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Abstract 
 
Single-walled carbon nanotubes (SWNTs) are among the promising nano-devices for delivery of therapeutic 
agents. Yet the drastic hydrophobic natures of SWNTs make their handling and hence application 
difficult.Several researches have been conducted to make them more hydrophilic and water dispersible and 
less toxic. Among the different approaches, dispersion methods exploit different reagents such as surfactants 
and block copolymers. The question is whether these so called dispersed SWNTs are stable enough and 
suitable for biomedical applications. Herein we aimed to functionalize SWNT surface by 
dioleoylphosphatidylethanolamine-polyethylene glycol (PL-PEG) and sodium deoxycholate (SDC) micelles 
and compare their efficacy in SWNT stabilization for biomedical application such as delivery of 
doxorubicin. Shortening and water dispersion of SWNTs were carried out by ultrasonication in aqueous 
solutions at different concentrations of SDC or PL-PEG micelle and assessed by UV-Vis-NIR spectroscopy. 
The stability of SWNT dispersions were assessed over the time and in the presence of salt by macroscopic 
observation and UV-Vis-NIR spectroscopy. Doxorubicin loading and release were carried out under different 
pH conditions. SWNT dispersions were stable in water for at least several weeks at room temperature, but 
SDC prepared dispersions were prone to agglomeration in the presence of salt and doxorubicin. The critical 
PL-PEG concentration for stability in physiologic conditions was about 5 times its critical micelle 
concentration. Doxorubicin loading was pH dependent and its release was triggered in acidic condition of 
tumor medium. 
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INTRODUCTION 

 
Although most of the existing anticancer 

drugs are very potent, their efficacy is limited 
by their poor pharmacokinetic, systemic 
toxicity, and development of drug resistance. 
Many of these challenges may be overcome by 
development of efficient drug delivery systems. 
Among the numerous delivery systems currently 
under investigations, carbon nanotubes (CNTs) 
have shown great promise as novel delivery 
systems especially based on their ability to 
cross biological barriers (1). Pristine carbon 
nanotubes are made up of carbon atoms 
arranged in a series of condensed benzene 
rings and wrapped into a tubular form (2). 

Single-walled carbon nanotubes (SWNTs), a 
kind of these novel polyaromatic molecules, 
have attracted considerable interest, as they 
offer potential advantages including ultra-high 
surface areas (that give them the ability to 
carry a high cargo loading of multiple 
molecules along the length of the nanotube 
sidewall) (3), high mechanical strength but 
ultra-light weight and structural flexibility 
(which could prolong the circulation time), 
ability to cross the biological barriers (which 
increase the bioavailability of the carried drug 
molecules and tumor accumulation), and 
excellent chemical and thermal stability (4-5). 
In cancer patients, SWNTs could have        
potential roles in delivering chemotherapeutics, 
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diagnostic imaging agents, DNA, small 
interfering RNA, and proteins to detect or treat 
cancer cells (5).  

SWNTs have highly hydrophobic surfaces, 
and their dispersions are not stable in aqueous 
phase. For biomedical applications, surface 
chemistry or functionalization is required to 
solubilize CNTs, and to render biocompatibility 
and low toxicity. Various reagents including 
surfactants (6-9), peptides (10-12), DNA (13) 
and polymers (14-15), have been exploited to 
disperse SWNTs in water. Sodium deoxycholate 
salts (16-17), Sodium dodecyl sulfate and Tween 
20 (7) and hexahydroxytriphenylene hydrate 
(18) are examples of the used surfactants. On 
the other hand it has been reported that 
modifying SWNTs by attaching hydrophilic 
polymers such as poly ethylene glycol (PEG) 
yield SWNT-polymer conjugates stable in 
biological environments (19-20). Apart from 
solubilization of CNTs, PEGylation is one of 
the most effective methods to prolong the 
blood-circulation time due to the known 
“stealth” properties of polyethylene glycol 
(PEG) to overcome the phagocytic activity of 
the reticulo-endothelial system (13), keeping 
the nanotubes circulating in the bloodstream 
long enough (much longer than free 
medication) to find their way to the target 
location resulting in significantly increased 
therapeutic efficacy (21). Moreover PEGylation 
provide a platform for further modifications 
such as conjugating specific ligands toward 
biologic targets. 

Doxorubicin (DOX) is an anthracycline 
antineoplastic antibiotic which may act by 
forming a stable complex with DNA and 
interfering with the synthesis of nucleic acids 
(22). While DOX has been extensively used in 
the clinic to treat ovarian, breast, lung, uterine 
and cervical cancers,  its efficiency is limited 
due to cardiotoxicity and development of drug 
resistance. So application of efficient and 
targeted delivery of DOX to neoplastic lesions 
would lower non-specific toxicity and 
increases the clinical utility of DOX (23). 
Because of their polyaromatic surface, SWNTs 
are suitable for the delivery of aromatic drugs 
such as DOX, which are directly loaded on the 
nanotube surface via π-π stacking (3,19). 

Polymeric micelles have recently attracted 
much attention as self-assembled delivery 

systems or further surface modification of 
hydrophobic substrates. These micelles have 
unique characteristics such as uniform 
nanosize, core–shell architecture, and a good 
thermodynamic stability in physiological 
conditions because of their low critical micelle 
concentration (CMC) (24). PEG shell imparts 
“stealth” properties of the micelle without the 
need of chemical conjugation. 

Herein we aimed to develop and characterize 
physico-chemically SWNT dispersion stabilized 
by either dioleoylphosphatidylethanolamine-
polyethylene glycol (PL-PEG) polymeric 
micelles or sodium deoxycholate (SDC) 
micelles and their potential application for a 
sustained and pH-sensitive delivery of DOX. 

 
MATERIALS AND METHODS 

 
Materials  

Our starting materials were powder of high-
pressure carbon monoxide decomposition 
(Hipco) SWNTs (purity, >90%, mean diameter 
~ 1-2 nm, length ~ 1-3 µm, SSA 380 m2/g) 
Neutrino-Co.,-Germany, dioleoylphosphatidyl-
ethanolamine-polyethylene glycol (PL-PEG) 
JenKem, USA, sodium deoxycholate (SDC) 
Sigma Aldrich, USA, and Doxorubicin 
hydrochloride (Adriblastina®) Pharmacia, Italy. 
 
Preparation and characterization of PL-PEG 
micelles 

For the preparation of PL-PEG polymeric 
micelles, the polymer was dissolved in 
chloroform, and then the chloroform was 
evaporated from polymer by vacuum rotary 
evaporation at 30°C for 4 h. The dried film 
was rehydrated by adding 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES) buffer solution pH 7.4 and 5 min 
vortex (25,26). The SDC micelles were 
prepared by simply dissolving the dry powder 
in deionized water. 

The critical micelle concentration (CMC) of 
PL-PEG was determined by pyrene 
fluorescence method (26); from a stock 
solution of 1 mg.ml-1 pyrene dissolved in 
chloroform, 10 µl aliquots was transferred into 
a series of clean, dry microtubes and the 
solvent allowed to evaporate under vacuum by 
protecting from light to get 10 µg of dry 
pyrene. A series of polymer solutions (0.1-100 
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µM) in 20 mM HEPES buffer solution were 
added to dry pyrene. Pyrene concentration in 
each tube was 50 µM. The mixtures were 
shaken in dark for 20 h at 25° C. The 
fluorescence intensity of solubilized pyrene in 
micellar phase was determined spectrofluoro-
metrically at wavelengths of excitation (λex) 
320 nm and emission (λem) 380 nm.  
 
Optimizing SWNT dispersion by micellar 
ultrasonication 

SWNT was ultrasonicated by probe-
sonicator (Hielscher UP200H, 200 W and 50% 
amplitude) in 100 µM PL-PEG or 10 mM 
SDC micelle solution (CMC=2 mM, provided 
by the manufacturer) for different hours (up to 
12 h) to disrupt SWNT bundles and 
simultaneously stabilize the isolated SWNTs 
through surface adsorption of PL-PEG 
molecules. The sample tube was surrounded 
by an ice-jacket to keep the temperature low. 
The ultrasonic wave was exploited in a pulse 
mode (0.5 cycle per second) to allow micelle 
monomers settling down to SWNT surface. At 
given time intervals sampling was done and 
particle size analysis and UV-Vis-NIR 
spectroscopy carried out at λ=808 nm (19,27) 
to estimate the fraction of solubilized SWNT 
in aqueous phase against ultrasonication time.  
Particle size was analyzed as a means to study 
the effect of ultrasonication time on exfoliation 
of SWNT bundles; 1 ml of each sample was 
10 times diluted to give 10 ml of 20 µg.ml-1 
SWNT for particle size analysis by laser light 
scattering method (SALD-2101, Simadzu, 
Japan). 

Repeated cycles of ultracentrifugation 
(140,000 g for 1 h) and washing were carried 
out to remove excess of unbound reagents 
remaining in the supernatant if intended.  

To remove the non-dissociated SWNTs 
remain as small bundles even after complete 
dispersion, centrifugation was carried out. 
Optimum centrifugation condition was 
determined after trying several sets of speed 
and duration by optical microscopic inspection 
after each centrifugation run. 

To optimize dispersion efficiency, SWNTs 
were ultrasonicated at different concentrations 
of SDC or PL-PEG solution for appropriate 
time. The maximum absorbance of 1.2 was 
determined by UV-Vis-NIR spectrophoto-

meter at 808 nm for accurately weighed 1 mg 
SWNT that was fully dispersed in 5 ml total 
volume. Dispersion efficiency was calculated 
as follows,  

 
To measure SWNT concentration, a stock 

of SWNT dispersion of known concentration 
was prepared in either of SDC or PL-PEG 
micelle solutions by ultrasonication. UV-Vis-
NIR spectroscopy was performed for various 
concentrations of SWNT prepared by serial 
dilution of stock solution. Absorbance at 
λ=808 nm versus SWNT concentration was 
plotted for measuring SWNT concentration 
(mass extinction coefficient: 3.74 × 10-2 g.L-

1.cm-1, R2=0.9999).  
 
Stability of SWNT dispersions 

To compare the effectiveness of micellar 
dispersions of SWNT, their stability were 
assessed according to incubation time, 
exposure to salt (isotonic NaCl; 0.9%) and 
upon dilution of micellar dispersion either by 
visual inspection of agglomerate formation or 
sedimentation, or UV-Vis-NIR spectroscopy at 
λ 808 nm as previously described. 
 
DOX loading onto the dispersed nanotubes 

Various concentrations of DOX 
hydrochloride (0.1 to 1 mg/ml) was simply 
mixed with the dispersed SWNTs at a 
nanotube concentration of ~50 µg/ml in 
phosphate buffer solutions at different pH 
values (8.5, 7.4, 5.5) at 4°C overnight. Just 
prior to removal of free DOX, fluorescence 
spectra of the samples were depicted by 
fluorimetry (λex=495) in comparison with 
DOX solution to characterize DOX loading on 
stabilized SWNT.  

Unbound free DOX was removed by 
centrifugation and washed thoroughly by 
repeated ultrafiltration through a 100 KDa 
Amicon® ultracentrifugal filter with deionized 
water until the filtrate became reddish color 
free (corresponding to about 5 times washing). 
The formed complexes (referred to as DOX-
SWNT) were then resuspended and stored at 
4°C. The amount of DOX loaded onto SWNTs 
was measured by the absorbance peak of the 
supernatant (free DOX) at 490 nm according 
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to the calibration curve. The loading efficiency 
and the loading capacity of SWNT for 
different DOX/SWNT ratios were calculated 
according to the below equations: 

 
 

 
 

Loading factor was defined to compare 
loading processes performed at different pH 
values. 

 
 

DOX release from the nanotubes 
The DOX-SWNT complexes were allowed 

to stand at 37°C in saline supplemented 20 
mM phosphate buffer solution (pH 7.4 and pH 
5.5) while shaking at 300 rpm. After different 
time intervals, the SWNTs were separated 
from the buffer by centrifugation, and the 
concentration of released DOX in the 
supernatant was estimated by UV-Vis 
spectroscopy at λ=490 nm as described 
previously. The experiment was run in triplicate. 

 
RESULTS 

 
Determination of critical micelle concentration 
of PL-PEG micelles 

Fluorescence intensity of 50 µM pyrene 
solution at λex=320 nm and λem=380 nm was 
lotted against increasing concentrations of 

plotted against increasing concentrations of 
PL-PEG in a semi-logarithmic scale (Fig. 1). 
Wherever PL-PEG concentration passed 
through unknown critical micelle concentration 
(CMC), it increased pyrene solubility and hence 
the slope of pyrene fluorescence intensity 
changed very significantly. The CMC was 
determined to be about 10 µM. 
 
Optimizing SWNT dispersion by micellar 
ultrasonication 

The optimum ultrasonication duration was 
determined to be about 8 h by UV-Vis-NIR 
spectroscopy at 808 nm (Fig. 2). According to 
the particle size analysis results, increasing 
ultrasonication time could decrease SWNT 
bundles as well as bundle size. Fig. 3 shows 
that the bimodal size distribution converted to 
a unimodal distribution by eliminating the 
large particles in micron range. This leads to a 
decrease in the range of size distribution 
(Table 1).  

SWNT dispersion efficiency was dependent 
on the type and concentration of the micelle 
constituting monomers. Study of different 
concentrations of SDC and PL-PEG showed 
that the effective concentration for most 
dispersion of SWNTs is 10 and 0.1 mM 
respectively (Fig. 4); about 2-5 times of CMC 
for SDC and about 10 times for PL-PEG. The 
effective concentration observed for SDC was 
in agreement with the findings of Park and 
Seong who have reported the optimum 
concentration of SDC for SWNT dispersion 12 
mM (0.5 w%) (16). 

 
Fig. 1. Fluorescence intensity of 50 µM pyrene in 
different concentrations of PL-PEG. 

 
 

 
 
Fig. 2. Effect of ultrasonication (24 KHz, 200 watt, 50% 
intensity, 0.5 cycle/sec) on SWNT dispersion as 
determined by UV-Vis-NIR absorbance at 808 nm 
(error bars represent mean ± SD, n=3). 
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Fig. 3. Volume size distribution graphs of 20 µM SWNT in 100 µM PL-PEG. 
 
 

 

 
Fig. 4. Dispersion efficacy of SWNT at different concentrations of PL-PEG (A) and sodium deoxycholate (SDC) (B) 
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Table 1. Size distribution parameters for 20µM SWNT in 100µM PL-PEG 
 Ultrasonication  

time (h) 
Size distribution    

range [µm] 
Modal diameters 

[µm] 
Mean diameter 

[µm] 
Volume 
distribution 

3 0.196-6.746 0.562 3.611 1.064 ± 0.393 
6 0.241-0.611 0.562 2.932 0.734 ± 0.277 
9 0.241-2.932 0.562 2.381 0.617 ± 0.210 

12 0.365-0.840 0.562 - 0.583 ± 0.082 
Number 
distribution 

3 0.196-5.477 0.355 0.391 ± 0.142 
6 0.196-3.611 0.355 0.420 ± 0.420 
9 0.241-2.932 0.447 0.442 ± 0.110 

12 0.365-0.682 0.562 0.527± 0.077 

 
 
Table 2. Comparison of sodium deoxycholate (SDC) and PL-PEG stabilized SWNT regarding their dispersion 
efficiency and salt stability at different concentrations 
Dispersing agent Concentration (µM) Ratio to SWNT (w/w) Dispersion efficiency % Salt stability 

SDC 10 0.008 7.76  
100 0.8 21.12  

1,000 8 28.88  
10,000 80 100  

PL-PEG 1 0.015 8.62  
10 0.15 3.45  
100 1.5 90.09  

: SWNT sedimentation against salt addition; : SWNT stability against salt addition 
 

Centrifugation was performed to obtain 
uniform dispersion of isolated SWNTs. 
However, as it is already shown, not only the 
residual bundled SWNTs, but also some parts 
of the single ones are removed during the 
process (16). Therefore the optimum 
centrifugation speed and time for maximum 
removal of SWNT bundles and minimum 
reduction in SWNT concentration was 
determined to be 2000 g for 15 min. SWNT 
recovery was about 64-67% as determined by 
UV-Vis-NIR spectroscopy at λ=808 nm. 
 
Stability of SWNT dispersions 

The dispersions of SWNTs were stable in 
water for at least several weeks at room 
temperature without aggregating and pre-
cipitating out of the solution and were uniform 
macro and microscopically. 

Although PL-PEG-SWNTs were acceptably 
stable over time and against salt exposure, 
after complete removal of free PL-PEG they 
were prone to agglomeration in the presence of 
salt (especially in alkaline pH (≥ 8.5)). The 
critical PL-PEG concentration required for a 
stable SWNT dispersion was about 5 times its 
CMC (C ~ 50-100 µM) (Table 2). Moreover, if 
excess unbound PL-PEG was removed before 
loading step, SWNTs would agglomerate in 
presence of DOX or in alkaline medium 

required for the loading process. Similarly any 
dilution below PL-PEG critical concentration 
could destabilize PL-PEG-SWNT dispersions. 

PL-PEG modified SWNTs maintained their 
dispersion much better in high pHs (pH ~8-
8.5) than in acidic pH, in other words they 
readily regained their dispersion after 
centrifugation induced sedimentation in 
alkaline conditions while formed tough 
sediments in low pH (~5.5). 

In comparison with PL-PEG, SDC treated 
SWNT dispersion was much less stable in the 
presence of salt and similarly under physiologic 
conditions and it tends to agglomerate 
immediately since salt ions could detach SDC 
molecules from SWNT surface readily. 
Therefore such nanotubes were not capable to 
stand loading with DOX. Table 2 summarizes 
the comparison of SDC and PL-PEG. 
 
DOX loading onto the nanotubes 

After overnight incubation of the dispersed 
SWNT with DOX at different acidic 
conditions, complex formation was proved by 
fluorescence quenching of loaded DOX 
compared with free DOX solution at the same 
concentration (19) (Fig. 5).  

Free unbound DOX was thoroughly 
removed by repeated washing to retain only 
the DOX-SWNT complexes. Formation of 
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DOX-SWNT complex was also evidenced by 
the reddish color of DOX-SWNT samples 
after free DOX removal, due to adsorbed DOX 
and its characteristic UV–Vis absorbance peak 
at 490 nm on top of the characteristic SWNT 
absorption spectrum (Fig. 6).  

The amount of doxorubicin bound onto 
SWNTs was pH-dependent, decreasing 
loading factor (defined as loading 
efficiency/maximum efficiency) from 100 to ~ 
19.5 to ~ 11 as pH was reduced from 8.5 to 7.4 
and 5.5 respectively (Fig. 7).  

On the basis of optical absorbance data, we 
estimated loading efficiency to be ~ 30% and 
loading capacity to be ~ 410% in respect to 
nanotubes weight, which is very similar to Liu 
and coworkers’ result who have reported 
400% loading capacity for DOX loaded onto 
SWNT (19). The loading efficiency of DOX 
increases as its concentration increases from 0.1 to 1 mg/ml corresponding to DOX:SWNT ratio of 2 to 20 W/W 
(Fig. 8).  

increases as its concentration increases from 
0.1 to 1 mg/ml corresponding to DOX:SWNT 
ratio of 2 to 20 W/W (Fig. 8). 

The DOX-SWNT dispersions settled down 
after overnight incubation (at refrigerator or 
room temperature) but they did not aggregate 
nor form tough cakes but rather were readily 
re-dispersed by minimal force. 
 
DOX release from the nanotubes 
The release of the DOX loaded on SWNTs 
was pH-stimulated, triggered at acidic pH (Fig. 
9). The release profile was much sustained at 
neutral pH with a burst release at early times. 
We found that DOX release also depends on 
the slight amounts of free DOX in equilibrium 
with loaded DOX. In other words, dilution can 
affect release via altering equilibrium between 
free and bounded DOX. 
 

 

 
Fig. 5. Fluorescence quenching of doxorubicin after 
loading on 50µg.ml-1 SWNT at pH 8. A significant 
fluorescence quenching was evident for doxorubicin 
bound to SWNT. 
 
 

 

Fig. 7. Effect of pH on loading efficiency of 
doxorubicin on PL-PEG-SWNT (error bars represent 
mean ± SD, n=3) 

 

Fig. 6. UV-Vis-NIR absorbance spectrum of PL-PEG 
stabilized SWNT, doxorubicin loaded or alone. 
 
 
 

 

Fig. 8. Correlation between the loading capacity of PL-
PEG-SWNT and doxorubicin concentration. 
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Fig. 9. The release profile of doxorubicin loaded on PL-PEG-SWNT in different media at 37°C. 
 

DISCUSSION 
 

Since the SWNTs are extremely 
hydrophobic, they have to be well dispersed 
and stabilized prior to biomedical applications. 
Similarly the stabilization method should be 
stable enough to bear physiologic conditions 
and prevent SWNT agglomeration in vivo.  

While ultrasonication leads to exfoliation of 
SWNTs into isolated tubes, adsorption of the 
PL-PEG copolymers causes repulsion among 
the polymer-decorated SWNTs leading to 
stabilization of the SWNT dispersion forming 
a macroscopically homogeneous dispersion 
(Fig. 2). Some researchers (27-28) believe   
that UV-Vis-NIR absorbance qualitatively 
determines the nanotube dispersion state and 
evidence isolated SWNTs rather than large 
aggregates because only individual or small 
bundles of SWNT exhibit sharp absorbance 
peaks, while large bundles exhibit only 
monotonically decreasing absorbance with 
increasing wavelength. So according to UV-
Vis-NIR spectroscopy (Fig. 2), dispersion 
quality was extensively dependent on the 
ultrasonication duration. Ultrasonication not 
only progress SWNT dispersion, but also 
simultaneously shortens the nanotube length, 
i.e., reduces the aspect ratio (28-29) to be 
applicable for biological applications. 
Moniruzzaman and coworker believe that the 
minimum sonication conditions (time and 

power) that produce CNT degradation are 
certainly depend on nanotube concentration 
and initial nanotube length distribution (28). 

Particle size analysis based on light 
scattering method was useful in detection of 
SWNT bundles (Fig. 3) but it doesn’t seem to 
be suitable for reporting the mean size since 
isolated SWNTs have aspect ratios very far 
from one unit. Instead, microscopy techniques 
such as atomic forced microscopy could be used 
that is under investigation in our laboratory.  

The colloidal stability of PL-PEG   
modified SWNTs was concentration-
dependent. Although PL-PEG modified 
SWNTs showed more stability in comparison 
with SDC treated nanotubes, it does not seem 
to be an appropriate candidate for SWNT 
stabilization for biomedical applications since 
it might be prone to instability in harsh 
conditions and could not bear a complete 
micelle removal. This may probably happens 
because of the low stability constant of PL-
PEG association on SWNT surface; however, 
regarding the very low CMC of PL-PEG, the 
later can be solved easily by increasing the 
micellar concentration as experienced by some 
research groups for delivery of different 
chemotherapeutic agents.  

Considering the pH-dependency of DOX 
loading (Fig. 7), it seems to be due to 
deprotonation of amine group of DOX 
molecule in alkaline pH and hereupon settling 
onto the SWNT surface which poses 
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polyaromatic structure and hence can get 
involved in π-π stacking with DOX molecule. 
Again regarding acidic pH-stimulating 
behavior of the release profile, the mechanism 
is probably getting positive ion charge due to 
protonation of amine group of DOX molecule 
and therefore enhanced aqueous solubility and 
detachment from the carrier surface. 

 
CONCLUSION 

 
Since the SWNTs are extremely 

hydrophobic, it has to be well dispersed and 
stabilized prior to biomedical applications. 
Similarly the stabilization method should be 
stable enough to bear physiologic conditions 
and prevent SWNT agglomeration in vivo. 
Therefore based upon our finding, SDC 
reagent seems to be less efficient for biomedical 
applications than PL-PEG stabilization method. 
Taking into consideration the high level of 
DOX loading especially at alkaline pH and a 
triggered release at low acidic pH of tumor 
medium, these could make SWNTs potentially 
an efficient carrier for in vivo DOX delivery 
since the micro-environments in the 
extracellular tissues of tumors and intracellular 
lysosomes and endosomes are acidic. 
Moreover, a much sustained release of DOX in 
neutral pH guarantees preservation of the 
loaded amount while the nanotubes circulating 
in blood stream. Therefore, the carrier is 
proposed to be evaluated in cell culture and for 
pharmacokinetic and pharmacodynamic studies 
in animal model. 
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