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ABSTRACT 

 
Carbon nanotubes (CNTs) are of interest for 

biological and medical applications. The applications of 
carbon nanomaterials have tremendous potentials for them 
as substrates of cell cultures, drug delivery systems, and 
medical implantable materials. However, little is known 
about the impact of CNTs on cellular processes such as 
adhesion, proliferation, and differentiation. We 
hypothesized that augmenting the properties of naturally 
derived polymers (collagen, in this study) through 
incorporation of multi-walled CNTs (MWCNTs) might 
enhance in vitro osteogenic and osteoblastic differentiation 
of mesenchymal stem cells (MSCs). We used reconstituted 
Type I collagen and several different types of MWCNTs 
(MWCNT-COOH, MWCNT-OH, MWCNT-long and 
MWCNT-short). MSCs were incorporated at the time of 
scaffold preparation, creating a living-tissue analog 
consisting of cells embedded in a MWCNT-collagen 
scaffolds. MSCs were isolated from rat femur. When 
osteoprogenitor cells (or pre-osteoblast cells) reach 
confluence, the cell culture media was replaced with 
differentiation media containing 10 mM of β-
glycerophosphate, 50 μg/ml of ascorbic acid, and 10 nM of 
dexamethasone. The cell proliferation, differentiation, 
mineralization and inflammatory response of MSCs were 
evaluated in the MWCNT-Collagen scaffolds. Alkaline 
phosphatase (AP) and mineralization of extracellular matrix 
(ECM) were monitored as osteoblastic and osteogenic 
differentiation markers. AP activity was increased as cells 
were differentiated. AP enzyme activity was significantly 
increased 12 days after replacement with differentiating 
media in the presence of MWCNT-Collagen scaffolds. The 
collagen interaction with MSCs enhanced AP activity, and 
MWCNTs induced further increase in AP activity. 
MWCNT-collagen scaffolds-induced AP activities were 
dose independent. The MWCNT-Collagen scaffolds 
showed different level of energy, but favorable energy 
conformations suitable as polymeric cages and scaffolds. 
This study showed the possibility of enhancement in MSC 
differentiation in the MWCNT-Collagen scaffolds.  
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1 INTRODUCTION 
 

CNTs and other carbon nanomaterials are of interest 
for biological and medical applications because of their 
high chemical durability, mechanical strength and electrical 
properties [1-5]. Mooney et al.  recently reported the 
synergy of the unique properties of CNTs with the 
remarkable potential of human mesenchymal stem cells 
(hMSC) [6]. CNTs will provide an exciting opportunity for 
novel therapeutic modalities. However, little is known 
about the impact of CNTs on cellular processes such as 
adhesion, proliferation, and differentiation, especially 
MSCs differentiation. Our study was spurred by the 
following several questions: 

 
1. How CNT-based materials affect cellular 

processes (e.g. renewal, metabolic activity, and 
differentiation) of MSCs? 

2. Which stage of osteogenesis is more affected by 
CNT-based materials? 

3. Does this addition of CNTs into naturally derived 
polymers result in creating stiffer environment in 
which osteoprogenitor cells may prefer to be 
differentiated into osteocytes? 

 
To address the above issues, in situ microscopic 

observation of cultured cells on CNTs is required to 
evaluate the cellular and physiological properties during 
cellular processes such as adhesion, proliferation, and 
differentiation. However, those CNT-based substrates were 
black and had low optical transparency. Therefore, 
conventional optical microscopic observation of the 
cultured cells on the CNT-based substrates is quite difficult. 
The MWCNTs were strongly entrapped by collagen and the 
composite showed high mechanical strength and good 
optical transparency [7].  

Carbon nanotubes (CNTs) may induce nanodcale 
variation in the native extracellular matrix and may provide 
a new opportumity in the design of new biomaterials for 
tissue engineering. In this study, we created and 
characterized MWCNT-composite materials with the use of 
reconstituted Type I collagen and several different types of 
MWCNTs.  Importantly, MSCs was incorporated at the 
time of scaffold preparation, creating a living-tissue analog 
consisting of cells embedded in a collagen–CNT matrix. 

NSTI-Nanotech 2010, www.nsti.org, ISBN 978-1-4398-3415-2 Vol. 3, 2010230



We hypothesized that augmenting the properties of 
naturally derived polymers (collagen, in this study) through 
incorporation of CNTs might enhance in vitro osteogenic 
and osteoblastic differentiation of MSCs. Our results 
indicated that the level of differentiation of MSCs was 
significantly enhanced in different sizes and types of 
MWCNTs-collagen scaffolds.  

 
2 MATERIALS AND METHODS 

 
2.1 Isolation of Mesenchymal Stem Cells 

MSCs used in this study were isolated from rats 
femurs. The rat femurs were removed under aseptic 
conditions and the connective tissue was excised.  The 
epiphyses were removed from the femurs and the cavity 
was washed twice with phosphate buffered saline (PBS) 
solution with 1% penicillin/streptomycin to remove bone 
marrow.  The solution was centrifuged at 1000 rpm for 10 
minutes, and the PBS was extracted. The cells were 
resuspended in Dulbecco’s Modified Eagle’s Medium 
(DMEM) with other supplements: 10% fetal bovine serum 
(FBS), 5 ml of penicillin/streptomycin, and 1 ml of 
amfotericin.  Most of our cells were at or between 
osteoprogenitor and pre-osteoblast stage. The primary cell 
culture was grown in a 35 mm2 Petri dish, and incubated at 
37°C and 5% CO2. The MSCs can be differentiated to the 
osteoblastic phenotype by addition of 10 mM of β-
glycerophosphate, 50 μg/ml of ascorbic acid, and 10 nM of 
dexamethasone to the previously described media [8]. The 
differentiating media was added to MSCs at approximately 
90% confluence because there is a significant reduction in 
proliferation as these cells become differentiated.  
Experiment was run in triplicate.  Cells were incubated at 
37°C and 5% CO2 for 7-16 days.   

 
2.2 MWCNTs-collagen composite materials 

The fixed concentration of collagen Type I 
(1mg/ml) were mixed with MWCNTs. The MWCNTs were 
used in this study include MWCNTs, MWCNTs-OH, 
MWCNTs-COOH, with two different sizes (OD:20-30nm. 
Length: 0.5-2.0µm, 10-30µm). MSCs were seeded on the 
different types of MWCNTs-collagen scaffolds. 

 
2.3 Cell proliferation measurement 

Cellular DNA concentration from cell lysate was 
measured using the Picogreen dsDNA bioassay kit 
(Invitrogen, CA). 

 
2.4 Cell differentiation measurement 

Alkaline Phosphatase concentration from cell lysate was 
measured using chemiluminesce by adding 100 µl of CSPD 
substrate to 20 µl of sample. 

2.5  Ab Initio Parameterization/ Empirical 
Optimization.  

1. The atomic partial charges first derived based on ab 
initio electrostatic potential energies (ESP) calculated for a 
set of model compounds representing the molecular class to 
be parameterized. The electrostatic potential (ESP) energy 
surfaces were calculated with the optimized structures for 
each of the molecules at the HF/6-31G level. 
2. The charge bond-increment parameters, äij, were derived 
by fitting to the ab initio electrostatic potentials using a 
constrained-fit scheme. 
 
- Normally, the electrostatic potentials were sampled by 
500-1000 grid points (depending on the size and symmetry 
of the molecules) laid evenly on 8-10 extended van der 
Waals surfaces separated by a 1.0 Å interval.  
- Many valence parameters of the present force field were 
transferred from the PCFF force field and CFF development 
method.  
- The ab initio data include total energies and first and 
second derivatives of the total energies for the model 
compounds in the training set. The optimized ab initio 
charge parameters were fixed during this step.  
- To complete the functional terms, vdW parameters were 
also transferred from PCFF and fixed. Details of the 
parameterization of the valence parameters using ab initio 
data can be found in previous publications. 
- The optimized charge and valence parameters, was 
subjected to empirical validation and modification. Since 
most parameters (valence force constants and cross-
coupling terms) were well defined using the ab initio data, 
only a few parameters were subject to modification.  
 

Interpretation:  The valence parameters validation 
based on the following intramolecular properties: molecular 
structures, molecular dipole moments, vibration 
frequencies, and conformational energies. On the isolated 
molecules, full-energy minimization was calculated using a 
general Newton-Raphson algorithm. 
 

3 RESULTS 
 

Interaction Energy for CNT-Polymer Scaffolds 
 

Potential energy evolution during 10-100 psec of filling 
simulation showed consistent behavior (Figure 1, top) while 
their interaction energy evolution showed gradual decrease 
(Figure 1, bottom). Current preliminary analysis was done 
for well known industrial polymers (PANI, PP, PS, and 
PE). PGA behavior was quite similar to collagen. The 
MWCNT-Collagen scaffolds showed different level of 
energy, but favorable energy conformations suitable as 
polymeric cages and scaffolds (data not shown). 
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Figure 1. Potential Energy and Interaction Energy for 
CNT-polymer Scaffolds.  
PS: Polystyrene, PP:Polypropylene, PE: polyethylene, and 
PANI: Polyaniline. 
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Figure 2. The effect of MWCNT-collagen scaffolds on 
MSCs differentiation. Concentrations of MWCNT-COOH 
was varied on the fixed concentration of collagen (1mg/ml). 
* significantly different than day0 control (p<0.05).  # 
significantly different  than plastic and collagen control at 
day 16 (p<0.05).  
 

When osteoprogenitor cells (or pre-osteoblast 
cells) reach confluence, the cell culture media was replaced 

with differentiation media containing 10 mM of β-
glycerophosphate, 50 μg/ml of ascorbic acid, and 10 nM of 
dexamethasone. AP activity was increased as cells were 
differentiated.  AP activity was significantly increased 12 
days after replacement with differentiating media in the 
presence of MWCNT-Collagen scaffolds. Collagen 
enhanced AP activity, and MWCNTs induced additional 
increase in AP activity. MWCNT-Collagen scaffolds-
induced AP activities were not dose dependent (Figure 2) 
 
MSCs Differentiation on different Types of Scaffolds 

 

0

0.003

0.006

0.009

0.012

0.015

plastic collagen CNT‐long CNT‐short OH‐long OH‐short COOH‐long COOH‐short

A
P 
co
nc
en

tr
at
io
n 
(u
ni
ts
/m

l)

Different scaffold

day0

day4

day8

day12
#

#
*

#
*

#
*

#
*

#

 
Figure 3. The effect of  MWCNTs-collagen  scaffolds on 
MSCs differentiation. Different types of MWCNT at 10 
ppm on the fixed concentration of collagen. * significantly 
different than day0 control (p<0.05).  # significantly 
different  than plastic and collagen control at day 16 
(p<0.05). 
 

MWCNTs-collagen scaffolds significantly enhanced 
the MSCs differentiation, especially at 10ppm. All types of 
MWCNT-collagen scaffolds induced the higher level of 
MSC differentiation, compared to controls (Figure 3).  
 
MSCs Proliferation on Scaffolds  
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Figure 4. The effect of MWCNTs-collagen scaffolds on 
MSCs proliferation. Different types of MWCNTs at 10 
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ppm on the fixed concentration of collagen (1mg/ml). * 
significantly different than day0 control (p<0.05).  

 
MWCNTs-collagen scaffolds didn’t significantly 

affect MSCs proliferation (Figure 4). 
 

MSCs Morphology on Scaffolds  
 

We observed no significant difference in morphology 
before and after differentiation. Initial aggregation between 
MSCs and MWCNTs was observed, but gradually 
disappeared. 
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Figure 5. Morphological changes in MSCs on plastic 
(top), collagen (middle) and MWCNT-collagen scaffolds 
(bottom).  
 

4 DISCUSSION 
 

MWCNTs could enhance the differentiation of MSCs 
in MWCNT-collagen scaffolds. In the previous study, cell 
proliferation, differentiation, and mineralization of MSCs in 
the presence of CNTs only [9]. However, effects of 
MWCNTs on MSCs’ differentiation were modified in the 
presence of collagen and MWCNTs augmented the 
mechanical and physical properties of collagen in the 
direction of increasing cellular prosperities of MSCs. 
Different size and functional groups of MWCNTs-collagen 
scaffolds did not significantly affect significant the level of 
AP expression, but preliminary energy simulation data for 
SWCNTs-other polymers indicated a possibility that further 
investigation on chirality of different function groups on 
MWNTs-collagen will provide the information how 
different functional groups influence the interaction energy 
between MWCNTs and collagen.  

 
The potential energies during simulations remain 

constant independent of polymer nature in PE, PP, PS, 
PANI polymers while interaction energy of SWCNT-
polymer chain interaction decreases. This behavior shows 

influence of aromatic chains. However, other factors of 
temperature, nanotube diameter, π- π* interactions and 
chirality also influence the potential and interaction 
energies. The decrease in interaction energy is an indicator 
of favorable CNT conformation that may affect cell 
proliferation, differentiation and mineralization in MSCs. 
Further analysis for the mechanical property, aromaticity 
and chirality of MWCNT-collagen scaffolds will be 
required to correlate the changes in chemical and physical 
properties of scaffolds with the changes in biological 
properties such as proliferation, differentiation, and 
mineralization in MSCs. 
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