
New insights on transmembranal mechanism and subcellular 
localization of noncovalently modified single-walled carbon 
nanotubes

Feifan Zhou1, Da Xing1,*, Baoyan Wu1, Shengnan Wu1, Zhongmin Ou1, and Wei R. Chen1,2,*

1MOE Key Laboratory of Laser Life Science & Institute of Laser Life Science, College of 
Biophotonics, South China Normal University, Guangzhou 510631, China

2Biomedical Engineering Program, Department of Engineering and Physics, College of 
Mathematics and Science, University of Central Oklahoma, Edmond, OK 73034, USA

Abstract

Translocation and localization of single-walled carbon nanotubes (SWNTs) in normal and 

cancerous cells have significant biomedical implications. In this study, SWNTs functionalized 

with different biomolecules in cells were observed with confocal laser scanning microscopy. 

Functionalized with PL-PEG, SWNTs were found to localize exclusively in mitochondria of both 

tumor and normal cells due to mitochondrial transmembrane potential, but they were found mainly 

in lysosomes of macrophages due to phagocytosis. However, when conjugated with different 

molecules, the subcellular localization of the surface-modified SWNT-PL-PEG depended on how 

SWNTs enter the cells: inside mitochondria if crossing cell membrane or inside lysosomes if 

being endocytosized. We also show that mitochondrial SWNT-PL-PEG, when irradiated with a 

near-infrared light, can induce cell apoptosis due to mitochondrial damages. These findings 

provide a better mechanistic understanding of cellular localization of SWNTs, which could lead to 

advanced biomedical applications such as the design of molecular transporters and development of 

SWNT-assisted cancer therapies.
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Single-walled carbon nanotubes (SWNTs) have been considered for various biomedical 

applications1–5. As a unique quasi one-dimensional material, SWNTs have been explored as 
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novel delivery vehicles for drugs8–10, peptides6, proteins7, plasmid DNA11, and small 

interfering RNA12, via endocytosis7, 13. The absorption spectrum of SWNTs in the near-

infrared (NIR) region has been used for cell destruction14–16. Their NIR photoluminescence 

property has been used for in vitro cell imaging17. However, as the basis of biomedical 

applications of SWNTs, their translocation and localization in cells have not been fully 

understood.

Using transmission electron microscopy (TEM), Porter et al observed that HiPco SWNTs 

dispersed in tetrahydrofuran (THF) could cross the membranes of macrophages and localize 

in the lysosome, and they could even enter the nucleus18. Pantarotto et al reported that 

functionalized carbon nanotubes (CNTs) with fluorescein isothiocyanate (FITC), a 

fluorescent tag, dispersed in 1,3-dipolar cycloaddition of azomethine ylides could cross the 

membranes of living cells6, although the specific subcellular localization of SWNTs was not 

clear.

Using confocal laser scanning microscopy, we observed SWNTs, dispersed in phospholipid-

polyethylene glycol (PL-PEG) and conjugated with different molecules, in tumor, normal, 

and macrophage cells, to determine the subcellular localization and to study the 

transmembranal mechanism of SWNTs. We found that SWNT-PL-PEG-FITC were 

localized exclusively in the mitochondria of both tumor and normal cells due to 

mitochondrial transmembrane potential. The mitochondrial SWNT-PL-PEG, when irradiated 

with a near-infrared light, could induce cell apoptosis due to mitochondrial damages. We 

also demonstrated that SWNT-PL-PEG could be localized in different subcellular 

components by conjugations of different molecules. Our study should have a significant 

impact on designing molecular transporters and on developing SWNT-assisted cancer 

therapies.

To observe subcellular translocation of SWNT-PL-PEG-FITC, HeLa cells cultured in 

DMEM medium at 37°C were incubated with different combinations of FITC, PL-PEG and 

SWNTs. Subsequently, the cells were rinsed with PBS to remove unincorporated chemicals. 

Confocal images of the HeLa cells (Fig. S1, Supporting Information) show that SWNT-PL-

PEG-FITC accumulates mainly in the cytoplasm, while free FITC and PL-PEG-FITC are 

absent inside the cells. The stability of localization of SWNT-PL-PEG-FITC in cells is 

shown by the confocal images of cells over a period of 96 hours (Fig. S2, Supporting 

Information).

To confirm the subcellular localization of SWNT-PL-PEG-FITC, HeLa cells transfected 

with DsRed-ER (to label Endoplasmic Reticulum), DsRed-Golgi (to label Golgi), CFP-lamp 

(to label lysosome), or stained with MitoTracker (to label mitochondria), were incubated 

with SWNT-PL-PEG-FITC for 30 minutes. Confocal images of the cells in Fig. 1A show 

that fluorescence emissions of SWNT-PL-PEG-FITC coincide with that of MitoTracker dye, 

indicating that SWNT-PL-PEG-FITC is only localized in mitochondria, not in any other 

subcellular component.

To determine the cell line dependence of subcellular localization of SWNT-PL-PEG-FITC, 

different cells (ASTC-a-1, MCF 7, COS 7, EVC304, and RAW264.7) were stained by 
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MitoTracker and incubated with SWNT-PL-PEG-FITC for 30 minutes, and observed under 

the microscope. Fig.1B shows that fluorescence emissions of SWNT-PL-PEG-FITC from 

either tumor cells or normal cells coincide with that of MitoTracker dye. However, in 

macrophages, lysosomes were the main source of fluorescence emissions (Fig. 1C). The 

observed lysosomal distribution of SWNT-PL-PEG-FITC in macrophages is consistent with 

the observation by Porter et al18. We attribute this phenomenon to the phagocytosis function 

of macrophages, since SWNT-PL-PEG-FITC were swallowed as foreign bodies and entered 

the lysosomes, as shown in Fig. 1C. We also observed some fluorescence emissions of 

SWNT-PL-PEG-FITC in the mitochondria (Fig. 1C upper), indicating that the SWNT-PL-

PEG-FITC could also enter cells and localize in the mitochondria, although only in the 

phagocytosis cells.

To investigate the possible pathway for SWNTs translocation and localization, HeLa cells 

were either maintained at 4°C or incubated with NaN3 at 37°C, followed by incubation with 

SWNT-PL-PEG-FITC. Fluorescence images clearly show SWNT-PL-PEG-FITC 

translocation into cells (Fig. 2A) even with the complete blockage of the endocytosis 

pathway. The same results were obtained when these pretreated cells were incubated with 

SWNT-PL-PEG-FITC of different concentrations (Fig. S3, Supporting Information). It is 

apparent that endocytosis is not involved during translocation of SWNTs into mitochondria, 

since their internalization is not affected by the complete blockage of endocytosis either by 

low temperature or by NaN3. These results support the reported pathway of SWNTs via 

passive diffusion across cell membranes6,18.

We also investigated the impact of mitochondrial transmembrane potential (ΔΨm) on the 

mitochondrial accumulation of transmembranal SWNTs. HeLa cells stained with 

tetramethylrhodamine methyl ester (TMRM), a ΔΨm indicator, were incubated with SWNT-

PL-PEG-FITC for 30 minutes, followed by treatment with staurosporine (STS), a 

chemotherapeutic agent, to interrupt ΔΨm. The ΔΨm started a gradual decrease about 3 

hours after STS treatment and led to cell death after its total collapse, as shown in Fig. S4 

(Supporting Information). Before STS treatment, the fluorescence emission of FITC showed 

that SWNT-PL-PEG were entirely distributed in the mitochondria (top panel, Fig. 2B). 

Three hours after STS treatment, SWNT-PL-PEG-FITC started to separate from 

mitochondria, accompanied with the decrease of ΔΨm (middle panel, Fig. 2B). Six hours 

after STS treatment, ΔΨm completely collapsed and SWNT-PL-PEG-FITC diffused into the 

entire cell (bottom panel, Fig. 2B). These results indicate that the mitochondrial localization 

of SWNT-PL-PEG-FITC is ΔΨm -dependent.

We used folate (FA) and αvβ3 to determine whether SWNTs could be selectively 

internalized into cancer cells with specific tumor markers, such as folate receptor (FR) and 

integrin on the tumor cell surface. We found that SWNT-PL-PEG-FA could enter into the FR 

positive cells (FR+ HeLa cells), but not the FR negative cells (FR- HeLa cells). We also 

found that SWNT-PL-PEG-αvβ3 could enter into the integrin positive cells (U87-MG cells), 

but not the integrin negative cells (MCF7 cells). The fluorescence emissions of SWNT-PL-

PEG-FA or SWNT-PL-PEG-αvβ3 from the cells coincided with that of CFP-lamp, indicating 

that SWNTs are localized in lysosomes (Fig. S5, Supporting Information).
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Fluorescence emissions of bovine serum albumin (BSA), a large non cell-targeting 

molecule, as well as the fluorescence emissions of SWNT-PL-PEG-BSA from the cells, 

coincided with that of CFP-lamp (Fig. 3A), indicating that both BSA and SWNT-PL-PEG-

BSA are localized in lysosomes due to the endocytosis of BSA. In comparison, fluorescence 

emissions of PI, a small non cell-targeting molecule, were absent from the cells (Fig. 3B, top 

panel). However, the fluorescence emissions of SWNT-PL-PEG-PI coincide with that of 

MitoTracker (Fig. 3B, bottom panel), indicating that SWNT-PL-PEG-PI is localized in 

mitochondria. It is believed that the difference in subcellular localization of PI and SWNT-

PL-PEG-PI is due to the electrical properties of SWNTs.

To investigate the possible pathway for the translocation and localization of SWNTs 

conjugated with different molecules, the same endocytosis-blocking assay was performed. 

When the cells lost their endocytosis function, cell-targeting molecules (αvβ3 and FA) and 

large molecules (BSA) with their SWNT-PL-PEG conjugates were absent from the cells 

(Fig. 3C). However, the translocation and localization of small, non cell-targeting molecules 

(PI) with their SWNT-PL-PEG conjugates were not affected by the blocking of cell 

endocytosis function.

To explore potential applications of mitochondrial SWNTs, we investigated the direct impact 

of SWNTs on mitochondria under laser irradiation. HeLa cells were incubated with SWNT-

PL-PEG for 2 hours, stained with dicholorofluorescin diacetate (DCFDA) or TMRM, and 

followed by irradiation with a 980-nm laser. Fluorescence emissions of DCFDA, an 

indicator of generation of reactive oxygen species (ROS), started in mitochondria (Fig. 4A) 

and then gradually intensified in the other areas of the cell (Fig. 4B,S6.A-B). Furthermore, 

in TMRM-stained cells, fluorescence emissions of TMRM decreased after laser irradiation 

(Fig. 4B,S6.C-D). Fig. 4C shows that laser irradiation of mitochondrial SWNTs could 

induce cell apoptosis.

The potential biomedical applications of nanotubes require a better understanding of their 

cellular dynamics. Translocation and localization of SWNTs in cells are among the most 

important SWNT-cell interactions. Pioneer work by Pantarotto et al demonstrated that 

SWNTs could enter the cytoplasm of normal cells by directly crossing the membrane, using 

fluorescence microscopy6. Seminal work by Porter et al recently revealed that SWNTs 

mainly accumulated in lysosomes of macrophages, using transmission electron 

microscopy18. However, because of phagocytosis, the lysosomal localization of SWNTs in 

macrophages may not represent typical interactions between SWNTs and other cells, normal 

or cancerous. Furthermore, TEM imaging of SWNTs is performed under abnormal 

physiological conditions; SWNTs in living cells may experience different dynamics.

In the current study, we used confocal fluorescence microscopy to observe the dynamics of 

SWNTs in normal and cancerous cells, as well as in macrophages, under normal 

physiological conditions. We also conducted mechanistic studies for the subcellular 

localization of SWNTs in cells. Through fluorescent labeling of all major subcellular 

components, we pinpointed the mitochondrial localization of SWNT-PL-PEG in living 

normal and cancerous cells (Fig. 1A and 1B). We also observed the mainly lysosomal 
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distribution and the minimal mitochondrial localization of SWNT-PL-PEG in macrophages 

(Fig. 1C).

The mitochondrial localization of SWNT-PL-PEG in cells was disrupted neither by low 

temperature (4°C) nor by incubation with NaN3, both being able to inhibit endocytosis (Fig. 

2A). These results strongly indicate the transmembranal pathway for mitochondrial 

localization of SWNT-PL-PEG. We also observed the dispersion of mitochondrial SWNT-

PL-PEG into other subcellular components when ΔΨm decreased by the treatment of STS 

(Fig. 2B). It is known that the mobility of nanotubes can be enhanced by the presence of an 

electrical potential. For example, nanotube migration in gel electrophoresis medium upon 

application of a DC electric field has been extensively reported19. Specifically, when the 

nanotubes are charged by association of covalent or non-covalent functionalities, the 

mobility is greatly enhanced20. Based on the observed relationship between ΔΨm and 

mitochondrial SWNTs in this study, we conclude that SWNT-PL-PEG accumulate in the 

mitochondria due to the existence of electric potential (ΔΨm).

Subcellular localization of surface-modified SWNTs depends on how SWNTs enter the 

cells. When the conjugated molecules, such as αvβ3 and FA, can specifically target tumor 

cells, they are bound to the cell surface. Their only pathway into the cell is through 

endocytosis, resulting in the lysosomal distribution of conjugated SWNT-PL-PEG (Fig. 

S5.A-B). For non cell-targeting molecules, the entry mode depends on the properties of the 

conjugated molecules. Large molecules, such as BSA, can enter cells only through 

endocytosis, as shown in Fig. 3A. It is interesting to notice that SWNT-PL-PEG can carry 

small molecules (such as PI), which cannot enter cells by themselves, and transport them to 

mitochondria (Fig. 3B). These results provide a basis for selective translocation and 

localization of SWNT-PL-PEG to desired subcellular components. Such selectivity can 

facilitate biomedical applications of SWNTs such as drug delivery and phototherapy.

Photothermal therapies for cancer have been widely investigated as a minimally invasive 

treatment modality in comparison with other methods.15,21 However, the chromophores in 

healthy tissue in the light path can also absorb energy, thus reducing the effectiveness of the 

heat deposition within tumor cells and increasing nonspecific injury of adjacent healthy 

tissue. In situ light-absorbing probes have been used to selectively increase the thermal 

destructions in the target tumors.22,23 One application of the mitochondrial SWNTs is 

selective photothermal therapy. Fig. 4 shows the effectiveness of mitochondrial SWNTs in 

inducing cell apoptosis under laser irradiation. Such effect is similar to that of photodynamic 

therapy using mitochondrial photosensitizers such as photofrin24,25, which is an important 

adjuvant therapy for cancer. It has also been reported that SWNTs have a differential uptake 

by tumors8. More importantly, use of mitochondrial SWNTs for cancer treatment could 

avoid phototoxicity. Therefore, laser-SWNTs could become an effective treatment modality 

for cancer, as a mitochondrial targeting photo-thermal conversion probe.

In conclusion, we have demonstrated for the first time that SWNT-PL-PEG were able to 

localize in mitochondria of normal and cancerous cells, and that mitochondrial SWNTs are 

linked to mitochondrial transmembrane potential. We also demonstrated that SWNT-PL-

PEG could be localized in different subcellular components by conjugations of different 
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molecules. The determination and manipulation of subcellular translocation and localization 

of SWNTs could benefit the design and development of SWNT-assisted therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Localization of SWNT-PL-PEG in subcellular components of different cells. A. Localization 

of SWNT-PL-PEG in different subcellular components of HeLa cells. Cells (5×104 per well) 

transfected with DsRed-ER, DsRed-Golgi, CFP-lamp, or stained with MitoTracker were 

incubated with SWNT-PL-PEG-FITC (2.5 μg/ml) for 30 minutes. Confocal images of the 

cells show that SWNT-PL-PEG-FITC is localized in the mitochondria, but not in ER, Golgi, 

or lysosomes. B. Mitochondrial localization of SWNT-PL-PEG in different cells. Cells 

(ASTC-a-1, MCF 7, COS 7, EVC304) were stained by MitoTracker and incubated with 
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SWNT-PL-PEG-FITC for 30 minutes. Confocal images of the cells show consistent 

mitochondrial localization of SWNT-PL-PEG-FITC in all cells. C. Lysosomal localization 

of SWNT-PL-PEG in macrophages. Cells transfected with CFP-lamp and stained with 

MitoTracker were incubated with SWNTs-PL-PEG-FITC for 30 minutes. Confocal images 

of the cells show that SWNT-PL-PEG-FITC is mainly localized in the lysosome.
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Figure 2. 
Mitochondrial localization of SWNT-PL-PEG after blocking the cell phagocytosis pathway. 

A. Distribution of mitochondrial SWNT-PL-PEG in HeLa cells incubated at 4°C or with 

NaN3. Fluorescent images of cells after incubation with SWNT-PL-PEG-FITC (2.5 μg/ml) 

at 4°C or after pretreatment with NaN3 show SWNT-PL-PEG-FITC translocation into the 

cells, excluding the endocytosis pathway. B. Effect of ΔΨm on the subcellular localization 

of SWNT-PL-PEG. TMRM-stained HeLa cells were incubated with SWNT-PL-PEG-FITC 

(2.5 μg/ml) for 30 minutes, followed by the treatment of STS. Confocal images of the cells 

after the treatment show that as ΔΨm decreases the mitochondrial SWNTs disperse 

gradually into cytoplasma.
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Figure 3. 
Subcellular localization of surface-modified SWNTs. A. Subcellular localization of BSA-

FITC and SWNT-PL-PEG-BSA-FITC in HeLa cells. Cells transfected with CFP-lamp and 

stained with MitoTracker were incubated with BSA-FITC (1 μg/ml of BSA) or SWNT-PL-

PEG-BSA-FITC (2.5 μg/ml of SWNTs) for 30 minutes. Confocal images of the cells show 

that BSA-FITC and SWNT-PL-PEG-BSA-FITC are mainly localized in the lysosome. B. 

Subcellular localization of PI and SWNT-PL-PEG-PI in HeLa cells. Cells transfected with 

CFP-lamp and stained with MitoTracker were incubated with PI (5 μg/ml) or SWNT-PL-
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PEG-PI (2.5 μg/ml of SWNTs) for 30 minutes. Confocal images of the cells show that 

SWNT-PL-PEG-PI is mainly localized in the mitochondria. C. Statistical analysis of 

fluorescence emission intensity of surface-modified SWNTs in cells incubated at 37°C or 

4°C. Only small, non surface-targeting molecules (PI) can be carried by SWNTs into the 

mitochondria without being affected by the loss of cell endocytosis function. Bars, means 

SD (n=5).
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Figure 4. 
Apoptosis induced by mitochondrial SWNTs under laser irradiation. HeLa cells were 

incubated with SWNT (2.5 μg/ml) for 2 hours, then irradiated with a 980 nm laser (0.75 

W/cm2) for 2 minutes. A. Initial ROS generation in the mitochondria after laser irradiation. 

B. ROS generation and ΔΨm changes in the cells at different time points after treatment. 

Fluorescent image series of H2DCFDA and TMRM were acquired after different treatments. 

C. Cell apoptosis induced by different treatments. Cells harvested 6 hours after different 

treatments were double stained by Annexin V and PI, and analyzed by FACS.
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