPR to identify the ROS produced in cells invaded by CNT, in which •OH was 

the major ROS detected.[19, 24]  

  In the present paper, we reported our study on the mechanism of ROS generation by the 

unmodified SWCNT and the poly(ethylene glycol) functionalized SWCNT (SWCNT-

PEG) in aqueous solution. The ROS indicator was still H2DCF, but the detection 

specificity was greatly enhanced because of the employment of a separation technique 
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with high resolution: capillary electrophoresis (CE). The effects of a variety of ROS 

suppressors, spanning from small molecules to large proteins, on the oxidation system 

were monitored and multiple ROS indicators were incubated simultaneously, both 

leading to the specific detection of ROO• in the aqueous solution that contained 

SWCNTs. CE provides a sensitive detection platform for the oxidation product (2’,7’-

dichlorofluorescein, DCF), by removing the background interferences from the SWCNT 

or any of the suppressors, as well as by resolving the coincubated indicators. Its high 

sensitivity also allows accurate quantification of DCF. Moreover, our study revealed 

several possible causes for the divergence in research results related to the generation of 

ROS by CNTs. 

 

2.2 EXPERIMENTAL SECTION 

Chemicals and Reagents  

Unmodified SWCNTs (1.2-1.5 nm in diameter (D) × 2-5 μm in length (L)), SWCNT-

PEG (D = 4-5 nm × L = 0.5-0.6 μm), carboxylic acid-functionalized SWCNT (SWCNT-

COOH, D = 4-5 nm× L = 0.5-1.5 μm), α-tocopherol, ascorbic acid, catalase (CAT), 

superoxide dismutase (SOD), bovine serum albumin (BSA), and 6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid (Trolox) were from Sigma (St. Louis, MO). Two-

[6-(4’-amino) phenoxy-3H-xanthen-3-on-9-yl] benzoic acid (APF), 2,7-

Dichlorodihydrofluorescein diacetate (H2DCF-DA), and 4,4-difluoro-5,7-dimethyl-4-

bora-3a,4a-diaza-s-indacene-3-propionyl ethylenediamine (BODIPY FL-EDA) were 
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obtained from Invitrogen (Eugene, OR). Dimethyl sulfoxide (DMSO) and sodium azide 

(NaN3) were acquired form Fisher Scientific (Fair Lawn, NJ).  

 

Capillary Electrophoresis  

  A CE system was built in our laboratory and used for all the CE experiments. The 

separation column was a 58-cm fused silica capillary (I.D. 75 µm) with an effective 

length of 43 cm. A 488-nm output from a multiline output argon-ion laser (CVI Melles 

Griot, Carlsbad, CA) was used for excitation.  The fluorescence was collected by a 

photomultiplier tube (H9307, Hamamatsu, Shizuoka-ken, Japan) through a 10 

microscope objective (CVI Melles Griot) and a 520-nm band-pass filter (Edmund, 

Barrington, NJ). The signal was recorded by a Model 333 Single Channel PeakSimple 

Chromatography Data System from SRI Instruments (Torrance, CA). The capillary, in 

turn, was washed with MeOH, 0.1 M NaOH, and water at the end of the day. Between 

CE runs, the capillary was simply flushed with the running buffer. All of the CE 

separations were performed with 100 mM Borate at pH 8.5 and a voltage of + 20 kV 

(TriSep™ -2100 Dual Polarity High Voltage Power Supply, Unimicro Technologies, 

Pleasanton, CA). Injections were done hydrodynamically for 10 sec with a height 

difference of 15 cm.  
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Oxidation of H2DCF by SWCNT 

  The 1-M H2DCF stock solution was prepared on a daily basis by de-esterifying 1 nmol 

H2DCF-DA with 0.25 mL 0.01 M NaOH solution and neutralizing the reaction mixture 

afterwards with 0.75 mL of 25 mM NaH2PO4 (pH 7.4).  H2DCF then was added to the 

Tris-HCl (40 mM, pH 7.4) solution that contained SWCNT to a final concentration of 

100 nM and reacted at 37°C. Fluorescein (10 nM) was added as the internal standard (IS), 

and the reaction mixture was sampled by CE at various reaction durations of 1, 5, 10, 20, 

and 30 min. The relative peak height of DCF and fluorescein was used to calculate the 

corresponding DCF concentration in the reaction mixture at each time point using a 

calibration curve generated with the standard DCF solutions. The carbon-based materials 

we tested included 0.01mg/mL SWCNT (0.1 wt% SDS), 0.05 mg/mL SWCNT-PEG, and 

0.01 mg/mL SWCNT-COOH. SDS was used to increase the aqueous solubility of the 

unmodified SWCNT. 

 

Inhibition of the SWCNT-Mediated Oxidation of H2DCF with Small Molecules, 

Enzymatic Antioxidants, and BSA  

  For the mechanism study, we focused on the unmodified SWCNT (SDS 0.1 wt %) and 

the SWCNT-PEG. Before the addition of H2DCF, several different ROS scavengers were 

added to the Tris-HCl solution (40 mM, pH 7.4) that contained the SWCNT. Then 100 

nM H2DCF was added and its oxidation was monitored with CE. The ROS scavengers 

were DMSO (1.4×10-2 M), α-tocopherol (2.2×10-3 M), ascorbic acid (2.8×10-4 M), sodium 
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azide (7.7×10-4 M), Trolox (2.0×10-4 M), CAT (0.05 mg/mL), and SOD (0.02 mg/mL). 

The impact from 0.05 mg/mL BSA and 0.1 wt % SDS were also investigated. In the 

study with denatured CAT, the CAT were heated at 90 °C for 3 min and cooled down 

before being added to the solution.  

 

Oxidation of Other ROS Indicators 

Simultaneous oxidation of three ROS indicators by SWCNT were performed with mixing 

BODIPY FL-EDA, H2DCF, and APF, at 100 nM in the 40 mM Tris-HCl (pH 7.4) 

solution containing 0.005 mg/mL unmodified SWCNT (SDS 0.002 wt %)  at 37 °C. The 

change in the fluorescence of the indicators was monitored with CE. The effect of Trolox 

for the oxidation of this 3-dye system was studied as well by adding 2.0×10-4 M Trolox to 

the reaction mixtures.  

 

Oxidation under Anaerobic Condition 

  Before mixing, the H2DCF solution and the SWCNT solution were both sealed tightly in 

individual vials with septum caps. The 1-mL H2DCF solution was treated with nitrogen at 

1 psi for more than 0.5 hr for the complete removal of oxygen in the system before we 

started the same treatment with the 450-μL SWCNT solutions. At various time points (0, 

0.5, 1, and 5 min) of the N2-treatment, 50 L O2-free H2DCF solution was added to the 
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SWCNT solutions, with a micro-syringe through the septum cap. The generation of DCF 

was detected with CE after the mixture reacted for 10 min.  

 

2.3 RESULT AND DISCUSSION 

Oxidation of H2DCF by SWCNT 

  Because H2DCF is the most common ROS indicator employed in the study of oxidative 

stress induced by CNTs, it was selected in our investigation. Even though bioassays 

involved with changes in the optical properties of the reaction substances are commonly 

performed in microtiter plates, which is a process that is fast and has high sample 

throughput, optical interference from the reaction matrix could be severe. We observed 

that the fluorescence from DCF could be quenched by SWCNTs in a microplate reader 

(see Figure S2.1 in the Supporting Information). This phenomenon has been revealed 

previously and was attributed to the energy transfer between SWCNTs and the 

fluorophores that were adsorbed onto the CNT surface through π-π stacking.[25-30] 

Because the fluorescence quenching from SWCNT could diminish the accuracy in 

quantifying the DCF generated in the system with microplate readers, we measured DCF 

using capillary electrophoresis instead, which delivered a perfect linear relationship 

between the DCF concentration and the peak height (see Figure S2.2 in the Supporting 

Information), with no signs of quenching. 
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Figure 2.1 Electropherograms of the oxidation of 100 nM H2DCF with 0.01 mg/mL 

SWCNT (0.1 wt% SDS). The inserted figure showed the oxidation curves with 0.01 

mg/mL SWCNT (SDS 0.1 wt%), 0.01 mg/mL SWCNT-COOH, 0.05mg/mL SWCNT-

PEG, 0.01 mg/mL SWCNT-PEG obtained with CE. 

 

 

  Figure 2.1 displays the electropherograms collected at various time points after mixing 

the H2DCF with the unmodified SWCNTs. We can see that the peak for DCF was well-

separated from that of the fluorescein and its peak height increased with the reaction 

duration. The generation of DCF with three types of SWCNT at various reaction times 

was compared in the inserted plot in Figure 2.1. The unmodified SWCNT produced the 

highest amount of DCF (67.8 ± 3.11 nM) within a reaction time of 30 min. SWCNT-
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COOH and SWCNT-PEG prepared at the concentration of 0.01 mg/mL generated 8.94 ± 

0.96 nM and 4.14 ± 0.24 nM DCF, respectively; these values are low, but they are still 

significantly higher than that from the blank reaction without SWCNT. When the 

concentration of SWCNT-PEG increased to 0.05 mg/mL, its activity was enhanced and a 

DCF concentration of 33.4 ± 2.01 nM was detected. 

  Our findings indicate that oxidation of H2DCF could be accompanied with SWCNT, 

even in a cell-free system, and the magnitude of oxidation is dependent on the type of 

SWCNT, which is consistent with the previous discoveries made inside the cells. 

However, those studies never settled on the cause of oxidation. Therefore we continued 

to explore the oxidation mechanism in our system. 

 

Metal Impurities 

  Because the SWCNT-associated catalytic metals had been blamed for the generation of 

ROS in cells, we first looked at the metal composition in each SWCNT sample, using 

inductively coupled plasma-atomic emission spectroscopy (ICP-AES). The 0.01% 

unmodified SWCNT contained certain amounts of iron (0.3 M), cobalt (2.7 M), nickel 

(1.4 M), and copper (1.1 M). A similar amount of nickel (1.7 M) was detected in the 

solution of 0.01% SWCNT-COOH along with 0.7 M yttrium, while both the nickel and 

yttrium existed at even lower quantity in the 0.05% SWCNT-PEG sample. Among these 

metal impurities, iron and copper may produce •OH with H2O2 through Fenton’s- and 

Fenton’s-like reaction, [3, 7, 18-20, 24] and it had been reported that the iron 
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bioavailability was closely related to the redox activity of carbon nanotubes.[3] However, 

our system contained no H2O2, and the concentrations of Fe and Cu was much lower than 

generally used in the Fenton’s systems, which is around 10 – 100 M. In addition, the 

0.05% SWCNT-PEG contained no iron and copper but still oxidized H2DCF significantly. 

Thus, the possibility that metal impurity actually played a role in our cell-free reaction 

system should be very low. 

 

Study with ROS Suppressors 

  Next, we went on to test if there was any ROS intermediate involved in the oxidation 

using CE. Because H2DCF responses to various reactive oxygen species, we employed 

several ROS suppressors to enhance the specificity of the detection. It turned out that the 

DCF peak was not affected at all by any type of the suppressors, which spanned from 

small molecules to enzymatic proteins, which simplified the screening process (with no 

requirement for purification of the reaction mixture).  The small molecule suppressors 

included DMSO, α-tocopherol, Trolox, ascorbic acid, and sodium azide. DMSO is widely 

used to diminish hydroxyl radical.[21] Sodium azide is a specific scavenger for singlet 

oxygen.[31] Alpha-tocopherol is the most active form of vitamin E. and it has been noted 

to be an effective antioxidant against the peroxyl radical.[32] Trolox is the water-soluble 

analogue of α-tocopherol, and also has a highly specific scavenging effect on peroxyl 

radical.[33, 34] Ascorbic acid is a strong antioxidant in an aqueous environment.[34] The 

scavenger concentrations that we used all far exceeded the 100 nM of the H2DCF, to 
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exhibit sufficient inhibition effect. The results obtained with 0.01 mg/mL unmodified 

SWCNT were shown in Figure 2.2a. DMSO and sodium azide had no impact at all to the 

oxidation mediated by SWCNT. In contrast, the oxidation was completely suppressed by 

α-tocopherol, Trolox, and ascorbic acid. Similar results were obtained with the 0.05 

mg/mL SWCNT-PEG (see Figure S2.3 in the Supporting Information), except that 

13.4±1.14 nM DCF was still produced at the presence of α-tocopherol. This could be 

attributed to the limited solubility of α-tocopherol in water. The unmodified SWCNT 

solution contained 0.1 wt% SDS that significantly improved the solubility of α-

tocopherol; thus it could effectively suppress the oxidation in that solution. 
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Figure 2.2  (a) The effects of ROS suppressors on the oxidation of H2DCF by 0.01 

mg/mL SWCNT (SDS 0.1 wt%). Suppressors were small molecules, including DMSO 

(1.4×10-2 M), α-tocopherol (2.2×10-3 M), ascorbic acid (2.8×10-4 M), sodium azide 

(7.7×10-4 M), and Trolox (2.0×10-4 M); (b) Effects from 0.05 mg/mL CAT and 0.02 

mg/mL SOD. In both panels, the points and error bars represent the average and SD 

values, respectively, with n = 3 
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Figure 2.3 The effects of 0.05 mg/mL BSA on the oxidation of H2DCF (100 nM) by 0.01 

mg/mL SWCNT (SDS 0.1 wt%) and 0.05 mg/mL SWCNT-PEG, as well as the effects of 

0.1 wt% SDS on SWCNT-PEG. Again, triplicate experiments were performed and the 

averages and standard deviations (SDs) are presented. 
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enzymatic CAT alone could oxidize the H2DCF at a comparatively slow rate, generating 

9.54±0.63 nM DCF in 30 min. Other studies also had reported the same activity of 

CAT.[35] With CAT, the oxidation of H2DCF by the unmodified SWCNT was reduced 

by 50%. Surprisingly, when CAT was denatured, the oxidation was suppressed even 

further. Because the catalytic capability of CAT was lost after denaturation, its inhibition 

should be originated from its protein characteristic. Considering that CAT has a pI of 6.9 

and is almost neutral at pH 7.4, CAT could be adsorbed onto the SWCNT surface 

through hydrophobic interaction and quench some active oxidation sites. It is interesting 

to notice that, if we added the amount of DCF generated from the active CAT only 

(denoted by solid boxes (-■-) in Figure 2.2b) with that from the SWCNT-denatured CAT 

mixture (denoted by solid inverted triangles (-▼-) in Figure 2.2b), we would obtain 

values that match those from the SWCNT-active CAT mixture (denoted by open circles 

(-○-) in Figure 2.2b). Thus, the extra DCF generated with the active CAT, compared to 

that with the deactivated CAT in the mixture that contained SWCNTs, was from the 

CAT-catalyzed oxidation of H2DCF. It further confirms that the inhibition effect should 

be originated from the protein characteristics of CAT, instead of its enzymatic activity in 

H2O2 decomposition, and no H2O2 should exist in our system. In contrast, SOD showed 

no effect on the oxidation mediated by the unmodified SWCNTs, indicating that O2•
- did 

not exist in our systems. The protein characteristics of SOD did not play a role here 

probably because SOD was not adsorbed by SWCNT. SOD carries negative charges at 

pH 7.4 with a pI of 5.7, and could be repelled by the SDS molecules that are wrapped 

around the SWCNT. Again, similar results from CAT and SOD were obtained with the 
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0.05 mg/mL SWCNT-PEG. Obviously, both SWCNT systems oxidize the H2DCF 

through the same mechanism. SOD was not adsorbed by SWCNT-PEG either, possibly 

because of the PEG coating. 

  Our results with the ROS scavengers revealed that the SWCNT-mediated H2DCF was 

completely inhibited only by suppressors specific for peroxyl radical, the R-tocopherol, 

and its water-soluble analog Trolox.[34] Although in the CE experiments, we applied an 

excess amount of the antioxidants, to show obvious suppression effects, an amount of 

Trolox that was comparable to the H2DCF still quenched the oxidation effectively (see 

Figure S2.4 in the Supporting Information), demonstrating that Trolox was a far more 

efficient inhibitor to the SWCNT-mediated oxidation system than DMSO and NaN3..  

 

Inhibition of oxidation by BSA or SDS 

  The inhibition effect from the denatured CAT hinted that other substances that can be 

adsorbed onto the SWCNT surface may suppress the oxidation. Because SDS is believed 

to be able to wrap the SWCNT surface very well, we tested its effect on the oxidation of 

H2DCF exerted by SWCNT-PEG. It turned out that SDS did inhibit the oxidation by 

more than 50% (Figure 2.3). Same situation could have happened to the unmodified 

SWCNT, but it is difficult to verify this due to its ultra-low solubility in aqueous 

solutions without SDS. The oxidation effects we observed on this type of SWCNT were 

all under the influence of SDS, implying that the oxidation potential of the unmodified 

SWCNT could be even higher and may impose significant threats to the biological hosts. 



46 
 

Nevertheless, this result pointed out that the surface of SWCNT could be a determinant 

factor to the oxidation potential of SWCNT and adsorption of foreign molecules could 

dampen the active reaction sites and suppress the oxidation. The variation in the 

oxidation potential of different types of SWCNT could be directly related to their surface 

functionalization. SWCNT-PEG is functionalized with the polyethylene glycol with a 

labeling extend reaching 30 wt. %, and SWCNT-COOH contains 3 – 6 atom% of the 

carboxylic acid, both having less exposed benzene groups than the unmodified SWCNT 

and thus showing reduced oxidation effects.  

We further confirmed the impact of surface coverage using BSA, a highly 

adsorptive protein widely used for surface deactivation in bioassays (Figure 2.3). With 

SWCNT-PEG, a system without SDS, just as we expected BSA suppressed the oxidation 

completely. On the other hand, if the SWCNT-PEG was mixed with 0.1% SDS, BSA did 

not show additional inhibition effect to that implemented by SDS, the same DCF levels 

being detected with or without BSA. Likewise, no inhibition effect from BSA was 

observed with the unmodified SWCNT which also contained 0.1% SDS. Because BSA 

(pI = 5.5) carries negative charges at pH 7.4, it is possible that SDS prevented the 

adsorption of BSA through the electrostatic repulsion like in the situation of CAT. Still, 

our results with SDS and BSA verified that the active sites for oxidation should be on the 

surface of the SWCNT and the reaction could be blocked by covering up the surface with 

surfactants or proteins. 
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Figure 2.4 The oxidation of H2DCF (100 nM) by 0.01 mg/mL SWCNT (SDS 0.1 wt%) 

when oxygen was removed with nitrogen at 1 psi for 0, 0.5, 1, and 5 min, respectively. 

Each point is the average of three measurements, with the error bar representing the 

standard deviation (SD). 

 

 

Oxidation under Anaerobic Condition 

  All of the results obtained so far pointed out that the SWCNT-mediated H2DCF 

oxidation was highly related to the surface property and peroxyl radicals could be the 
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major ROS responsible for the oxidation. The SWCNT has extremely large surface area 

to volume ratio that greatly facilitates the adsorption of oxygen molecules, and the 

conjugated benzene-like structure may have dislocated electrons and thus form the 

carbon-center radicals. The binding of the carbon-center radicals and the molecular 

oxygen would then produce peroxyl radicals. If this is true, then the reaction rate should 

be proportional to the surface coverage of oxygen which should follow the Langmuir 

isotherm. Therefore, we carried out the oxidation experiment under an anaerobic 

condition. The stock H2DCF was kept under N2 after bubbling with N2 for longer than 0.5 

hr. The oxygen in the 0.01% unmodified SWCNT solutions were deprived by N2 

bubbling as well but for different durations before being mixed with the H2DCF. Based 

on the Langmuir isotherm, at a fixed temperature the relationship between the adsorption 

of molecules on a solid surface and the gas pressure (P) of the molecules above the solid 

surface can be described by the following equation,  

                                                  =  · P / (1 +  · P)         (1)                                       

where θ is the percentage coverage of the surface and α is a constant. Then in our case,  

should be proportional to the fraction of DCF being oxidized in the reaction and P, which 

is the pressure of O2 in our system, should be inversely proportional to the duration (t) by 

N2 purge. Replacing those terms in equation (1), we have, 

[H2DCF]/[DCF]  t/         (2)                                              

Therefore, we plotted [H2DCF]/[DCF] vs. t and a nice linear relationship was obtained 

with a regression coefficient of 0.998 (Figure 2.4). We also noticed that the reduction of 
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DCF generation reached a plateau after 1 min N2 purge. This could be because of the 

imperfection of our set-up for N2 purge or due to the strong adsorption of oxygen on the 

large SWCNT surface. Anyhow, this result verified that the SWCNT-mediated oxidation 

could be induced by adsorption of oxygen on the SWCNT surface, which may in turn 

produce the peroxyl radicals. 
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Figure 2.5. (a) The electropherograms of coincubating of 100 nM H2DCF, BODIPY-FL-

EDA and APF in 0.005 mg/mL unmodified SWCNT solution with 0.002% SDS. The 

electropherograms were obtained without the addition of SWCNT (Before Oxidation), 

and 30-min post oxidation by SWCNT with (Oxidation with Trolox) and without Trolox 

(After Oxidation), respectively. (b) The oxidation curves of each dye and the effects of 

2.4 x 10-4 M Trolox. The curve for “APF with Trolox” (open square) overlapped with 

that for “APF” (filled triangle). 
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Simultaneous oxidation of multiple ROS indicators 

  It is sensitive and highly convenient to detect ROS using the fluorescent ROS indicators, 

but most of the indicators can be oxidized by various reactive oxygen or nitrogen species 

and have low specificity in species recognition. Since the reaction rates of different 

indicator with a particular reactive species are often different and the groups of reactive 

species they response to are usually overlapped only partially, higher recognition 

specificity and study throughput can be achieved by co-incubating a collection of the 

indicators, separating them with CE, and then comparing their oxidation efficiencies. 

Therefore, to further confirm the presence of peroxyl radical in the system, we mixed 
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three ROS indicators, H2DCF, BODIPY FL-EDA, and APF, at 100 nM together with the 

unmodified SWCNT, and measured their oxidation products by CE. H2DCF can be 

oxidized by OH·, ROO·, ·NO, and ONOO-, but does not response to O2
·-, HOCl, ·NO, 

and H2O2 without the presence of peroxidase. BODIPY FL-EDA and its more lipid-

soluble analogs are widely applied to detect peroxyl radicals in cell membranes.[33] APF 

is a good indicator for HO·, ONOO- and HOCl, and is believed not to react with H2O2 by 

itself, ·NO, O2
·-, 1O2, and ROO·. Since the 0.1% SDS would delay the migration of the 

BODIPY dye as well as affect its injection due to the strong participation of the dye into 

the negatively charged SDS micelles, we lowered down the SDS concentration to 0.002% 

along with a reduced concentration of the unmodified SWCNT (0.005%). In this co-

incubation study, we also tested the effect of Trolox. Figure 2.5a showed the 

electropherograms obtained with no SWCNT presence and after 30-min oxidation by 

SWCNT with and without the addition of Trolox. The three indicators were separated 

very well by CE with nice peak shapes suitable for accurate quantification using the peak 

heights. No fluorescence from the H2DCF was observed before the oxidation and the 

signal for APF was low. Upon oxidation by the unmodified SWCNT, rapid changes in 

the fluorescence of DCF and BODIPY FL-EDA were detected, while there was no 

response from the APF which should have been oxidized to fluorescein if HO·, ONOO- 

and HOCl existed. This result alone confirmed that ROO· should be the responsible 

species in the system for the oxidation of DCF and BODIPY FL-EDA. Both oxidations 

were slowed down by the addition of Trolox as was seen from the electropherogram 

collected at the same reaction time point but with Trolox. Figure 2.5b compared the 
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oxidation curves of the three dyes and the suppression effects from Trolox. The absolute 

peak heights were used in this case. Comparing the peak heights of DCF with those 

shown in Figure 2.1, we can see the overall generation of DCF was reduced with a lower 

concentration of SWCNT, but the rising rate of the reaction curve was increased with a 

lower SDS concentration. This result implies that the initial reaction rate was dependant 

on the exposed area of the SWCNT and the total amount of DCF produced was limited 

by the concentration of the SWCNT. From Figure 2.5b we can also see that Trolox 

quenched the oxidation of DCF completely but did not stop the reaction of the BODIPY 

dye, suggesting that BODIPY FL-EDA was a better scavenger than Trolox to the reactive 

species in this cell-free SWCNT oxidation system.  

 

2.4 CONCLUSION 

For the first time, meticulous evidences were provided to demonstrate that 

SWCNT could oxidize H2DCF in the cell-free system via the intermediate of peroxyl 

radical. The dissolved oxygen could be adsorbed onto the large surface of SWCNT and 

react with the carbon-centered radicals to form ROO·.[36] Our discovery was obtained 

with the help of a superior analytical tool, capillary electrophoresis, the high separation 

resolution of which greatly facilitates the investigation by eliminating the interference in 

DCF detection from the addition of SWCNT and various types of oxidation scavengers, 

enhancing the detection sensitivity and accuracy, and enabling the co-incubation of 

multiple fluorescent indicators to improve detection specificity.  
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Because the peroxyl radical could attack lipids in the cell membranes, our study 

reveals the potential toxicity SWCNT holds to biological hosts. Since oxidative damage 

to cell membranes plays a significant role in aging and  age-related diseases, such as 

diabetes, Alzheimer's disease, and probably also in autoimmune diseases,[37, 38] future 

in vitro studies are necessary to look into the oxidation effects of SWCNT on lipids.  

Through the present investigation, we also identified the possible causes for the 

contradictory in previous reports about the ROS induction of SWCNT. Firstly, 

spectroscopic measurements could be misleading because SWCNT could quench the 

fluorescence of the ROS indicators. Secondly, the oxidation potential is highly related to 

the surface property of the SWCNT, therefore different surface functionalization, 

interaction with cellular proteins, and even sample preparation with surfactants could all 

lead to variations in oxidation levels. Both aspects should be taken into account in future 

studies on nanotoxicity.  
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SUPPORTING INFORMATION 

Figure S2.1 Fluorescence curves of DCF only and DCF with 0.01 mg/mL SWCNT, 0.01 

mg/mL SWCNT-COOH, or 0.05 mg/mL SWCNT-PEG obtained from the microplate 

reader. The DCF concentrations ranged from (a) 1, 5, 10, 20, 50, and 100 nM; (b) 0.2, 0.5, 

1, 2, 5, 8, and 10 μM. The unmodified SWCNT quenched about 49% of the fluorescence 

from DCF, while around 21% and 14% reduction in fluorescence were observed with 

SWCNT-COOH and SWCNT-PEG, respectively. Experimental Conditions: A microplate 

reader (Wallac Victor® 1420 multilabel plate reader, PerkinElmer, Waltham, MA) was 

employed with the filter pair of 485/535 nm. The fluorescence of each solution was 

measured and compared with that obtained after the addition SWCNT. The data were 

collected by the Wallac 1420 workstation software (PerkinElmer). Three measurements 

were performed and the figures display the average values and the standard deviations 

(some error bars are too small to be seen). 
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Figure S2.2 Fluorescence curves of DCF only and DCF with 0.01 mg/mL SWCNT, 0.01 

mg/mL SWCNT-COOH, or 0.05 mg/mL SWCNT-PEG obtained from capillary 

electrophoresis. The DCF concentrations from low to high are 1, 5, 10, 50, and 100 nM. 

The fluorescence signal was the peak height of the DCF peak in CE. Triplicate 

measurements were performed with the averages and SDs shown in the plot. 
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Figure S2.3 The effects of small molecules on the oxidation of H2DCF by 0.05 mg/mL 

SWCNT-PEG. The small molecules were DMSO (1.4×10-2 M), α-tocopherol (2.2×10-3 

M), ascorbic acid (2.8×10-4 M), sodium azide (7.7×10-4 M), and Trolox (2.0×10-4 M). 

The effects of 0.1 wt% SDS on SWCNT-PEG and SWCNT-PEG with the addition of α-

tocopherol were also included to show the complete inhibition of the oxidation by α-

tocopherol once it was fully dissolved in the solution with the help of SDS. Averages and 

SDs from three replicates were shown. 
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Figure S2.4 The oxidation of H2DCF (10 μM) by 0.01 mg/mL SWCNT (SDS 0.1 wt%) 

was inhibited by Trolox with concentrations 1, 5, 10, 50, 100, and 500 μM. IC50 value of 

Trolox on the reaction was 3.97 μM. In this system, the maximum amount of DCF 

produced was 0.7 μM. The fluorescence signals were corrected for the quenching effect 

from the SWCNT. 
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Chapter 3 Oxidation Reactions Mediated by Single-walled 

Carbon Nanotubes in Aqueous Solution  

 

3.1 INTRODUCTION 

      Single-walled carbon nanotubes (SWCNTs) have found applications in production of 

renewable energy, miniaturization of electronic devices, construction of chemical- or bio-

sensors, and fabrication of new materials, owing to their outstanding electrical, 

mechanical, and chemical properties [1-5]. The structural and morphological similarity of 

SWCNTs to the carcinogenic asbestos fibers have raised tremendous concerns [6], and 

more and more studies have been devoted to evaluate the impacts of SWCNTs on health 

[7-10]. Still, affirmative conclusion has not been reached, mostly because mechanisms 

governing the behaviors of SWCNTs in biological systems are highly complex and could 

be relevant to the physicochemical properties of SWCNTs as well as the diverse cellular 

defense pathways. In particular, whether and how SWCNTs could induce oxidative stress 

is still under debate. Enhanced oxidative stress was detected in cells invaded by SWCNTs 

[8, 11-22], based on the higher intracellular level of reactive oxygen species (ROS), the 

depletion of glutathione, the decreased total antioxidant capacity, etc. [18-22] On the 

other hand, negligible oxidation damage was identified with SWCNTs carrying 

supermolecular functionalization like dendrimers or drugs like amphotericin B and 

doxorubicin [23-26].  
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     Free radicals have been blamed for the induction of oxidative stress by SWCNTs [17, 

27, 28], but only very few reports detected the presence of free radicals in SWCNTs 

suspension [29, 30]. Previously our group discovered that species with similar oxidation 

potentials as the peroxyl radicals may be produced in SWCNTs solutions, judging from 

the oxidation of ROS indicators for peroxyl radicals and the quench of oxidation by 

peroxyl radical inhibitors [32].  The oxidation was positively related to the surface 

adsorption of oxygen, which may form 1, 4-endoperoxide or 1,2-dioxetane via the 

addition of O2 across a C6-hexagon or to one C═C bond [33]. Moreover, it has been 

revealed that SWCNTs in aqueous solutions could be oxidized or reduced by strong 

oxidants and reductants [34-38]. Hence, we continued to investigate how SWCNTs were 

involved in the oxidation of ROS indicators, and included more antioxidants like vitamin 

C, Trolox, and free thiol-containing components in our study. In addition, we explored 

the impact of SWCNTs on oxidations mediated by horseradish peroxidase (HRP), a 

representative member of the enzyme family actively involved in balancing oxidative 

stress. Our results point out the possibility of SWCNTs to consume antioxidants and 

affect reaction kinetics of peroxidase. Both may cause the imbalanced depletion of 

reducing scavengers in cells and consequently raise oxidative stress. 

 

 

 

 



65 

 

3.2 EXPERIMENTAL SECTION 

Chemicals and Reagents  

      The present study focused on the unmodified and carboxylic acid-functionalized 

SWCNTs (SWCNT-COOH). Both were obtained from Sigma and used as purchased. 

Information about the physical dimensions, functionalization, surface area, and metal 

impurity of SWCNTs could be found in Supporting Information Table S1. HRP, ascorbic 

acid, bovine serum albumin (BSA), and 6-hydroxy-2,5,7,8-tetramethylchroman-2-

carboxylic acid (Trolox) were purchased from Sigma (St. Louis, MO). Cysteine, 2,7-

dichlorodihydrofluorescein diacetate (H2DCF-DA), and the Thiol and Sulfide 

Quantitation Kit were obtained from Invitrogen (Eugene, OR).  

 

SWCNT preparation 

     Distribution of SWCNTs in solutions was very important for SWCNTs to exhibit their 

oxidation effects. Low oxidation capability was observed in the SWCNT-COOH samples 

prepared from a stock solution of 1 mg/mL[32], a concentration 10 times higher than the 

solubility of SWCNT-COOH in water (Figure S3.1). The formation of SWCNTs 

aggregates significantly reduced the surface areas available for chemical reactions. To 

ensure good dispersion of SWCNTs in the reaction solutions and preserve their true 

oxidation power, in the present study, all SWCNTs stocks were prepared in a 

concentration of 0.05 mg/mL with 1-hr ultrasonication (100 W, 42 KHz). The 
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unmodified SWCNT had very low solubility in water and thus 0.1 % SDS was used as 

the dispersing agent.  

 

Measurement of H2DCF oxidation by fluorescence 

      Oxidation of H2DCF was measured with the Victor II microplate reader (Perkin 

Elmer, Waltham, MA). The H2DCF stock solution was prepared on a daily basis by de-

esterifying 20 nmol H2DCF-DA with 0.25 mL 0.01 M NaOH. Subsequently, 0.75 mL 25 

mM phosphate buffer (pH 7.4) was added to neutralized the resulted H2DCF solution. In 

the oxidation study 10 μM H2DCF was oxidized to DCF, which emitted strong 

fluorescence. Fluorescence intensities measured at various reaction time points were used 

to calculate the consumption of H2DCF based on a calibration curve generated from DCF. 

Fluorescence quenching caused by SWCNTs was adjusted by including SWCNTs in the 

standard DCF solutions when acquiring the calibration curve.  

 

H2DCF oxidation under anaerobic and aerobic conditions measured by UV-Vis-IR  

      Before mixing, the H2DCF and SWCNT solutions were sealed separately and 

vacuumed for 25 min, and then purged with argon at 1 psi for more than 0.5 h. The two 

solutions were mixed in a tightly sealed cuvette. The final concentration for H2DCF was 

10 μM, and that of the unmodified SWCNTs or SWCNT-COOH was 0.05 mg/mL. The 

absorbance spectrum from 400 to 1300 nm was measured at several reaction durations (1, 
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5, 10, 20 and 30 min) by the Cary 500 UV-Vis-IR spectrometer (Varian, Palo Alto, CA). 

After 30 min, the cuvette was vacuumed for 15 min and exposed to air, and the UV-Vis-

IR spectrum was recorded at 10, 20, 30, 50 and 60 min.  

 

Oxidation of other reducing agents 

      Oxidation of ascorbic acid and Trolox by SWCNT-COOH was monitored in the Cary 

500 UV-Vis-IR spectrometer. The UV-Vis-NIR spectra from 200 to 1300 nm 

simultaneously showed the quantity change of all reactants, including 56.8 μM ascorbic 

acid, 40.0 μM Trolox, and 0.05 mg/mL SWCNT-COOH. However, for comparing the 

oxidation rates of ascorbic acid and Trolox, the Cary 100 UV-Vis spectrometer was used 

to observe only the changes in ascorbic acid and Trolox with a much faster scan rate. The 

residue thiol groups in cysteine and BSA after reacted with SWCNTs was measured with 

the Thiol and Sulfide Quantitation Kit, following manufacturer’s instruction.  In brief, the 

presence of thiols would activate the inactive disulfide derivative of papain, papain–

SSCH3, and release the active enzyme.  The enzyme in turn cleaves N-benzoyl-L-

arginine, p-nitroanilide (L-BAPNA), and the product, p-nitroaniline, contains a 

chromophore that absorbs strongly at 410 nm.  The poorly accessible thiol groups in BSA 

exchanged with cystamine to generate the easily detected 2-mecaptoethylamine 

(cysteamine) first.  
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Effect of SWCNTs on the reaction kinetics of HRP 

      Thirty nanomolar HRP and 10 μM H2O2 were mixed in the microtiter plate wells with 

or without 0.007 mg/mL SWCNTs. The reaction was initiated by rapidly adding H2DCF 

to a final concentration of 5, 8, 10, 20, 50, 100 and 200 μM. The measurement and 

calculation of DCF concentrations were performed as described above. The initial rates 

of the reactions were expressed as the amount of DCF produced per minute.  

 

3.3 RESULT AND DISCUSSION 

Duplex roles of SWCNTs in the oxidation of H2DCF 

  Even though our previous study on the oxidation of H2DCF in aqueous suspension of 

SWCNTs concluded that oxygen was the ultimate oxidant, residual oxidation of H2DCF 

(~20 %) was still observed under the anaerobic condition. Since SWCNTs have been 

found to exist in both oxidized and reduced forms in aqueous solutions [34], they may act 

as an oxidant and react with H2DCF. Therefore, we measured the NIR spectrum of 

SWCNT-COOH during the oxidation of H2DCF [33, 39-41] to inspect how SWCNTs 

participated in the reaction. The regions between 1500-1800 nm (S11) and 900-1100 nm 

(S22) are features of semiconducting tubes, and that locating between 600-700 nm (M11) 

corresponds to metallic tubes [41]. The absorption intensity of these regions would 

increase if SWCNTs are reduced. Therefore, we collected the NIR spectra of SWCNT- 
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COOH at different time points during the oxidation of H2DCF to inspect how they 

participated in the reaction. 

 

Figure 3.1 (a) The UV-Vis-IR spectra for oxidation of 10 μM H2DCF in argon. Before 

and after purging air, the absorbance of 0.05 mg/mL SWCNT-COOH did not change. (b) 

The correlation between Abs at 498 nm and 1040 nm in the two reaction stages 

(anaerobic and aerobic). Insert: Abs at 498 nm by DCF and 1040 nm by SWCNT-COOH 

at 1, 10 and 30 min in argon as well as 10, 30, 60 min after air supply was resumed.     
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  We first performed the reaction under anaerobic condition to avoid impact from O2 

(Figure 3.1a). Our SWCNT-COOH sample showed the central transition regions of S22 

and M11 at 1040 nm and 700 nm, respectively, but the S11 transition which represents the 

lower energy band gap was not observed due to the large background interference from 

H2O in the far-IR region. The depletion of oxygen did not alter the oxidation status of 

SWCNT-COOH without H2DCF, but the SWCNT-COOH was reduced immediately 

upon mixing with H2DCF (Figure 3.1a). We monitored the time course of absorbance 

(Abs.) at 498 nm (distinct for DCF generation) and 1040 nm (specific for SWCNT-

COOH reduction) (insert in Figure 3.1b), and found out they were strongly correlated 

with each other (R2 = 0.994) (solid line in Figure 3.1b). This result indicates that, under 
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anaerobic condition, SWCNT-COOH received electrons from H2DCF as an oxidant. The 

originally low S22 transition band in SWCNT-COOH probably resulted from the strong 

acid treatment for the introduction of COOH group [42], which likely exfoliated the tube, 

intercalated the acid into the graphite structure, and subsequently bleached the S22 band 

via the hole-doping effect. Adsorption of O2 on SWCNT surface has also been claimed to 

impose such a hole-doping effect [43]. The pre-existing SWCNT-COOH doped by 

electron acceptors during manufacture and preprocessing was rapidly consumed to 

oxidize H2DCF during the first 10 minutes, and the reaction slowed down when most of 

the doped SWCNT-COOH were consumed. Once we exposed the solution to air, the 

linear relationship between the Abs. at 498 nm and 1040 nm was disrupted suddenly with 

a much faster oxidation rate in H2DCF than the reduction rate of SWCNT-COOH (dotted 

line in Figure 3.1b; spectra shown in Figure S3.2). Thus, under aerobic condition O2 

became the dominant oxidant in the reaction.  

     Similar reaction trends also occurred to the unmodified SWCNTs (Figure S3.3a and b), 

but purging the solution with argon obviously increased the S22 absorbance even without 

the addition of H2DCF (Figure S3.3a). The unmodified SWCNTs were dispersed in 0.1% 

SDS by sonication. The coverage of SDS on the SWCNT surface may have weakened the 

binding of O2, making it easier to be removed by argon, and also reduced the surface area 

for O2 adsorption. Both led to a lower oxidation capability in the unmodified SWCNTs 

than the SWCNT-COOH. 
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  Clearly, SWCNTs played two roles in the oxidation of H2DCF: they themselves could 

be the oxidant and also could accelerate the reaction between O2 and H2DCF. SWCNT 

possesses ultra large surface area, and its adsorption of oxygen was calculated to be 

energetically favorable with ∆H equal to -16.3 kcal/mol [44]. The adsorbed oxygen on 

SWCNT surface may be added across the C═C bond and form a transition species with 

reaction characteristics resemble to that of the peroxyl radical as revealed from our 

previous study. The adsorption-based activation of O2 could also be the route via which 

SWCNTs facilitate the oxidation of H2DCF by O2. Moreover, H2DCF is an aromatic 

compound, and intercalation of aromatic compounds to SWCNT through π-π stacking is 

well documented in literature. By adsorbing both the oxidant and reductant on the surface, 

SWCNTs could speed up the electron transfer due to their high electron conductivity [45].  
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Figure 3.2 (a) Oxidation of vitamin C by air, 0.05 mg/mL SWCNT-COOH or its 

equivalent-volume filtration; (b) oxidation of 40 μM Trolox by 0.05 mg/mL SWCNT-

COOH, 30 nM HRP with 50 μM H2O2, as well as the mixture of SWCNT-COOH, HRP 

and H2O2. 
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Reactivity of SWCNT towards other reducing molecules 

      The oxidation potential and catalytic capability shown by SWCNTs in the oxidation 

of H2DCF raised the question that if they could react in the same ways with common 

antioxidants found in biological systems. Since vitamin C and Trolox, the water-soluble 

analog of tocopherol (vitamin E), were able to suppress the oxidation of H2DCF by the 

unmodified SWCNTs[32] and the SWCNT-COOH (Figure S3.4), we suspected that the 

inhibition effect might be due to the competition of oxidants in the reaction system. 

Indeed, the oxidation rate of vitamin C in the presence of 0.05 mg/mL increased about 8 

fold in comparison with that in air, judging from the slopes of the linear curves shown in 
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Figure 3.2a. The oxidation of vitamin C was monitored by the decrease of its 

characteristic absorption peak at 265 nm. SWCNT again acted as both the oxidant and the 

catalyst (Figure S3.5). No enhanced oxidation was observed if the SWCNT-COOH was 

removed from the solution by filtration. The presence of SWCNT-COOH was necessary 

for the oxidation reaction to occur. The reaction rate of vitamin C with SWCNT-COOH 

was faster than that of the H2DCF. Within 30 min, 0.05 mg/mL SWCNT-COOH oxidized 

a total of 40 µM vitamin C, but only produced around 5.3 µM DCF (data not shown), 

each molecule of vitamin C or H2DCF losing 2 electrons in the red-ox reaction. The 

faster reaction rate of vitamin C supports that most of the oxygen species in the system 

could be consumed by vitamin C if it co-existed with H2DCF, and consequently the 

oxidation of H2DCF was suppressed. 
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Figure 3.3 (a) The inhibition effect of 0.75 μM BSA or 1 μM cysteine on the oxidation of 

1 μM H2DCF by  0.05 mg/mL SWCNT-COOH in 30 min; (b) The level of thiols in 0.38 

μM BSA and 0.2 μM cysteine after exposure to 0.001 mg/mL SWCNT-COOH for 24 hr. 
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      However, the competition theory was not applicable to Trolox. Trolox suppressed the 

oxidation of H2DCF in the SWCNT-COOH suspension within 30 min of reaction (Figure 

S3.4), but it stopped participating in the redox reaction after the reduction of SWCNT-

COOH (Figure 3.2b; Figure S3.6). Similarly, two free thiol containing antioxidants, BSA 

and cysteine exhibited immediate inhibition effects on the oxidation of H2DCF in 

SWCNT-COOH solution (Figure 3.3a), but it took more than 24 hrs to oxidize the free 

thiol groups in these two molecules by SWCNT-COOH (Figure 3.3b). The suppression 

effect from BSA could be through the coating of SWCNT surface [46] which blocks the 

adsorption of oxygen on the tube surface and thus prevent the formation of the 

intermediate, epoxide-like species. However, the suppression mechanism of Trolox and 

cysteine was unknown. Anyhow, these two molecules could be valuable in reducing the 
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possible oxidation stress caused by SWCNTs, because they quench the oxidation 

reactions effectively at little expense of themselves.  

 

Effect of SWCNT on the activity of HRP 

  The reactivity of SWCNTs over the above common antioxidants may cause rapid 

depletion of these protecting molecules in cells infected by SWCNTs and break the redox 

balance. However, cells are protected from the oxidation damage by multiple pathways in 

addition to small antioxidants, and many of the pathways involve enzymes from the 

peroxidase family. Therefore, we probed the effect of SWCNTs on peroxidase, using 

HRP as the model enzyme. Interestingly, the oxidation of H2DCF by HRP/H2O2 was 

enhanced by SWCNT-COOH, and the enhancement was not due to the sum reactions 

with both the HRP/H2O2 and the SWCNT-COOH systems (Figure S3.7). The same 

enhancement effect was also observed on Trolox (Figure 3.2b). The reaction kinetics of 

HRP was then studied with or without the presence of SWCNT-COOH or unmodified 

SWCNTs using H2DCF as the substrate. The reaction catalyzed by HRP shows a ping-

pong mechanism with both H2O2 and H2DCF as the substrates [47]. The reaction kinetics 

can be described with the following equation,   

 

in which [HRP]0 is the total enzyme concentration, v initial rate, KA and KB Michaelis 

constants for H2DCF and H2O2 respectively, kcat the maximum theoretical rate constant. 

 
   

0 A B

cat 2 cat 2 2

HRP K K1 1
1

v k H DCF k H O
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With a constant concentration of H2O2, [HRP]0/v is linearly proportional to 1/[H2DCF]. 

Figure 3.4 displays the curves obtained with HRP only, HRP plus SWCNT-COOH, and 

HRP plus unmodified SWCNTs. Smaller slopes and intercepts were obtained with the 

two types of SWCNTs. Assuming SWCNTs has no impact on the KB of H2O2, we could 

draw the conclusion that SWCNT-COOH increased the rate constant kcat of the following 

reaction by a factor of 2.8 and decreased the KA value of H2DCF by a factor of 1.9. The 

unmodified SWCNT led to 2.1 fold reduction of kcat, and 4.3 fold increases in KA, Such 

changes indicated that oxidation of H2DCF by the HRP complex II produced from the 

reaction between HRP and H2O2 was accelerated by SWCNT-COOH.  

 

 

 

 

 

 

 

 



80 

 

Figure 3.4 The kinetic of the H2DCF oxidation by HRP with or without SWCNTs. The 

concentration of enzyme and H2O2 were 30 nM and 10 μM, respectively. The 

concentrations of H2DCF were 5, 8, 10, 20, 50, 100 and 200 μM.  
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occupied different binding sites on HRP so that it did not suppress the oxidation of 

H2DCF by the HRP/H2O2 system. On the contrary, it inhibited the oxidation in the 

HRP/H2O2/SWCNT-COOH system (Figure S3.9). This result hints that SWCNT-COOH 

may act as the wire for electron transport between the heme group of HRP and the 

reductants. The binding site of Trolox may be closer to SWCNT surface and its electrons 

could then be routed to the heme group more easily, blocking the electron path of H2DCF. 

Vitamin C does not bind to HRP, and thus the above phenomena were not observed with 

vitamin C (Figure S3.9). Facilitation of long-range electron transfer may also be the 

mechanism used by SWCNTs to catalyze the reaction of antioxidants with oxygen. 

However, further investigation on the relative positions of key amino acids in HRP 

responsible for the electron migration [45] to the SWCNT-COOH surface is needed to 

confirm this hypothesis.        

     

3.4 CONCLUSION 

  In summary, we demonstrated that SWCNTs could oxidize the ROS indicator of H2DCF 

and various antioxidants including vitamin C, cysteine, and BSA with different reaction 

rates in aqueous solution. The SWCNTs could be served as an oxidant, or could facilitate 

the electron transport between the reducing agents and the oxidizing agents such as O2 

and HRP. The oxidation effect on the common ROS indicator emphasizes the importance 

of studying the oxidative stress in cells with different approaches besides the fluorescent 

microscopy with ROS indicators. The effects of SWCNTs on the antioxidants and the 
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peroxidase indicate that if SWCNTs were taken up by cells, they may enhance the 

cellular oxidative stress through the depletion of antioxidants and the augment of 

peroxidase activity. On the other hand, our results also point out that the chemical activity 

of SWCNTs was dependent on their surface properties. Thus, adsorption of molecules 

present in biological systems, like proteins, onto SWCNTs surface would further enhance 

the complexity of oxidative stress originated by SWCNTs and should be taken into 

account when investigation the toxicity of SWCNTs. 
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SUPPORTING INFORMATION 

Table S1 Properties of SWCNTs used in our studies. 

SWCNTs Unmodified SWCNT  SWCNT-COOH 

*Diameter  

Length 

0.7−0.9 nm × 0.45−2 μm 4−5 nm × 0.5−0.6 μm 

*Functionalization None 1.5-3.0 atom% of carboxylic acid 

BET Surface Area 392 m²/g 25.9 m²/g 

Metal Content 

(measured by 

ICP-AES) 

Fe (0.22 µM), Co (1.1 µM), Ni 

(0.15 µM), Cu (0.11 µM), Y 

(0.12 µM) in 0.01 mg/mL 

SWCNT 

Ni (1.7 µM), Y (0.73 µM), others not 

detected in 0.01 mg/mL SWCNT-COOH 

* Information provided by the manufacturer
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Figure S3.1 The oxidation of H2DCF by SWCNT-COOH prepared with different 

stocking concentrations, as indicated, 0.05 mg/mL and 1 mg/mL respectively. The 

concentrations SWCNT-COOH used in the experiment were both 0.01 mg/mL.  
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Figure S3.2. The UV-Vis-IR spectra show the oxidation of 10 μM H2DCF and the 

reduction of SWCNT-COOH at 10, 30 and 60 min after resupply of air. 
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Figure S3.3 (a) The UV-Vis-IR spectra show the oxidation of 10 μM H2DCF and the 

reduction of unmodified SWCNT at  1, 10 and 30 min in argon; (b) reaction at 10, 30, 60 

min after resupply of air. 
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Figure S3.4 The inhibition effect of 0.28 mM vitamin C or 0.20 mM Trolox on the 

oxidation of 10 μM H2DCF by 0.05 mg/mL SWCNT-COOH in 30 min.  
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Figure S3.5 The UV-Vis-IR spectra show the oxidation of 56.8 μM vitamin C and the 

reduction of SWCNT-COOH at 1, 10 and 30 min in air. 
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Figure S3.6 UV-Vis-IR spectra showed the oxidation of 40 μM Trolox by 0.05 mg/mL 

SWCNT-COOH. Upon oxidation, the maximum UV absorbance of Trolox should shift 

from 290 nm to 275 nm (quinone structure). 
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Figure S3.7 HRP enhanced the oxidation of 10 μM H2DCF by 0.05 mg/mL SWCNT-

COOH, concentration of HRP was 30 nM. 
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Figure S3.8 Circular Dichroism (CD) measurement of HRP. The CD spectra 0.05mg/ml 

HRP with or without 0.005 mg/ml SWCNT-COOH in the phosphate buffer were 

measured. 
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Figure S3.9 The inhibition effect of 0.28 mM vitamin C or 0.20 mM Trolox on the 

oxidation of 10 μM H2DCF by the mixture of 30 nM HRP and 0.05 mg/mL SWCNT-

COOH in 30 min. 
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Chapter 4 Enhanced Enzyme Activity through Electron 

Transfer between Single-walled Carbon Nanotubes and 

Horseradish Peroxidase 

 

4.1 INTRODUCTION 

Biofunctional nanomaterials prepared by coupling redox proteins or enzymes to 

conducting nanomaterials like carbon nanotubes (CNTs) are of paramount importance for 

the production of renewable energy and the construction of electrochemical sensors.[1-3]  

Nanomaterials are employed to increase protein loading and assist with electron transfer 

(ET) to electrode.[4-10]  Efficient ET between the nanomaterials and the attached protein 

is also imperative to the success of such hybrid materials, and should be evaluated in 

design of the nano-bio hybrid structure.[11]  However, assessment of ET at the nano-bio 

interface and the control factors are difficult with the nano-bio complex locating on the 

solid electrode surface, because both attachments of the protein to nanomaterials and the 

nano-bio complex to electrodes contribute to the observed electrochemical activity.[12]  

Moreover, biological cells rely on ET for energy production, signal transduction, and 

cell-cell communication.[13-15]  Recent studies have pointed out the possibility of using 

CNTs and other conducting nanomaterials to generate electrical shortcuts and enhance 

the performance of cells or tissues.[16-18]  Participation of the nanomaterial in ET 
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among biomolecules should be studied for better understanding of the phenomena and for 

possible manipulation over the biological processes to heal diseases.  

  Pioneer study of ET at the nano-bio interface reported that binding of the Au 

nanoparticles to cytochrome c near its activity center could facilitate intermolecular ET 

between the redox partners, and the Au surface served to increase the local concentration 

of the redox molecules.[19, 20]  The present study revealed that the single-walled CNT 

(SWCNT) was directly involved in the ET between the enzyme and its substrate besides 

being a solid support for the enzyme.  The peroxidase-SWCNT complex allows the facile 

monitor of the ET with simple methodologies.  It can serve as a model system for study 

of ET at the nano-bio interface in solution to improve our understanding of the 

mechanism and the dependence of ET efficiency on nanostructure properties.  

  Our previous work revealed that both the unmodified and carboxylated SWCNT could 

enhance the activity of horseradish peroxidase (HRP) in oxidizing the reducing substrates 

like 2,7-dichlorodihydrofluorescein (H2DCF), a reactive oxygen species (ROS) indicator, 

and trolox, a water-soluble analog of vitamin E in aqueous solutions.[21]  Circular 

dichroism (CD) spectroscopy showed that HRP was adsorbed by SWCNT.  We 

hypothesized that the adsorption interface would be relevant to the activity enhancement.  

Hence, in the present study, we employed the crosslinking chemistry coupled with mass 

spectrometry (MS) to locate peptides near the adsorption sites.   Site identification was 

confirmed by fluorescence spectroscopy, and its relationship to enzyme activity 

enhancement was studied by visible and near infrared (Vis-NIR) spectroscopy.  Finally, 
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impact from pH on enzyme activity enhancement was investigated to further verify our 

hypothesis. 

 

4.2 EXPERIMENTAL SECTION 

Chemicals and Reagents 

  The carboxylic acid-functionalized SWCNT (SWCNT-COOH, average length of 0.5 - 

0.6 µm and diameter of 1.4  0.1 nm) was obtained from Sigma (St. Louis, MO, USA) 

and used as purchased.  HRP, trypsin, bovine serum albumin (BSA), hydrogen peroxide 

(33%) and Tween 20 were purchased from Sigma.  ROS probe 2,7- 

dichlorodihydrofluorescein diacetate (H2DCF-DA) was obtained from Invitrogen 

(Eugene, OR, USA).   The crosslinker, 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide 

hydrochloride (EDC) was from Thermo Fisher Scientific (Rockford, IL, USA).  

 

Stock Solution Preparation 

  To ensure good dispersion of SWCNT in the reaction solutions, all SWCNT stocks were 

prepared in a concentration of 0.5 mg/mL in deionized water with 1-hr ultra-sonication 

(100 W, 42 kHz) in ice water bath.  No aggregation was found in the bottom of the 

centrifugation tube with a brief centrifugation of the stock solution at 14,000  g even 

after several months of storage.  HRP was prepared at a concentration of 1.0 mg/mL in 

deionized water.  The trypsin stock solution of 1.0 mg/mL was prepared in 0.01 M 
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hydrogen chloride (HCl).  This acid solution was stored at -20 °C and used within two 

weeks.  EDC was dissolved in water just before usage, and diluted to the desired 

concentrations in 50 mM MOPS buffer.  

 

Crosslinking of HRP onto SWCNT-COOH 

  Before crosslinking, 50 µg of HRP and equivalent mass of SWCNT-COOH in deionized 

water were added into 1 mL of 50 mM MOPS buffer (pH 6.0), and the solution was 

stirred for three hours.  The crosslinker EDC was applied at a molar ratio of 50 to 1 over 

the enzyme, and the solution was incubated overnight with stirring.  The resulting 

solution was then transferred to a molecular weight cut-off (MWCO)-100 kDa 

Microcon® centrifugal filter (Millipore, Billerica, MA, USA).  The SWCNT-COOH with 

an average length of 0.5-0.6 µm could not get through the filter pore, so the reaction 

byproducts and the unconjugated HRP were then washed off with 0.1 % Tween 20 

solution and removed by centrifugation at 14,000  g for 3 times, followed by deionized 

water for another 3 times.  The SWCNT-COOH conjugated with HRP on the filter 

membrane was redistributed into the phosphate buffer (25 mM, pH 2.0), ready for heme 

extraction and trypsin digestion.  
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Preparation of apo-HRP and Trypsin Digestion  

  The heme group of the SWCNT-crosslinked or free HRP was removed by 3 rounds of 

extraction with an equal volume of 2-butanone at 0 °C.  The organic phase was removed 

by SpeedVac and the apo-HRP was re-dispensed into 1 mL of the digestion buffer 

(NH4HCO3, 50 mM).  Appropriate volume of the trypsin stock solution was then added 

into the digestion buffer such that the molar ratio of trypsin : protein in the sample was 1 : 

50.  The mixture was incubated overnight.  After digestion the peptides and SWCNT-

COOH were separated by centrifugation at 14,000  g with the MWCO-100 kDa 

Microcon filter.  The obtained peptides in the filtrate were purified with ziptip, loaded 

onto the plate and measured by the Applied Biosystems (ABI) Voyager DE-STR matrix 

assisted laser desorption ionization (MALDI) - time of flight (TOF) mass spectrometer 

(Carlsbad, CA, USA).  Sequences of peptides 2744.5 and 2545.3 were verified by tandem 

MS/MS with the ABI Q-STAR XL oMALDI Q-TOF MS/MS instrument and the Mascot 

search engine provided by Matrix Science Inc. (Boston, MA, USA). 

 

Control samples for MS  

  To find out what peptides were crosslinked to the SWCNT, four control samples were 

prepared along with the SWCNT-crosslinked HRP.  The first control was free HRP 

treated by trypsin digestion and filtration without any SWCNT-COOH.  Another control 

was the HRP passively adsorbed on SWCNT-COOH, which experienced the same steps 

of surfactant washing, heme removing, and trypsin digestion as the SWCNT-crosslinked 
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HRP.  The third control was prepared by mixing 5 μg of the trypsin-digested HRP 

peptides with 50 μg of SWCNT-COOH, and removing the peptides that bound to the 

SWCNT by centrifugation at 14,000  g with the MWCO-100 kDa Microcon filter.  The 

supernatant was analyzed.  The last control was HRP itself crosslinked by EDC and 

digested by trypsin. 

 

Intrinsic Fluorescence Quenching   

  Fluorescence measurements were performed in a Spex Fluorolog Tau-3 fluorescence 

spectrophotometer (HORIBA, CA). For the protein intrinsic fluorescence measurement, 

SWCNT-COOH were added to the 100 µg/mL HRP solutions at final concentrations of 5, 

10, 20, 30 and 40 µg/mL.  The mixture was excited at 278 nm, and the emission was 

measured from 290 to 410 nm.  The quenching of apo-HRP fluorescence was also tested 

with the same procedure.  To evaluate any possible interference from SWCNT-COOH, 

the excitation light intensity were measured after passing through the SWCNT-COOH 

solution at all tested concentrations.  The results were showed in Figure S3 (c), showing 

very small and inconsistent variation of the light intensity with the presence of SWCNT. 

Therefore, the interference from SWCNT could be neglected compared to the significant 

variation of the tryptophan fluorescence. 

  To test fluorescence quenching of 2,7-dichlorofluorescein (DCF) by SWCNT-COOH, 

the nanotubes were added to 1 µM DCF dissolved in 25 mM phosphate (pH 7.4).  The 
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final concentrations of SWCNT were 2, 5, 10, and 20 µg/mL.  The compound was 

excited at 488 nm, and fluorescent emission was collected from 500 to 580 nm. 

 

Measurement of H2DCF Oxidation by Fluorescence  

  Oxidation of H2DCF was measured using the previous procedure with the Victor II 

microplate reader (Perkin-Elmer, Waltham, MA) equipped with 480 nm filter for 

excitation and 520 nm filter for emission.[21]  The H2DCF stock solution was prepared 

on a daily basis by de-esterifying 20 nmol H2DCF-DA with 0.25 mL of 0.01 M NaOH.  

The resulted H2DCF solution was subsequently neutralized by 0.75 mL of 25 mM 

phosphate buffer (pH 7.4) to 20 μM.  Two fold dilution (10 μM) of the stock was used for 

the measurement in which H2DCF was oxidized to the strongly fluorescent DCF.  The 

consumption of H2DCF could be calculated from the fluorescence intensities measured at 

various reaction time points based on a calibration curve generated from DCF.  

Fluorescence quenching caused by SWCNT was adjusted by including SWCNT in the 

standard DCF solutions when acquiring the calibration curve.  The systems we tested 

included 1.2 µg/mL HRP and 100 µM H2O2 under different pH (4.0 - 12.0) with or 

without 10 µg/mL SWCNT-COOH; and 1.2 µg/mL HRP and 10 µg/mL BSA mixed in 

different orders with 10 µg/mL SWCNT-COOH at pH 7.4.  HRP activity was monitored 

by the oxidation of H2DCF within 3 min.  
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Vis−NIR spectroscopy of SWCNT-COOH  

  The absorbance spectrum from 400 to 1,300 nm was obtained by the Cary 500 

ultraviolet (UV)−Vis−IR spectrometer (Varian, Palo Alto, CA). To monitor the electron 

transfer, the spectrum of 25 µg/mL SWCNT-COOH in the phosphate buffer (25 mM, pH 

7.4) was scanned at 1,800 nm/s (0.5 min per scan) upon the addition of HRP and H2O2 to 

a final concentration of 0.6 µg/mL and 100 µM, respectively, followed by the addition of 

H2DCF to 20 μM.  To avoid any dilution effect, the working solutions of HRP, H2O2 and 

H2DCF were prepared at 100 μg/mL, 10 mM and 1 mM, so that only very small volumes 

were added to the measured solutions.  In the test of pH effect, the UV-IR spectra of 

SWCNT-COOH in the buffer solutions from pH 4.0 to 12.0 were also obtained. 

 

Protein structure and peptide sequences 

  The protein structure images were prepared using VMD.  VMD is developed with NIH 

support by the Theoretical and Computational Biophysics group at the Beckman Institute, 

University of Illinois at Urbana-Champaign.  The sequence numbers for peptides used 

here were adopted from PDB, because we used the crystal structure downloaded from 

PDB to map out the location of these peptides.  These numbers were 30 residues different 

than those reported in UniProtKB/Swiss-Prot, protein ID P00433, Peroxidase C1A.  For 

example, using UniProtKB sequence number, m/z 2545.4 should be T124-R148. 
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Atomic Force Microscopy (AFM) 

  Adsorption of HRP on SWCNT was analyzed with a Veeco D5000 atomic force 

microscope (Veeco Instruments, Santa Barbara, CA), and the images were acquired in the 

tapping mode. The scanning rate was 0.5 Hz, with integral gain of 0.1 and proportional 

gain of 0.2. The amplitude set-point was set at1.327 V, and the tip velocity was 0.975 

um/s.  The AFM tip (RTESP) was obtained from (Bruker, CA). Image analysis was 

performed with (NanoScope). HRP was incubated with SWCNT in 25 mM phosphate 

buffer, the same condition as that during the ET process. The samples of SWCNT-only 

and SWCNT-HRP were deposited onto a silica wafer which was cleaned with acetone 

and isopropanol and then dried by nitrogen. The samples were dried in air for a few hours 

before AFM measurement.  

 

4.3 RESULT AND DISCUSSION 

Binding site identification by mass spectrometry 

  Our previous work revealed the adsorption of HRP on SWCNT by CD.[21]  To further 

visualize the close attachment of HRP on SWCNT, AFM was employed in the present 

study, and the results were displayed in Supplementary data Figure S4.1. After incubation 

with HRP, the surface of SWCNT–COOH became very rough and covered with knots 

which should be individual HRP molecules. Being adsorbed onto SWCNT-COOH may 

affect the function of this enzymatic protein, and the effect should be related to where the 
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SWCNT-COOH binds on HRP. To find out the binding site of HRP on SWCNT-COOH, 

the method of crosslinking chemistry coupled with mass spectrometry was used, which 

was recently proved to be effective for such purpose in our lab [22]. We coupled 

SWCNT-COOH to HRP using 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide 

hydrochloride (EDC).  EDC would link the free amine groups on HRP to the carboxyl 

group of SWCNT, but it is a zero-length crosslinker so only the ones very close to the 

SWCNT surface would be affected.  Thus, during the subsequent protease digestion, the 

peptides further away from the SWCNT surface could be released to the supernatant.  

Those close to the interaction interface would remain attached to the SWCNT surface by 

the amide bond, and could be recognized as the missing peptides when comparing the 

digestion patterns of the SWCNT-crosslinked and free HRP obtained with MALDI-TOF-

MS. Crosslinking is necessary in this approach, because it can stabilize protein 

attachment so that the excess protein molecules can be washed off and do not generate 

high background in supernatant analysis. Furthermore, it can prevent identification of the 

false positives, i.e. peptides that have high affinity to SWCNT but are not part of the 

binding site of SWCNT when the protein remains its native folded structure. These 

peptides could be exposed after protease digestion, adsorbed onto SWCNT surface, and 

thus not discovered in the supernatant to create confusion.  

  Figure 4.1 showed the representative MS results we used to determine the binding site 

of SWCNT on HRP.  After digestion, the free HRP gave out a total of 8 peptide peaks in 

MALDI-MS (Fig. 4.1a): m/z 541.4 (amino acid (a. a.) V119-R123), m/z 681.4 (a. a. 

F179-R183), m/z 743.6 (a. a. I32-R38), m/z 803.5 (a. a. G76-R82), m/z 959.6 (a. a. D20-
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R27), m/z 1475.9 (a. a. S160-K274), m/z 2545.4 (a. a. T94-R118), and m/z 2744.6 (a. a. 

D125-K149).  The SWCNT-crosslinked HRP was prepared by adding EDC to the  

mixture of HRP and SWCNT-COOH which had been incubated for 3 hours in MOPS 

buffer (50 mM, pH 6.0).  The unbound HRP was washed off the tubes with 0.1% Tween 

20 before the bound protein was digested by trypsin.  Two peptides, m/z 2545.4 and m/z 

2744.6, were consistently missing from this sample (Fig. 4.1b).  We chose MOPS as the 

incubation buffer because the structure and activity of HRP are stable at this pH in room 

temperature[23], and it is the optimal reaction pH for EDC.  Confirmed by MALDI-TOF-

MS-MS (Supplementary Data Figure S4.2), the sequence of m/z 2545.4 was 

(R93)TVSCADLLTIAAQQSVTLAGGPSWR, with a lysine K84 residue close by; and 

that of m/z 2744.6 was (R124)DSLQAFLDLANANLPAPFFTLPQLK(149).   These two 

peptides could have located close to the SWCNT surface during HRP adsorption, and 

both the K84 and K149 residues were coupled to the –COOH groups of SWCNT by EDC 

and no longer cleavable by trypsin.  Although between K84 and T94 there was a 

digestion site of R93, SWCNT-COOH may have generated big steric hindrance to 

prevent the approaching of the protease and inhibit the cleavage at R93.  On the contrary, 

without crosslinking, the adsorbed HRP was completely washed off the SWCNT-COOH 

by the Tween 20 solution, and no peptide was obtained after digestion (Figure 4.1c).  To 

exclude the possibility that the loss of peptides was mainly due to their own high affinity 

to SWCNT-COOH, we digested HRP and mixed the resulted peptides with the SWCNT-

COOH.   After removing the tubes from the solution, m/z 2545.4 and m/z 2744.6 were 

still found in the supernatant instead of being completely taken away by the SWCNT-



110 
 

COOH via adsorption (Supplementary Data Figure S4.3a).   Trypsin digestion of HRP 

treated with EDC when no SWCNT-COOH was in the sample resulted in a completely 

different MS pattern (Fig. S4.3b). No peptide belonging to HRP could be identified from 

this MS result due to the extensive intramolecular crosslinking.  The protein self-

crosslinking did not occur to such a large extend in the sample containing SWCNT-

COOH because the tubes provided sufficient -COOH groups for EDC to prevent it from 

activating those on the protein.   
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Figure 4.1 MS spectra for the analysis of (a) free HRP digest; (b) the supernatant after 

the SWCNTs-COOH adsorbed and crosslinked to HRP, washed with 0.1% Tween 20, 

subject to trypsin digestion, and finally removed from the mixture; (c) the supernatant 

after the SWCNTs-COOH went through the same treatment as (b) except for crosslinking. 
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Figure 4.2 Intrinsic fluorescence spectra of 100 µg/mL (a) HRP or (b) apo-HRP at the 

present of 0, 5, 10, 20, 30, 40 µg/mL SWCNT-COOH in 25 mM phosphate buffer (pH 

7.4). (c) Stern-Volmer plots for dependence of fluorescence quenching and SWCNT-

COOH concentration 
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Binding site verification 

  Even though we obtained reproducible MS results for HRP digestion before and after it 

being crosslinked to the SWCNT-COOH, one must be very careful in using ion 

intensities to compare peptide abundances.  The ion intensities are strongly affected by 

sample preparation, ion suppression, deposition on the MALDI plate, etc.  Therefore, we 

searched for other evidences to verify the close location of these peptides towards the 

SWCNT surface during HRP adsorption.  The pI of m/z 2545.4 is 5.5 and that of m/z 

2744.6 is 4.2, computed by the tool available on ExPASy, the SIB (Swiss Institute of 

Bioinformatics) Bioinformatics Resource Portal.  They were partially charged positively 

at pH 6.0, rendering weak electrostatic interaction with the negatively charged SWCNT-

COOH.   They also contain more than 50% non-polar amino acids, indicating that strong 

hydrophobic interaction between HRP and the hydrophobic carbon surface of SWCNT-

COOH is possible.  The consecutive phenylalanine residues on peptide D125-K149 (m/z 

2744), F142 and F143, could enhance the binding through π-π stacking; and the Thr and 

Ser residues on peptide T94-R118 could form H-bonds with the carboxyl groups, both 

drawing the SWCNT-COOH closer to these peptides.  In fact,  peptide D125-K149 

contains residues (N135, L138, A140, P141, F142, F143, T144 and Q147) that have been 

predicted by computational modeling to locate within 5 Å distance from SWCNT-

COOH[24].   

  Moreover, peptide T94-R118 (m/z 2545) has the only tryptophan residue, W117, of the 

entire HRP molecule[25]. This residue can be utilized to verify the close position of 
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peptide T94-R118 to the SWCNT-COOH surface, because the proximate location to 

SWCNT may allow SWCNT to quench the intrinsic fluorescence of tryptophan through 

energy transfer.  We thus examined the fluorescence spectra of HRP and apo-HRP with 

SWCNT-COOH at different concentrations (Figure 4.2).  When the sample was excited 

at 278 nm, low fluorescence was observed in the native HRP with the maximum emission 

close to 350 nm (Figure 4.2a).  Apo-HRP has the heme group removed and eliminates the 

intermolecular energy transfer between W117 and the heme which are 18 Å away from 

each other. Therefore, the fluorescent intensity of the apo-HRP increased by 7 times 

compared to that of the native HRP (Figure 4.2b).  Nevertheless, the fluorescence 

intensity of both the native HRP and the apo-HRP gradually decreased with increase 

concentration of SWCNT-COOH.  The SWCNT-COOH itself had almost no interference 

on the excitation light (Supplementary Data Figure S4.4).  The fluorescence quenching 

effect can be studied using the Stern-Volmer equation: 

If
0/If·τ0=1/τ0 + kq·[Q0]   (1)   

in which [Q0] represents the concentration of the quencher, If is the intensity of 

fluorescence with the quencher, and If
0 is the intensity without the quencher, kq is the 

quencher rate co-efficient, and τ0 is the fluorescence lifetime of molecule without a 

quencher present.  For biopolymer like HRP, τ0 is 10-8 s.  Using this value, we calculated 

If
0/If·τ0 of both the native HRP and the apo-HRP and plotted them verse concentration of 

SWCNT-COOH, the quencher (Figure 4.2c).  The curves displayed nice linear 

relationship (R2 > 0.95) between If
0/If·τ0 and SWCNT concentration with kq values for 
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  We mapped these two peptides on the crystal structure of HRP (PDB ID: 1H5H, Figure 

4.3).  Interestingly, residues of P139, A140, and P141 on peptide D125-K149 were 

adjacent to the heme group.  Especially, the distance between the carbonyl oxygen of 

P139 and the Fe atom on the heme was measured to be 7.44 Å by VMD.  This carbonyl 

oxygen is important to the catalytic activity of HRP,  because it stabilizes substrate 

binding during catalytic reactions.[26]  N135-A140, P141, F142 and F143 are part of the 

substrate binding pocket as well as the access channel towards the heme center for 

substrates.[26-29]  From the above discussion and Figure 4.3, we also know that peptide 

T94-R118 is also quite close to the heme group because its W117 residue is only 18 Å 

from the heme group, a distance short enough for intermolecular energy transfer and 

significant quench of the  fluorescence from tryptophan (Figure 4.3).   Locating near to 

both the heme and the substrate binding site, SWCNT-COOH could possibly participate 

in the ET between HRP and the substrate.  

 

Electron transfer between SWCNT and HRP 

  Within the catalytic cycle of HRP, hydrogen peroxide first oxidizes the ferric peroxidase 

to the enzyme intermediate compound I, i.e. an oxoferryl porphyrin π cation radical, 

which could then accept two consecutive electrons from the reducing substrate and return 

to the ferric state.  With one binding site close to the heme group, the electron from the 

reducing agent could be accepted by SWCNT-COOH and then transferred to the 

oxoferryl porphyrin.  Owing to the excellent conductivity of SWCNT, electron transfer 
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could be accelerated, and enhanced enzyme activity was then observed.  Even though the 

intramolecular electron transfer process is typically completed within a few femtoseconds 

at the single molecule level and hard to capture by the analytical techniques available to 

us, the overall redox status of the SWCNT-COOH and the reducing agent could be 

observed using optical spectroscopy.  It has been reported by several research groups that 

the Vis-NIR absorption spectroscopy is a reliable tool for monitoring electron transfer 

between redox reagents and SWCNT[30-34]. Our SWCNT-COOH sample has absorption 

features at three regions: S11 (1500-1800 nm), S22 (900-1100 nm) and M11 (600-700 nm), 

that correspond to the energy transfer between electronic states of the semiconducting 

and metallic tubes[21].  Our previous work indeed proved that the absorption intensity of 

these regions would increase if the SWCNT were reduced, with the S22 region centered at 

1050 nm displaying the most obvious change[21].  Therefore, we sequentially added the 

HRP-H2O2 mixture and the reducing substrate (H2DCF) to the solution of SWCNT-

COOH, and assessed the redox state of the tubes using the absorbance at 1,050 nm.  The 

Vis-NIR spectrum spanned from 400 nm to 1200 nm, and thus generation of the 

oxidation product of H2DCF, 2,7-dichlorofluorescein (DCF), could also be monitored in 

the same spectrum at its distinct absorption wavelength of 500 nm (Supplementary Data 

Figure S4.5).   

  The change in the absorbance (Abs) at 1,050 nm over the entire reaction course was 

summarized in Figure 4.4.  We could see that the Abs at 1,050 nm decreased from 0.42 to 

0.36 upon being mixed with HRP and H2O2, but increased instantly back to 0.43 when 

H2DCF was added.  The drop of Abs at 1,050 indicates that SWCNT-COOH was first 
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oxidized by HRP, and its rise upon the addition of H2DCF could be attributed to the tubes 

accepting electrons from H2DCF, which also coincided with the continuous Abs increase 

at 500 nm, i.e. generation of the oxidation product, DCF (Figure S4.5).  The direct ET 

between H2DCF and SWCNT-COOH, could be made possible by close attachment of 

H2DCF on the tube surface. H2DCF has the aromatic ring structure and could interact 

strongly with SWCNT-COOH through π-π stacking.  The close attachment could induce 

energy transfer between the molecule and SWCNT-COOH. However, H2DCF is barely 

fluorescent, making it difficult to monitor the energy transfer.  Thus, we studied the 

fluorescence of DCF in the presence of SWCNT-COOH. The structure of DCF is very 

similar to H2DCF, except that it is more rigid after the removal of 2 hydrogen atoms. 

Indeed, the fluorescence of DCF, the oxidation product of H2DCF, was quenched 

significantly by SWCNT-COOH (Supplementary Data Figure S4.6). Such quench is 

difficult to be observed in H2DCF because it barely fluoresces. However, its structure is 

close enough to DCF, except that DCF is more rigid after removal of two hydrogen atoms. 

The quenching result is strong evidence that H2DCF and its oxidation product are 

adsorbed on the surface of SWCNT-COOH and thus electrons can be transferred from 

H2DCF to SWCNT-COOH. 

  Oxidation of H2DCF by SWCNT-COOH completed in less than 1.5 min with Abs at 

500 nm barely changing afterwards; and Abs at 1050 nm decreased to and remained 

stable at 0.38 when SWCNT-COOH passed most of the electrons to HRP (Step 3 in 

Figure 4.4). The HRP molecules that were reduced in this step could be the excess HRP 

compound I not being reduced in step 1; or those returned to the ferric state by SWCNT-
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COOH in step 1 being oxidized again by the 100 µM H2O2 in solution. More study on 

how the amounts and molar ratio of HRP and H2O2 affect the three reaction steps shown 

in Figure 4.4 can be carried out in the future to shed more light on this process. 

 

Figure 4.5 Absorbance change of 25 µg/mL SWCNT-COOH at 1,050 nm with the 

addition of 0.6 µg/mL HRP followed by 20 µM H2DCF. 
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coated by BSA before mixed with HRP, activity enhancement of the SWCNT-HRP 

system was inhibited, probably because BSA blocked their interaction and effectively 

prevented the electron transfer (Supplementary Data Figure S4.7). 

 

Figure 4.5 Percent change of 1.2 µg/mL HRP activity by 10 µg/mL SWCNTs-COOH 

and absorbance of 25 µg/mL SWCNTs-COOH at 1,050 nm under different pHs. Ten μM 

H2DCF was used as substrate for HRP.   
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Impact from solution pH 

  SWCNT-COOH participates in the ET between HRP and the reducing substrate, and its 

excellent electron conductivity could accelerate the transportation of electrons, which 

leads to faster catalytic reaction.   If this was the case, the enzyme activity enhancement 

should be closely related to the capability of SWCNT in accepting and conducting 

electrons.  Indeed, the Abs. at 1,050 nm increased with pH, while the degree of the 

SWCNT-induced HRP activity enhancement decreased with pH (Figure 4.5 and 

Supplementary Data Figure S4.8).  At the more basic pH, SWCNT was in a more reduced 

state with poorer capability to accept electron, as indicated by the higher Abs at 1,050 

nm.  It has also been reported by Lee and Cui that the conductance of SWCNT-COOH 

decreases exponentially with the increase of pH due to the hole doping/un-doping 

effects.[35]  Both the more reduced state and the decrease in conductance of SWCNT-

COOH could hold up the ET mediated by SWCNT-COOH and thus result in smaller 

enzyme activity enhancement at basic pH.  Under extreme basic condition, SWCNT-

COOH even acted as an inhibitor probably by obstructing the substrate approaching the 

heme group.   

 

4.4  CONCLUSION 

  Our study reveals that SWCNT-COOH could mediate ET from the reducing substrate to 

HRP, because it located close to the heme center when HRP was attached (Figure 4.6).  

Therefore, by docking the conductive nanomaterial near the enzyme activity center and 
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by choosing appropriate reaction conditions to ensure nanomaterials have good access to 

and large capacity for electrons, it is possible to maximize the performance of the 

functional hybrid materials as sensors or in fuel cells.  The docking site could be quickly 

explored by the approach of crosslinking chemistry coupled with MS.  With the 

availability of diverse crosslinking agents, this method could be applied to study the 

binding interface between diverse nanomaterials and proteins.   
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SUPPORTING INFORMATION 

Experimental 

Atomic Force Microscopy (AFM) 

Adsorption of HRP on SWCNT was analyzed with a Veeco D5000 atomic force 

microscope (Bruker, Camarillo, CA), and the images were acquired in the tapping 

modeusing the RTESP AFM probe obtained from Bruker. The scanning rate was 0.5 Hz, 

with integral gain of 0.1 and proportional gain of 0.2. The amplitude set-point was set 

at1.327 V, and the tip velocity was 0.975 um/s.  Image analysis was performed with 

(NanoScope V530, Bruker). HRP was incubated with SWCNT in 25 mM phosphate 

buffer, the same condition as that during the ET process. The samples of SWCNT-only 

and SWCNT-HRP were deposited onto a silica wafer which was cleaned with acetone 

and isopropanol and then dried by nitrogen. The samples were dried in air for a few hours 

before AFM measurement.  
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Figure S4.3 (a) HRP peptides obtained from trypsin digestmixed with SWCNT-COOH 

then recollected after going through the Amicon centrifugal filter; and (b) HRP self-

crosslinking with EDC.  
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Figure S4.4 Variation in the excitation light intensity induced by adding SWCNT-COOH 

to the solution. 
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Figure S4.5 Vis-NIR Spectra of 25 µg/mL SWCNT-COOH in phosphate buffer (pH 7.4) 

with the addition of HRP and H2O2 to a final concentration of 0.6 µg/mL and 100 µM 

respectively, followed by H2DCF to 20 μM. (a) shows the full range from 400 nm to 

1,200 nm, while (b) and (c) are the narrower wavelength ranges for monitoring the 

change in SWCNT-COOH and DCF, respectively. 
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Figure S4.7 Effect of 10 µg/mL BSA on the oxidation of 10 μM H2DCF by 1.2 µg/mL 

HRP with/without 10 µg/mL SWCNT-COOH at pH 7.4.  The SWCNT-COOH was 

firstly mixed with HRP (square) or BSA (triangle) before the second protein was added.  

Obviously, the one mixed with HRP first and then with BSA gave out the same, fast 

reaction rate in oxidation of H2DCF as the HRP-SWCNT system without BSA.  However, 

if the tubes were mixed with BSA first, the reaction rate was comparable to that without 

SWCNT-COOH, indicating no activity enhancement effect from the tubes.  This result 

proved that adhesion of the enzyme onto the SWCNT-COOH is the prerequisite for the 

stimulation of the HRP activity.  If the nanotube surface was covered by other proteins 

like BSA, no direct interaction between HRP and SWCNT-COOH was possible and no 

activity enhancement effect from the nanotubes could be observed.  
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Figure S4.8 Vis-NIR of 25 µg/mL SWCNT-COOH under different pHs. 
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Chapter 5 Coatings Reduce the Toxicity of Single-walled 

Carbon Nanotubes by Hindering Their Interactions with 

Proteins 

 

5.1 INTRODUCTION 

  Single-walled carbon nanotubes (SWCNTs) are very promising for utilizations in 

electronics, biosensors and transistors [1-9]. They also show great potentials as drug 

carriers and substrates for targeted delivery of biological imaging agents [10-13]. 

Meanwhile, people are getting more and more concerned on the toxicity of the 

nanomaterial, as the evidence is solid that SWCNTs is toxic based on results from many 

studies carried out on mammals and cultured cells [14-16]. Considering the need of the 

engineering nanomaterials for safe biomedical and environmental usages, the exploration 

on the mechanism of SWCNTs’ toxicity is of great importance. So far however, no 

unanimous conclusion has been made on the mechanism of toxicity of SWCNTs.  

  SWCNTs could be internalized into the cells by the energy-dependent process of 

endocytosis which involved the transportation of the material by raft formed by clathrin 

or caveolae [11, 17]. Once they get inside the cell, the toxicity of nanomaterial to the 

cells depends, to a large extent, on the how the cells ‘see’ them [18]. Previous studies 

indicated that in a biological matrix, the biological molecules, especially proteins, would 

reorganize around the surface of the individual nanoparticle to form a ‘corona’[17, 19-21]. 
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The protein corona is in a dynamic state[20]. The rates of association and dissociation 

differ substantially with protein and particle type[19]. The interactions between 

nanoparticles and proteins depend on several factors, including van der Waals (VDW), 

electrostatic, solvation, solvophobic and depletion forces [17]. Special consideration 

should be applied to species, sizes and coatings of materials, ionic strengths of the solvent, 

as well as the protein species and local concentrations. Some proteins are likely to form 

transient complex with nanoparticles, which features fast on-and-off association with the 

surface of the nanoparticles[20]. The fast-on-and-off proteins tend to be exchanged by 

proteins with slow mobility and higher affinity[20].  

  It has been revealed that the activities and functions of proteins were altered even 

poisoned by the interactions with SWCNTs [22-24], which could be due to the 

accelerated electron transfer through the nano-protein interface and the deformation of 

active binding pocket. On the other hand, the modification of the surface with proteins 

could alleviate the toxic effect of SWCNTs to the cells[25]. The reason is probably 

because the protein coating reduces the interactions between the cellular proteins and 

SWCNTs. However, up to now no study was reported about the relationship between the 

toxicity of SWCNTs and the amount and species of proteins interacting with them. 

  Mitochondrion is an important organelle where the cellular respiration and energy 

generation take place. Previous studies reported the malfunction of mitochondrion upon 

the application of nanoparticles[17]. In this research, the toxicity of SWCNTs coated with 

different amount of BSA to a fibroblast cell was studied, and the mitochondrial proteins 
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which interact with the coated SWCNTs were characterized. We propose that BSA 

coating could reduce the cytotoxicity of SWCNTs at least partially because the coating 

protects the mitochondrial proteins, in our case, from interacting with SWCNTs. 

 

5.2 EXPERIMENTAL SECTION 

Chemicals 

  Carboxylic acid-functionalized SWCNTs (SWCNT-COOH, D = 4-5 nm× L = 0.5-1.5 

μm) and bovine serum albumin (BSA) were from Sigma (St. Louis, MO). The probe 2,7-

dichlorodihydrofluorescein diacetate (H2DCF-DA) was obtained from Invitrogen 

(Eugene, OR). Mitochondria isolation kit is obtained from Thermo Pierce (Rockford, IL). 

CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) kit was from 

Promega (Madison, WI).  Dulbecco's Modified Eagle's Medium (DMEM), penicillin-

streptomycin solution and fetal bovine serum (FBS) for cell culture were obtained from 

American Type Culture Collection (ATCC, Manassas, VA). The water and organic 

solvent used in this research were all HPLC grade from Fisher Scientific (Fair Lawn, NJ). 

 

Cell culture and cytotoxicity assay 

  The human fibroblast cell line GM00637 was obtained from Coriell Institute for 

Medical Research (Camden, NJ). The cells were cultured in DMEM supplemented with 

10% non-inactivated FBS, 100 µg/mL penicillin and 100 µg/mL streptomycin, and 
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maintained in a 5% CO2 humidified atmosphere at 37 °C. For cell assays, around 5×103 

cells were added to the wells of a 96-well plate and incubated overnight to reach around 

70% confluence. The prepared SWCNTs solutions were then added. After 6 or 12 hrs 

incubation, the SWCNTs solutions were removed, and the cells were washed with PBS 

(pH 7.4) buffer for three times. For cell proliferation assay, MTS solution was added to 

each well of plate following the manual protocol, followed by an additional 1-hrs 

incubation at 37 °C. The absorbance was recorded at 490 nm, and the mean absorbance 

of control cells (no BSA or SWCNTs added) served as the reference value of 100 % for 

calculating cellular viability. For oxidative stress assay, the cells were incubated in PBS 

buffer with 20 mM H2DCFDA at 37 °C for 1 hr. The fluorescence signal of each well at 

520 nm with the excitation at 480 nm was recorded and used directly as indicator for 

oxidative stress. 

 

Preparation of the SWCNTs solutions in culture media 

  Carboxylic SWCNTs (50 µg/mL) were mixed with different concentrations of BSA (50 

µg/mL, 100 µg/mL and 400 µg/mL) in the DMEM media and sonicated in water bath for 

at 0 °C 30 min. The prepared solutions were stored at 4 °C and used directly for protein 

interactions and cytotoxicity assays. Bare carboxylic SWCNTs without BSA coating 

couldn’t be dissolved in the DMEM even by longer duration of sonication due to the 

ionic strength.  
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Preparation of mitochondrial proteins 

  The Mitochondria Isolation Kit for Cultured Cells (Thermo Pierce, Rockford, IL) was 

used to isolate mitochondria from the cells with modifications. All the operations were 

conducted at 4 °C. Briefly, 2 × 107 of the cultured fibroblast cells were collected and 

washed with PBS buffer for three times. The cell pellets were gently lysed using a 

provided formulation and homogenized with a Dounce homogenizer on ice. By adding 

separation reagent component, the nuclei and cell debris were removed with 

centrifugation at ×1000 g and the mitochondria were collected with centrifugation at 

×12000 g. The integrated mitochondria were lysed by 1% SDS in Tris-HCl (pH 7.4), and 

the protein content was determined using BCA Protein Assay Kit obtained from Thermo 

Pierce following the instructions. 

 

Interactions between proteins and SWCNTs 

  To study the interactions between proteins and SWCNTs, 20 µg of the extracted 

mitochondrial proteins were mixed well with 20 µg of the BSA-coated SWCNTs or non-

coated SWCNTs and incubated at 4 °C overnight. By using a 300 k molecular-weight-

cut-off filter, SWCNTs could be retained, while the unbound proteins were removed by 

centrifugation at × 14000 g. Three times PBS buffer and water were used for washing to 

make sure the unbound proteins were totally removed. The buffer in the filter was finally 

replaced with NH4HCO3 (pH 8.0) and the remaining bound proteins were digested with 

trypsin (1:50) at 37 °C for 4 hrs. The peptides were passed through the filter and collected 
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by centrifugation at × 14000 g. The peptides of the bound proteins were then purified 

with Ziptip and ready for analysis by LC-MS/MS. A control was set by using loading the 

mitochondrial proteins only without mixing with the SWCNTs to make sure the 

membrane itself couldn’t retain the proteins. As a profiling of the whole identifiable 

mitochondrial proteins, 20 µg of mitochondrial proteins were processed with the filter 

aided sample preparation method (FASP) as described before. Briefly, aliquot of the 

proteins was mixed with 0.2 mL of 8 M urea in 0.1 M Tris/HCl, pH 8.5 in a 30 k filter, 

and centrifuged at 14000 g to remove SDS and impurities. The fully unfolded proteins 

retained on the membrane of the filter were alkylated with iodoacetamide and washed 

three times with 0.2 mL of the 8 M urea solution. The resulting protein concentrate was 

diluted to 40 μL with NH4HCO3 (pH 8.0) solution and digested with trypsin (1:50) at 

37 °C for 4 hrs. Following the digestion, peptides were collected by centrifugation of the 

filter units at ×14000 g.  

 

LC-MS/MS 

  The analysis of peptide mixtures were carried out on an LTQ linear ion-trap mass 

spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with a nano electrospray 

ionization (NSI) source. Full MS spectra were recorded over a 300-2000 m/z range 

followed by four sequential data-dependent MS/MS scans. Dynamic exclusion was 

implemented. The 200 nL/min nano flow was achieved by split flow from a 200 µL/min 

delivered by a Waters 2695 HPLC pump. The peptide separation was performed on a 
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self-packed (packed 10 cm with 3 μm C18 beads, Dr. Maisch HPLC GmbH, Germany) 

PicoFrit column (75 µm in tubing ID and 15 µm in tip ID, New Objective, Inc., Woburn, 

MA). Mobile phase A consisted of 0.01% formic acid in water, and mobile phase B was 

acetonitrile. The gradient started at 0% B for 10 min of enrichment and then linearly 

increased to 100% B within 80 min. The mobile phase was kept at isocratic conditions 

(100% B) for 30 min and then returned to 0% B.  

 

5.3 RESULTS AND DISCUSSION 

  SWCNTs are known to be toxic to several cell lines [16, 26-29]. In our case, the MTS 

assay also showed that the BSA-coated SWCNTs have adverse effect on the human 

fibroblast cell at the concentration we used. We choose the concentration of the SWCNTs 

for cells assays very carefully, and 50 µg/mL usually represented a modest level which 

was employed by others to treat the cells [26, 28-30]. The oxidative stress upon the 

application of SWNCTs to the cells had been observed in a lot of studies, and proposed 

as the major mechanism by which SWCNTs impair the cells [14, 29, 31, 32]. We also 

monitored the oxidative stress induced by the BSA-coated SWCNTs with H2DCFDA, 

which is converted to the highly fluorescent 2',7'-dichlorofluorescein (DCF) upon 

cleavage of the acetate groups by intracellular esterase and oxidation. Increased 

fluorescence in the SWCNTs-treated samples could be seen obviously, implying that 

intracellular SWCNTs could induce oxidative stress in our experimental system.  
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even the conformation of those involved proteins. Coating with other proteins could 

reduce the cytotoxicity of SWCNTs by protecting the cellular proteins from exposure to 

the nanotubes. In our result, the SWCNTs coated with higher BSA concentration also 

showed less toxicity, and induced lower level of oxidative stress. The one coated with 

400 µg/mL BSA was even not toxic to the cells in the 6 hr test based on the MTS assay, 

although certain level of oxidative stress could still be observed. To confirm that the BSA 

coatings could indeed protect the mitochondrial proteins from exposure to the SWCNTs, 

we designed the filter-aided adsorption experiment by using a 300 k MWCO cellulose 

membrane filter. 

  Almost all the known mitochondrial proteins have molecular weight below 150 k. In 

their original folded form, those proteins would pass through the 300 k membrane easily, 

and be removed by centrifugation. Just as shown by the control experiment, no 

mitochondrial proteins were finally retained without the SWCNTs. On the other hand, 

SWCNTs with the length 0.5-1.5 μm were well hold by the membrane as we observed. 

Those proteins that interact with SWCNTs were retained, digested and analyzed by the 

LC-MS/MS. The digestion of the whole mitochondrial proteins were also prepared with 

traditional FASP method, and analyzed to present all those identifiable proteins extracted 

from the mitochondrial samples. The result indicated that 124 mitochondrial proteins out 

of totally around 1000 proteins could be identified from the samples. The enrichment 

factor for the mitochondrial proteins is 4. Of those characterized mitochondrial proteins, 

63 could be identified to interact with bare SWCNTs without any coating. For the 

SWCNTs coated with 50 µg/mL BSA still 7 mitochondrial proteins could be 
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reproducibly identified (Table 5.1). The ATP synthase F1 complex showed on the list is 

regarded as regarded as an important site of ROS production [33-35]. The presence of 

SWCNTs in mitochondrion might contribute to the increased oxidative stress level by 

interaction with ATP synthase F1 complex. Another interesting protein identified is 

caveolae, which is proposed to be responsible for internalization of nano particles into the 

cells and organelles [17]. The identification of caveolae as a protein interacting with 

SWCNTs indicates an important uptake mechanism of SWCNTs by the mitochondrion. 

The identified number of mitochondrial proteins decreased to zero when SWCNTs were 

coated with 400 µg/mL BSA, implying that BSA as coatings efficiently protected the 

mitochondrial proteins from exposure to the SWCNTs. This result is consistent with our 

hypothesis that coating with higher concentration of BSA can diminish the interaction 

between SWCNTs and mitochondrial proteins, leading to alleviated cytotoxicity as well 

as weakened capability to induce oxidative stress.  
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5.4 CONCLUSION 

  In summary, we discovered that SWCNTs coated with more BSA would be less toxic to 

cells and induce much less oxidative stress, which could be attributed to the protection 

mechanism of the BSA. BSA would wrap around the tubes and keep the cellular proteins, 

in our case, the mitochondrial proteins away from interaction with the SWCNTs. 

According to this result, more BSA coating will cause less adsorption of the proteins on 

to the SWNCTs. Our study is meaningful for the future engineering safe nanomaterials 

for applications in biotechnologies and drug deliveries; also implies the potential 

behaviors of biopolymer-coated nanomaterials in the environment.  For the future study, 

the direct measurement of the different BSA-coating degree by AFM is critical for 

elucidating the surface condition of the SWCNTs for protein adsorption, and the 

quantification of the mitochondrial proteins which interact with SWCNTs is also 

necessary for supporting our conclusion that more BSA coating will lead to less 

adsorption of cellular proteins. 
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Chapter 6 Conclusions 

 

  In summary, with various tools and instruments, I explored surface properties of 

SWCNTs and their related toxicities. Specifically, I investigated the ROS generation on 

the surface of the SWCNTs, the oxidative behavior of SWCNTs in aqueous solutions, the 

electron transfer through the protein-SWCNTs interface, as well as how BSA coating 

alleviates the SWCNTs’ cytotoxicity by reducing cellular protein adsorptions.  

  In chapter 2, we identified peroxyl radical in aqueous solutions of the unmodified 

SWCNT and the poly(ethylene glycol) functionalized SWCNT (SWCNT-PEG) by using 

CE and H2DCF. CE as a powerful tool for separation, showed its great advantages by 

eliminating the fluorescence quenching exerted by SWCNT, and facilitating the 

screening of a large variety of ROS scavengers, including small molecules, surfactant, 

and proteins. The simultaneous incubation of multiple ROS indicators could also be 

monitored by CE in our study for comparison of their oxidation efficiency. The 

adsorption of oxygen on the SWCNT surface might be the major source of the peroxyl 

radical in our system. To our knowledge, this was the first clear identification of the type 

of ROS generated by SWCNT with a simple analytical method, indicating the potential 

toxicity of SWCNT holds to the biological hosts. 

  In chapter 3, the study of oxidation of several biologically relevant reducing agents in 

the presence of SWCNTs in aqueous solutions was continued. We proved that several 
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small molecules and high-molecular-weight BSA could be oxidized by SWCNTs and 

revealed the dual roles played by SWCNTs. The unmodified or carboxylated SWCNT 

acted as both oxidants and catalysts in the reaction, which imply the chemical basis for 

them to induce oxidative stress in biological systems as potential environmental 

pollutants. 

  In chapter 4, SWCNTs were found to enhance the activity of HRP in the solution-based 

redox reaction because they facilitate the ET process by binding to HRP at a site 

proximal to the enzyme’s activity center. Using MALDI MS and crosslinker, we figured 

out SWCNT-COOH could potentially bind to two sites on HRP, with one of them in 

around 5 Å distance from the heme. Evidences from protein fluorescence, SWCNTs 

optical property and probe oxidation tests also support the conclusion that SWCNTs 

increased the catalytic efficiency of HRP in aqueous solution.  

  In chapter 5, we found the interactions between the SWCNTs and proteins were reduced 

by the BSA coating, which should account for the alleviation of SWCNTs’ cytotoxicity. 

We used human fibroblast cells. In our experiments, the SWCNTs coated with higher 

degree of BSA showed lower toxicity, and induced much less oxidative stress in the cells. 

The mitochondrial proteins were extracted from the cells, and the proteins which 

adsorbed onto the SWCNTs could be collected, digested and analyzed by LC-MS/MS. It 

was demonstrated that more proteins would adsorb on the SWCNTs coated with less 

BSA, implying that interfering with the interactions between the nanomaterials and their 

ambient proteins with coatings would reduce their toxicity. 
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