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Abstract: Electrospun nanocomposite scaffolds were fabricated by encapsulating multi-walled 

carbon nanotubes (MWNT) in poly (lactic acid) (PLA) nanofi bers. Scanning electron microscopy 

(SEM) confi rmed the fabrication of nanofi bers, and transmission electron microscopy identifi ed 

the alignment and dispersion of MWNT along the axis of the fi bers. Tensile testing showed an 

increase in the tensile modulus for a MWNT loading of 0.25 wt% compared with electrospun 

nanofi brous mats without MWNT reinforcement. Conductivity measurements indicated that 

the confi ned geometry of the fi brous system requires only minute doping to obtain signifi cant 

enhancements at 0.32 wt%. Adipose-derived human mesenchymal stem cells (hMSCs) were 

seeded on electrospun scaffolds containing 1 wt% MWNT and 0 wt% MWNT, to determine 

the effi cacy of the scaffolds for cell growth, and the effect of MWNT on hMSC viability and 

proliferation over two weeks in culture. Staining for live and dead cells and DNA quantifi cation 

indicated that the hMSCs were alive and proliferating through day 14. SEM images of hMSCs 

at 14 days showed morphological differences, with hMSCs on PLA well spread and hMSCs 

on PLA with 1% MWNT closely packed and longitudinally aligned.

Keywords: adipose-derived human mesenchymal stem cells, multi-walled carbon nanotubes, 

bone tissue engineering, poly (lactic acid), electrospinning, nanocomposites

Introduction
Mesenchymal stem cells play a signifi cant role in the advancement of regenerative 

medicine for tissue and organ replacement (Pittenger et al 1999; Andrews et al 2005). 

These cells are found in adult tissues including bone and adipose tissue, as reservoirs 

of reparative cells, ready to populate an area and differentiate in response to signaling 

from wounds or diseases (Habib et al 2005; Battler et al 2006). At present, mesenchymal 

stem cells are on the forefront of tissue engineering research due to their availability 

from various source tissues and their multilineage potential (Habib et al 2005). One 

critical research focus is the development of scaffolds with properties and functionality 

that mimic the natural extracellular matrix on a similar size scale.  

Scaffold materials play an important role in directing tissue growth and offer 

opportunities to manipulate and control stem cell behavior (Elisseeff et al 2006). 

Scaffolds for tissue engineering have been evolving through creation of preferred 

morphologies and specifi cally tailored physical properties. Scaffold materials for 

bone tissue engineering demand an internal structural design that is highly porous 

in nature and exhibits a large surface to volume ratio (Laurencin 2003; Lieberman 

et al 2005). These characteristics support the adhesion of cells, promote cellular in-

growth, and help regulate delivery of nutrients and removal of wastes. Scaffolds for 

tissue repair should have good biocompatibility, be biodegradable, and capable of 

interacting with cells of interest (Hench et al 2002). Polymeric matrices are promising 
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candidates because they are able to meet these requirements 

for tissue scaffolds; however, they are not able to provide the 

specifi c cues needed for cellular growth and differentiation 

(Hutmacher 2000). Thus, polymer composite scaffolds have 

gained more interest due to their enhanced physical properties 

and biocompatibility (Lee et al 2003; Ma 2004; Sharma et al 

2004; MacDonald et al 2005; Zhao et al 2005; Li et al 2006). 

In particular, doping a polymer with a conducting material 

provides electrical conductivity to the scaffold, which may 

be important for facilitating cell migration, proliferation, and 

differentiation via electrical stimulation (Kotwal et al 2001; 

Supronowicz et al 2002; Pedrotty et al 2005). Incorporating 

a conductive scaffold with an applied electric fi eld has led 

to increases in cellular proliferation, calcium deposition, and 

gene expression for osteogenesis (Supronowicz et al 2002; 

Heng et al 2004). Thus, this work will highlight the specifi c 

conductance obtained by doping a polymeric system with 

fractional weight percentages of multi-walled carbon nano-

tubes in a three dimensional matrix and the effi cacy of this 

scaffold in culture with adipose-derived hMSCs. 

In order to create scaffolds for tissue engineering, 

researchers have revisited the method of electrospinning 

(Pham et al 2006). Electrospinning is a process that yields a 

highly porous scaffold by producing fi bers on the submicron 

scale (Formhals 1934), similar to the natural features of the 

extracellular matrix (Li et al 2006). During the electrospin-

ning process, a polymer solution is fed through a capillary at a 

metered rate while an electric potential is applied. When this 

potential overcomes the surface tension of the polymer solu-

tion, a whipping instability is created that produces extremely 

small fi bers that are collected on a grounded collector. Fiber 

formation occurs when the intrinsic properties of the solution 

and the processing parameters are optimized (Shenoy et al 

2005; Pham et al 2006). Electrospinning is an advantageous 

process because it can produce three-dimensional scaffolds 

from various polymer systems using essentially the same 

method and technique. Numerous investigators have experi-

mented with the use of electrospun poly (lactic acid) (PLA) 

as a tissue scaffold and biocompatible membrane due to its 

approved use in vivo and its mechanical and degradation 

properties being well understood (Zong et al 2002, 2005; 

Zeng et al 2003; Inai et al 2005; Tan et al 2005). 

To produce composite scaffolds using this fabrication 

method, nanomaterials can be encapsulated in nanofi-

bers during electrospinning. Zeng and colleagues (2003) 

demonstrated that drugs could be loaded into nanofi bers 

by suspending them within a polymer solution. With the 

addition of any particle: anionic, cationic, or nonionic, the 

diameter size and distribution of the electrospun fi bers can 

be signifi cantly reduced, enabling a modifi cation of the fi ber 

diameter for specifi c applications. Composite nanofi bers 

containing hydroxyapatite and growth factors have also 

been investigated (Li et al 2006). That study involved 

encapsulation of hydroxyapatite crystals with a diameter of 

50 nm inside electrospun silk. The composite nanofi bers had 

a positive impact by promoting osteogenic differentiation of 

bone marrow derived mesenchymal stem cells, as evidenced 

by mineralized tissue formation (Li et al 2006). 

Recent studies have investigated the combination of 

MWNT with PLA (Chen et al 2005; Zhang et al 2006). 

Carbon nanotubes, discovered by Iijima (1991), possess 

tremendous properties by having a very large aspect ratio. 

Carbon nanotubes have a tensile strength approaching 

1 TPa and electrical conductivity of 100 S/cm (Poncharal 

et al 1999). Chen and colleagues (2005) were able to graft 

oligomers of PLA to the surface of MWNT; however, the 

grafting was not uniform and left much of the MWNT surface 

bare. Zhang and colleagues (2006) prepared nanocomposite 

PLA/MWNT scaffolds by solution casting. This fabrication 

method left MWNT exposed on the surface but created 

uniform fi lms with increased conductance. As these studies 

and others show, carbon nanotubes can provide three specifi c 

enhancements to fi brous tissue scaffolds: modifi ed fi ber size, 

electrical conductivity, and increased material properties 

(strength) in a lightweight material. In this study, we evaluate 

the biocompatibility of a nanocomposite scaffold comprised 

of MWNT embedded within PLA with the future goal of 

utilizing it with an electric fi eld to promote osteogenesis of 

adipose-derived hMSCs.

Though carbon nanotubes have such promising physical 

properties, their use in biomedical applications, specifi cally 

tissue engineering, has been limited due to concerns of 

cytotoxicity. This issue has been investigated by various 

researchers with differing results depending on the purity of 

the carbon nanotubes and the method of production (Smart 

et al 2006). A collaborative study by Smart and colleagues 

(2006) noted that the main causes for possible toxicity were 

due to the surface area/volume ratio, retention time of carbon 

nanotubes within a tissue, and residual catalyst within the 

carbon nanotube (Smart et al 2006). 

For this investigation, the primary goal is to encapsu-

late a high percentage of MWNT inside polymeric PLA 

nanofibers to increase the conductance and produce a 

conductive scaffold. Dispersion and alignment of carbon 

nanotubes in electrospun nanofi bers has been shown in 

other polymer systems including poly(ethylene oxide) 
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and poly (acrylonitrile); however, the level of interaction 

between the MWNT and polymer has not been investigated 

for biocompatibility or use as a tissue scaffold (Dror et al 

2003; Gong et al 2005; Ayutsede et al 2006). In a previous 

study, we identifi ed processing parameters for the creation 

of electrospun nanocomposites with MWNT and validated 

the integration of MWNT into polymer nanofi bers. In this 

investigation our focus is to determine the efficacy of 

electrospun MWNT/PLA composite nanofi bers as a tissue 

scaffold with adipose-derived hMSCs; and evaluate their 

effects on hMSC viability, proliferation, and orientation on 

the electrospun scaffold. 

Materials and methods
Materials
Poly(L-D-lactic acid; PLA) with a molecular weight 

(M
w
) of 250,000 g/mol was obtained from Sigma-Aldrich 

(St. Louis, MO). PLA was solubilized in chloroform and 

dimethyl formamide (DMF) (Sigma-Aldrich) at a ratio of 

3:1, respectively. Multi-walled carbon nanotubes with a 

diameter of 15 ± 5 nm and length of 5–20 μm at 95% purity 

were obtained from Nano-Lab (Brighton, MA) and not 

further modifi ed. They were produced by plasma enhanced 

chemical vapor deposition using acetylene and ammonia with 

an iron catalyst and grown on a mesoporous silica substrate 

(Ren et al 1998). 

Electrospinning solution preparation
Multi-walled carbon nanotubes were sonicated at a con-

centration of 0.1 mg/mL in DMF with 1% Pluronic F127 

(BASF, Florham Park, NJ) using an Ultrasonic Model 2000U 

generator and needle probe at 25 Hz for 4 hours in an ice 

bath (Moore et al 2003; Monteiro-Riviere et al 2005). This 

produced a stock solution for MWNT incorporation into 

the solubilized PLA. 20 wt% PLA was solubilized in a 3:1 

ratio of chloroform and dimethyl formamide, respectively. 

Electrospun nanocomposites containing 0–1 wt% MWNT 

were produced for physical property analysis and 0 and 1 

wt% MWNT to test cell growth and viability.

Electrospinning apparatus 
The electrospinning apparatus included a programmable 

syringe pump (Model NE 500, New Era Pump Systems, 

Farmingdale, NY) and high voltage power supply (Model 

No. FC60R2 with positive polarity, Glassman High 

Voltage, High Bridge, NJ). The pump was operated at a 

fl ow rate of 100 μL/min with an electric fi eld of 1 kV/cm. 

Solutions were loaded into 10 mL syringes with luer-lock 

connections and used in conjunction with a 4 inch 20 gauge 

blunt tip needle. The design of the electrospinning set-up 

was based on a point-plate confi guration (Figure 1). Scaf-

folds for mechanical testing were deposited directly on a 

collector plate. Scaffolds for cell culture were deposited on 

polystyrene wafers placed on the plate. Electrospun scaf-

folds for cell culture were soaked in phosphate buffered 

saline (PBS) for 12 hrs to remove any residual solvent, 

sterilized in 70% ethanol for 1 hour, and rinsed again with 

PBS before seeding with hMSCs.

Electrospun scaffold characterization 
Fiber morphology of the electrospun samples was determined 

via scanning electron microscopy (SEM) (JEOL JSM-6400 

FE) operating at 5 kV. Electrospun samples were coated 

with Au-Pd at a thickness of 100 Å to reduce charging and 

produce a conductive surface. Digital images were captured. 

Transmission electron microscopy (TEM) (JEOL 100S) was 

performed with samples spun directly on a Cu 400 mesh 

grid coated with holey thin carbon fi lm. Micrographs were 

developed and digitally scanned. 

Tensile material property tests of electrospun nanocompos-

ites were performed with an Instron Model 5544 using the Blue-

hillTM Version 1.00 software on samples of 0–1 wt% MWNT 

at a crosshead speed of 2.00 mm/min. Scaffold thickness was 

approximated by averaging 10 measurements for each sample 

and cross-sectional area (A) was calculated as follows:

 A = t × w × v,  

where t is the thickness of the sample, w is the width, and v 

is the volume percentage of fi bers.

To determine porosity characteristics, scaffolds were 

imaged using SEM and imported into NIH Image JTM Soft-

ware (Bethesda, Maryland) where they were converted to a 

four pixel system and the void space calculated. Ten images 

of each MWNT wt% were analyzed.

Figure 1 Labeled schematic of the electrospinning apparatus used to produce the 
nanocomposite samples. 
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To determine electrical characteristics of the scaffold 

material, thin (~1 μm) fi lms were electrospun directly onto fl at, 

interdigitated electrodes on glass (fabricated by standard uv-

lithography). Interdigitated electrodes create an electric fi eld 

parallel to the surface and allow conductance measurements of 

fi lms grown between and above the digits. The electrodes had 

twenty-six fi nger pairs, with each digit 1 mm long, equal digit 

width and spacing (10 μm), and digit height of approximately 

1200 Å (125 Å chromium/1100 Å gold). External wires were 

connected to the electrode at two contact pads with conductive 

silver epoxy. Home-made triaxial cables connected the sample, 

which rested on a copper stage in a vacuum of ~1 × 10–7 torr, 

to a Keithley Model 6430 sub-femto amp remote source meter. 

Standard current-voltage sweeps before and after deposition 

were conducted (–10 V to 10 V in 0.1 V steps, 15 second delay 

after voltage changes) and the low-voltage linear region was 

fi t to determine the conductance. All blank electrodes showed 

similar curves with a measured conductance of ~1 × 10–15 S, 

which serves as the lower limit of our measurement range.

Human mesenchymal stem cell isolation 
and expansion
All protocols involving human tissue were approved by 

the Institutional Review Boards of the University of North 

Carolina at Chapel Hill and North Carolina State University. 

Excess adipose tissue from elective plastic surgery proce-

dures was obtained with donor consent. The hMSC isolation 

method was modifi ed from Gabbay and colleagues (2005). 

Approximately 50 grams of adipose tissue from a 50 year 

old Caucasian female was rinsed in phosphate buffered 

saline (PBS), minced with a scalpel, combined with 50 mL 

of 0.075% collagenase I (Worthington Biochemical Corp., 

Lakewood, NJ), 100 I.U. penicillin/100 μg/mL streptomycin 

(Mediatech, Inc., Herndon, VA) in alpha-modifi ed minimal 

essential medium (α-MEM with L-glutamine, Invitrogen, 

Carlsbad CA), and incubated at 37 °C on a rotator for 30 

minutes. 50 mL of hMSC growth medium (alpha-modifi ed 

minimal essential medium (α-MEM with L-glutamine, 

Invitrogen), 10% fetal bovine serum (Premium Select, Atlan-

ta Biologicals, Lawrenceville, GA), 100 I.U. penicillin /100 

μg streptomycin per mL, 200 mM L-glutamine (Mediatech, 

Inc.) was added, and the suspension was centrifuged for 10 

minutes at 10,000× g. The supernatant was discarded, and the 

hMSC-rich cell pellet suspended in 160 mM NH
4
Cl for 10 

minutes to lyse red blood cells. Unlysed cells were pelleted 

by centrifugation for 10 minutes at 10,000× g, and seeded 

in tissue culture fl asks (one 75 cm2 fl ask per 5 grams initial 

tissue) in hMSC growth medium. After 24 hours, cultures 

were washed with PBS to remove non-adherent cells and 

supplied with fresh growth medium. Cultures were passaged 

or cryopreserved at 80% confl uency. Re-seeding density was 

100,000 cells per 75 cm2 fl ask. Cells for this study were used 

at the third passage following isolation. 

Cell seeding
Third passage cells were grown to 80% confl uency, trypsin-

ized, and resuspended in growth medium. Circular electros-

pun scaffolds (approximately 1.76 cm diameter) were prewet 

with PBS and placed in multi-well tissue culture plates. 

50,000 cells in a volume of 100 μL were seeded onto each 

scaffold. The seeded scaffolds were incubated at 37 °C for 

30 minutes to allow the cells to adhere, then covered with 

2 mL growth medium. Medium was replaced every 3 days. 

At 1, 3, 7 and 14 days post seeding, scaffolds were removed 

for viability and proliferation analyses. Viability was de-

termined using a Live/Dead Assay Viability Cytotoxicity 

kit (calcein AM, ethidium homodimer-1) for Mammalian 

Cells (Molecular Probes, Eugene, OR) as per manufacturer’s 

instructions. Live and dead cells were imaged on the scaffolds 

using fl uorescent microscopy. Proliferation was determined 

by quantifying DNA using the DNA binding dye Hoechst 

33258 (Molecular Probes) in a microplate based format. For 

each time point, scaffolds with attached cells were digested 

overnight at 60 °C in 2.5 units/mL papain from papaya la-

tex in PBS with 5 mM EDTA and 5 mM cysteine HCl (all 

reagents from Sigma, St. Louis, MO), then assayed with 

Hoescht 33258 according to manufacturer’s instructions. 

For SEM, scaffolds were fi xed with Trump’s fi xative and 

stored at 4 °C. After all time points had been collected, scaf-

folds were dehydrated in increasing concentrations of ethanol 

of 50%, 70%, 95%, and 100% for 15 minutes each, then criti-

cal point dried (CPD) with CO
2
. After CPD, samples were 

sputter-coated with 200 Å Au-Pd then imaged with a JEOL 

JSM-6360 at 5 kV in secondary electron imaging mode.

Statistical analysis
Experimental results are expressed as mean ± standard 

deviation. All data were analyzed using ANOVA and Fisher’s 

LSD for multiple comparisons. Statistical signifi cance was 

accepted at a p-value < 0.05. 

Results
Scaffold characterization
SEM images of electrospun PLA with and without MWNT 

are shown in Figure 2. Nanocomposite fi bers had a markedly 
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smaller average diameter when compared with PLA without 

MWNT, 700 nm versus approximately 5–8 μm. Both scaf-

folds featured an interconnected porous network with an 

average porosity of 87% for all loading levels of MWNT 

in PLA, and 75% for pure PLA. Taking an average of ten 

measurements for each image, the void space represented 

74.85 ± 2% for pure PLA and 87.6 ± 2% for all MWNT load-

ing levels. TEM was used to visualize the interaction of the 

MWNT with PLA. Figure 3a shows a fi ber with an individual 

MWNT aligned with the long axis, and encapsulated by the 

PLA. Occasional fi bers with the MWNT incompletely en-

capsulated were also observed (Figure 3b). The fi bers shown 

are smaller than average to best visualize the MWNT. 

Young’s moduli of scaffolds with different wt% of 

MWNT was determined (n = 10; Figure 4). Inclusion of 

MWNT increased the modulus of the electrospun scaffolds, 

with 0.25 wt% MWNT giving the largest increase, from 

approximately 15 MPa to 55 MPa. 

Electrical conductance versus MWNT wt% for an 

approximately 1 μm thick sample with area of approximately 

0.5 mm2 is shown in Figure 5. By fi tting the data after Fourni-

er we obtain a percolation threshold of 0.32% (Fournier et al 

1997). An estimate of the conductivity above threshold based 

on the geometry of the system and an assumed value of 87% 

void space (13% fi ber) within the mat yielded a maximum 

conductivity on the order of 1E-3 S/cm. 

Cell/scaffold interaction
Cell studies were performed on electrospun PLA with 0 and 1 

wt% MWNT loadings. Fluorescent dyes were used to visualize 

live and dead cells on the scaffolds. Calcein AM stained the 

cytoplasm of live cells green, ethidium homodimer-1 stained 

Figure 2 SEM image of electrospun PLA, containing (a) 1 wt% MWNT and (b) 0 wt% MWNT.

100 nm

a b

100 nm

Figure 3 TEM images of electrospun nanocomposite, (a) showing MWNT alignment along fi ber axis and (b) showing MWNT entanglement.
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Young's Modulus of PLA Nanofibers vs. MWNT wt%
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Figure 4 Plot of the Young’s modulus of the electrospun fi brous mats by MWNT wt%; (n = 10), Error Bars = Standard Deviation where star indicates signifi cance p-value < 0.05.

the nuclei of dead cells red. The hMSCs were viable on PLA 

scaffolds both with and without MWNT throughout the culture 

period (14 days). Three scaffolds were examined at each time 

point, 1, 3, 7 and 14 days. A maximum of 10 dead cells was 

observed in any fi eld of view (ten fi elds viewed per scaffold). 

Representative images from cultures at days 1 and 14 are shown 

in Figure 6. Individual viable cells are visible in the images from 

day 1. Day 14 images show confl uent patches of viable cells. 

Similar patches were visible throughout the scaffolds. 

DNA was extracted from three scaffolds at each time 

point and quantitated (Figure 7), using triplicate samples. 

hMSCs proliferated during the entire culture period on both 

types of scaffold. The large increase in DNA from 7–14 

days is consistent with exponential growth of the cells. A 

signifi cant difference was observed between scaffolds with 

and without MWNT 1 wt% on day 14. 

SEM showed that the hMSCs  adhered and spread exten-

sively within 1 day of seeding (Figure 8). At 14 days, cells 

were confl uent on both types of scaffold. Cells on scaffolds 

with MWNT were aligned, whereas cells on PLA alone 

appeared to have a random orientation.

Discussion
In this study, we demonstrated that adipose-derived hMSCs 

adhered to and proliferated on nanocomposite scaffolds of 

electrospun PLA with 1% MWNT and that these scaffolds 

possessed enhanced conductive properties. 

Scaffold characterization
Electrospinning allows for the creation of unique structures with 

preferred morphologies on the nano-submicron scale. During 

electrospinning, fi ber formation must occur by identifying a criti-

cal concentration for the polymer solution that allows for chain 

entanglements to occur for each molecular chain. This has been 

reported by Shenoy and colleagues (2005) and we have affi rmed 

this concentration at 20 wt% PLA (Shenoy et al 2005). As shown 

in Figure 2, we are able to detail the porous nonwoven architec-

ture, which has been reported to be similar to the fi brillar nature 

of Type I collagen in vivo (Li et al 2006). With the addition of 

MWNT we observed that there was a tremendous decrease in 

fi ber diameter, possibly due to an increase in the charge density 

on the Taylor cone during electrospinning (Zeng et al 2003). 

Scaffolds with MWNT had an average 12% increase in porosity. 

Porosity is advantageous for cellular ingrowth by allowing 

for infi ltration via cell migration and attachment at multiple 

focal points. Transmission electron microscopy showed that 

the MWNT were dispersed within the nanofi bers and oriented 

along the axis of the fi ber (Figure 3). This incorporation has been 

theorized by others to result from the induced electric charge 

on the fl uidic polymer jet (Ko et al 2003). Figure 3a shows that 
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the carbon nanotubes are dispersed and aligned. However, in 

Figure 3b, the MWNT appear to be entangled; this could be due to 

the interaction with different segments via van der Waals forces. 

This entanglement could also be attributed to the length scale 

of the carbon nanotubes; as the carbon nanotube gets longer, it 

becomes more diffi cult to disperse due to a larger increase in the 

surface area. In general, the entanglement shown in Figure 3b 

occurred much less frequently, in 2 out of 10 fi elds of view, than 

the aligned fi ber orientation shown in Figure 3a.

Mechanical properties were determined with tensile testing. 

The failure strain of all samples was low, commonly between 

2%–4% strain. The fi bers in the breaking zone showed very little 

alignment before breaking, demonstrating their highly brittle 

nature. Previous work has shown that the fracture behavior 

of electrospun fi brous mats with carbon nanotubes undergoes 

similar crazing and rupture (Ye et al 2004). The large differences 

in Young’s Modulus appear to be from the carbon nanotubes 

not being completely dispersed in the polymer matrix, leading 

to a reduction in the load transfer effi cacy. This behavior has 

been detected previously in both unaligned and aligned elec-

trospun nanocomposites (Ayutsede et al 2005). In our study, 

a loading level of 0.25 wt% MWNT had the greatest effect on 

the mechanical properties of the nanocomposites by increas-

ing Young’s Modulus three-fold. The increase in modulus is a 

result of stress transfer from the matrix to the fi ller material. As 

previous investigators have reported, with MWNT present in a 

polymeric matrix, as the content of the fi ller is increased above 

a critical level, the MWNT aggregate and reduce the effective 

stress transfer resulting in a decreased modulus (Ko et al 2003; 

Gorga et al 2004; Dondero et al 2006).  

Composites made of an insulating matrix doped with 

an electrically-conductive fi ller often display percolation 

behavior as a function of dopant density (Stauffer et al 1992). 

Below a certain threshold the fi ller particles are isolated and 

thus no current fl ows. At threshold doping, a single perco-

lating path of dopant (MWNT) is formed and the sample 
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Figure 5 Conductance plot for mats spun from varying MWNT wt% in 20 wt% PLA solution. Two samples are represented at both 0.375 and 1 wt%. The mat conductance, 
G, is fi t after Fournier (1997) with log (G) = log (Gf) + [log (Gm) – log (Gf)]/(1 + exp[b(p – pc)]) where Gm and Gf are the matrix (polymer) and fi nal composite (maximum) 
conductance, p is the wt%, and pc the critical weight percentage for conductance. The parameter b determines the slope of the curve across the percolation threshold. We 
fi nd Gm = 2 × 10–15 ± 1 × 10–15 S (indistinguishable from the limit of conductance in our system), Gf = 9 × 10–5 ± 2 × 10–5 S, b = 53 ± 19, and pc = 0.32 ± 0.08%.
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Figure 6 Live/Dead images of hMSCs on electrospun PLA without MWNT (a, b) and with MWNT (1 wt %) (c, d) where green = live and red = dead cells (indicated by arrows).

exhibits a dramatically increased conductance. As the fi ller 

density further increases, additional paths contribute to the 

current until the majority of the sample volume is conducting. 

Above this saturation value, no further increase in conduc-

tance as a function of doping is observed. As can be seen 

in Figure 5, the PLA/MWNT scaffold system exhibited a 

dramatic percolation behavior accompanied by an increase in 

conductance of ten orders of magnitude. The critical weight 

percentage for percolation (0.3%) is much lower than the 

previous result (13.5%) for MWNT in PLA spin-coated fi lms 

(Zhang et al 2006). This low threshold value is consistent 

with the previous report of a critical weight percentage of 

<0.05% in a single fi ber (Sundaray 2006), indicating that such 

fi brous systems may require only minute doping to obtain 

signifi cant conductivity, thus minimizing carbon residue in 

scaffold applications (Sundaray et al 2006).

Human MSC/scaffold interaction
Scaffolds containing 0 wt% and 1 wt% MWNT were elec-

trospun, seeded with hMSCs and incubated for two weeks. 

Live/Dead staining was performed at 1, 3, 7, and 14 days 

throughout the experiment. Microscopy showed that hMSCs 

were able to grow and remain viable on the scaffolds up to 

14 days (Figure 6). The localization of cells can be attributed 

to the three dimensionality of the scaffold, resulting in the 

appearance of patches of cells in some planes of view. The 

hMSCs showed an increase in number at day 14.  However 

when viewing the number of cells throughout the course of 

the experiment, it was noted that there was an approximately 

equivalent number of hMSCs until day 7. Between days 7 

and 14, the hMSC numbers increased dramatically (Figure 8). 

By quantifying the amount of DNA present in each scaf-

fold, we were able to determine a signifi cant difference at 

day 14 between the PLA scaffolds with MWNT compared 

with PLA scaffolds alone (Figure 7). This difference could 

be attributed to the increased surface area due to the fi bers 

being considerably smaller (Figure 2). SEM images of cells 

at 14 days showed confl uent layers of cells with fi broblastic 

morphology (Figure 8). By imaging between two cells on 

this scaffold (Figure 9), we captured the interaction between 
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Figure 8 SEM image of hMSCs at Day 14, completely confl uent on the surface of the electrospun PLA with MWNT.
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the hMSCs and the nanofi bers. The cells appeared to be com-

pletely integrated into the structure of the scaffold, extend-

ing cellular processes into and around the nanofi bers. This 

interaction shows that the cells are able to not only become 

aligned on the scaffold, but that due to the difference in 

fi ber size, hMSCs are able to fully proliferate on electrospun 

nanocomposite fi bers. Further, a pronounced difference in 

cell morphology is apparent on the two different scaffolds: 

hMSCs were randomly situated on PLA alone, while they 

were aligned on PLA with encapsulated MWNT. This 

occurrence could be attributed to the nanostructured features 

of the scaffold with MWNT. The PLA/MWNT scaffold’s 

fi bers are considerably smaller in diameter and produce 

pores on the submicron-scale. As a result, the hMSCs are 

able to attach at multiple focal points on the surface of the 

scaffold. However, hMSC migration into the scaffold could 

be restrained due to the small pore size. In a recent report, 

cells seeded onto nanofi ber and microfi ber scaffolds led to 

similar cell behavior (Pham et al 2006). Our results show 

that the geometrical features of the scaffold, including fi ber 

diameter and pore size, can infl uence the orientation and 

infi ltration of hMSCs into the scaffold.

Conclusions
In this study, we have produced electrospun nanocomposites 

by encapsulating MWNT inside PLA nanofi bers with fi ber 

diameters on the average of 700 nm. The porous structure 

was validated by SEM. Integration of the MWNT into the 

nanofi bers was confi rmed by TEM. With only minute dop-

ing of MWNT, the conductivity of the scaffold increased 

by approximately ten orders of magnitude. Fluorescence 

microscopy indicated adipose-derived hMSCs were viable 

in and on the nanocomposite scaffolds for up to two weeks 

in culture, and that they proliferated through day 14. The 

hMSCs formed a confl uent three-dimensional construct. With 

the addition of MWNT in the PLA scaffold, SEM revealed 

a preferential alignment and orientation of the cells on the 

scaffold. In conclusion, this work has shown that with the 

addition of MWNT to electrospun PLA fi bers, we are able 

to reduce the fi ber diameter, increase the conductivity of the 

scaffold, and potentially provide a functional composite for 

tissue engineering.
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