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Abstract

Single-walled carbon nanotubes (SWCNTs) are broadly used for various biomedical applications

such as drug delivery, in vivo imaging and cancer photothermal therapy due to their unique

physiochemical properties. However, once they enter the cells, the effects of SWCNTs to the

intracellular organelles and macromolecules are not comprehensively understood. Cytochrome c

(Cyt c), as a key component of the electron transport chain in mitochondria, plays an essential role

in cellular energy consumption, growth and differentiation. In this study, we found the

mitochondrial membrane potential (MMP) and mitochondrial oxygen uptake were greatly

decreased in human epithelial KB cells treated with SWCNTs, which accompanies the reduction

of Cyt c. SWCNTs deoxidized Cyt c in a pH dependent manner as evidenced by the appearance of

a 550 nm characteristic absorption peak, which intensity increased as pH increase. Circular

dichroism measurement confirmed the pH-dependent conformational change, which facilitated

closer association of SWCNTs with the heme pocket of Cyt c and thus expedited the reduction of

Cyt c. The electron transfer of Cyt c is also disturbed by SWCNTs, as measured with electron spin

resonance spectroscopy. In conclusion, the redox activity of Cyt c was affected by SWCNTs

treatment due to attenuated electron transfer and conformational change of Cyt c, which

consequently changed mitochondrial respiration of SWCNTs treated cells. This work is significant

to SWCNTs research because it provided novel understanding to the disruption of SWCNTs to the

mitochondria and has important implications for biomedical applications of SWCNTs.
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Carbon nanomaterials with tunable surface properties and good biocompatibility have great

potential for biological and medical applications.1, 2 As a unique quasi one-dimensional

material, SWCNTs have been explored as novel delivery vehicles for drugs, peptides,

proteins, plasmid DNA and small interfering RNA.3 The interactions between biological

macromolecules and carbon nanomaterials have been reported to cause changes in the

structure and function of proteins.2, 4–10 When the functionalized carbon nanotubes

recognize and bind to the catalytic site of α-chymotrypsin, its enzymatic activity was

inhibited completely.6 Karajanagi et al. demonstrated that activities of α-chymotrypsin (CT)

and soybean peroxidase (SBP) were differently affected by their interaction with SWCNTs.

It was found that SBP retained its native three dimensional conformation and up to 30 % of

its native activity after interaction with SWCNTs. In contrast, α-CT unfolded on the

SWCNTs surface and retained only 1 % of its original activity.5 Proteins can bind with

SWCNTs through covalent or non-covalent interactions, due to their large surface areas.

SWCNTs tend to strongly bind proteins through charge complementarities, π-π stacking

and other nonspecific interactions.11–13 Carboxylated-SWCNTs might interact with proteins

located on the cell membrane or in the cytoplasm of multipotent mesenchymal stem cells,

which have a further impact on subsequent cellular signaling pathways.14 Recent studies

have shown that bacterial membrane rhodopsin proteins (bR) can be adsorbed onto

SWCNTs through hydrophobic interactions between the bR α-helices and the sidewall of

the nanotube. This noncovalent functionalization caused bR proteins to undergo significant

secondary structural changes.15 These results suggest that an understanding of the effects of

SWCNTs on protein conformation and function may be essential for developing novel

biological and medical applications for SWCNTs.

Cytochrome-c (Cyt c) is a key component of the mitochondrial respiratory chain that exists

in the cytosol between the inner and outer membranes of mitochondria. The heme group of

Cyt c allows it to undergo redox reactions. Cyt c plays an important role in the biological

respiratory chain, whose function is to receive electrons from cytochrome c reductase and

deliver them to cytochrome c oxidase. The activity of Cyt c is essential for mitochondrial

function and is further associated with a variety of processes including cellular

differentiation, apoptosis, control of the cell cycle and cell growth.16 Mitochondrial

dysfunction leads to cell apoptosis and is closely linked with several diseases.17, 18 Cyt c is

also involved in initiation of apoptosis by abnormal accumulation in cytoplasm which

initiates signal pathways leading cells to dysfunction.19, 20 The release of Cyt c from

mitochondria into cytoplasm has been shown to induce or activate apoptosis through

interactions with cytoplasmic proteins such as apaf-1, Bcl-2, TIB, and caspase.21 In

addition, dysfunction of Cyt c can modulate the mitochondrial membrane potential (MMP)

and cause mitochondrial respiratory chain malfunction.22 SWCNTs have been demonstrated

to have a good promotion toward the reduction/oxidation of cytochrome c.23 In another

study, SWCNTs were used as transporters to shuttle Cyt c through the plasma membrane

and into cytoplasm to regulate the activities of cells.24

SWCNTs were found to localize exclusively in mitochondria of both tumor and normal

cells.25 To date reports on whether SWCNTs itself could affect the function and activity of

Cyt c and the resulting effects on cellular functions are limited. Technically, it is very

difficult to avoid aggregation of pristine SWCNTs when they are suspended in

physiologically relevant solvents. This problem has hindered the progress of our
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understanding of the interactions between Cyt c and SWCNTs. In this study, we modified

SWCNTs with carboxy groups to avoid its aggregation. The redox properties of Cyt c were

examined following incubation it with suspensions of SWCNTs in physiological buffer. For

the first time, we demonstrate that the redox potential of Cyt c is altered by interacting with

SWCNTs. In addition, the SWCNTs treatment caused MMP change and mitochondrial

respiration inhibition in KB cells was measured. The results provide evidence that SWCNTs

can cause MMP change and decrease the level of mitochondrial oxygen uptake in cells,

which are the results of the redox activity change and impaired electron transfer of Cyt c.

While the exact mechanism needs to be further explored, our studies of the interactions

between SWCNTs and Cyt c provide some clues about how SWCNTs may interact with Cyt

c and affect cellular functions.

RESULTS AND DISCUSSION

SWCNTs have been widely used to shuttle biomolecules including proteins, DNA and

siRNA into cells.26–28 Whether the structure and function of these “passenger” molecules as

well as cellular components can be affected by SWCNTs, and how SWCNTs affect cellular

activities needs to be addressed. Because pristine SWCNTs have low solubility in water, we

modified SWCNTs with carboxy groups and dispersed them in PB containing 0.5 wt%

sodium cholate. The derived suspensions of individual SWCNTs have enhanced stability

(Figure 1a, b). While pristine SWCNTs rapidly aggregated and precipitated out, carboxy-

SWCNTs exhibited high suspension stability. We also tested the stability of carboxy-

SWCNTs in complete DMEM media. As is shown in Figure S1, carboxy-SWCNTs

exhibited high suspension stability in complete DMEM media likewise. These stable

suspensions of SWCNTs were used in studies on Cyt c to clarify how SWCNTs affect

cellular activities and interact with Cyt c.

Cellular Uptake of SWCNTs and Mitochondrial Morphology Change

In order to monitor the entry of SWCNTs into cells under selected conditions, we employed

the micro-Raman technique of the G-band of SWCNTs in KB cells with an approximately

2-mm spatial resolution. In Raman mapping images, the color change represents the content

of carbon nanotubes in the cells. With the increase of SWCNTs content, the color of Raman

mapping images changes from black to orange. Figure 1c and d show the Raman mapping

images of KB cells incubated with or without 60 μg/ml SWCNTs for 24 h. As expected, the

strong Raman signals was observed at about 1580 cm−1 in KB cells after incubation with

SWCNTs. In contrast, almost no obvious Raman signals were observed for control cells.

The presence of SWCNTs is seen as an orange area in the cells by Raman intensity ratio

map. Raman mapping clearly indicates that SWCNTs entered and accumulated in KB cells

with intensive near-infrared excited Raman signals.

It is known that SWCNTs exhibit a strong resonance Raman shift at about 1580 cm−1, a

specific characteristic graphitic stretching mode, which can be used to measure the quantity

of SWCNTs. Therefore, we further examined the G band intensity of 1580 cm−1 in the

isolated mitochondria of KB cells treated with SWCNTs from 0 to 60 μg/ml for 24 h. It was

found that the mitochondrial targeting of SWCNTs is dose-dependent, with higher Raman

intensities observed for SWCNTs signals in the mitochondria isolated from cells treated

with higher SWCNTs concentration (Figure 2A). To verify the entering of SWCNTs to the

mitochondria, we carried out transmission electron microscopy to observe the mitochondria

in KB cells treated with 60 μg/ml of SWCNTs for 24 h. TEM images show that SWCNTs

appeared in mitochondria (Figure 2B arrow c), and the mitochondrial structure was greatly

affected. The mitochondria became swollen and round, with the cristae shown irregular and

disordered. Some mitochondria became vacuolus and the cristaes were nearly completely
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destroyed or disappeared (Figure 2B). The morphology of mitochondria of KB cells treated

with 20 μg/ml, 40 μg/ml, and 80 μg/ml of SWCNTs for 24 h is shown in Figure S2.

SWCNTs Treatment Decreases the Level of Mitochondrial Oxygen Uptake

To measure whether SWCNTs can affect mitochondrial respiration, oxygen uptake was

measured in KB cells in culture using a sensitive self-referencing oxygen electrode.29 The

oxygen consumption measurement is based on the translational movement of an oxygen-

selective microelectrode at a known frequency through the gradient of the oxygen

concentration around the cell. The differential current of the electrode was converted into a

directional measurement of oxygen flux using the Fick equation. Mitochondria require

oxygen to produce ATP in sufficient quantities to drive energy-requiring reactions in

eukaryotic organisms. The oxygen flux detected reliably correlates with the metabolic state

of the cell. Normal mitochondria have high oxygen flux and lower level of oxygen flux is a

result of malfunctioned mitochondria. As is shown in Figure 3c and d, oxygen consumption

in KB cells declined after SWCNTs treatment in a time-dependent manner. After 24 h of

SWCNTs treatment, the oxygen flux of cells is only about 9.7% of that in the control group.

The result clearly shows that mitochondrial oxygen consumption of cells is significantly

decreased by SWCNTs treatment.

Effects of SWCNTs on Mitochondrial Membrane Potential

Mitochondria, one of the most important organelles in eukaryotic cells, furnish cellular

energy through respiration and regulate cellular metabolism as a cellular power plant to

maintain the growth, differentiation and proliferation of cells. The effect of SWCNTs on

mitochondrial function was investigated by examining their effects on the MMP, an

indicator of mitochondrial activity. We used the MTT assay to evaluate the effect of

different concentrations of SWCNTs on cell viability. Our results show that the viability of

KB cells decreased after exposure to SWCNTs dispersion for 24 h at high concentrations,

while the viability was not significantly affected by PB buffer containing sodium cholate

with the same concentration (Figure S3). Sodium cholate is a surfactant of low biological

toxicity broadly used to disperse SWCNTs.30 Cells treated with 60 μg/ml SWCNTs, which

would result in 70 % cell viability after 24 h of exposure, were used to investigate the effects

of SWCNTs to mitochondria.

The effect of SWCNTs on the MMP of KB cells was firstly measured by flow cytometry

with JC-1 staining. JC-1 existed either as a green fluorescent monomer at depolarized

membrane potentials or as a red fluorescent J-aggregate at hyperpolarized membrane

potentials. Changed MMPs were indicated by a fluorescence emission shift from J-

aggregates with red fluorescence (~590 nm) to J-monomers with green fluorescence (~529

nm). The higher mitochondrial membrane potentials were defined with the higher ratio of

red fluorescent intensity and green fluorescent intensity.31 Flow cytometry results are

expressed as decrease or increase of fluorescence intensity, indicating the change of MMP

among cell populations (Figure 4). Cells incubated with 60 μg/ml SWCNTs showed a

decrease of the red fluorescence intensity in a time-dependent manner. Carbonyl cyanide 3-

chlorophenyl hydrazone (CCCP), an uncoupled agent that depolarizes mitochondrial

membranes, was used as a positive control. CCCP treated group showed a dramatic decrease

of red fluorescence intensity (Figure 4b). Cells in the R2 region were cells having normal

MMP while those in the R3 region were cells having reduced MMP. The percentages

appearing in each panel of Figure 4 are the percentages of cells in the R2 and R3 regions.

The results show that, the longer KB cells are incubated with SWCNTs, the more cells

exhibit a depolarized MMP. When cells were incubated with SWCNTs for 24 h, the MMP

of 94.75 % cells was depolarized (Figure 4f).
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To confirm the results obtained from flow cytometry, we examined the change of

fluorescence in mitochondria by confocal microscopy. The MMP of KB cells in the

presence or absence of SWCNTs was measured by confocal microscopy after staining with

JC-1 (Figure 5). Control cells had both red and green fluorescence, co-existing in the same

cell (Figure 5, top panels). Superimposition of the green and red fluorescence images

revealed a large degree of overlap and displayed an orange color. Treatment with the

positive control, CCCP, dramatically decreased the red fluorescence (Figure 5, middle

panels) and caused a visible increase of the green fluorescence intensity. The shift in

membrane potential was observed by disappearance of fluorescent red-stained mitochondria

and an increase in fluorescent green-stained mitochondria. Following treatment with

SWCNTs, formation of red fluorescent J-aggregates dropped, and the ratio of red

fluorescence intensity to green fluorescence intensity decreased gradually, (Figure 5, bottom

panels) indicating increased depolarization of mitochondria with prolonged exposure to

SWCNTs. These results are consistent with the results obtained using flow cytometry.

SWCNTs Treatment Increases the ROS Level in Cells

It has been reported that Cyt c plays an important role in ROS clearance.32, 33 Intracellular

ROS level of cells treated with SWCNTs was measured after treating the KB cells with 60

μg/ml SWCNTs for 24 h. As is shown in Figure S4, compared with the control group,

enhanced ROS level was detected in SWCNTs-treated cells, which is a direct evidence of

mitochondrial electron transport disruption and blocked respiratory chain activity.

The Interaction of SWCNTs with Cyt C

Normal mitochondrial function requires the balanced interaction between many critical

mitochondrial proteins. Minor changes of these proteins could result in dramatic effects on

cellular metabolism. Cyt c plays an important role in mitochondrial electron transport and

cell metabolism. Its role in maintaining a normal MMP is well established.34 Cyt c is a well-

characterized small, heme-containing redox protein with a molecular weight of 12.384 g/

mol. The heme edge of Cyt c is surrounded by an array of lysine and arginine residues. Cyt c

transfers electrons by undergoing oxidation and reduction of the iron cation (which can be

alternately 2+ or 3+) in Cyt c’s heme moiety. Oxidized Cyt c has absorption peaks at 408

nm and 530 nm, while reduced Cyt c has three peaks at 415 nm, 520 nm, and 550 nm.35 The

additional peak at 550 nm can, therefore, be monitored spectroscopically to quantitate the

amount of reduced Cyt c. We determined that Cyt c could bind onto SWCNTs (Figure S5).

The extent of binding depended on both the concentrations of Cyt c and SWCNTs. The

amount of Cyt c binding with SWCNTs was quantified with UV-visible spectra at 408 nm.

When the concentration of Cyt c was changed, the amount of Cyt c bound to 100 μg/ml

SWCNTs showed a linear increase and reached maximum at 150 μg/ml (Figure S5). The

adsorption of Cyt c onto SWCNTs is shown in Figure S6.

Systematic spectroscopic studies were conducted to explore the interaction between Cyt c

and SWCNTs. Firstly, it was found that a new absorption peak at 550 nm, the characteristic

peak of reduced Cyt c, appeared in the presence of SWCNTs (Figure 6a), similar to the

positive control of ascorbic acid, which reduces Cyt c rapidly and thoroughly (Figure S7).

This result clearly demonstrates that Cyt c undergoes reduction in the presence of SWCNTs.

Next, the effect of pH on the interaction between SWCNTs and Cyt c was investigated.

Solution with Cyt c was used as control, reduction of Cyt c was facilitated when the pH

increased from 7.0 to 9.0, consistent with an increase in the absorbance at 550 nm (Figure

6b). In order to prove this phenomenon was caused only by SWCNTs, the effects of sodium

cholate and ionic strength, the other two components in this system, on Cyt c reduction were

evaluated at pH 7.0. There was no peak at 550 nm when the concentration of sodium cholate

increased from 0.25 wt% to 2.0 wt%, indicating that sodium cholate had little effect on the
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reduction (Figure S8a). The effect of PB on the interaction between SWCNTs and Cyt c was

also investigated. The change of PB concentration from 10 mM to 50 mM had no significant

effect on the interaction of SWCNTs with Cyt c (Figure S8b). Taken together, these results

demonstrate that the reduction of Cyt c is caused only by SWCNTs and that this reduction is

enhanced by an increase of pH. To find out whether the nonspecific adsorption of serum

proteins onto SWCNTs surface will affect their interaction with Cyt c, we also carried out

the experiment in complete DMEM media. It was found that Cyt c can still be reduced by

SWCNTs in complete DMEM media (Figure S9).

Mechanism of the Interaction of SWCNTs with Cyt C

To analyze the underlying mechanism of the interaction between Cyt c and SWCNTs, we

further examined the structural change of Cyt c at different pH. It has been reported that the

structure of Cyt c changes in alkaline solutions. This conformational change is thought to

increase the exposure of Cyt c’s heme group to the solvent.36, 37 In this study, the reduction

of Cyt c by SWCNTs was enhanced under alkaline conditions. This observation raises the

possibility that, at alkaline pH, SWCNTs can more easily access the heme group of Cyt c,

resulting in facilitated reduction of Cyt c.

To test this hypothesis, the effect of pH on the conformation change of Cyt c was measured

using circular dichroism.38 We found that the α-helical content of Cyt c decreased from 29.9

% to 25.8% (pH 7.0 and pH 8.0, respectively) and to 23.1 % (pH 9.0) when the pH was

raised (Figure 6c). The distal loop region moved away from the heme moiety at alkaline pH

to form a channel with heme group.36 As pH increases, the heme group of Cyt c was

exposed to the solvent to a greater extent, which makes SWCNTs more accessible to the

heme group and thereby increasing the percentage of Cyt c being reduced. The structure

change of Cyt c made a channel to the heme pocket opened through α-helix, and allowed

SWCNTs an easier access to heme group through this channel at higher pH. In addition to

the CD measurement, the redox potential of Cyt c was determined using cyclic voltammetry

(CV). The results of the CV measurements indicated that Cyt c had a pair of redox peaks

and its redox potential was significantly enhanced in the presence of SWCNTs (Figure 6d).

Based on CD results and CV results, the structure of Cyt c was changed, which increased the

exposure of the heme moiety to the solvent, and then the reduction activity became more

obvious in the presence of SWCNTs.

To better understand the effects of SWCNTs on the electron transfer of Cyt c, the ability of

Cyt c to catalyze the oxidation of DMPO to DMPOX was studied using the Electron Spin

Resonance (ESR) technique. In the presence of Cyt c, H2O2 caused the oxidation of DMPO

to DMPOX, which gave the typical 7- line ESR spectrum shown as insert in Figure 7, the

intensity of second line in the ESR spectrum of DMPOX was used to monitor the time

dependence. Ascorbic acid, as a positive control, inhibited this oxidation in a concentration

dependent manner (Figure 7a). This inhibition was observed as a delay in the appearance of

the ESR signal for DMPOX. Similarly, addition of SWCNTs also resulted in a similar

concentration dependent inhibition of oxidation (Figure 7b). As SWCNTs concentration

increased, the phenomenon of the ESR signal delay for DMPOX became more obvious with

the appearance time from about 150 to 350 seconds and lowered intensity from 10.5 to 4.5

a.u., indicating the slower and smaller amount of electron being transferred. These results

indicated that SWCNTs can affect the electron transfer and catalysis ability of Cyt c

required for the oxidation of DMPO to DMPOX.

Mitochondria is the powerhouse of the living cell, generating energy for various cellular

activities. The function and integrity of mitochondria may impact the viability, proliferation/

division, hypoxic tolerance of the cell and mitochondrial dysfunction is implicated in the

pathogenesis of many diseases. For this reason, the study of mitochondrial function has
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become central to a wide variety of clinical and basic science research. The majority of ATP

generation is dependent on mitochondrial electron transport. Cyt c, as an integral

mitochondrial protein, plays an important role in electron transport and cell respiration.34

Cytochrome c oxidase is the terminal enzyme of the mitochondrial respiratory chain and is

responsible for 90% of cellular oxygen consumption in mammals. In mitochondria,

cytochrome c plays an essential role in the generation of MMP. This potential is essential for

various functions including the production of ATP via oxidative phosphorylation.

To successfully apply the new generation of nanomaterials as drug carriers in the treatment

of diseases, it is essential to determine their pharmacological and toxicological profiles.

SWCNTs are commonly used as carrier to forward different payloads into cells. However,

as the basis of biomedical applications of SWCNTs, their interactions with intracellular

molecules in cells have not been fully understood. The potential biomedical applications of

nanotubes require a better understanding of their cellular dynamics for its better usage in

clinic. The toxicity of carbon nanotubes has been an important issue in carbon nanomaterial

research. The potential cytotoxicity includes metabolic pathway disruption, redox

regulation, cytoskeleton formation alteration, and cell growth inhibiton, etc. Yuan et al.
found two cytoskeleton related proteins, profilin and filamin, were upregulated by

approximately 35% in oxidized SWCNTs treated cells. The upregulation of these

cytoskeleton proteins suggested that the exposure of SWCNTs might alter the intracellular

microfilament network.39 Kagan et al. demonstrated that iron-rich SWCNT caused a

significant loss of intracellular low molecular weight thiols (GSH) and accumulation of lipid

hydroperoxides in murine macrophages.40 It has been reported that mitochondria is the

target organelle for the cytotoxicity of SWCNTs.41 Consistent with the reports of other

investigators, we have found that treatment of cells with SWCNTs resulted in accumulation

of the SWCNTs in cells. At low concentrations, for short period, SWCNTs inhibits

cytochrome c oxidase to a lower extent, but higher period of SWCNTs exposure results in

inhibition of respiration, leading to the development of “metabolic hypoxia” – a situation in

which, although oxygen is available, the cell is unable to utilize it. We have further

determined that this accumulation of SWCNTs was accompanied by a reduction in the

MMP. Cytochrome c molecules can be successfully absorbed non-covalently on carbon

nanotubes.42 The interaction most likely occurs via the protein side that is rich in Lys

residues, since the primary amines strongly bind to carboxylate functionalities, and amines

are also known to strongly interact with the carbon-nanotube sidewall.43 The effect of

SWCNTs on the electron-transfer reaction of cytochrome c has been previously studied in

biosensor research. Wang et al. has found the activated SWCNT-modified electrode has

good promotion toward the reduction/oxidation of cytochrome c.23 Our results suggest that

SWCNTs may directly interact with Cyt c to alter its oxidation state and redox potential,

resulting in an alteration in Cyt c’s ability to facilitate electron transport. Disruption in

electron transfer has many unfavorable conquences, it has been reported that disrupting

electron transfer at cytochrome c oxidase may result in ionic readjustment and modulation of

the Ca2+ flux between the mitochondria and the ER.44

CONCLUSIONS

In this study, we investigated the effect of SWCNTs on mitochondria function and the

interactions of SWCNTs with Cyt c, an important component of the electron transport chain

in mitochondria. Based on the extracellular interactions of cytochrome c with carbon

nanotubes, and the intracellular mitochondrial dysfunction induced by SWCNTs treatment,

we primary conclude that the effects of SWCNTs on mitochondria should be a stepwise

process: (1) SWCNTs enter the cells and localize in the mitochondria (2) Cyt c is partially

reduced when interacting with SWCNTs and the redox activity of Cyt c is affected (3) The

electron transfer of Cyt c is decreased and attenuated (4) MMP is decreased (5)
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Mitochondrial respiratory chain is disrupted and mitochondrial oxygen uptake is greatly

reduced (6) Metabolic hypoxia is caused by SWCNTs and the mitochondrial electron

transport-dependent ATP generation is affected. Identification of pharmacological and

toxicological profiles is of critical importance for the use of nanoparticles as drug carriers in

nanomedicine and for the biosafety evaluation of environmental nanoparticles in

nanotoxicology. The findings of this study will broaden and deepen our understanding of the

interaction of SWCNTs with Cyt C and the mechanism of mitochondria dysfunction caused

by SWCNTs. When using SWCNTs to fulfill different applications such as live imaging,

photothermal therapy and pharmaceutical carriers in the future, its disruption to the

mitochondria function and cellular respiration should be considered.

METHODS

Materials

Pristine SWCNTs were purchased from Chengdu Organic Chemicals Company Ltd. of

Chinese Academy of Sciences. Carbonyl cyanide 3-chlorophenyl hydrazone (CCCP) and

sodium cholate were obtained from Alfa Aesar (Ward Hill, MA). Oxidized Cyt c from horse

heart, the spin trap, 5, 5-dimethyl N-oxide pyrroline (DMPO), and L-ascorbic acid were

purchased from Sigma (St. Louis, MO). Mitochondria were isolated by a Mitochondria

Isolation Kit (Pierce, Rockford, IL) for Cultured Cells. All chemicals were of analytical

grade and were used without further purification.

Preparation of Carboxyl-SWCNTs

In order to improve their dispersity and stability in solutions, pristine SWCNTs were treated

by acid oxidation. Briefly, 0.1g pristine SWCNTs and 100 ml of 3:1 (v/v) mixture of 98 %

H2SO4 and 68 % HNO3 were mixed and sonicated for 2 h. The resulting dark suspension

was cooled to room temperature and diluted with distilled water. The diluted suspension was

filtered through a 0.22 μm polycarbonate membrane (Millipore, USA), rinsed with distilled

water until the pH was greater than 5. Finally, the purified carboxy-SWCNTs were dried at

room temperature. Carboxyl-SWCNTs were suspended in phosphate buffer (30 mM, pH

7.0) with 0.5 wt% sodium cholate surfactant and sonicated for 2 h. The suspension was then

centrifuged at 1500 rpm for 10 min to remove large bundles. The concentration of carboxyl-

SWCNTs was determined by UV- visible spectroscopy.

MTT Assay

The cell viability of human epithelial carcinoma cells (KB cells, kindly provided by Dr.

Michael M. Gottesman, CCR, NCI) treated with SWCNTs was determined using the MTT

assay. Cells were stained with 100 μl of sterilized MTT dye ((3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide, 0.5 mg/mL, Sigma-Aldrich) for 4 h at 37 °C, and 100

μl of DMSO was added. The spectrometric absorbance at 570 nm was measured on a

microplate reader (M200, Tecan, Mannedorf, Switzerland).

Micro-Raman Mapping

After 24 h of treatment with SWCNTs, KB cells were washed twice to remove free

SWCNTs and the media was replaced with PBS. The scanning area was selected by

focusing on the cells using the microscope, and the micro-Raman laser was then focused on

the dish (λ excitation=785nm) using the Renishaw Micro-Raman Spectroscopy System

(Renishaw plc, Wotton-under-Edge, UK). A line scanning mode was applied to get a Raman

spectrum at every point in the selected area (1 μm × 1 μm for each point). The image was

obtained by plotting the integrated area in the range of 1580–1610 cm−1 of the Raman

spectra obtained in the cell-containing area.
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Oxygen Flux Measurements

Oxygen consumption was recorded according to the self-referencing method29, 45. Briefly, a

platinum electrode was placed 5 μm from the cell, and then moved rapidly back and forth

over a 10 μm distance between two points located 5 and 15 μm away from the cell soma in

the X–Y axes, so that the oxygen-sensing electrode was positioned repeatedly closer to and

farther from the cell. This amperometric probe was polarized with −0.6V, at which voltage

the reduction of oxygen at the probe tip was diffusion-limiting, and therefore [O2] in the

solution could be assessed. As the O2 concentration near the cell is smaller than in the far

position, the difference in current between the near and the far position of the platinum

electrode represents the gradient of the oxygen concentration around the cell, a reflection of

O2 consumption. We then converted the difference in current into oxygen flux. The oxygen

flux level was measured every 4.73s. Figure 3c is the representative trace of the oxygen flux

level of one single cell under each treatment. Figure 3d is the average oxygen flux value of

all the measured values of all the cells under each treatment.

Flow Cytometry Measurements

The MMP was measured with 1.5 μM JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolylcarbocyanine iodide) (Invitrogen, Rockville, MD) by flow

cytometry. KB cells were seeded in 6-well plates and incubated for 24 h. Then cells were

incubated in fresh DMEM media or in media containing SWCNTs for 4 h, 12 h, 18 h, and

24 h. As a known MMP disrupter, 100 μM carbonyl cyanide 3-chlorophenyl hydrazone

(CCCP, Alfa Aesar, Haverhill, MA) was used as positive control. After incubation, cells

were trypsinized, collected by centrifugation, and then incubated with medium containing

JC-1 dye for 20 min at 37 °C. Finally, the cells were washed and resuspended in 1 ml of

PBS for fluorescent analysis using a FACScan flow cytometer. J-aggregate fluorescence was

recorded by flow cytometry in fluorescence channel 2 (FL2) and monomer fluorescence in

fluorescence channel 1 (FL1).

Confocal Microscopy Imaging

KB cells were seeded in polylysine-coated glass bottom dishes. After 24 h, the cells were

treated with SWCNTs for 4 h, 12 h, 18 h, and 24 h. The cells were then stained with JC-1

dye as previously described for flow cytometry and examined by confocal microscopy

(Ultraview VOX, Perkin-Elmer, Waltham, MA).

Measurement of Interactions between Cyt C and Carboxyl-SWCNTs

Cyt c was incubated with selected concentrations of carboxyl-SWCNTs for 1 h at room

temperature. After incubation, the suspension was centrifuged at 13000 rpm for 30 min and

the supernatant was removed. The amount of Cyt c in the supernatant was measured using

UV-visible spectroscopy (Lambda 950, Perkin-Elmer, USA). The UV absorption peak at

408nm, attributable to the heme group in the Soret region of the Cyt c spectrum, was used to

quantitate Cyt c.

UV-visible Spectroscopy Assay

The reduction of oxidized Cyt c in the presence of SWCNTs was measured using the

absorbtion of Cyt c at 550nm characteristic for reduced Cyt c. Ascorbic acid, a known

reducing agent, was used as positive control. Briefly, oxidized Cyt c was dissolved in PB

solution. The spectra were measured after SWCNTs (0.1 mg/ml) or ascorbic acid (5 mg/ml)

was added. In addition, to measure the effect of the surfactant, sodium cholate, on the

reduction of Cyt c by SWCNTs, UV-visible absorption spectra were obtained for solutions

containing Cyt c (150 μg/ml), SWCNTs (100 μg/ml) and sodium cholate ranging from 0.25

to 2 wt%. To study the effect of pH on the interaction between SWCNTs and Cyt c,
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SWCNTs (100 μg/ml) were incubated with oxidized Cyt c (150 μg/ml) in PB with

increasing pH from 7.0 to 9.0.

Circular Dichroism (CD) Measurement

CD spectra in the far-UV (200–250nm), near-UV (250–350nm), as well as the Soret (350–

450nm) spectal regions were recorded using a spectropolarimeter (J-720, Jasco). Spectra

were obtained for samples containing 600 μg/ml oxidized Cyt c in the absence or presence

of SWCNTs (400 μg/ml) at different pH. CD spectra were measured using quartz cells with

1 mm path length. All spectra were corrected for background absorption. Each experiment

was repeated three times with a bandwith of 1.0 nm and scanning rate of 100 nm/min. All

the measurements were performed at a constant temperature of 20°C.

Cyclic Voltammetry Analysis

A three-electrode cell with Indium Tin Oxides (ITO) as working electrode, Pt as counter

electrode, and Hg/Hg2Cl2 as reference electrode was used for the measurements by

Potentiostat with PHE200TM Physical Electrochemistry analysis (Gamry Instruments,

Warminster, PA). The working electrode area is identical among samples. The cyclic

voltammograms were recorded immediately after inserting the reference electrode into the

Potentiostat analyte solution (Princeton Applied Research, Oak Ridge, TN). The potential

cycling was started at 0.3 V and allowed to proceed till −0.1 V, and the cycle was completed

by stopping the scan at 0.3 V (scan rate 50 mV/s).

Electron Spin Resonance (ESR) Measurements

Oxidation of the spin trap DMPO, to form 5,5-dimethyl-1-pyrrolidone-N-oxyl (DMPOX),

was monitored by ESR to determine the effects of SWCNTs on Cyt c’s ability to catalyze

oxidation of substrates by H2O2. Conventional ESR spectra were obtained using a Bruker

EMX ESR Spectrometer (Billerica, MA). ESR spectral measurements were obtained using

the following settings: 10 mW microwave power, 1 G field modulation and 100 G scan

range The time dependence of the ESR signal for solutions containing 50 mM DMPO, 0.1

mM Cyt c and 0.5 mM H2O2 with or without ascorbic acid (from 0.01 to 0.1 mM) was

measured. Similarly, the time dependence of the ESR signal with 10 μg/ml SWCNTs (from

2.5 to 7.5 μl), substituted for ascorbic acid, was measured. The time dependence of the ESR

signal intensity was obtained at a fixed field position (the peak position of the center line of

ESR spectrum). Data collection began 1 min after sample mixing. For measurement of the

time dependence of the ESR signal, a scan time of 30 minutes at the described fixed field

position was used. All measurements were performed in triplicates at ambient temperature.

ROS Levels Detection

The cells treated with or without SWCNTs for 24 h were stained for 30 min with 10 μM

ROS probe DCFH-DA (Molecular Probes, Eugene, Oregen, USA) in PBS solution with

0.4% glucose. After the free probes were washed, the cells were observed using

fluorescence microscopy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization and cellular penetration of SWCNTs
TEM images and dispersion images of (a) pristine SWCNTs and (b) carboxy-SWCNTs.

Raman mapping images of carboxy-SWCNTs penetration into KB cells. G-mode (1580

cm-1) Raman intensity images of SWCNTs in single KB cell (c) incubated in PB buffer as

control for 24 h, (d) incubated with 60 μg/ml carboxyl-SWCNTs for 24 h. Inset: regular

optical microscope images of KB cell. Scale is 10×10 μm.
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Figure 2. Entering of SWCNTs to the mitochondria and mitochondria structure change
(A) Raman spectra of isolated mitochondria of cells treated with different concentration of

SWCNTs from 0 to 60 μg/ml for 24 h. Curves represented G band (1580 cm-1) Raman

spectra of SWCNTs in mitochondria, extracted with mitochondria isolation kit, measured

with equal quantities. (B) Morphology of mitochondria of SWCNTs treated cells examined

by transmission electron microscopy. Swelling of mitochondria is indicated by arrows.

Arrow a: Mild mitochondrial damage: the cristae are smaller. Arrow b: Severe

mitochondrial damage. The cristae are nearly completely destroyed or disappeared. Arrow c:

SWCNTs locate in a mitochondrion. Scale bar: 500 nm and 100 nm.
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Figure 3. SWCNTs alters O2 consumption by KB cells
(a) A picture shows the self-reference electrode. The system is set up on top of a spinning

disk confocal microscope. (b) Photomicrograph shows a self-referencing electrode

positioned next to a single KB cell. (c) Representative traces of oxygen flux levels of single

KB cells. (d) Group data for basal respiration levels of single KB cells (control), or KB cells

treated with 60 μg/ml SWCNTs from 4 to 24 hours. At least three independent cultures were

used for each study.
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Figure 4. SWCNTs treatment significantly triggered MMP decrease
Changes of MMP in KB cells were examined by flow cytometry. (a) KB cells were cultured

in DMEM media as control. (b) KB cells treated with CCCP were used as a positive control.

(c–f) Cells were treated with 60 μg/ml of SWCNTs for 4 h, 12 h, 18 h, and 24 h. The

numbers indicate the percentage of KB cells with undepolarized (R2) or depolarized (R3)

membrane potential.
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Figure 5. Mitochondrial depolarization imaged by confocal microscopy
MMP of cells stained with JC-1 dye was measured with confocal microscopy. Left and

middle images showed the fluorescence of green fluorescent J-monomer and red fluorescent

J-aggregate, respectively. The right images showed the overlay of two images. The results

were consistent with FACS quantitative measurements. Scale bar: 20μm.
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Figure 6. Interaction of SWCNTs with Cyt C was indicated with different measurements
(a) The UV-vis spectra of Cyt c, SWCNTs and SWCNT + Cyt c. The absorption spectrum

was magnified in the inserted graph as characteristic peak of Cyt c at 550 nm (b) The UV-

vis spectra of Cyt c under interaction with SWCNTs at different pH from 7.0 to 9.0. The

adsorption spectrum was magnified in the inserted graph as characteristic peak of Cyt c at

550 nm. (c) CD spectra of Cyt c at different pH from 7.0 to 9.0. (d) Cyclic voltammogram

of Cyt c (150 μg/ml) were measured with or without SWCNTs (100 μg/ml) and 10 mM PB

at pH 7.0 Scan rate =50 mV s−1.
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Figure 7. Time dependence ESR signal of DMPOX measured during oxidation of the spin trap
DMPO by Cyt c/H2O2 at ambient temperature
The intensity of the second line in the ESR spectrum of DMPOX was used to monitor the

time dependence. (a) The time dependence of the ESR signal for solutions containing 50

mM DMPO, 0.1 mM Cyt c and 0.5 mM H2O2 without (Ctr: control) or with ascorbic acid

(AA1: 0.01mM ascorbic acid; AA2: 0.05 mM ascorbic acid; AA3: 0.1 mM ascorbic acid)

was measured at pH 7.0. (b) The time dependence of the ESR signal with 10 Jg/ml

SWCNTs (NT1: 2.5 μl; NT2: 5 μl; NT3: 7.5 μl), substituted for ascorbic acid, was

measured at pH 7.0. The typical 7- line ESR spectrum of DMPOX was given as insert after

oxidation of DMPO in the presence of Cyt c and H2O2
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