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ABSTRACT 
 
A method based on the conventional lithographic 

technique combined with the Layer-by-Layer (LbL) 
assembly process is applied to the construction of free-
standing micro- and nano-structured matrixes. The method 
enables a controlled shaping and a considerable chemical 
and mechanical stability of the self-assembled monolayers, 
allowing for high reproducibility in manufacturing. The 
matrixes are characterized by a controlled geometry, 
surface topography, and chemical composition. The 
complete architecture is made up of successive layers of 
intercrossed carbon nanotubes that self-assemble into 
orderly structures. In addition, we report preliminary results 
from studies of cell growth on constructed matrixes. Results 
demonstrate that osteoblast cells respond to surface 
nanotopography based on MWNTs with excellent adhesion 
and spreading.  
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1 INTRODUCTION 
 
The rapidly increasing fields of tissue engineering and 

nanotechnology and their confluence, is a trend offering the 
promise to address fundamental questions in biomedical 
research and improve human health. But the convergence of 
these fields is currently limited because it is not fully 
understood how living cells and tissues are constructed so 
that they possess incredible organic properties, including 
their ability to grow, proliferate and self-heal. All tissues of 
the human body contain differentiated cells living in an 
extracellular matrix (ECM) exquisitely designed by nature. 
These matrixes contain nano- and micro-fibers, nano- and 
micro-crystals, proteins and biopolymers. The nanoscale 
architecture of these matrixes is critical for the proper 
functioning of each specialized tissue. So far, the material 
science has not been able to construct man-made materials 
that mimic native tissue nanofeatures or to design 
nanodevices to control and/or manipulate cells selectively. 
To accomplish this, it must be first necessary to uncover the 
underlying design principles that govern how cells and 
tissues form and function as hierarchical assemblies of 
nano- micrometer-scale components. 

Therefore, the understanding of the biomechanical 
behaviour of cells in relation to a physical support for in 
vitro cell culture is fundamental for the design of man-made 
extracellular matrixes having well-defined topography 
(geometry and surface roughness), as well as for the 
selection of suitable biocompatible materials.  

One of the most promising material types for the 
development of matrixes at the nano-scale are carbon 
nanotubes. Due to their unique properties: high mechanical 
strength, excellent flexibility and low density, carbon 
nanotubes are attractive for the design of lightweight, high-
strength materials such as bone. Thus, carbon nanotubes 
have been tested in fiber-reinforced composite materials 
comprising a collagen matrix with embedded CNTs (1). 
Other composites consisting of blends of polylactic acid 
and carbon nanotubes are used to expose cells to electrical 
stimulation promoting the osteoblast function (2). 
Furthermore, the potential of nanotubes to mimic the role of 
collagen as the scaffold for growth of hydroxyapatite in 
bone has been proposed by Robert Haddon (3). 

In this study we present a technique to construct 
nanotube/polymer-based matrixes with a controllable 
porous structure and well-defined topography comprising 
biomimetic design characteristics. Moreover a favourable 
interaction between these matrixes with human osteoblast 
cells was demonstrated via scanning electron microscope. 
The morphology, adhesion and proliferation of osteoblast 
cells were evaluated.  
 

2 EXPERIMENTAL SECTION 
 
Materials. Silicon substrates were obtained from 

CEMAT Silicon, Germany and cut into pieces 1.5 х 5cm2. 
Polystyrene spheres (Ps) with a diameter of 1.71µm (CV = 
2.2%) were purchased from microParticles GmbH. Multi-
walled carbon nanotubes, (CVD method, purity > 95%, 
diameter 10-20nm, length 1-20µm), were obtained from 
NanoLab (Boston MA). Branched polyethyleneimine (PEI, 
Mw = 700 000), poly(styrenesulfonate) sodium salt (PSS, 
Mw = 70 000) were obtained from Aldrich and used as 
received.  

MWNTs oxidation. Carbon nanotubes were oxidized by 
the following procedure (4). A 16mg of MWNTs were 
sonicated for 2h in 80mL of a mixture of H2SO4/HNO3 
(3:1). Then the sample was washed with a dilute NaOH 
aqueous solution and subsequently washed 3 x with water 
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by centrifugation/redispersion cycles. Finally, the MWNTs 
were dispersed in water, obtaining a stable dispersion of 
oxidized MWNTs with carboxylic groups, providing a 
negative surface charge. 

Preparation of MWNTs free - standing matrixes. 
Silicon substrates were cleaned in a solution of H2O2/ 
H2SO4 (1:4 by volume) for 10 min then rinsed in DI water 
and dried in air stream. Subsequently, polystyrene solution 
(300 mg of latex in 4 ml of chloroform) was deposited in a 
spin coating process on silicon substrates. Coating was 
performed at 2850 rpm and gave 2.5µm films thickness. 
Additionally, substrates covered with AZ1518 were 
exposed to ultraviolet (UV) lamp acting. The aim was to 
facilitate the lift-off of the LbL assembly in formed layers. 

The polystyrene particles monolayer was deposited on a 
substrate prepared in this way. Colloidal crystals were 
fabricated using a nanosphere lithography technique 
described in detail elsewhere (5).  

The LbL assembly composites were prepared with an 
automatic dipping machine (Dipping Robot DR3, Kirstein 
GmbH, Germany). The silicon slides already covered with 
a monolayer of microparticles were arranged vertically in a 
custom holder, which was immersed in a first 
polyelectrolyte solution (PDDA, 1mg/mL, containing 0.5 M 
NaCl). The slides were subsequently rinsed successively in 
three different beakers, containing deionized water, for 5, 2 
and 1 min respectively. They were then dipped into 
MWNTs solution followed by the same rinsing procedure. 
After every fifth deposition cycle, a layer of MWNTs was 
replaced with a layer of PSS (1mg/mL, containing 0.5 M 
NaCl). A deposition time of 10 min was used for 
polyelectrolyte, and 20 min for MWNTs. All obtained 
MWNTs/polyelectrolyte multilayers films had the structure 
[(PEI/MWNTs)5(PEI/PSS)]n. 

After depositing an appropriate number of layers, the 
films were peeled off from the silicon substrates resulting in 
free-standing matrixes. To separate multilayers films from 
the underlying substrate, it was necessary to immerse the 
samples into tetrahydrofuran (THF) for 5 min. The samples 
were then washed in deionized water. The final step was the 
removal of the polystyrene through THF treatment. Even 
though THF is a very powerful solvent, polystyrene debris 
can remain attached to the surface. To overcome this 
problem, the reactive ion etch (RIE) process was employed. 
The RIE was performed in an oxygen atmosphere with the 
addition of argon. The flow rate ratio was controlled by 
changing the flow rate of each gas, while the total flow rate 
held constant at 20sccm. The total gas pressure was 100 
mTorr and input power 80 W. 

Cell culture. Human osteosarcoma cell line CAL-72 
(DSMZ no.: ACC 439) was purchased from DMSZ 
(German National Resource Centre for Biological Material, 
Braunschweig, Germany). The CAL-72 cells were cultured 
in Dulbecco’s Modified Eagle Medium with GlutaMAX™, 
4500 mg/L D-glucose and sodium pyruvate (DMEM, 
Gibco), supplemented with heat inactivated (30 min at 56°C 
in a water bath) 10% foetal bovine serum (FBS, Gibco), 1 

X Insulin-Transferrin-Sodium Selenite Media Supplement 
(Sigma), 100 U/mL penicillin and 100 µg/mL streptomycin 
(Penicillin-Streptomycin, Gibco), in a humidified, 37°, 5% 
CO2/95% air environment. 

Seeding of CAL-72 cells. First the matrixes were 
sterilized with UV light (30 min) and moved to 
conventional 6-well culture plates. To investigate the cells 
growth on the substrate, CAL-72 cells were trypsinized, 
counted and seeded onto the arrays at a density of 2000 
cells/cm2 substrate surface. The cells were allowed to grow 
under standard cell culture conditions (i.e. in a humidified, 
37°, 5% CO2/95% air environment). After the 3 d and 7 d 
incubation periods, the osteosarcoma cells were fixed for 
the observation with the scanning electron microscopy. 

Scanning electron microscopy for cell morphology. 
Prior fixation cells were washed once with Earle’s buffered 
saline solution (EBSS, Gibco) and fixed with 2,5% 
glutardialdehyde (50% solution in water, Merck, Germany) 
buffered in 0.1M cacodylate (Carl Roth, Germany), pH 7.4, 
for 2 h at 4 °C. After washing in 0.1M cacodylate buffer 
(10 min x 3), samples were dehydrated through a series of 
ethanol concentrations (30%, 50%, 70%, 80%, 90%, 95%, 
each 15 min), followed by further dehydration (30 min x 3 
in 100% ethanol). The final dehydration was done in 
hexamethyldisilazane (Carl Roth, Germany) for 1 h, 
followed by air-drying over night under the hood. The 
samples were coated with a 5 nm gold layer prior analysis 
in the LEO Supra 55 SEM (Zeiss, Germany). 

3µm 

Figure 1: Digital camera picture of typical polystyrene 
mask used as a template for CNTs deposition. Inset reveals 
SEM image of hexagonally packed monolayer of latex 
spheres. 
 

3 RESULTS AND DISCUSSION 
 
Construction of the matrixes. The method used 

throughout this work is based on the self-organization of 
colloidal particles. This method affords the production of a 
hexagonally packed (hpc) monolayer of latex spheres. For 
instance, to fabricate 1.5 x 5cm2 samples with well-ordered, 
2D periodic areas of latex spheres, we used a procedure 
published recently (5). Figure 1 shows SEM images of the 
ordered crystals with a sphere diameter of 1.71µm. With 
the obtained masks it is possible to use them as templates 
for the assembly of MWNTs.  
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Figure 2. SEM images of polystyrene particles coated with one (A), four (B), and ten (C) layers of carbon nanotubes. All
images correspond to the same sample. 

The growth of the PEI/MWNTs multilayer film was 
examined using SEM microscopy. The image (Figure 2) 
shows that after the first layer deposition, MWNTs follow 
the morphology of the sphere monolayer; thereby 
maintaining the 2D ordered structure (6). As a 
consequence, the deposition process leads to the formation 
of a layer with a well-defined nanotopography.  This layer 
possesses a sufficient depth to wrap the entire surface 
around the spheres. In addition, only a few of the carbon 
nanotubes provide bridge connections between 
neighbouring spheres. As confirmed by SEM images 
(Figure 2c), MWNTs bridge connections increase with 
growth in PEI/MWNTs multilayers. After the tenth CNTs 
layer, the gaps between the spheres are fully covered. 

The LbL-assembled MWNTs films were lifted off from 
the substrate through chemical delamination (7) and 
subsequently dry, transfer, and finally cut it into pieces of 
desired size or wrap it around a solid substrate. The 
thickness of the free-standing films was determined from 
SEM images and was found to be 3.00µm for n = 30.  

Figure 3: Scanning electron micrographs of free-standing 
films with (A) “nano-donut” structure, and (B) “porous 
membrane” structure. 

 
Figure 6 shows the influence of the precursor layers on 

the topography of the film side, which was attached to the 
template. A photoresist layer spin-coated on the silicon 
substrate contributed to the creation of ordered rings or so-
called “nano-donuts” (Figure 3A). One explanation is that 
these “nano-donuts” are occurring as a direct result of the 
annealing process, which causes a mobilization of particles 
from the infrastructure into the photoresist layer. Chemical 
delamination, using tetramethyl ammonium hydroxide 
(developer AZ 726), results in photoresist film dissolution 
and separation of LbL composite from silicon substrate. 

After the AZ 726 treatment Ps particles are still covered 
with a thin layer of photoresist film with the exception of a 
small part that protruded out of the photoresist layer. 
Subsequently this part is exposed to the action of THF. As 
etching proceeds, it moves deeper into particles and finally 
reaches the bottom. The inset in Figure 3A shows that once 
this process is completed, an array of circular orifices are 
etched into all particles, which in turn are surrounded by a 
thin shell of the photoresist film.  

In the case of polystyrene layer, the resulting 
nanostructure differs from the “nano-donut” structure 
described above. As shown in Figure 3B, THF etching 
completely removed both the latex particles and the 
polymer precursor layer, but left a very thin polyelectrolyte 
membrane, which was created due to the infiltration of the 
polyelectrolytes.      

Despite THF treatment, the removal of the 
polyelectrolyte membrane was not possible. To dislodge 
residual material from the surface, the reactive ion etch 

Figure 4: SEM images showing the morphological changes 
on the film surface after 02 +75% Ar (A), 02 +50% Ar (B), 
02 +25% Ar (C), 02 (D) reactive ion etch process. Scale bar 
200nm. 

B A 

 
process (RIE) was used. For this part of the work, we use 
the mixture of oxygen and argon with the total flow rate 
held constant at 20 sccm. The etch rates were determined 

C    D 

A B 

1µm 1µm
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by controlling the structure changes of film after 40s of 
etching.  

Scanning electron micrographs during various stages of 
02 and 02 + Ar are shown in Figure 4. Optimal etch 
conditions for which a residue-free nanostructure was 
obtained were found for 02 flow rates equal 20 sccm 
(Figure 4D). Moreover, as the same image revealed, the 
RIE process induces morphological changes affecting the 
cavities surface. The originally smooth surface disappeared 
and was replaced with a completely rough one with the 
carbon nanotubes sticking out at random. A detailed 
examination of these exposed MWNTs indicates that 
oxygen plasma not only removed polymer residue but also 
the superficial polyelectrolyte layer. Figure 4D also 
indicates that the MWNTs can withstand the etching 
process, which leaves them practically undamaged (8). 
 

 
Cells Cultures on the Matrixes. 
 
The matrixes characterized by control geometry and 

surface topography made up of successive layers of 
intercrossed carbon nanotubes have an interesting features 
(Figure 5) for the studies of cells interactions and 
biocompatibility of MWNTs for cells growth. As a model 
cell line we chose the cultures of human osteosarcoma cell 
line CAL-72. Cellular attachment and growth were 
monitored by SEM microscopy.  

Figure 5. SEM image of a final CNTs-based matrix 
obtained after RIE process. 

 
Our observation reveals that osteoblast-like cells respond 

to surface nanotopography with excellent adhesion and 
spreading. They coat the matrix surface very densely 
(Figure 6A), which should be considered as a preliminary 
indication of biocompatibility of the matrixes. Moreover 
cells form extended stress elongations (Figure 6B), which 
indicates that they do sense the substrate both chemically 
and topologically. 
 

4 CONCLUSION 
 
In this paper, attention has been focused on the 

preparation of CNTs-based matrixes for investigation of the 
cell-nanotopography interactions. Their biocompatibility 
was demonstrated for human osteoblast cell cultures. 

Preliminary effect of the matrix architecture on the cells 
proliferation was observed.  

 

30 µm

A 

1 µm

B 

Figure 6. SEM image of human osteoblast cells cultured 
onto a nanostructured substrate (A). High magnification 
image of cells in contact with a nanotopography surface 
(B). 
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