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Abstract 

The Nef-M1 peptide (Nef-M1) has been shown to be an inhibitor of growth and metastasis of breast 
cancer (BC) and colorectal cancer (CRC) cells. Since a nano-construct for Nef-M1 could enhance its 
efficacy, we developed three-dimensional (3-D) cultures of tumorspheres of BC and CRC cells and 
treated them with functionalized, single-walled carbon nanotubes (SWNTs) conjugated with 
Nef-M1 (SWNTs-Nef-M1) to evaluate inhibition of cell growth. We hypothesized that cancer cells 
cultured as tumorspheres would be more sensitive to SWNTs-Nef-M1 than to Nef-M1 alone. 3-D 
cultures of human BC cells (MDA-MB-231 and MDA-MB-468) and CRC cells (SW480) were 
developed with 1% Sea Prep Hydrogel in supplemented RPMI-1640 medium. SWNTs-Nef-M1 was 
prepared by use of thionine, and its structure was confirmed by ultraviolet (UV) spectral analysis and 
gel electrophoresis. The tumorspheres were treated with Nef-M1 or SWNTs-Nef-M1 to compare 
their relative effects. Internalization of SWNTs-Nef-M1 was evaluated by transmission electron 
microscopy. The viability/apoptosis status of the tumorspheres was established by use of ethidium 
bromide and acridine orange staining using fluorescent microscopy. Gel electrophoresis and UV 
spectral analysis confirmed formation of the SWNTs-Nef-M1 conjugate. After 3 weeks, 3-D 
cultures of BC and CRC cells developed as tumorspheres, which, in the presence of Nef-M1, 
showed reduced growth and increased apoptosis. This effect was greater in the presence of 
SWNTs-Nef-M1, consistent with enhanced delivery of Nef-M1 to the cells via SWNTs. This sets the 
stage for more detailed evaluation to quantify apoptosis and elaboration of the mechanism of 
increased apoptotic activity. Delivery of an apoptotic peptide, Nef-M1, into 3-D cultures of BC and 
CRC cells was achieved via a nanoparticle construct with SWNTs. Furthermore, compared to 
Nef-M1, SWNTs-Nef-M1 suggests more extensive apoptosis. 
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Introduction 
In therapeutic oncology, nanocargo-based drug 

targeting is a promising modality. Functionalized 
single-walled carbon nanotubes (SWNTs) act as 

nanoneedles, penetrate into cells, and attach to 
subcellular structures without apparent cytotoxicity 
to the cell. SWNTs can be functionalized to react with 
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the carboxylic/amide groups of proteins, peptides, 
DNA, RNA, oligonucleotides, sugar moieties, or 
polyoxide derivatives [1-5]. SWNTs, which are 
efficient vehicles for delivery of molecules, have been 
tested for drug and vaccine delivery, lymphatic- 
targeted chemotherapy, thermal therapy, photody-
namic therapy, gene therapy, and suppression of 
tumor growth through gene interference [6, 7]. 
SWNTs can carry nano-cargos of diagnostic and 
therapeutic molecules to the sites of interest for cancer 
diagnosis and targeted therapy [8-14]. Carbon 
nanotubes, in particular single-walled nanotubes, 
interact with the dye, thionine [15]. Relative to 
covalent functionalization, functionalization of 
SWNTs with thionine is simple, convenient, rapid, 
and cost-effective for targeted cancer therapy. SWNTs 
conjugated with small interfering RNAs (siRNAs) are 
internalized by tumor cells, wherein they release 
siRNA to silence target genes [7]. In the present study, 
we functionalized SWNTs with thionine and 
subsequently attached an apoptotic peptide, Nef-M1, 
to the amidated SWNTs. 

The Nef (negative regulatory factor) gene of the 
human immunodeficiency virus (HIV) encodes a 
27-34 kD myristoylated protein, which is expressed 
after establishment of the provirus in host cells. 
Nef-M1, which is cytotoxic to a variety of human 
cancer cells, functions as an activator of apoptosis and 
an inhibitor of cancer cell growth and metastasis [16, 
17]. Nef-M1 competes with stromal-cell-derived factor 
1α (SDF-1α), the natural ligand for chemokine (C-X-C 
motif) receptor-4 (CXCR4), and induces apoptosis 
[18]. Nef-M1 is a potential inhibitor of both tumor 
growth and metastasis [17]. Based on these findings, 
we hypothesized that treatment of BC and CRC 
tumorspheres with SWNTs conjugated with Nef-M1 
(SWNTs-Nef-M1) will be an effective strategy for 
inhibition of their growth and increased mortality 
through enhanced cytotoxicity. Therefore, in the 
present study, we developed tumorspheres of BC and 
CRC cells, treated them with SWNTs-Nef-M1, and 
evaluated the efficacy of this agent in inhibition of cell 
growth. 

Materials and Methods 
Cell cultures  

BC (MDA-MB-231, and MDA-MB-468) and CRC 
(SW480) cell lines (ATCC, Global Resource Center, 
Manassas, VA) were determined to be free of patho-
gens and mycoplasma. These cells were maintained in 
RPMI-1640 medium (ATCC) supplemented with 10% 
fetal bovine serum (FBS, Thermo Scientific HyClone, 
Logan, UT), 25 mM HEPES, penicillin/streptomycin 

(Pen/Strep, Mediatech, Manassas, VA), L-glutamine 
(0.3g/L), and sodium bicarbonate (2g/L), and 
incubated at 37oC with 5% CO2. All cell lines were 
initially grown as monolayers. These cells were used 
for development of three-dimensional (3-D) cultures. 
Briefly, cells were mixed with 1 % Sea Prep Hydrogel 
(Lonza, Rockland, USA) in Nonclon petri dishes (5-cm 
diameter). The preparations were allowed to solidify 
for 30 minutes at 4oC. Subsequently, RPMI-1640 
culture medium supplemented as described above 
was added to the gels with embedded cells. The cells 
were allowed to grow at 37oC with 5% CO2 for 
formation of tumorspheres. 

Light and fluorescent microscopic 
characterization of tumorspheres 

The tumorspheres were visualized with light 
and fluorescent microscopes. For testing of viability, 
the cells were harvested, washed, and diluted with 1x 
phosphate-buffered saline (1xPBS) to 1-5 x 106 

cells/mL. Equal amounts (25 μL) of tumorsphere 
suspension and ethidium bromide and acridine 
orange were incubated for 10 minutes at room 
temperature (RT) and visualized with blue light by 
use of fluorescent microscopy (495-nm primary filter 
and a 515-nm secondary filter). Live cells fluoresced 
green (with acridine orange), and dead/apoptotic 
cells fluoresced orange (with ethidium bromide).  

Preparation of SWNTs-Nef-M1  
Thionine can be used as functional molecule for 

the non-covalent functionalization of SWNTs, as it 
shows a strong interaction with SWNTs. Attachment 
of thionine onto SWNTs would improve the solubility 
and lower the thermal stability of original SWNTs. 
Thionine may functionalize the surface of SWNTs 
with rich NH2 groups and therefore open up more 
opportunities for the surface chemistry of SWNTs. 
Targeting ligands including antibodies and peptides 
can be conjugated to functionalized SWNTs to 
recognize specific cell receptors. Nef-M1 is a peptide 
that binds specifically to the CXCR4 receptor 
over-expressed on a wide range of human cancer 
cells. To prepare functionalized SWNT-Nef-M1 
conjugate, first SWNTs were (Sigma-Aldrich, St. 
Louis, MI) sonicated and treated with 37% 
hydrochloric acid. For adsorption and binding of 
thionine to SWNTs, an aqueous suspension of SWNTs 
was sonicated with thionine (Sigma-Aldrich) solution 
(10 mg/mL) at RT for 12 hour. The preparations were 
then filtered with a 1.2-µ diameter pore membrane. 
The purple color of the thionine solution disappeared, 
indicating that thionine reacted with the SWNTs. The 
SWNTs/thionine solutions were stored at 4oC until 
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time of use. The SWNTs amidated with thionine were 
washed, treated with 20% glutaraldehyde, and 
reacted with Nef-M1 (1 mg/mL) with shaking for 1 
hour. The peptide attached onto SWNTs via a 
condensation reaction with thionine. Gel electrophor-
esis (10% polyacrylamide) followed by Coomassie 
dye staining was performed to assess the binding of 
Nef-M1 with SWNTs.  

Treatment of tumorspheres with 
SWNTs-Nef-M1  

On the 7th day and 12th day of 3-D culture, 
tumorspheres of BC and CRC cells in 96-well plates 
were treated with Nef-M1 or SWNTs-Nef-M1 
conjugate (2 µg/well) to determine the effects of these 
agents on their growth. The viability status of the 
tumorspheres was assessed by use of ethidium 
bromide or acridine stain and fluorescent microscopy. 

Characterization of internalized 
SWNT-Nef-M1  

To confirm internalization of SWNT-Nef-M1 in 
the cells, a JOEL 1200EX transmission electron 
microscope (TEM) (JEOL Ltd., Japan) was used. Cells 
were grown on cover-slips, washed with 1xPBS, fixed 
in primary (2.5% glutaldehyde) and secondary (1% 
osmium tetroxide) fixatives, block stained, 

dehydrated and passed through a transitional solvent 
(propylene oxide), resin filtered, sectioned and 
visualized under TEM at 80 KV. 

Results  
3-D cultures developed as tumorspheres  

BC and CRC cells were initially grown as 2-D 
cultures. These cells were then harvested and cultured 
with 1% Sea Prep hydrogel and carbon cobalt particles 
in supplemented RPMI-1640 medium using nano-
magnetic levitation as previously reported by us [19]. 
After 3 weeks the 3-D cultures developed as tumor 
spheres that were suspended in the Sea Prep 
hydrogel. Similar to in vivo conditions, these 3-D 
cultures developed cell-cell interactions and the cells 
within the spheres are held together by an 
extracellular matrix. The cells of 3-D culture were 
found to have changed in morphology and formed 
spheres that linked to form microtissue noted in 
suspension. 

Nef-M1 functionalized with SWNTs  
It was important to confirm that Nef-M1 

developed a stable link to SWNT, showing enhanced 
function of the conjugate over the individual 
components. This binding of Nef-M1 with SWNTs 

was confirmed by UV spectral 
analysis and gel electrophoresis 
followed by staining with 
Coomassie blue. The solubility 
of the SWNTs when linked with 
thionine increased its ability to 
form the conjugate. In addition, 
the purple color of the solution 
disappeared (Figure 1A), imply-
ing that the carbon nanotubes 
adsorbed thionine molecules. 
UV-visible absorption measure-
ments were employed to 
explore the interactions between 
SWNT and thionine. Figures 1B 
& C shows the UV-visible 
absorption spectra of thionine 
and thionine-modified SWNTs 
suspended solutions. The spec-
trum of pure thionine had two 
chaacteristic adsorption peaks: 
one in visible region around 
600-700 nm and the other 
around 270 nm in UV region. 
The two peaks were also evident 
for thionine-modified SWNTs, 
indicating the presence of 

 

 
Figure 1. Nef-M1 functionalized with SWNTs. (A). Disappearance of the purple color of the solution 
showed that carbon nanotubes adsorbed thionine molecules. (B). Aqueous solutions of thionine had adsorption 
peaks around 600-700 nm and 250 nm. (C). Two peaks were evident in the SWNT-thionine conjugate (A3) 
indicating linkage of thionine molecules onto SWNTs. (D). Gel electrophoresis shows the formation of 
SWNTs-Nef-M1 complex which is illustrated in Lane 1 and the individual component in Lane 2.  
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thionine molecules on SWNTs. Gel characterization 
showed that the Nef-M1 peptide was attached to 
SWNTs functionalized by thionine (Figure 1D, lane 
1).  

Effect of SWNTs-NefM1 conjugates on growth 
of tumorspheres  

In 96-well plates, tumorspheres of BC and CRC 
cells were treated with SWNTs, Nef-M1 or SWNTs- 
Nef-M1 (2 µg/well) on day 7 and day 12 of 3-D 
cultures growth. SWNTs-Nef-M1 was internalized by 
cancer cells that express CXCR4 receptors, a target of 
Nef-M1, but also by cells not expressing CXCR4 

receptors (Figure 2), indicating that SWNTs carrying 
the Nef-M1 entered into both types of cells. With 
Nef-M1 treatment, the viability of 3-D tumorspheres, 
as determined by ethidium bromide or acridine 
staining and fluorescent microscopy showed a 
reduction of growth and increased disintegration 
(apoptosis). Treatment with SWNTs-Nef-M1 
indicated by visual inspection that enhanced cellular 
mortality occurred as compared to treatment with 
either SWNTs or Nef-M1 and this was consistent with 
increased delivery of Nef-M1 into the cells via the 
conjugate. 

 

 
Figure 2. SWNT-NefM1 was internalized by cells. Transmission electron micrographic (TEM) images of MDA-MB-231 (positive for CXCR4 receptors) and 
MDA-MB-468 (negative for CXCR4 receptors) cells with internalized SWNT-Nef-M1, indicating entry of the complex into both cell types.  

 

 
Figure 3. SWNT-NefM1 suppresses growth of tumorspheres. Human BC (MDA-MB-468) and CRC (SW480) cells were grown in monolayers (A) and in 3-D 
cultures untreated (B). The tumorspheres were untreated, treated with Nef-M1 (C), or treated with SWNTs-Nef-M1 (D). Nef-M1 caused reduction of growth and 
disintegration of BC and CRC tumorspheres. SWNTs -Nef-M1 caused enhanced effects, indicating delivery of Nef-M1 into the cells via SWNTs. The 2D images at 10x 
magnification to illustrate confluent growth on the flask. The other images at 40x magnification shows the 3D tumorspheres formation. 
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Discussion 
Relative to monolayer cell cultures, 3-D model 

systems more accurately mimic BC and CRC biology 
[19, 20]. Thus, the 3-D models represent an 
intermediate step between primary cell culture and 
animal models. We hypothesized that 3-D cultures 
would provide a model for assessing delivery of a 
potentially therapeutic apoptotic peptide, Nef-M1, 
attached to SWNTs. In the present study, we 
developed 3-D cultures of BC and CRC cells and 
determined the effect of Nef-M1 and SWNTs-Nef-M1 
on the growth of tumorspheres. The cells of 3-D 
cultures, which are held together by an extracellular 
matrix [20, 21], had morphology similar to those of 
tumors in animals, offering an environment closer to 
that of tumors growing in animals and allowing 
delivery of nano-peptide conjugates.  

Carbon-based nanoconfigurations, such as 
carbon nanotubes and nanofibers, have received 
considerable attention for cancer treatment [22-24]. 
This is due to their distinctive features, including high 
mechanical strength and surface area, sites for 
chemical or physical conjugation (enhancing func-
tionalization), light-weight properties, and a capacity 
to penetrate mammalian cells and deliver small 
peptides, proteins, and RNA or DNA molecules. 
However, issues related to their biocompatibility, 
renal clearance, and toxicity has limited their use in 
targeting cancer. For instance, as a result of systemic 
administration, most inhibitors of angiogenesis often 
fail to reach the targeted tumor vessels due to poor 
biodistribution, short half-lives, and side effects [25]. 
An advance has come from using nanotechnology to 
target tumor-associated vasculature [26] and thereby 
affect tumor growth and metastasis. These advantages 
are made possible by features, including the size, 
shape, and functional aspects of nanoparticles that 
allow them to target metastases, and act as a nano 
needle to enter the cells, and be retained. In 
endothelial cells, differential activation of aνb3 
integrins and downstream phosphoinositide 3- kinase 
(PI3K) signaling by nanotubes of various shapes 
implicate the role of nanotube configuration in 
mediating drug fate and underlies the importance of 
choosing an appropriate vector to obtain optimal 
delivery of the active peptide (optimal therapeutic 
index) [27-30]. For these reasons, nanotherapeutics is 
emerging as a new approach for cancer treatment. 

Non-covalent binding to enhance functionaliza-
tion appears to be an alternative to covalent 
functionalization. Non-covalent functionalization 
largely retains the intrinsic optical properties of 
SWNTs, which are useful in various biological 
imaging and sensing applications. SWNTs with 
adsorbed thionine molecules have elevated solubility 

and decreased thermal stability [31]. These 
conjugating products have been useful in linking 
various molecules onto nanotube surfaces for 
delivering in to cells. In the present study, gel 
characterization showed that Nef-M1 could be 
effectively attached onto the SWNTs. The attachment 
was achieved via a condensation reaction between 
thionine and Nef-M1 molecules. These conjugates 
were used to inhibit growth in BC and CRC cultures.  

Peptides are attractive targeting molecules due 
to their small size, low immunogenicity, and low cost 
[32]. Peptide-based targeting ligands may be 
identified via several methods. Most commonly, they 
are obtained from the binding regions of a protein of 
interest. Cilengitide, a cyclic peptide with integrin 
binding affinity, underwent phase III clinical trials for 
the treatment of glioblastoma [33, 34], Adnectin, a 
40-amino acid, thermostable and protease-stable 
oligopeptide attached to an inhibitor of human VEGF 
receptor 2 (Angiocept) has entered phase II clinical 
trials for treatment of recurrent glioblastoma multi-
forme [35]. Although peptides have disadvantages, 
such as a low target affinity and susceptibility to 
proteolytic cleavage, these issues may be ameliorated 
by stabilizing the peptides multivalently or utilizing 
D-amino acids [36]. Recently, peptides have been 
attached to functionalized SWNTs for targeted cancer 
therapy [10]. 

In tumors, CXCR4 is a target receptor, because it 
is highly expressed in various cancers, including BCs 
and CRC [37-44], and expression of this receptor has 
been shown to correlates with tumor progression. 
Using therapeutic agents to target CXCR4 provides an 
attractive strategy for the treatment of cancer. Nef-M1 
competes with the CXCR4 natural ligand, SDF-1α, 
and induces apoptosis [18]. It is cytotoxic to various 
cancer cells and is a potential inhibitor of cancer cell 
growth and metastasis [16, 17]. By virtue of the 
Nef-M1 affinity for the CXCR4 receptor there is 
potentially a therapeutic cellular selectivity. This 
conjugate, SWNT-Nef-M1, further enhances toxicity 
since the CXCR4 receptor is upregulated in BC and 
CRC and the SWNT exposes those cells to higher 
amounts of the Nef-M1. Like most cytotoxic 
chemotherapies some level of non-selectivity occurs 
and benign cells may be affected to some degree. 
However, the presence of the receptor and increase 
volume of the apoptotic peptide (Nef-M1) delivered 
to the cancer cells produces a higher cytotoxicity. This 
is confirmed in culture as there is extensively more 
cell death in malignant culture than in benign one.  

With Nef-M1 treatment, tumorspheres of BC and 
CRC cells showed a reduction of cell growth and 
increased disintegration. SWNTs-Nef-M1 produced a 
greater effect, indicating better delivery of Nef-M1 
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into the cells by this nanoparticle conjugate. More 
studies are necessary to better understand if this 
conjugate enhances toxicity by increasing the amount 
of the functionalized peptide that is delivered or if the 
conjugate upregulates the effectiveness of the receptor 
binding to increased apoptosis. 
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