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  Uptake and Release of Double-Walled Carbon Nanotubes 

by Mammalian Cells 
By Vera Neves, Elena Heister, Sara Costa, Carmen Tîlmaciu, Ewa Borowiak-Palen, 
Cristina E. Giusca, Emmanuel Flahaut, Brigitte Soula, Helen M. Coley, 
Johnjoe McFadden, and S. Ravi P. Silva*
 Efforts to develop carbon nanotubes (CNTs) as nano-vehicles for precise and 
controlled drug and gene delivery, as well as markers for in vivo biomedical 
imaging, are currently hampered by uncertainties with regard to their cel-
lular uptake, their fate in the body, and their safety. All of these processes 
are likely to be affected by the purity of CNT preparation, as well as the size 
and concentration of CNTs used, parameters that are often poorly controlled 
in biological experiments. It is demonstrated herein that under the experi-
mental conditions of standard transfection methods, DWNTs are taken up 
by cultured cells but are then released after 24 h with no discernable stress 
response. The results support the potential therapeutic use of CNTs in many 
biomedical settings, such as cancer therapy. 
  1. Introduction 

 An important characteristic of functionalized carbon nanotubes 
(CNTs) is their ability to cross cell membranes. [    1    ,    2  ]    The uptake 
of CNTs has been previously described to occur via two major 
pathways. One method describes nanotubes as “nanoneedles” 
that have the capability to penetrate cell membranes, [    3  ]    whereas 
the second method refers to an active uptake via clathrin medi-
ated endocytosis. [    1  ]    

 As controversy regarding the mechanism of uptake of 
CNTs persists, the fi nal fate of nanotubes has been largely 
open to speculation. The previously described “nanoneedle” 
carbon nanotubes internalization has been proposed to lead to 
 DOI: 10.1002/adfm.201000994 
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perinuclear accumulation with no effect 
on cell viability. [    4  ]    Conversely, CNTs bio-
functionalized with biomolecules, such as 
DNA, have been shown to be subjected to 
exocytosis by NIH-3T3 fi broblast cells in a 
study carried out by Jin et al. [    5  ]    

 Previously, the most commonly used 
technique to visualize the uptake of 
CNTs focused on visualizing internaliza-
tion facilitated via the covalent linking of 
a visible-wavelength fl uorophore. [    1–4    ,    6–7  ]    
However, when considering this approach, 
it is important to consider that: chemical 
linkages must resist enzymatic cleavage 
(due to activity in cytosolic compartments); 
the emission from the visible-wavelength 
fl uorophore must be detected above background endogenous 
fl uorescence; and chemical processing of nanoparticles may 
dramatically change their ultimate biological fate. As an alter-
native to the linking of fl uorophores, it is possible to use the 
unique NIR intrinsic fl uorescence associated with CNTs. The 
latter property is considered as being advantageous for use in 
biological systems, since there are minimal background signals 
associated with autofl uorescence from cells, tissues, and other 
biological molecules in this spectral range, as this property has 
largely been shown to be confi ned to the visible spectral range. [    8  ]    
Raman spectroscopy is a multi-purpose, rapid ( ∼ 1 min per 
spectrum) non-destructive technique that operates at normal 
ambient (room temperature) ( ∼ 300 K) and pressure conditions, 
and uses readily available Raman characterization instrumenta-
tion. [    9  ]    Due to the electronic structure and diameter of CNTs, 
strong resonance-enhanced Raman bands are produced at 150–
300, 1590–1600, and approximately 2600 cm  − 1  away from the 
excitation wavelength. [    10  ]    The fi rst of these, referred to as the 
radial breathing mode (RBM), is caused by uniaxial vibrations 
and depends linearly on the nanotube diameter. The RBM is 
then followed by the disorder-induced D-band, the tangential 
mode (or G-band), which is caused by stretching along the C–C 
bonds of graphene [    10–12  ]    and, fi nally, the G’-band, a two-phonon 
mode. [    10  ]    

 Besides the fate of CNTs, the major challenge of using them 
in biological systems is assessing whether CNTs are inherently 
cytotoxic. [    13–22    ]    At present, there are roughly as many publica-
tions reporting no apparent cytotoxicity, [    3    ,    6    ,    8    ,    20    ,    23–36  ]    as there 
are reporting varying degrees of signifi cant loss of cellular 
viability associated with CNTs. [    37–50    ]    Two major considerations 
in this area are how the CNTs are presented and another their 
purity and concentration of the carbon nanotubes. For example, 
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      Figure  1 .     Structural characterization of double-walled carbon nanotubes 
(DWNT) by AFM, TEM and Raman spectroscopy. A) and B) Surface 
analysis of RNA-wrapped oxidized DWNTs (oxDWNT-RNA) by AFM and 
TEM, respectively. oxDWNTs-RNA were found to range between 200 nm 
and 2  μ m in length (data not shown). C) and D) Raman spectrum of 
pristine and oxDWNT-RNA at different laser energies: 473 and 785 nm. 
Intense bands can be seen at 120–350 cm  − 1  for the radial breathing 
modes (RBM); at  ∼ 1590 cm  − 1  for the tangential G-band; at  ∼ 1350 cm  − 1  
for the disorder-induced D band, and at  ∼ 2900 cm  − 1  for its second-order 
harmonic, the G’ band. [    10  ]     
pulmonary toxicity of SWNT has been established when large 
doses of dry, unpurifi ed SWNT have been blown into lungs of 
rats. [    42    ,    48–49  ]    This method of presentation is not relevant to the 
small measured doses of CNTs that would be used as chemo-
therapy and drug delivery systems. In fact, the biodistribution 
of chemically modifi ed SWNT injected into mice or rabbits 
was studied recently, and the CNTs were reported to be rapidly 
excreted with no evidence of toxicity. [    24    ,    51–52  ]    The purity of CNT 
preparation is a crucial consideration in their use as bio-nano 
agents. Many methods of CNT synthesis use metal catalysts 
that are known to be toxic. Such impurities, and other car-
bonaceous impurities, must be removed from the samples in 
order to reach correct and safe conclusions regarding the 
inherent toxicity of CNTs. At present the data is unclear as to 
what contribution these factors may have made to the various 
reported toxicological profi les of CNTs. 

 Here, we study the cellular uptake and release of DWNTs 
by Raman spectroscopy using single-cell mapping and spec-
troscopy analysis of whole cell lysates incubated with oxidized 
double-walled carbon nanotubes (ox DWNTs) wrapped with 
RNA, and evaluate their safety by examine cells for any sign of 
cellular stress response to CNT uptake.   

 2. Results and Discussion 

 Our group has previously demonstrated the use of RNA-
wrapping for purifi cation and functionalization of CNTs. [    53    ,    54  ]    
This study is designed to investigate the uptake and release of 
double-walled carbon nanotubes (DWNTs) by cultured human 
cancer cells. However, detection of DWNTs intracellularly is 
non-trivial as (in their pure form) they consist of only carbon 
atoms linked by covalent C  =  C double bonds, and thus are not 
easily discernable from biological complexes present in the cel-
lular milieu using standard spectroscopic methods. The small 
size and low contrast of CNTs also makes them diffi cult to dis-
tinguish from cellular structures by microscopy techniques. 
Direct and label-free mapping of CNTs inside living cells has 
recently been demonstrated using their characteristic intrinsic 
near-infrared fl uorescence [    8    ,    55–56  ]    and Raman scattering. [    56  ]    
However, a marked decrease in the intrinsic fl uorescence 
intensity of CNTs has been observed [    56  ]    following protracted 
periods (8 d) in culture, whereas the Raman signal is stable 
over the same time period. The aim of this study was to fur-
ther investigate cellular uptake and fate of DWNTs.  Figure    1c   
and  1 d present the Raman spectra of pristine and RNA-
wrapped oxidized double-walled carbon nanotubes (DWNT 
and oxDWNT-RNA, respectively) with two different laser wave-
lengths (473 and 785 nm, respectively), which generate spectra 
with the typical peaks expected for DWNTs. The spectra were 
very similar for the oxDWNT-RNA and the pristine sample, 
indicating that their spectral properties have not changed as a 
consequence of functionalization. Transmission electron micro-
scopy (TEM) and atomic force microscopy (AFM) demonstrated 
that oxidized samples wrapped with RNA (Figure  1 a and  1 b) 
were more de-bundled and individualised, with length distribu-
tions ranging from 200 nm to 2  μ m. The size distribution and 
RNA wrapping of DWNT is not the primary study of this report 
and hence is described elsewhere. [    54  ]   
    2.1. Cellular Uptake and Release of DWNT by Raman 
Spectroscopy  

 2.1.1. RBM Mapping of Single Cells 

 The radial breathing mode (RBM) is a unique phonon mode 
that depends on the nanotube diameter and thereby allows 
tubes of different diameters to be monitored as they accumu-
late inside cells. Human cells were incubated with DWNTs to 
allow uptake. The same distribution of RBMs with peaks at 
156, 205, 230 and 266 cm  − 1  were detected in pristine DWNTs, 
DWNTs inside PC3 cells (human prostate adenocarcinoma) and 
extracellular DWNTs, indicating that there was no selectivity of 
DWNTs according to the cellular system ( Figure    2a  ). Figure  2 b 
illustrates the distribution of nanotubes inside PC3 cells using 
the RBM peak at approximately 260 cm  − 1  (corresponding to a 
tube diameter of 0.9 nm, the strongest peak in the sample) for 
a single cell. Figure  2 c illustrates the distribution of nanotubes 



      Figure  2 .     Single cell mapping of PC3 and HeLa cells exposed to DWNTs. RBMs were used to track DWNTs in cells. As displayed, a uniform distribution 
of diameters is obtained in all different conditions: pristine nanotubes, oxidized DWNT wrapped with RNA, and the same oxDWNT-RNA in cell medium 
and inside cells (A). A grid was defi ned on a single cell, and a map obtained by collecting spectra with 1 min exposure time and moving the sample 
with increments of 1  μ m (spectral resolution of 4 cm  − 1 ). Data analysis was performed at  ∼ 260 cm  − 1  as illustrated by RBM spectra and the 3D map (B). 
(C and D) 2D mapping at various time points from 0.5 h to 24 h in PC3 (C) and HeLa (D). The broken line in the different fi gures from 0.5 to 24 h 
crudely represents the boundaries of the cell and demonstrates that a high intensity is confi ned to the cell, an effect not observed for media alone.  



FU
LL P

A
P
ER

      Figure  3 .     Temporal evaluation of DWNT uptake by PC3 and HeLa whole cell lysates. A) Raman 
spectrum at different time points obtained for PC3 after exposure to RNA-wrapped oxidized 
DWNT (oxDWNT-RNA). CNT features are visualised at 1350, 1590 and 2700 cm  − 1  with D, 
G and G’ bands and cellular constituents at 1090, 1450, 1660 and 2900 cm  − 1 . Spectra were 
normalized such that in each data set 100% represents the sum of all values in the data set. 
B) Area under the curve (AUC) of G band intensity at the various time points for PC3 and HeLa 
cells. ( ∗  ∗  ∗  indicates p  <  0.0001 and  ∗  p  <  0.05, one-way anova test)  
inside PC3 single cells over a 24 h time course 
using the same RBM peak. Figure  2 d dis-
plays Raman analysis of HeLa cells (human 
cervical carcinoma), demonstrating similar 
dynamics for both cell lines. In both model 
systems, the highest intensity was obtained 
after 0.5 h, possibly corresponding to localiza-
tion of DWNTs inside endosomes. This was 
followed by a reduced intensity at 3 and 9 h, 
which was more diffused throughout the cell, 
indicating that DWNTs had been released 
from their initial site of sequestration. After 
12 h the intensity dropped in magnitude 
4-fold, until fi nally at 24 h no distinct RBM at 
260 cm  − 1  could be detected. The percentage 
of cells containing DWNTs was estimated on 
the basis of whether CNT Raman peaks could 
be detected (see the Supporting Information, 
Table S1). The highest percentage of cells 
with nanotubes, was 50%, at 3 h. This pro-
portion decreased by approximately 3-fold at 
12 h and 5-fold by 24 h. Parallel experiments 
(see the Supporting Information, Figure S1) 
examining the uptake of fl uorescently labeled 
DWNTs by confocal microscopy were used to 
examine the  Z -plane localization of DWNTs 
and clearly demonstrated that the majority of 
nanotubes were located intracellularly, rather 

than being on the surface, of the cells. Finally, viable cells were 
counted and no signifi cant cell death was detected during the 
incubation period.    

 2.1.2. G-Band Intensity on Whole Cell Lysates 

 The observed reduction in Raman signal over the 24 h time-
course in individual cells could be due to diffusion of dis-
crete concentrations of DWNTs (for instance, in endosomes) 
throughout the entire volume of the cell, or by the loss of DWNTs 
from the cell. To distinguish between these two possibilities, 
we lysed the cells and performed Raman spectroscopy on small 
samples of cell lysate.  Figure    3a   shows the Raman spectra 
in PC3 cells at various time points. The CNT-characteristic 
D-, G- and G’-Raman bands were detected; however, in addition 
four other peaks were observed at approximately 1090, 1450, 
1660 and 2900 cm  − 1 , which previous studies [    57–59  ]    have associated 
with cellular constituents. The CNT-specifi c G-band at 1590 cm  − 1  
corresponds to the LO phonon breathing mode of CNTs that 
is characteristic of all sp 2  carbon materials [    60  ]    and is therefore 
a useful tool to quantify DWNTs. Examination of Figure  3 b, 
in both PC3 and HeLa cell lines, demonstrates a maximal 
intensity at 3 h (statistically signifi cant  P   <  0.0001) and min-
imum at 24 h ( P   >  0.05), corresponding to the times for max-
imum uptake and release, respectively, measured in individual 
cells (Figure  2  and Table S1 in the Supporting Information). 
The observed reduction of the Raman signal in cell lysates 
indicates that the DWNTs are being lost from the cell, rather 
than merely diffusing through the cell. (We also investigated 
whether addition of cell lysate changed the G-band intensity 
of isolated DWNTs, however no change was observed, see 
the Supporting Information, Figure S5). The G-band inten-
sity was calibrated by reference to quantifi ed samples of 
pure DWNTs and used to provide an estimate of CNT con-
centration within the PC3 cell lysate. Using an approximate 
cell volume of 5.75  ×  10  − 9   μ L, the concentration of DWNTs 
inside cells was estimated to be 33.63  ×  10  − 6  pg per cell (at 
peak concentration after 3 h incubation, see the Supporting 
Information, Table S2). The concentration of DWNTs in cell 
lysates (5.85  μ g mL  − 1 ) was approximately 20% of the initial 
concentration in the tissue culture medium (see the Sup-
porting Information, Table S2), indicating that uptake may be 
limited during the 3 h of the incubation with DWNTs. AFM 
analysis of PC3 cell lysate at 3 h revealed that the DWNT inter-
nalized size ranged between 100 nm and 1.2  μ m, indicating 
negligible size selectivity during uptake.  

 The D-band in the Raman spectra corresponds to defects 
in the CNT wall and so the ratio of this to the G-band ( I  D / I  G  
ratio) was used to monitor the integrity of the DWNTs. [    61  ]    
This ratio is plotted in  Figure    4   a , where it is apparent that 
it increases, roughly linearly, during the course of the 
experiment (note that the fi rst data point in Figure  4 a cor-
responds to 6 h incubation with the DWNTs, as this was the 
fi rst data-point after which the cells were washed to remove 
extracellular DWNTs). These results suggest that the nano-
tubes are being modifi ed or degraded during their incuba-
tion inside cells. However, the D-peak is relatively weak and 
therefore diffi cult to quantify. So, to investigate this phenom-
enon further, the RBM obtained from single cell mapping 
was also analyzed. Only frequencies corresponding to wall 
diameters of 0.9 and 1.58 nm were considered, as these were 
noted to be the dominant resonances under the wavelength 
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      Figure  4 .     Increase in defects on DWNT walls. A) Raman D/G intensity ratio for carbon nanotubes in PC3 cells at different time points from 6 to 
18 hours (3 h was the point where exposure to nanotubes ended and cellular release of DWNTs started to take place. Due to the decrease in the 
signal-to-noise ratio at 24 hours, this time point was excluded from the data set). Error bars were calculated using the standard mean error (n  =  6). 
B) Conformation of a DWNT (matching interlayer spacing of CNTs of 0.344 nm). C) 1.58 nm diameter distribution over time inside cells. D) 0.9 nm 
diameter distribution over time inside cells.  
of Raman excitation. We propose that the 1.58 nm diameter 
walls detected by Raman RBM corresponds to the outer walls 
and the 0.9 nm walls to the inner walls of the DWNTs in our 
samples (Figure  4 b). This implies an interlayer spacing of 
0.344 nm, which corresponds to the observed wall spacing 
reported in other studies. [    62  ]    A sample collection of 10 spectra 
were obtained and analysed. The percentage of distribution 
of the signals over time is displayed in Figure  4 c and d. For 
the signal corresponding to a diameter of 1.58 nm there 
is a linear decrease over the 24 h period, suggesting that 
the CNTs are either being lost or defects are accumulating 
to the outer wall over time. However, the peak corresponding 
to the 0.9 diameter wall distribution remains constant until 
12 h, suggesting that, up to this time-point, the tubes are not 
extruded from cells in signifi cant quantities. The subsequent 
sharp decrease in the inner wall signal at 24 h could be due to 
loss of CNTs from the cell or defects accumulating in the inner 
CNT. However, even at this time-point the peak corresponding 
to the outer wall is still apparent in 30% of samples, so we 
consider it is more likely that the CNTs are being lost from the 
cell at this time-point. Additionally, in vitro studies by Allen 
et al. [    63  ]    found signifi cant degradation of SWNTs, but only 
after 12 weeks of incubation at 4  ° C with low concentrations 
of H 2 O 2  and peroxidase. Also, Liu et al. [    64  ]    incubated SWNTs 
with a chemical mixture simulating the phagolysosomal 
compartment and found that only oxidized SWNTs were 
signifi cantly degraded after 90 d. Together, these results 
suggest that the DWNTs are probably being lost from cells 
during the 24 h incubation in our experiments, rather than 
being entirely degraded.    

 2.1.3. Cell Biochemistry Analysis by Raman Over a 24 h Timeframe 
on Cells Exposed to DWNTs and Controls 

 To monitor the response of the cell to DWNTs, Raman bands 
corresponding to cell constituents such as DNA/RNA, proteins 
and lipids were monitored at approximately 1090, 1450, 1660, 
and 2900 cm  − 1  (Figure  3 a). [    57–59  ]    No change was observed in the 
band at 1090 cm  − 1  corresponding to the DNA O–P–O backbone 
stretching, which is associated with cell death and is associated 
with breaking of the phosphodiester bonds in DNA. [    65  ]    Simi-
larly, no changes in Raman peaks at around 1 660 cm  − 1  (corre-
sponding to amide I vibrations in proteins and C = C in lipids [    66  ]   ); 
at 2800–3100 cm  − 1  (corresponding to C–H stretching vibration 
in protein and lipids); 2930 to 2950 (corresponding to sym-
metric and anti-symmetric CH 3  stretch vibrations in proteins 
and lipids); and near 1440 cm  − 1  (corresponding to C–H defor-
mation bands in lipids and proteins), [    59  ]    were detected (see the 
Supporting Information, Figure S4). Additionally, overall protein 
levels were monitored by gel electrophoresis, which confi rmed 
that no signifi cant change to protein levels occurred during 
the incubation (see the Supporting Information, Figure S5). 
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      Figure  5 .     Cellular interactions to DWNTs. A) Overview diagram of experimental set up. B) expression of non-phosphorylated MAPK (Erk 2) and control 
of loading sample with GAPDH (top); phosphorylated MAPK (Erk 1/2) and control of loading sample with GAPDH (bottom), on PC3 cells exposed to 
carbon nanotubes and controls.  
Together, these results indicate that the uptake of DWNTs did 
not induce any detectable biochemical changes in the cell.   

 2.1.4. Evaluation of Stress Response Over a 24 h Timeframe 
on Cells Exposed to DWNT and Controls 

 As previously stated, cell viability was unchanged during the 
course of the experiment, indicating no direct effect of DWNTs 
on cell mortality. However, we also examined cells for any sign 
of cellular stress response as a consequence of CNT uptake. 
The mitogen-activated protein kinase (MAPK) pathways are 
activated by diverse extracellular and intracellular stimuli, 
including peptide growth factors, cytokines, hormones, and var-
ious cellular stressors, such as oxidative stress and endoplasmic 
reticulum stress. The extracellular signal-related kinase 1 (Erk 1, 
44 kDa protein – p44) and 2 (Erk 2, 42 kDa protein – p42) are 
components of the MAPK family. Their activation requires 
phosphorylation by upstream kinases. We therefore measured 
the phosphorylation state of these factors by immunoblotting. 
In  Figure    5   b , the non-phosphorylated form of Erk p44/p42 is 
expressed constitutively and is hence detected in all samples at 
similar levels. However, the phosphorylated activated form of 
Erk p44/p42 was detected only in the positive control sample, 
indicating no detectable activation of the MAPK pathway during 
the experiment.      

 3. Conclusions 

 Herein, we show evidence, for the fi rst time, that DWNTs func-
tionalized by oxidation and RNA-wrapping can be taken up in 
vitro and then subsequently released by cells over a 24 h time 
period. The cellular handling of CNTs as visualized in our 
studies is certainly dependent on the functionalization method, 
RNA-wrapping and incubation conditions, as seen following 
3 h of exposure to oxDWNT-RNA and consequent release over a 
24 h time course. Jin et al. [    5  ]    reported the fi rst evidence for exo-
cytosis of DNA-wrapped CNTs by using single particle tracking 
(SPT). However, in their study they followed the cells for only 
2 h after washing, whereas we monitored cells for 24 h, thereby 
observing a peak of uptake at 3 h followed by an almost com-
plete loss of CNTs from the cells. Jin et al. [    5  ]    demonstrated that 
the rate of exocytosis closely matches the rate of endocytosis; [    5  ]    
however, in our study we demonstrate that nearly all of the 
CNTs are eventually released from the cells. This was shown 
with both studies of individual cells, but also with lysates 
derived from cell populations. Furthermore, we were also able 
to examine cell toxicity and activation of stress responses and 
could fi nd no evidence of either effect following DWNT uptake 
and release. However, a novel feature of these studies was that 
changes in  I  D / I  G  ratios and RBM modes were observed during 
the course of incubation of cells with DWNTs. The source of 
these changes is currently uncertain, but suggests that the 
outer walls of DWNTs are being modifi ed during their passage 
through the cells. 

 In conclusion, our results demonstrate that DWNTs prepared 
appropriately and supplied in reasonable quantities are non-
toxic for human cells and potentially suitable for medical 
applications.   

 4. Experimental Section         
 Preparation of Biofunctional Carbon Nanotubes :   Double-walled carbon 

nanotubes (DWNTs) synthesised by the CCVD technique [    67  ]    were purifi ed 
in concentrated nitric acid and oxidized in a mixture of nitric and sulfuric 
acid. [    68  ]    After oxidation, nanotubes were sterilized by autoclaving at 121  ° C 
for 1 h and were maintained under sterile conditions for the duration 
of the experiment. In a second step, the DWNTs were biofunctionalised 
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by wrapping with RNA in a proportion of 1:1 (w/w). [    53  ]    Complexes 
were formed by sonication in a water bath for 60 min. To remove 
excess of RNA, the suspension of oxidized DWNTs wrapped with RNA 
(oxDWNT-RNA) was fi ltered using a 100 kDa fi lter devices (Amicon 
Ultra-4 centrifugal fi lter devices Millipore, supplied by fi sher UK Ltd) 
and then resuspended in deionised water. The concentration of the 
complexes was determined by total weight after oxidation, not accurate 
concentration of DWNTs but useful estimation of the material exposed 
to cells. The fi nal supernatant was analysed by atomic force microscopy 
(AFM) topography measurements and transmission electron microscopy 
(TEM).    

 Raman Mapping of Single Cells :   PC-3 (human prostate adenocarcinoma 
cells) and HeLa (human cervical carcinoma cells) in culture were used 
as  model cellular systems for the present study. PC-3 cells (obtained 
from Promochem, Teddington, UK) were cultured in RPMI-1640 medium 
supplemented with 10% fetal bovine serum (FBS), 2  ×  10 –3   M  Glutamax 
and 1% penicillin-streptomycin (all obtained from Invitrogen, Paisley, 
UK). HeLa cells (obtained from Promochem, Teddington, UK) were 
cultured in MEM medium supplemented with 10% fetal bovine serum 
(FBS), 1% non-essential amino acids and 1% penicillin-streptomycin 
(all obtained from Invitrogen, Paisley, UK). Cells were cultured in 35 mm 
sterile petri dishes (Nunc) containing glass coverslips. When the cells 
reached 80% confl uence, they were incubated for 0.5 to 24 h with 
oxidized DWNTs wrapped with RNA at a concentration of approximately 
30  μ g mL  − 1  diluted in Opti-MEM serum-free culture medium 
(Invitrogen). After 3 h incubation, the remaining samples were washed 
twice with cold, sterile PBS and fresh medium containing serum and 
antibiotics was added. The release of CNTs from the cells was monitored 
for another 21 h. At each time point, the medium was removed and 
the cells were washed several times with PBS, as before. Cells were 
subsequently fi xed with 4% paraformaldehyde solution (Sigma Aldrich, 
UK) to prevent morphological and chemical changes during acquisition. 
Finally, the sample was again washed with PBS and slides mounted 
and hermetically sealed using nail lacquer. Raman mapping was 
performed using a Renishaw InVia Raman microscope,  E  laser    =   1.59 eV 
(785 nm wavelength). Radial breathing modes were used to map the 
intensity of DWNTS in cells, RBMs peaks were acquired at 156, 205, 230 
and 266 cm  − 1 . Applying the equation   ω   RBM   =  248/ d  t , where   ω   RBM  is the 
RBM frequency in cm  − 1  and  d  t  the diameter in nm, [    69  ]    it was possible to 
extrapolate the diameters present in the mixture. The diameters in the 
sample ranged from: 0.9 to 1.1 and 1.2 to 1.58 nm, with 0.9 and 1.58 nm 
being the most abundant (data not shown). The diameter of 0.9 nm was 
used for all data analysis.    

 Raman Spectroscopy of Whole Cell Lysates :   PC-3 and HeLa cells were 
grown in medium as described above and cultured in 25 cm 2  tissue 
culture fl asks until they reached 80% confl uence. At this point, they 
were incubated for various times ranging from 0.5 to 24 h with RNA-
wrapped oxidized DWNT (around 30  μ g mL  − 1 ) diluted in serum-free 
Opti-MEM medium. After 3 h incubation, the remaining samples were 
washed twice with PBS and then with fresh medium containing serum 
and antibiotics. At each time point, the medium was removed from the 
cells, followed by several washes with PBS. The cells were subsequently 
trypsinized, washed with cold PBS and ruptured via hypotonic shock 
using a lysis buffer (Tris buffer containing 50  ×  10  − 3   M  Tris HCl and 
150  ×  10  − 3   M  NaCl at pH 7.5 and additionally 1% NP-40, 0.2% SDS, 
1  ×  10  − 3   M  phenylmethanesulfonyl fl uoride (PMSF), 10  μ g mL  − 1  
aprotinin, 10  μ g mL  − 1  leupeptin, 1  ×  10  − 3   M  sodium orthovanadate 
(Na 3 VO 4 ) as cellular protease inhibitors. After lysing, suspensions 
were spun down (500 g , 10 min at 4  ° C) to remove nuclei and unbroken 
cells and supernatants were used to evaluate the DWNT content. For 
Raman measurements, a droplet of cell lysate (4  μ L) was allowed to 
dry on a glass slide. Spectra of samples were recorded using the  E  laser   =  
2.64 eV (473 nm wavelength) of an NT-MDT NTEGRA Spectra Probe 
NanoLaboratory inverted confi guration microscope.    

 Protein Quantifi cation and SDS Polyacrylamide Gel Electrophoresis :   Protein 
quantifi cation was performed according to instructions in the manual 
of the DC (detergent compatible) protein assay (Bio-Rad Laboratories, 
UK). A standard curve was prepared with BSA (0.2–1.5 mg mL  − 1 ). 
Protein/sample from cell lysates were electrophoresed on SDS-
polyacrylamide gel electrophoresis gels (Novex, Invitrogen, UK) with 
subsequent coomassie staining for 2 h.    

 Concentration of DWNTs per Cell :   G-band intensity was determined 
for different concentrations of DWNTs ( 93.50, 46.75, 23.37, 11.69, 5.84, 
and 2.92  μ g mL  − 1 ). Concentration was determined by total weight of 
functionalized DWNTs, oxDWNTs-RNA). A logarithmic fi t was used to 
determine the equation that permits calculating the concentration in the 
whole cell lysates. Finally, an estimation of cell volume [    70  ]    was used to 
determine the concentration of DWNTs per cell.    

 Western Blotting :   Whole-cell lysates were obtained by trypsinizing the 
monolayer of adherent cells and washing with PBS at 4  ° C. Cell pellets 
were then subjected to osmotic rupture in hypotonic detergent-based 
buffer (1  ×  10  − 3   M  PMSF, 1  ×  10  − 3   M  NaVO 4 , 2  μ g mL  − 1  aprotinin, and 2  μ g 
mL  − 1  leupeptin as protease inhibitors, 0.150  M  NaCl in 0.050  M  Tris buffer, 
0.2% SDS, 1% Nonidet P-40, pH 7.5) and 50  μ g of protein/sample were 
then electrophoresed on SDS-polyacrylamide gel electrophoresis gels 
(Novex, Invitrogen, UK) with subsequent transfer blotting. Membranes 
were incubated overnight at 4  ° C with primary antibodies to MAPK, 
or phospho-MAPK (Cell signaling technology, UK). After washing, 
membranes were incubated with a secondary horseradish peroxidase-
linked appropriate species antibody preparation at room temperature for 
1 h with chemiluminescence used for visualization. After the probing of 
each membrane with the primary antibody of choice, the membrane was 
stripped and re-probed using a GAPDH antibody (Sigma Aldrich, UK) to 
act as a loading control.     
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