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 Carbon nanotubes (CNTs) consist of carbon atoms arranged in sheets of graphene 
rolled up into cylindrical shapes. This class of nanomaterials has attracted attention 
because of their extraordinary properties, such as high electrical and thermal 
conductivity. In addition, development in CNT functionalization chemistry has led 
to an enhanced dispersibility in aqueous physiological media which indeed broadens 
the spectrum for their potential biological applications including gene delivery. 
The aim of this study is to determine the capability of different cationic polymer-
grafted multiwalled carbon nanotubes (MWNTs) (polymer- g -MWNTs) to effi ciently 
complex and transfer plasmid DNA (pCMV- β Gal) in vitro without promoting 
cytotoxicity. Carboxylated MWNT is chemically conjugated to the cationic polymers 
polyethylenimine (PEI), polyallylamine (PAA), or a mixture of the two polymers. In 
order to explore the potential of these polymer- g -MWNTs as gene delivery systems, 
we fi rst study their capacity to complex plasmid DNA (pDNA) using agarose gel 
electrophoresis. Gel migration studies confi rm pDNA binding to polymer- g -MWNT 
with different affi nities, highest for PEI- g -MWNT and PEI/PAA- g -CNT constructs. 
 β -galactosidase expression is assessed in human lung epithelial (A549) cells, and 
the cytotoxicity is determined by modifi ed LDH assay after 24 h incubation period. 
Additionally, PEI- g -MWNT and/or PEI/PAA- g -MWNT reveal an improvement in 
gene expression when compared to the naked pDNA or to the equivalent amounts 
of PEI polymer alone. Mechanistically, pDNA was delivered by the polymer-
 g -MWNT constructs via a different pathway compared to those used by polyplexes. 
In conclusion, polymer- g -MWNTs may be considered in the future as a versatile tool 
for effi cient gene transfer in cancer cells in vitro, provided their toxicological profi le 
is established. 
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1.   Introduction 

 Gene therapy is an emerging Þ eld that aims to correct 

genetic disorders at the molecular level. The main require-

ment for its success is the generation of a vector that protects 

exogenous DNA from degradation and achieves effective cell 

translocation. In addition, the resulting DNA-vector complex 

should result in subsequent intracellular release with low tox-

icity levels. [  1  ]  Hence, an effective delivery system is vital to 

achieve successful gene delivery. [  1Ð3  ]  For this purpose viral 

(e.g., adenovirus, and retrovirus) and nonviral (polymers, [  1  ,  4  ,  5  ]  

nanoparticles, [  1  ,  4  ,  6  ]  and liposomes [  7  ] ) vectors have been 

developed. Viral vectors are the most effective gene transfer 

vectors, but suffer from immunogenic responses. Nonviral 

vectors exhibit a much better immunogenic proÞ le, however 

still lacking the efÞ cacy of the viral vectors. 

 Recently, a novel type of nonviral gene vector has 

emerged, based on functionalized carbon nanotubes ( f- CNT). 

Various types of nanotube chemical functionalization 

approaches have led to improvements in their dispersibility 

in physiological media that broaden the spectrum of potential 

biological applications. [  2  ,  3  ,  8  ,  9  ]   f -CNT possess unique features 

that make them extremely attractive for the construction of 

novel gene delivery vectors. Most importantly, they have the 

ability to interact with biological components and be inter-

nalized efÞ ciently in different cell types by different mecha-

nisms. [  10Ð12  ]  Several studies have shown promising results, 

exploiting  f -CNT characteristics for plasmid DNA (pDNA) 

and short interfering RNA (siRNA) delivery in vitro and in 

vivo. [  2  ,  3  ,  12Ð17  ]  

 Three types of  f -CNT have been described for pDNA 

delivery. The Þ rst type was reported by our group and 

includes CNT chemically modiÞ ed with aminated tetra-

ethylene glycol functionalities to demonstrate the feasibility 

of  f -CNT as carriers for gene delivery. [  2  ]  We reported that 

pDNA was able to associate in a condensed globular con-

formation through electrostatic interactions onto the surface 

of  f -CNT at speciÞ c charge ratios. The results showed 5Ð10 

times higher levels of gene expression compared to naked 

pDNA and the lack of cytotoxicity of the complex was also 

demonstrated. [  2  ]  In another study, we reported the gene 

transfer efÞ ciency between different types of CNT chemically 

functionalized with alternative cationic head groups (i.e., 

single-walled carbon nanotube- (SWNT)-NH 3  
 +  , multiwalled 

carbon nanotube- (MWNT)-NH 3  
 +  , and SWNT-Lys-NH 3  

 +  ). 

We concluded that the surface area (length and width) and 

charge density of the  f -CNT were the critical parameters for 

the interaction with pDNA and the consequent formation of 

a biologically active complex. [  3  ]  Along similar lines, Gao et 

al. [  12  ]  have also investigated the ability of  f -CNT modiÞ ed with 

amino-, carboxyl-, hydroxyl-, and alkyl-functions for pDNA 

delivery in vitro and concluded that the positively charged 

amino- f -MWNT was effective in pDNA complexation and 

delivery. However, the efÞ ciency of these  f -CNT did not 

reach transfection levels as these of commercially avail-

able reagents. [  12  ]  The second class of  f -CNT used for pDNA 

delivery includes CNT functionalized with polymers such 

as polyethyleneimine (PEI). Liu et al. [  15  ]  published the Þ rst 

study using PEI-grafted-CNT as a pDNA carrier, showing 

the ability of MWNT grafted with branched PEI (25 KDa) 

to immobilize pDNA onto the nanotube surface and the 

capability of these complexes to enhance gene expression. [  15  ]  

More recently, SWNTs were chemically functionalized with 

cationic glycopolymers to achieve gene transfer in vitro .  [  18  ]  

Glycopolymer- g -SWNT were complexed with plasmid 

enhanced green ß uorescent protein (EGFP) and both trans-

fection efÞ ciency and cell viability were shown to be similar 

to Lipofectamine 2000. [  18  ]  Finally, a third approach included 

physical adsorption of cationic phospholipids or polymers on 

the CNT surface able to complex pDNA. For this approach, 

chitosan (NG042) was adsorbed on the surface of SWNT and 

used for the delivery of pDNA encoding the eGFP reporter. 

Even though no gene expression studies were described in 

that work, it was shown that SWNT:NG042 increased the 

intracellular delivery of pDNA. [  19  ]  

 The aim of the present study was to evaluate the capa-

bility of a combination of polymers grafted by peptide cou-

pling chemistry onto MWNT to generate different types of 

polymer-grafted-MWNT (polymer- g -MWNT) able to con-

dense pDNA efÞ ciently and enhance gene expression in vitro. 

For this purpose we selected two polymers; PEI which is a 

widely used transfection reagent due to its high amine con-

tent and the capacity to escape the endosomal compartments 

through the Òproton spongeÓ effect. [  4  ,  20  ]  These features lead 

to pDNA complexation, disruption of endosomal membrane 

and subsequent release of the PEI:pDNA complexes intracel-

lularly. [  4  ,  20  ]  However, PEI suffers from an unfavorable cytotox-

icity proÞ le. The second polymer selected was polyallylamine 

(PAA), a linear cationic polymer that has attracted attention 

for its potential as a nonviral gene delivery carrier [  1  ,  21  ]  due to 

its high density of primary amine groups and consequently, 

the strong positive charge at physiological pH. [  1  ]  However, the 

large number of available primary amino groups can also lead 

to high cytotoxicity. Therefore, PAA requires chemical modi-

Þ cation using speciÞ c ligands capable of receptor-mediated 

endocytosis or added lysosomotropic agents to achieve efÞ cient 

gene delivery. [  1  ,  22  ]  Thus we hypothesized that MWNT func-

tionalized with PEI-PAA hybrids (PEI/PAA- g -MWNT) could 

offer improved gene transfer in vitro compared to MWNT 

functionalized with the individual polymers (PEI- g -MWNT or 

PAA- g -MWNT). Such enhancements in gene transfer vector 

technology could be beneÞ cial as reduced vector concen-

trations may be required to achieve adequate levels of gene 

expression, in that way eliminate the cytotoxicity induced by 

cationic, polymer-based nonviral gene vectors.   

2.  Experimental 

2.1.    Materials   

MWNTs were provided by Nanothinx (Rio Patras, Greece; 

Batch # NTX99%_122007). Outer average diameter was 

20Ð40 nm, and length ranged between 0.5Ð2  µ m. All chemi-

cals and solvents were used as received. Milli-Q water was 

used in all experiments. Polyethylenimine (25 000 Da), poly-

allylamine (60 000 Da), N-ethyl-N’-(3-dimethylaminopropyl) 
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carbodiimide hydrochloride, Tris/borate/ethylenediamine-

tetraacetic acid (EDTA) buffer (TBE buffer), and ethidium 

bromide were obtained from Sigma-Aldrich (USA). The orange 

loading dye solution was purchased from Fermentas (UK). 

 Human lung carcinoma (A549) cell line was purchased from 

American Type Culture Collection (ATCC) (USA) (ATCC# 

CCL-185) cultured in DulbeccoÕs ModiÞ ed Eagle Medium 

(DMEM) or KaighnÕs modiÞ cation of HamÕs F-12 nutrient 

medium (F-12). Cell culture medium, fetal bovine serum (FBS), 

penicillin/streptomycin, phosphate buffered saline (PBS), elec-

trophoresis grade Agarose, and TO-PRO-3 nuclear counter-

staining dye were purchased from Gibco, Invitrogen (UK). The 

400-mesh copper grids coated with formvar/carbon support Þ lm 

used for TEM were from Agar ScientiÞ c (UK). Gigapreps of 

highly puriÞ ed supercolloid plasmid DNA of the reported gene 

pCMV-   β -Galactosidase (BD-Clontech, UK) were prepared by 

Bayou Biolabs (USA). Stock solution of 10 mg mL  − 1  in deion-

ised water were diluted in aliquots of 1 mg mL  − 1  and stored in at 

 − 20  ° C until needed. For    β -Gal assay, Tropix Galacto-light Plus 

kit from Applied Biosystem (UK) was used. The kit includes 

lysis solution, substrate buffer and accelerator II. The white-

96-well plates used for the assay were purchased from Greiner 

(UK). LDH release was assessed using Promega Cytotox 96 

non-radioactive cytotoxicity assay (Promega UK Ltd). Anti-

EEA1 was purchased from Transduction Laboratories (USA) 

and Cy3-conjugated goat anti-mouse was used as secondary 

antibodies (Jackson ImmunoResearch, West Grove, PA). Fluo-

rescein labeled pDNA was obtained from Cambridge Bio-

science (UK) and used for uptake studies. Vectashield mounting 

medium was obtained from Vector Laboratories (CA, USA). 

2.2.    Chemical Functionalization of Multiwalled Carbon 
Nanotubes (f-MWNT)   

Pristine MWNT was Þ rst oxidized (carboxylated) by 

treating the material sample with nitric acid (HNO 3 ). The 

sample was subsequently ultrasonicated for 10 min in HNO 3  

65% (100 mL per 1 g of CNTs in ÒÞ ne 

powderÓ form); the solution was mechani-

cally stirred at 220  ° C for 20 min, cooled 

down to room temperature, Þ ltered and 

Þ nally dried at room temperature. [  23  ]  Poly-

mer- g -MWNTs were prepared by conju-

gation of the activated carboxylic acidic 

groups of oxidized carbon nanotubes to 

the amino groups of the cationic polymers 

(PEI, PAA, or a combination of PEI and 

PAA) by peptide coupling chemistry using 

 N -ethyl - NÕ-(3-dimethylaminopropyl)-

carbodiimide hydrochloride (EDCI) as a 

coupling reagent as shown in  Scheme  1  . 
For the preparation of PEI- g -MWNT, the 

PEI (1 mg mL  − 1 ) was reacted with a sus-

pension of oxidized MWNT (3 mg mL  − 1 , 

pH 6.2). For the preparation of PAA-

 g -MWNT, the PAA (2.5 mg mL  − 1 ) was 

reacted with a suspension of oxidized 

MWNT (1 mg mL  − 1 , pH 4.5). For the 

preparation of PEI/PAA- g -MWNT, PEI (3 mg mL  − 1 ) and 

PAA (25 mg mL  − 1 ) were both reacted with a suspension of 

oxidized MWNT (3 mg mL  − 1 , pH 6.2). The optimum con-

centration of PEI and PAA used for grafting was optimised 

based on the dispersibility and the stability of the resultant 

polymer- g -MWNT conjugates. EDCI was used in all reactions 

as a coupling reagent at 150 mg mL  − 1  concentration. The pH 

of each of MWNT dispersion had been previously adjusted 

to the required value with HCl, before polymer addition. The 

mixture obtained was sonicated for 1 h and stirred for 10 h at 

room temperature (RT). After centrifugation at 13 000 rpm 

for 30 min, the supernatant was discarded. The washing pro-

cedure was repeated thrice for complete removal of unre-

acted polymer. Finally the corresponding polymer- g -MWNT 

was collected and dried under vacuum.  

2.3.    Transmission Electron Microscopy (TEM) and Scanning 
Electron Microscopy (SEM)   

Pristine MWNT, oxidized MWNT (MWNT-COOH), and 

polymer- g -MWNT powders were hydrated in 5% dextrose 

at 1 mg mL  − 1  concentration by bath-sonication for 15 min 

(VWR ultrasonic cleaner, UK). The sonicated MWNT disper-

sions were deposited on 400-mesh copper grids coated with 

formvar/carbon support Þ lm and allowed to dry at RT before 

imaging under a transmission electron microscope (Philips 

CM10). The acceleration voltage used was 80 KV. The images 

were captured with a high-resolution digital camera coupled 

to the TEM microscope. SEM (Ultra 55, Gemini, ZEIZZ, 

Germany) was also used for the characterization of the 

polymer- g -MWNT (data not shown). 

2.4.    NMR Spectroscopy   

A stock solution of 10 mg mL  − 1  of PEI was dissolved 

in D 2 O, and of this stock 0.07, 0.125, 0.25, 0.5, and 1 mg 

      Scheme  1 .     Synthesis of the polymer- g -MWNTs used in vitro.  
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PEI samples were measured using a syringe. MWNT-

COOH (250  µ g) was added to each sample and the mix-

ture was sonicated until a stable dispersion was obtained. 

Finally, 1 mg t-BuOH was added to each sample as an 

internal standard in CDCl 3 . For NMR analysis of the PEI-

 g -MWNT samples, 250 and 500  µ g, were sonicated in 0.5 mL 

D 2 O until a stable suspension was obtained and 1 mg t-BuOH 

was added to these samples. NMR spectra of these samples 

were acquired using a Bruker 400 MHz spectrometer and 

the ratio of the integrals of the PEI peaks versus the inte-

gral of t-BuOH was plotted versus the amount of PEI. The 

resulting standard curve was used to calculate the amount of 

PEI grafted to PEI- g -MWNT. 

2.5.    Raman Spectroscopy   

Raman spectra were collected using a single grating spec-

trometer (Jobin Yvon Typ labram V 010), equipped with a 

double super razor edge Þ lter and a peltier cooled charge 

coupled device (CCD) camera. Spectra were taken in quasi-

backscattering geometry using the linearly polarized 632.817 nm 

line of a He/Ne gas laser with power less than 1 mW, focused 

to a 5  µ m spot through a 100x microscope objective on to the 

top surface of the sample. The resolution of the spectrometer 

(grating 1800 L mm  − 1 ) was 1 wavenumber (cm  − 1 ). For sample 

preparation, 1 mg of sample (pristine MWNT or polymer- g
 -MWNT) was suspended in the 1 mL of water. 10  µ L of the 

suspension was dropped on the cleaned Si wafer and dried in 

the air. 

2.6.    Agarose Gel Electrophoresis   

pDNA complexes were prepared by mixing 0.5  µ g 

of pDNA (pCMV-   β Gal) (30  µ L) with free polymer or 

polymer- g -MWNT (30  µ L) to obtain different polymer:pDNA 

or polymer- g -MWNT: pDNA mass ratios. Complexes were 

incubated for 30 min at RT to allow complete complexation 

to occur. Naked pDNA or the complexes were mixed with 

orange dye solution (1:10 dilution) and loaded onto 1% 

(w/v) agarose/TBE gel containing ethidium bromide (EtBr, 

0.5  µ g mL  − 1 ). The gel was run for 150 min at 120 mV using 

electrophoresis unit (BioRad, UK) and 0.5x TBE as a run-

ning buffer. Visual tracking of the loading solution monitored 

the migration of pDNA during electrophoresis. The bands 

of pDNA were visualized by ethidium bromide staining and 

imaged by UV light using bioimaging system gene genious 

(Syngene, UK). 

2.7.    Gene Expression   

A549 cells were maintained in DMEM or HamÕs F12 

media supplemented with 10% fetal bovine serum (FBS), 

50 U mL  − 1  penicillin, 50  µ g mL  − 1  streptomycin, 1% 

L-glutamine, and 1% nonessential amino acids at 37  ¡ C 

in 5% CO 2 . Cells were passaged when they reached 80% 

conß uence in order to maintain exponential growth. Cells 

were seeded at 25  ×  10 3  cells per well in 24-well plates for 

24 h. Before transfection, the complete growth medium was 

replaced by prewarmed serum-free medium (400  µ L), to 

which 100  µ L of polymer- g -MWNT:pDNA or polymer:pDNA 

complexes containing 1  µ g pDNA were added. The com-

plexes were allowed to interact with the cultured cells for 4 h 

at 37  ¡ C in humidiÞ ed atmosphere (5% CO 2 ). Untreated 

cells or cells treated just with pDNA (naked group) were 

used as negative controls. This was replaced with com-

plete media after 4 h. Gene expression was assessed 24 h 

after incubation; cells were lysed by adding lysis solution 

(200  µ L per well) for 10 min at RT. Cell lysates were cen-

trifuged at 13 000 rpm for 5 min at RT. The analysis of 

 β -gal expression was performed using Tropix Galacto-

light Plus TM kit, according to the manufacturerÕs 

instructions. Brieß y, 10  µ L of supernatant was reacted with 

the reaction buffer (70  µ L) in white 96-well plates. The reac-

tion buffer was prepared by diluting Galacton-plus substrate 

with reaction buffer diluents at 1:100 (v/v) ratio. After incu-

bation for 45 min at RT, the plate was analyzed with a plate 

reader (FLUOstar Omega, BMG Labtech, UK) using 5 s for 

measurement and 0.5 s delay between measurements. The 

relative light unit (RLU) readings were recorded and plotted 

as RLU per well  ±  standard deviation (SD, n  =  3). 

2.8.    Intracellular Traffi cking of pDNA Complexes in A549 Cells   

A549 cells were seeded at density of 25  ×  10 3  cells 

per coverslip in 24-well plates for 24 h. Before trans-

fection, the complete growth media was washed and 

replaced by pre-warmed serum-free media (400  µ L), 

to which 100  µ L of polymer- g -MWNT:pDNA complexes 

(at a dose of 1  µ g pDNA per well and 10:1 polymer- g -pDNA 

mass ratio) or polymer:pDNA complexes (at a dose of 1  µ g 

pDNA per well and 1:1 polymer:pDNA mass ratio) was added. 

The complexes were allowed to interact with the cultured 

cells for 4 h at 37  ° C in humidiÞ ed atmosphere (5% CO 2 ) and 

replaced with complete media after 4 h. Cells were Þ xed in 4% 

paraformaldehyde in PBS for 10 min at RT after treatment for 

4 h or 24 h, then rinsed with PBS. For nuclear staining, cells 

were permeabilized with 0.1% Triton X-100 in PBS for 10 min 

at 4  ° C, RNase treated (100  µ g mL  − 1 ) for 20 min at 37  ° C, 

and incubated with TO-PRO-3 (1  µ  m ) in PBS for 15 min, 

then rinsed three times with PBS. NonspeciÞ c binding was 

blocked using PBS containing 4% normal goat serum and 

3% bovine serum albumin (blocking buffer). Antibodies 

were diluted to their Þ nal concentration in blocking buffer. 

Anti-EEA1 antibodies were applied for 2 h at RT. Cells were 

rinsed once in blocking buffer and three times for 5 min 

with PBS, and then the secondary antibody was applied for 2 h 

at RT. Finally, cells were washed Þ ve times for 5 min with PBS 

and mounted onto slides with Vectashield mounting medium. 

The uptake of ß uorescein labeled pDNA was imaged by 

confocal laser scanning microscopy (CLSM) (Zeiss Axiovert 

LSM510) using 63x oil immersion objective lens (Carl Zeiss 

Inc., Thornwood, NY). Fluorescein, Cy3-, and TO-PRO-3 were 

excited at 488, 543, and 647 nm, respectively. Separate excita-

tion and collection was used to minimize bleed-through. 
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2.9.    Cell Viability   

A549 cells were seeded at a density of 25  ×  10 3  cells per 

well in 24-well plates for 24 h in complete media. Cells were 

then incubated with the test material for 4 h in serum-free 

media at 37  ° C in humidiÞ ed atmosphere (5% CO 2 ). After 

incubation, media was removed and replaced with fresh com-

plete media for an additional 20 h. Cells were assessed by a 

modiÞ ed LDH assay. [  24  ]  Media was removed and cells were 

lysed for 1 h with 9% (v/v) TritonX100 in water (10  µ L) mixed 

with 100  µ L phenol-free media (serum-free RPMI media) at 

RT. Cell lysate was centrifuged at 1600 rpm for 5 min at RT 

and the supernatant was collected (50  µ L) and reacted with 

LDH reconstituted substrate mixture (50  µ L) for 15 min. The 

reaction was then stopped by DMSO (50  µ L) and absorbance 

was measured at 492 nm in a plate reader (FLUOstar Omega, 

BMG Labtech, UK). Untreated cells were used as a negative 

control (100% LDH in healthy cells) and 10% DMSO was 

used as a positive toxic control. Cell viability was expressed 

as a percentage of healthy untreated cells (n  =  4).   

3.  Results 

 Synthesis and characterization of polymer- g -MWNT. 

Three different types of polymer- g -MWNT were 

synthesized for the purpose of this study. First, untreated 

pristine MWNT were oxidized and then different cationic 

polymers were grafted onto the carboxylic acid groups of 

the MWNT as described in Scheme  I . The cationic polymers 

PEI, PAA, or a PEI/PAA mixture were used to produce 

PEI- g -MWNT, PAA- g -MWNT, or PEI/PAA- g -MWNT, 

respectively. The characteristics of the polymer- g -MWNT 

before and after functionalization are summarized in  Table  I  . 
The polymer content in polymer- g -MWNT was analyzed by 

elemental analysis and expressed as % wt/wt. The amount 

of immobilized polymer on MWNT was found to be com-

parable in both PEI- g -MWNT and PAA- g -MWNT ( ≈ 5%) 

and slightly higher in PEI/PAA- g -MWNT ( ≈ 9%) (Table  I ). 

The PEI content in PEI- g -MWNT was analyzed by another 

method using NMR spectroscopy and found to be 5.9% wt/

wt which agreed with results obtained by elemental analysis 

(Supporting Information, Figure S1).  

 Raman spectroscopy was used to evaluate the surface 

chemistry of the MWNT following polymer functionaliza-

tion. Raman scattering spectra from pristine MWNT and 

polymer- g -MWNT (Supporting Information, Figure S2) are 

showing the typical resonant peaks for MWNT that pos-

sess overall structural integrity. The G-band at  ≈ 1600 cm  − 1  

is a more complex spectral feature that is related to tan-

gential mode vibrations. Structural defects show on the 

D-band, attributed to disorder or to sp 3  carbons in the 

hexagonal framework of the nanotube backbone. D-band 

intensity at  ≈ 1340 cm  − 1  increased after the conjugation 

to PEI or PAA, considered an indication that chemical 

grafting rather the physical adsorption of the polymer 

took place. HRTEM (Supporting Information, Figure S1) 

also showed that the polymer layers wrapped evenly 

around the nanotubes in all cases and the thicknesses of 

the polymer layers were found to be of a few nanometers. 

Notably, the thickness of the polymer layers grown on dif-

ferent sections of the nanotube and on different nanotubes 

was similar due to higher degree of functionalization. The 

physical and morphological characteristics of the pris-

tine, oxidized, and polymer- g -MWNT were studied using 

TEM, SEM (data not shown), and light microscopy (Table  I  

and  Figure    1  ). The average length of polymer- g -MWNT con-

jugates was found to be about 0.5Ð2  µ m with a diameter in 

the range of 20Ð40 nm. TEM and SEM characterization 

showed that polymer coupling did not modify the dimensions 

(length and diameter) of the nanotubes. However, polymer 

grafting improved the aqueous dispersibility and debundling 

of MWNT as shown by light microscopy and TEM images 

(Figure  1 ). Nevertheless, PAA- g -MWNT exhibited lower 

aqueous dispersibility compared to other polymer- g -MWNT. 

Microscopy analysis showed that the pristine and oxidized 

MWNT (Figure  1 ) appeared mostly as nanotube aggregates, 

whereas the PEI- g -MWNT, PAA- g -MWNT, and PEI/PAA- g
 -MWNT were signiÞ cantly debundled and generally appeared 

as individualized nanotube dispersions.  

3.1.    Complexation of Polymer-g-MWNT with pDNA  

Agarose gel electrophoresis demonstrated the ability of 

polymer- g -MWNT to bind pDNA, since only free pDNA 

was able to migrate in the gel ( Figure    2  ). Upon complex-

ation of pDNA with the nanotubes the ß uorescent signal 

(due to EtBr intercalation with the nucleic acid bases) was 

either quenched or retained in the wells depending on the 

degree of pDNA condensation. In the case of PEI- g -MWNT, 

complete complexation with pDNA was observed at 3:1 

PEI- g -MWNT:pDNA mass ratio (1.17 N/P ratio) (Figure  2 a). 

In the case of PAA- g -MWNT (Figure  2b ), complexation with 

pDNA was signiÞ cantly compromised even at 120:1 PAA- g 

-MWNT:pDNA mass ratio (34.8 N/P ratio) (data not shown). 

As elemental analysis had previously indicated PAA grafting 

to MWNT, we considered that the overall positive charge of 

the PAA- g -MWNT construct available to complex pDNA 

must be reduced compared to free PAA alone (Figure  2e ). 

Grafting a mixture of PEI and PAA polymers on the MWNT 

improved pDNA complexation compared to PAA- g -MWNT, 

   Table  1.     Properties of MWNT and polymer- g -MWNT. 

MWNT type  a,  b)  Lengthc) % Polymerd) % Polymere)

Pristine MWNT  ≈ 2  µ m – –

MWNT-COOH  ≈ 0.5  µ m – –

PEI- g -MWNT  ≈ 0.5  µ m 4.9% –

PAA- g -MWNT  ≈ 0.5  µ m 4.8% 5.9%

PEI/PAA- g -MWNT  ≈ 0.5  µ m 7.5 − 10% –

     a)   Diameters for all MWNT were between 20 and 40 nm as determined by TEM and SEM. 

      b)   Carbon purity for starting pristine MWNT material was more than 99% as stated by the man-

ufacturer and determined by TGA and EDX.      c)  Determined by TEM and SEM.      d)  Determined by 

elemental analysis.      e)  Determined by NMR spectroscopy.   
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with complete restriction of pDNA gel migration occurring at 

10:1 PEI/PAA- g -MWNT:pDNA mass ratio (Figure  2c ). PEI 

polymer complexed pDNA at 0.1:1 PEI:pDNA mass ratio 

(0.8 N/P ratio), while PAA polymer complexed pDNA at 

0.2:1 PAA:pDNA mass ratio (1.2 N/P ratio). A mixture of 

PEI and PAA (1:1 mass ratio)complexed pDNA at 0.3:1 mass 

ratio (Figure  2 dÐf).  

3.2.    In vitro Gene Expression using Polymer-g-MWNT   

The ability of both polymer and polymer- g -MWNT to 

induce gene expression was evaluated following incuba-

tion with human lung carcinoma (A549) cells ( Figure    3  ). 

Vectors were complexed with pDNA and incubated with 

A549 cells for 24 h, when  β -galactosidase expression was 

assessed. PEI- g -MWNT was shown to enhance gene expres-

sion in comparison to naked pDNA at all mass ratios 

tested, most efÞ ciently at the 30:1 PEI- g -MWNT:pDNA 

mass ratio. Contrary to that, PAA- g -MWNT did not 

improve gene expression over naked pDNA at any mass 

ratios tested. The PEI/PAA- g -MWNT construct exhibited 

the ability to enhance gene expression in comparison to 

both naked pDNA and individual polymer- g -MWNT, with 

highest levels of gene expression obtained at the lowest 

(10:1 and 20:1) mass ratios. PEI alone was also included 

in this study as a positive control under the same condi-

tions used for the polymer- g -MWNT transfections. Highest 

gene expression was obtained at a PEI:pDNA mass ratio 

of 1:1 (equivalent to 8 N/P ratio) (Supporting Information, 

      Figure  1 .     Features of polymer- g -MWNTs. Chemical structure of MWNTs, light microscopy images (250x total magnifi cation), and electron microscopy 
images (TEM) of MWNTs and polymer- g -MWNTs dispersed in 5% dextrose at 250  µ g mL  − 1  fi nal concentration. Scale bar in TEM images is 100 nm.  
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Figure S3a). PAA polymer alone was not successful in 

achieving gene transfer and expression in A549 cells under 

these experimental conditions (Supporting Information, 

Figure S3a). Mixtures of free PEI/PAA polymers were also 

studied for gene transfection that led to enhanced gene 

expression when compared to individual PEI or PAA poly-

mers, especially when mixed at equal mass ratios (Supporting 

Information, Figure S3b). On the other hand, mixing the indi-

vidual PEI- g -MWNT with PAA- g -MWNT did not improve 

the transfection efÞ ciency over the PEI- g -MWNT alone 

either at 15:1 or 20:1 mass ratio (Supporting Information, 

Figure S3c).  

3.3.    In vitro Toxicity   

Cytotoxicity is a critical factor for successful gene 

delivery. In this study, toxicity of the polymer- g -MWNT 

compared to free polymers in A549 cells was assessed 

by a modiÞ ed LDH assay. [  24  ,  25  ]  After 24 h incubation 

period, cell viability indicated that both free PEI and 

PAA polymers were causing signiÞ cant cytotoxicity at 

concentrations higher than 5 and 40  µ g mL  − 1 , respec-

tively (Figure  3b ). The PEI- g -MWNT and PAA- g -MWNT 

constructs did not affect cell viability up to 80  µ g mL  − 1  

(maximum tested), while the PEI/PAA- g -MWNT was shown 

to lead to signiÞ cant cytotoxicity at 40  µ g mL  − 1  and above. 

3.4.    Intracellular Traffi cking of pDNA Complexes in A549 Cells  

In order to assess whether gene expression efÞ cacy was 

directly associated with the degree in pDNA cell internaliza-

tion after complexation with various polymers or polymer- g -

MWNT vectors, we performed trafÞ cking experiments using 

confocal laser scanning microscopy (CLSM). Fluorescently 

labeled pDNA (ß uorescein; green) was complexed with 

the nanotubes and subsequently incubated with A549 cells. 

      Figure  2 .     Agarose gel electrophoresis assay of pDNA complexed with A) PEI- g -MWNT, B) PAA- g -MWNT, C) PEI/PAA- g -MWNT, D) PEI polymer, 
E) PAA polymer, and F) PEI:PAA mixture (1:1). Naked pDNA was used as a reference in all panels. pDNA (0.5  µ g) was complexed at various mass 
(or charge) ratios.  
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The complexes were removed after 4 h and the cells were 

Þ xed and imaged by CLSM at 4 h and 24 h time points. 

Cells were also stained with Cy3-labeled anti-EEA1 anti-

body for visualization of the early endosomes (red) and 

with TO-PRO3 for counterstaining the nucleus (blue). The 

pattern of polyplex pDNA internalization was different 

from that of pDNA complexed with the polymer- g -MWNT 

( Figure    4  ). The polyplexes led to localization of the pDNA 

within the endosomes (evidenced by the colocalized green 

and red signals) especially at the 4 h time point, with sub-

sequent pDNA release from the endosome after 2 h except 

for the case of PAA alone (where pDNA endosomal release 

was minimal). The results reported here for the free PEI and 

PAA polymers suggest the endosomal pathway as the main 

route for internalization of pDNA as has been reported in 

the literature. [  26Ð28  ]   

 In the case of polymer- g -MWNT:pDNA vectors, most of 

the internalized complexes were not colocalized within endo-

somes and larger, more aggregated complexes were observed 

to accumulate in the cytoplasm (Figure 

 4 ). No signiÞ cant differences among 

the different polymer- g -MWNT:pDNA 

complexes studied in terms of colocali-

zation with endosomal markers were 

observed. Moreover, the kinetics of the 

pDNA internalisation seemed to occur 

at a slower rate compared to the poly-

plexes as evidenced by the lower green 

ß uorescence intensity signals at 4 h. Inter-

estingly, PEI/PAA polyplexes appeared 

more aggregated than the PEI/PAA- g 

-MWNT:pDNA complexes (Figure  4 ) after 

24 h, where these aggregates appeared to 

be outside the cell membrane. 

 These trafÞ cking studies suggested 

that the polymer- g -MWNT constructs may 

facilitate a route of cellular internalization 

for the complexed pDNA alternative to 

that followed by the free polymer:pDNA 

complexes.   

4.  Discussion 

 We have previously reported carbon 

nanotube-mediated delivery of pDNA 

using ammonium  f -CNT, which illustrated 

the ability of chemically functionalized 

cationic CNT to bind pDNA efÞ ciently 

and enhance gene transfer. [  2  ,  3  ]  From these 

results, we concluded that the nanotube 

surface charge density and consequent for-

mation of the complex are critical param-

eters for the interaction of CNT with 

pDNA. [  2  ,  3  ]  These original studies were 

followed by Liu et al [  15  ]  that described 

the use of PEI- g- CNT for efÞ cient gene 

transfer and expression. 

 The present study presents further 

attempts to functionalize CNT with different cationic poly-

mers for the purpose of improving gene expression in vitro. 

MWNT grafted with PEI, PAA, or a mixture of both poly-

mers, were well dispersed in aqueous media (Figure  1 ). 

Elemental analysis indicated the grafting of PAA polymer 

in PAA- g -MWNT, which was similar in content to that of 

PEI in the PEI- g -MWNT construct, Raman microscopy 

conÞ rmed the polymer chemical conjugation. pDNA com-

plexation with free polymer or polymer- g -MWNT was 

conÞ rmed by agarose gel electrophoresis (Figure  2 ). A 

difference in binding afÞ nity between these materials and 

pDNA was observed with binding afÞ nities in the following 

order: PEI (0.8 N/P ratio) >  PEI- g -MWNT (1.17 N/P ratio) >  

PAA (1.2 N/P ratio) >  PEI/PAA  >  PEI/PAA- g -MWNT >  

PAA- g -MWNT (30 N/P ratio). Due to their high cationic 

charge, PEI and PAA have been previously shown to bind 

pDNA efÞ ciently [  20  ,  21  ,  29  ]  at low N/P ratios. [  1  ,  30  ]  Conjugation 

of PEI and PAA polymers to MWNT resulted in a different 

pDNA binding proÞ le. PAA- g -MWNT did not bind pDNA 
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      Figure  3 .     A) Gene transfection effi ciency in human lung carcinoma (A549) cells after 
transfection with polymer- g -MWNT: pDNA complexes at various mass ratios. pDNA encoding 
for  β -galactosidase enzyme was complexed with the vectors and incubated with the cells at 
fi nal pDNA concentration of 2  µ g mL  − 1  (1  µ g per well) and gene expression was assessed 
24 h post-transfection and expressed as average RLU per well  ±  SD (n  =  3). B) Modifi ed LDH 
cytotoxicity assay performed after 24 h incubation of A549 cells with either the free polymer 
or polymer- g -MWNT.  
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efÞ ciently even up to very high mass ratios (120:1), while 

PEI- g -MWNT complexation occurred at low (10:1) mass 

ratio. In addition, agarose gel electrophoresis showed that 

both polymers mixed or in the free form were able to bind 

pDNA efÞ ciently. We concluded that immobilization of 

PAA onto the MWNT greatly reduced its binding efÞ ciency 

to pDNA. We also observed that both PEI- g -MWNT and 

PEI/PAA- g -MWNT complexed the pDNA however, the 

latter being signiÞ cantly less effective. Although structural 

analysis to explain the variation in pDNA complexation 

needs further investigation, we propose that branched PEI 

covalently immobilized on the MWNT surface have a high 

content of primary, secondary, and tertiary amines that can 

still serve as effective plasmid condensation sites leading 

to immobilization of pDNA. [  15  ]  In comparison, the linear 

structure of PAA may lead to neutralisation of the pri-

mary PAA amines on interaction with the carboxyl groups 

at the oxidized MWNT backbone. Such charge neutralisa-

tion of the free primary amines of PAA can explain the 

greatly reduced pDNA complexation observed (Figure  2 ). 

Assembly of PAA polymer molecules on the surface of 

carboxylated MWNTs has been previously reported by 

others [  31  ]  in a similar fashion as described, even though for 

a non-biological application. 

 The in vitro gene expression data in A549 cells correlated 

with the results obtained from the pDNA binding studies. 

PAA and PAA- g -MWNT were consistently found to be inefÞ -

cient gene transfer vectors under the experimental conditions 

used (Figure  3  and the Supporting Information, Figure S3a) 

and efÞ cient gene transfer and expression was obtained in 

the case of PEI, PEI- g -MWNT, and PEI/PAA- g -MWNT. PEI 

is known for its ability to bind pDNA and promote the intra-

cellular release from the endosome via the proposed proton 

sponge effect as Þ rst suggested by Behr et al. [  4  ,  15  ,  20  ,  29  ]  Cationic 

polymers can have a buffering capacity between pH 5.0Ð7.2 

and have shown to induce osmotic swelling and consequently 

endosome rupture. [  32  ]  Thus, the nucleic acid endosomal con-

tent can be released in the cytoplasm, [  1  ,  32  ]  thus our studies 

with PAA:pDNA complexes suggested inability of free PAA 

polymer to escape the endosomal compartment with the 

      Figure  4 .     Intracellular traffi cking of polymer:pDNA or polymer- g -MWNT:pDNA complexes after 4 h and 24 h incubation with A549 cells. Fluorescently 
labeled pDNA was used to track pDNA upatake, (green), endosomes were stained with Cy3-labeled anti-EEA1 antibodies (red), and nuclei were 
counterstained with TO-PRO 3 (blue).  
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consequent poor levels of gene expression (Supporting Infor-

mation, Figure S3a). PAA does not have buffering capacity [  1  ,  4  ]  

due to the presence of non-titratable primary amino groups 

and the lack of titratable secondary and tertiary amino func-

tions, which are thought responsible for the buffering capacity 

of PEI. [  1  ,  21  ]  Moreover, as described by Suh et al., [  33  ]  the pro-

tonation of PAA may occur to a lesser degree compared with 

PEI, in particular at basic pH. [  33  ]  

 The PEI/PAA- g -MWNT achieved greater gene expres-

sion in comparison to PEI- g- MWNT especially at lower 

mass ratios. Such improvement in gene expression could be 

obtained due to the properties of the polymer mixture, where 

PAA reduces the compact nature of the complex by low-

ering the overall positive charge of PEI/PAA- g -MWNT and 

therefore facilitates pDNA release from the complex after 

internalization. [  2  ]  However, free PEI/PAA polymer mixture 

(1:1 mass ratio) and PEI polymer alone showed higher levels 

of gene expression compared to those achieved with polymer-

 g -MWNT. 

 Although Liu et al [  15  ]  reported similar transfection efÞ -

cacy for PEI- g -MWNT and PEI polymer, according to the 

TGA analysis, the percentage of PEI conjugated to the 

MWNT surface was around 8.2% compared to only 5% in 

this study. Moreover, their study was performed in different 

cell lines (COS7, HepG2, and 293 cell lines), using a different 

gene report (pCMV-Luc), and for 48 h at 2  µ g pDNA dose. 

The novelty we report for the hybrid polymer- g -MWNT con-

struct here is the ability to achieve better efÞ cacy at lower 

polymer- g -MWNT concentration by including PAA polymer 

into PEI- g -MWNT construct. 

 Several studies have highlighted safety concerns regarding 

the use of cationic polymers in gene therapy. [  1  ,  4  ,  15  ,  34  ]  The poly-

cationic character of PAA or PEI has been pointed out as a 

cause for concern regarding cell viability. [  1  ]  Here, we report 

that the mixed PAA/PEI- g -MWNT was more toxic than PEI-

 g -MWNT or PAA- g -MWNT at equivalent concentrations. 

More experiments are needed to establish the mechanism 

of toxicity of the PAA/PEI- g -MWNT conjugate, however, 

it is important to note that cell viability was compromised 

at concentrations higher than 40  µ g mL  − 1  (Figure  3b ). An 

improvement in gene transfer and expression was achieved 

at concentrations lower than 40  µ g mL  − 1 . These results are 

in line with those of Liu et al. [  15  ]  which showed a toxicity 

threshold of PEI- g -MWNT at concentrations even below 

100  µ g mL  − 1  in three different cell lines up to. [  15  ]  Shen et al. [  34  ]  

reported toxic effect of PEI- g -MWNT in FRO cells and KB 

cells lines at concentrations of 10  µ g mL  − 1  and 50  µ g mL  − 1 , 

respectively. Over all, this emphasises the importance of mul-

tiple factors affecting cell viability such as the polymer type 

and its molecular weight, the cell line used, and the incuba-

tion time points while performing cytotoxicity studies. 

 More importantly, in this study we elucidated that 

polymer- g -MWNT:pDNA complexes may facilitate a different 

internalization pathway from conventional polyplexes. The reason 

for such a difference in intracellular localization of polymer- g -

CNT:pDNA and the lack of colocalization of the vectors within 

endosomes suggests either energy-independent translocation or 

phagocytosis (receptor-mediated endocytosis but not clathrin-

dependent endocytosis) as possible mechanisms of uptake, in 

which the size affect the trafÞ cking kinetics. More mechanistic 

studies are warranted in order to establish the mechanism by 

which these polymer- g -MWNT:pDNA complexes enter cells 

and release their genetic payload intracellularly. 

 Overall, we attempted to enhance the gene expression 

capabilities of chemically functionalized MWNT by syn-

thesis of different water-dispersible polymer- g -MWNT. Three 

constructs: i) PEI- g -MWNT, ii) PAA- g -MWNT, and iii) PEI/

PAA- g -MWNT were comparatively studied. All polymer

- g -MWNT were able to complex pDNA with different 

binding efÞ ciencies. PEI/PAA- g -MWNT was found to be 

the most optimum polymer- g -MWNT for gene transfer 

due to its capacity to enhance gene expression at minimum 

nanotube:pDNA mass ratios which was found non-toxic. 

Mechanistically, pDNA was delivered by the polymer- g
 -MWNT constructs via a different pathway compared to those 

used by polyplexes. Such studies further highlight the poten-

tial of  f -CNT as a versatile tool for efÞ cient gene transfer.     
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 Supporting Information is available from the Wiley Online Library 
or from the author.    
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