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Basic	  principles	  of	  Tissue	  Engineering	  



How we may mimic natural tissue? 
 

Three	  main	  simuli	  

Topological	  

Mechanical	  Biochemical	  



What is a scaffold? 
Polymeric structure topogically well-defined and 
modulating biochemical and mechanical signals typical 
of natural tissue, i.e. a 3D structure which 
supports 3D tissue growth 
 	  



What are the features of  
an ideal scaffold? 

•  Biocompa7ble,	  cell	  adhesive,	  bioerodable	  
and	  bioac&ve	  

•  Mechanical	  proper7es	  similar	  to	  those	  of	  
natural	  7ssue	  

•  Op7mal	  meso,	  micro	  and	  nano	  pores	  
•  Well-‐defined,	   or	   quan&fiable	   topology	   at	  
meso-‐	  micro-‐	  and	  nanoscales	  



Designer or Random? 



Biochemical stimuli in scaffolds 
•  Synthetic biomaterials 

with ligands 

•  Natural biomaterials 

•  Decellularized Tissue 

Even-‐Ram	  s	  et	  al,	  Matrix	  Control	  of	  Stem	  Cell	  Fate,	  Cell.	  Volume	  126,	  Issue	  
4,	  25	  August	  2006,	  Pages	  645–647	  	  



Methods for generating MS 
stimuli in scaffolds 





Additive = rapid prototyping 

3D	  object	   Triangle	  
and	  vertex	   Toolpath	  

FreeCAD	   FreeCAD	  
(MeshLab)	   Slic3r	   Printrun	  

to	  3DP	  

CAD	  FILE	   STL	  FILE	   GCODE	  



Designer Scaffold 

Three main groups: 

o  laser systems 

o  nozzle based systems 

o  direct writing systems 

Materials?	  
Speed?	  
Price?	  
Fidelity?	  



Pressure Assisted Microsyringe 
 (PAM) 

Software 

Syringe 
design 

PAM system 

Software 

Vozzi,	  	  Previ&,	  De	  Rossi,.	  Tissue	  Engineering,	  8,	  34,	  2002.	  Vozzi	  ,	  Flaim,	  Ahluwalia,	  Bha&a	  ,	  Biomaterials,	  24,	  
2533,	  2003	  

Regulated	  air	  flow	  

Materials?	  
Speed?	  
Price?	  
Fidelity?	  



Scaffolds with PAM 

	  	  
Vozzi	  	  et	  al,	  JBMRA,	  71A,	  326,	  2004.	  
Mariani	  et	  al.,	  	  Tissue	  Eng.	  12,	  	  547,	  2006.	  	  
Bianchi	  et.	  Al.	  	  JBMR	  81,	  462,	  2007.	  
	  	  
	  

Materials?	  
Speed?	  
Price?	  
Fidelity?	  



Piston Assisted Microsyringe 
 (PAM2) 

Plunger	  driven	  

	  Vozzi,	  G.,	  Tirella.	  A.,	  Ahluwalia,	  A.,	  Computer-‐Aided	  
Tissue	  Engineering,	  Springer	  (2010);	  Tirella,	  De	  Maria,	  
Vozzi,	  Ahluwalia	  Rapid	  Prot.	  J	  (2012);	  Tirella,	  Orsini,	  
Vozzi,	  Ahluwalia	  	  Biofabrica&on	  (2009),	  	  

Materials?	  
Speed?	  
Price?	  
Fidelity?	  



The PAM2 system 

•  4	  Posi7on	  controlled	  
brushless	  motors	  (resolu7on	  
of	  10	  µm	  ±	  1	  µm)	  

•  Working	  space	  100×100×80	  
mm	  

•  Working	  velocity	  1-‐15	  mm	  
·∙s⁻¹	  

•  Design	  of	  z-‐stage	  to	  locate	  
several	  modules	  

The PAM2 system 

Robo7c	  3	  axis	  microposi7oner.	  	  

ü  PAM	  
ü  PAM2	  
ü  Diode	  laser	  
ü  Temperature	  control	  
ü  PAM2	  sohware	  

Materials?	  
Speed?	  
Price?	  
Fidelity?	   Tirella,	  De	  Maria,	  Vozzi,	  Ahluwalia	  Rapid	  Prot.	  J	  (2012);	  	  



Smart-tunable modular  
scaffolds... 

	  



Penelope Ink-Jet printer 

Materials?	  
Speed?	  
Price?	  
Fidelity?	  



μLaser	  System	  

CAD/CAM system, 3-axes control of: 

•  position, ±25 mm; 

•  velocity, 0-4.5 mm/s; 

•  resolution, 1 µm; 

•  accurancy and repeatability. 

•  Thulium laser (1920 nm wavelength, 2W 

emission power): 

•   Control of power emission 

•  Layer-by-layer processing. 



μLaser	  Structures	  

20	  %	  PCL	  x-‐y	  velocity	  1,25	  mm/s	  	   20	  %	  PCL	  x-‐y	  velocity	  2,15	  mm/s	  	   20	  %	  PCL	  x-‐y	  velocity	  3,34	  mm/s	  	  

20	  %	  PLGA+	  1.25%	  carbon	  black	  	  
	  x-‐y	  velocity	  1,25	  mm/s	  	  

20	  %	  PLGA+	  1.25%	  carbon	  black	  	  
	  x-‐y	  velocity	  2.15	  mm/s	  	  

20	  %	  PLGA+	  1.25%	  carbon	  black	  	  
	  x-‐y	  velocity	  3.34	  mm/s	  	  

60	  μm	  
60	  μm	  

60	  μm	  

60	  μm	  



μLaser	  Structures	  

20	  %	  PLGA+	  1.25%	  carbon	  nanotubesk	  	  
	  x-‐y	  velocity	  1,25	  mm/s	  	  

20	  %	  PLGA+	  1.25%Carbon	  nanotubes	  
	  x-‐y	  velocity	  2.15	  mm/s	  	  

1	  %	  Agarose	  	  
	  x-‐y	  velocity	  3.34	  mm/s	  	  

60	  μm	   60	  μm	  

60	  μm	  



Indirect Rapid Prototyping  
(iRP) 

•  Molds	  realised	  with	  RP	  devices	  
(CAD/CAM)	  

•  Cas7ng	  of	  the	  desired	  (bio-‐)	  
material	  

•  Extrac7on	  of	  the	  final	  object	  
DW	  Hutmacher	  et	  al.,	  Trends	  in	  Biotechnology,	  22(7):
354	  –	  362,	  2004	  

Materials?	  
Speed?	  
Price?	  
Fidelity?	  

Advantages?	  
Limita7ons?	  



+	  Open	  source	  FDM	  machine:	  	  
RepRap	  Project	  
•  RepRap	  is	  first	  general-‐purpose	  self-‐replica7ng	  
manufacturing	  machine.	  

•  An	  open	  source	  project	  with	  several	  forks	  



Electrospinning 

Price?	  
Materials?	  
Speed?	  
Repea&bility	  ?	  



Vozzi G. et al, Mol Biotechnol. 2012 Feb;50(2):99-107. 

Chemical	  Gradient	  Concentra7on	  



 

!

! 100#µm#

Chemical	  Gradient	  Concentra7on	  



PCL             
(Mn= 80,000;      
Tm = 57.5°C;     
ΔHm = 84 J/g) 

-  Dint = 500-2000 µm                 
- Wall Thickness= 50-200 µm 

-  Dint = 300-450 µm                       
- Wall Thickness= 300-400 µm 

PU                                                
(Mn= 77,300; 
Tm = 59.8°C; 

ΔHm = 1.6 J/g  ) 
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Produc7on	  of	  Hollow	  Fibers	  



!
Fluorescence	  microscopy	  images	  of	  NOBEC-‐GFP	  cells	  (3	  days	  in	  vitro)	  on	  PCL	  films	  (A,	  B)	  and	  aher	  
nuclear	  DAPI	  staining	  (C,	  D).	  DAPI	  staining	  binds	  strongly	  to	  DNA	  and	  it	  is	  useful	  to	  label	  cell	  nuclei.	  DAPI	  
staining	  can	  be	  used	  to	  visualize	  cells	  during	  mitosis	  phases	  (indicated	  by	  red	  arrows).	  

Produc7on	  of	  Hollow	  Fibers	  



!

Confocal	   imaging	   of	   regenerated	  
nerve	  fibers	  inside	  the	  PCL	  guides	  
immunolabelled	   with	   the	   axonal	  
marker	   an7-‐NF-‐200kD	   an7body	  
(A)	  and	   the	  Schwann	  cell	  marker	  
an7-‐S100	   an7body	   (B);	   bright	  
field	   (C)	   and	   merge	   (D).	   Nerves	  
were	  withdrawn	  six	  months	  aher	  
reconstruc7on	  of	  a	  1.5	  cm	  gap	  in	  
the	   rat	   median	   nerve.	   The	  
presence	   of	   a	   fasc ic le	   of	  
regenerated	   fibers	   in	   the	   inner	  
part	  of	  the	  conduit	  can	  be	  clearly	  
detected.	  Bar	  indicates	  200	  μm.	  

Produc7on	  of	  Hollow	  Fibers	  



!

Higher	   magnifica7on	   confocal	  
imaging	  of	  regenerated	  nerve	  fibers	  
inside	   the	   PCL	   guides	   (6	   months	  
postopera7ve	   aher	   1.5	   cm	   gap	  
repair	   in	  the	  rat	  median	  nerve):	   (A)	  
An7-‐NF-‐200kD	   (axonal	   marker)	  
immunolabelling;	   (B)	   An7-‐S100	  
( S c h w a n n	   c e l l	   m a r k e r )	  
immunolabelling;	   (C)	   Bright	   field;	  
(D)	  
Merge.	   The	   advanced	   matura7on	  
stage	   of	   nerve	   fibers	   formed	   by	  
axons	   (green)	   surrounded	   by	   glial	  
sheaths	   can	   be	   detected.	   Bar	  
indicates	  10	  μm.	  	  
	  

Produc7on	  of	  Hollow	  Fibers	  



Results	  of	  in-‐vivo	  implanta7on	  of	  PCL	  hollow	  fibers	  	  
Electromyographic	  analysis	  

Methods:               
3 surface e lectrodes 
connected to BIOPAC 
System to meausure the 
difference of potential 
induced in muscle fibers 
after phyiscal stimulation.  

PCL Hollow Fiber 

Healthy Limb 

 polylysine 

Regeneration of pereonal nerve of Wistar rats at 6 months 

Gelatin 



Regenerated	   nerves	   w i th in	   the	  
polymeric	   scaffold	   (a,c,e)	   and	   distal	  
stumps	   (b,d,f)	   at	   30	   (a,b),	   60	   (b,c)	   and	  
1 6 0	   d a y s	   ( d , e )	   a h e r	   s u r g e r y .	  
Regenerated	   nerve	   are	   composed	   of	  
numerous	   small,	   7ghtly	   packed	   fibers	  
with	  a	  thin	  myelin	  sheath.	  Medium	  fibers	  
are	  evident	  at	  60	  days	   (c)	  and	  scaqered	  
large	   fibers	   are	   evident	   at	   160	   days	   (f).	  
Numerous	   small	   caliber	   blood	   vessels	  
are	   also	   evident	   in	   a.	   Mul7focal	  
regenera7ng	   fibers	   are	   evident	   in	   distal	  
stumps	   in	   each	   groups	   (arrows).	  
Moderate	  endoneurial	  fibrosis	  is	  evident,	  
associated	   with	   mul7focal	   axonal	  
degenera7ons	  (f).	  Bar=	  30	  µm	  (a);	  15	  µm	  
(c,d,e);	  8	  µm	  (b,f).	  	  



In addition, non-Newtonian approach was used in defin-
ing the component of extra stress sxx and syy. Phan-Thien
equations were selected to model the viscoelastic fiber spin-
ning. The equations were

Ksyy1k vf
dsyy

dy
22ð12vÞsyy dvf

dy

! "
52Gk

dvf
dy

(9)

Ksxx1k vf
dsxx

dy
1ð12vÞsxx dvf

dy

! "
52Gk

dvf
dy

(10)

parameters v and k were related to viscous shear thinning
and stress relaxation time. During simulation process, they
were iterated. The parameter K was mostly affected by
material shear modulus G and it was equal to:

K5exp
E
G

2sxx1syyð Þ
! "

(11)

E was a model parameter related to stress saturation at
high extension rates. Also this value was initially iterated. By
solving the Eqs. (2)–(11), values of di and do along 10-cm
threadline (distance between the die and winding-up roller
collector) could be predicted. Model inputs were the polymer
flow rate mp (based on velocity of extruder), air flow rate ma

(based on the air pressure reading) and winding roll speed
(based on a tachometer present on the windup roll collector).
In addition, in the simulation program, the velocity of fiber was
set to maximum value after reaching windup roll collector.

Intuitively, an increase of air pressure resulted in larger
OD and ID, as experimental and modelled data confirmed
[Figure 1(b)]. For the OD and ID measurements, each data
point was the average of five diameter measurements; the
standard deviation of each point was around 20–60 mm.

The influence of winding-up roll speed on OD and ID for
three different air pressure values was compared with
model predictions [Figure 1(c,d)]. The differences between
model and experimental results were due to shear modulus
and extra stress led to difference of linear velocity between
screw extruder and windup roller. These stresses were pro-
portional to velocity difference; therefore, fiber diameter
that windups with higher velocity resulted in smaller
dimension. The relative error of estimated dimension as

function of air pressure and winding-up roller speed are
listed in Table I. Here, the dimensions were referred to aver-
age of inner and outside diameter.

Geometrical characterization of composite hollow fibers
Some examples of composite hollow fibers made of CNT/
P3HT and CNT/PCL are reported in Figure 2(a,b), respec-
tively. From optical analysis the average inner and outer
diameters of hollow fiber were evaluated and listed in
Table II, where also modelled data are reported. The air
pressure was set-up to 0.15 bar, velocity of extruder was
10 mm/s, the winding-up roller at 7 rpm.

Tensile test
The tensile properties of fabricated hollow fibers are
reported in Table III. Tensile moduli of composite hollow
fiber were higher than that of pure PCL. For the composite
structures with 1 wt % and 3 wt % nanotubes, tensile mod-
ulus was almost 1.2 and 1.3 times respectively. In addition,
lower elongation to break was indicated with the addition
of 3 wt % CNT [Figure 3(a)]. It suggested that the increase
of nanotubes concentration caused significant increase of
stiffness, as demonstrated by ANOVA test performed on
elastic moduli data (p<0.05).

Similarly, elastic modulus of P3HT/PCL hollow fiber also
indicated a slight increase with the addition of 5–8 wt %
P3HT fillers (Table III). However, tensile strength observa-
tion confirmed that addition of P3HT effectively affected on
stiffness of P3HT/PCL hollow fibers. The failure tensile
stress of 8 wt % PH3T decreased greatly compared with
that 5 wt % P3HT [Figure 3(b)].

Moreover, elastic modulus of doped P3HT/PCL tubes
was 178.267 MPa. This value was higher than that of same
sample before doping process. This result suggested that
the fiber started to losing its elasticity after doping and

TABLE I. Relative Error of Model in Predicting Dimension
of PCL Hollow Fibers

Winding-Up
Roller Speed
(RPM)

Relative Error (%)

p 5 0.15 bar p 5 0.30 bar p 5 0. 50 bar

3 9.91 27.25 26.57
4 27.25 14.31 13.21
5 15.62 12.55 3.40
6 13.38 10.10 5.15
7 7.14 9.34 2.45
8 4.19 6.69 7.66
9 3.65 5.72 5.04
10 6.27 5.35 6.88

FIGURE 2. (a) Cross section of CNT/PCL hollow fibers with different
dimension and (b) hollow fibers made of PCL, P3HT/PCL, and
CNT/PCL.
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culture (Figure 5). Our results showed that cells were able
to proliferate on those conductive materials, with an
increase in their number during time [Figure 5(b)]. Hence,
it was clear that the biocompatibility of CNT/PCL scaffolds
was not as good as pure PCL and to glass coverslip: from
Figure 5(b) it is possible to note that after 2 days in culture
cells proliferated significantly better on 3 wt %. CNT com-
pared with 1 wt %. CNT. Importantly, we showed that both
5 wt % P3HT/PCL and 8 wt % P3HT/PCL composites were
permissive toward cell growth, with no significant difference
among structures [Figure 5(c)]. This was the first evidence
of the biocompatibility of this conductive material toward
neuronal cells.

Neurite extension
SH-SY5Y neuroblastoma cells were analysed after 2 days in
culture in growth medium and after 1 week in differentia-
tion medium. Contrary to undifferentiated condition, differ-
entiation medium was efficient to induce neurite outgrowth
on cover glass [Figure 6(a)]. We also evaluated if conductive
composites had any effect in changing neurite outgrowth by
following variation in neurite length marked by immunoflu-
orescence of synaptophysin, an established neuronal differ-
entiation marker.59 Unfortunately, given the strong
autofluorescence of P3HT composites60 and its dense rough-
ness and composition, any information could be obtained
nor with immunostaining neither with histological assays,
and information on neurite extension could be obtain from

CNT composites. Despite neurite length was reduced on PCL
compared with glass coverslip, we observed that for both
CNT concentration neurite length was significantly increased
compared with pure PCL, and there was no significant dif-
ferences between 1 wt % compared with 3 wt % [Figure
6(b,c)]. Those results are in accordance with other work,
showing that nanotubes permitted neuronal differentiation
and facilitate neurite outgrowth.61,62

DISCUSSION

Electrically active biomaterials can be divided in three main
classes: (1) polymers with a quasi-permanent surface
charge (electrets); (2) polymers that generate an electric
charge upon applied mechanical stress (piezo-electrics); (3)
conductive polymers. In this study, we characterized and
tested conductive polymers hollow fibers composed of
CNT/PCL or P3HT realised using melt spinning technique.
The dimensions of these fibers were mainly tuned setting-
up air pressure and velocity of the collecting roller. These
results were also confirmed by a developed 2D model,
whose predictions are in good agreement with experimental
data (see Table I).

The largest difference between the model and the data
occurred for the low winding roller velocity (3–4 rpm). This
was due to the relatively high vibration of winding-up roller
motor at low rpm, while the model simulation is more pre-
cise at winding-up rolling higher than 6 rpm. This result
indicated that at these winding-up roller velocities there
was a synchronization with extrusion velocity. Hence, in this
case the drag forces were more accurately evaluated. Alto-
gether, the development of this model helped us in the opti-
mization of the working parameters of spinneret system
having a reduction of working time and costs.

The inclusion of fillers, both CNTs and P3HT, influences
the mechanical properties of hollow fibers. The tensile test
showed that CNTs composite hollow fibers were stronger
and stiffer than PCL hollow fiber, indicating that increase of
nanotubes concentration caused significant increase of stiff-
ness. Moreover, our data have a good match with similar
composite based on PCL and CNT63 and PCL and P3HT.64

Both composite systems especially for P3HT system after

FIGURE 3. Stress–strain graphs of (a) CNT/PCL (b) P3HT/PCL hollow fibers.

TABLE IV. Mechanical Model of Composite PCL Hollow Fiber

Hollow Fiber

Elastic Modulus (MPa)

Measured
Voigt
Model

Reuss
Model

Halpin-Tsai
Model

PCL 145.8 6 3 – – –
PCL 1 CNT 1% 172.4 6 8 1714.5 146.9 180.7
PCL 1 CNT 3% 194.2 6 9 4851.6 148.8 251.4
PCL 1 P3HT 5% 161.0 6 9 167.5 146.7 152.3
PCL 1 P3HT 8% 167.4 6 2 180.4 146.7 156.1
PCL 1 8wt %

P3HT doped
178.2 6 7 192.3 147.2 166.3

ORIGINAL RESEARCH REPORT
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GaIazzo	  et	  al,	  J	  Biomed	  Mater	  Res	  B	  Appl	  Biomater.	  2014	  Oct	  3	  
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chemical doping process presented a lower elongation
break. This reduction in tensile strength could be attributed
to an increase in the frequency distribution of defects asso-
ciated with the PH3T that initiated the failure. The random,
but well-dispersed distribution of fillers in PCL was appa-
rent in tensile fracture surfaces. The primary cause for the
reduced tensile strength could be attributed to the poor
interfacial bonding between the fillers and the matrix.

The mechanical behaviour of composites was explained
using composite mathematical models: the most accurate
description was given by Halpin-Tsai model.

Halpin-Tsai equation was based on the assumption that
stress transfer between polymer matrix and nanotube was
perfect. The difference in elastic modulus of composites was
interpreted as difference due to interfacial interaction. As
nanotubes content in polymer matrix increases, more inter-
section between CNTs were formed. Therefore it was
assumed that the interfacial stress was transferred to the

nanotubes at all, hence reinforcing the polymer matrix. The
mismatch between modelled and measured values could be
due to several reasons. The models discussed here have been
mainly developed for metal or ceramic matrix composites
and assume linear elasticity of the matrix, whereas PLC,
being a polymer, has a viscoelastic nature. Also, the reinforce-
ment for both models was assumed having a ellipsoidal
shape, whereas CNTs had hollow fiber shape. Furthermore,
Voigt and Halpin-Tsai models gave plausible estimation for
P3HT/PCL composites. The ellipsoidal shape of P3HT glob-
ules apparently fulfilled the basic assumption of models.
Hence, much lower errors were achieved in this case.

The evaluation of conductivity of these samples showed
an increase factor of 10,000 at 3 wt % CNT concentration;
whereas an increase factor of 1000 was achieved by 8 wt %
P3HT/PCL composites (after chemically doping process). The
amount of additive to turn a material from isolating to con-
ducting is often called percolation threshold. The percolation
theory predicts when a critical concentration is reached to
form physical pathways through a volume that is filled with
conductive filler. The relationship between the composite
conductivity r and the concentration (p) above the percola-
tion threshold (pc) can be described by a scaling law65–67:

r a r0ðp2pcÞt for p > pc (17)

where r0 is a constant parameter and t the critical exponent
that is dependent on dimension of lattice.

FIGURE 4. Impedance (a) magnitude and (b) phase profiles of CNT/PCL hollow fiber and (c) magnitude (d) phase profiles of P3HT/PCL hollow
fiber.

TABLE V. Conductivity of Realised Hollow Fibers

Hollow Fiber Conductivity (S/m)

PCL 8.3 6 0.1 3 1026

PCL1 CNT 1% 6.6 6 0.3 3 1024

PCL1 CNT 3% 4.3 6 0.2 3 1022

PCL1P3HT 5% 3.2 6 0.2 3 1025

PCL1P3HT 8% 6.1 6 0.2 3 1023

PCL 1 8wt % P3HT doped 1.0 6 0.2 3 1022

8 GATTAZZO ET AL. REALISATION AND CHARACTERIZATION OF CONDUCTIVE HOLLOW FIBERS
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adhesion and proliferation. Our results indicate that CNT/
PCL composites were permissive toward cell adhesion and
proliferation but with lower rate compared with PCL alone.
These results are in accordance with other works on com-
posites made of collagen or polyethyleneimine (PEI) and
CNTs, were the presence of CNTs tended to cause a
decrease in neuronal cell metabolic activity and adhesion
compared with the control.70,71 Anyway, we did not detect
strong differences between the concentration of the conduc-
tive material used and the proliferation rate. Only at 2 days
of culture we observed an increased cell adhesion on 3 wt
% CNT compared with 1 wt % CNT may be possibly corre-
lated to an increase of surface roughness in the samples
with higher concentration of CNT,63 that could confirm the
established correlation between cell adhesion and sub-
strates surface roughness, with increased cell adhesion ratio
with increased surface roughness.72,73 Nevertheless there
was no difference in cell number at day 7, confirming that
concentrations higher than 2 wt % MWNTs have poor
effects on cell proliferation.73,74 Importantly both CNT poly-
mers were effective in increasing neurite length compared
with control, but despite an increased conductance level of
3 wt %, the neurite length was not significantly different
from 1% CNT.

Between conductive polymers, oxidized polypyrrole
(PPy) has been the most thoroughly investigated for use in
biological systems.75 Several theories have been proposed

to explain enhanced neurite outgrowth seeded on PPy sub-
strate upon its electrical stimulation, including the possible
electrophoretic redistribution of cell surface receptors and
altered adsorption of adhesive proteins.76 Considering this
hypothesis, it is possible that the increased mechanical
properties of 3% CNT/PCL could negatively influence neu-
rite elongation capabilities, as it was shown that neurite
extension increases on softer substrates.77,78 Relative the
use of P3HT porous fibers for nerve regeneration, our pre-
liminary results indicate that this polymer is compatible to
neuronal cell growth. To our knowledge this is the first evi-
dence of this material biocompatibility on this kind of cells.
Preliminary results conducted by Scarpa79 have shown that
P3HT-coated glass substrate were not biocompatible toward
fibroblasts culture alone, instead better results could be
obtain thanks to the presence of functionalized coatings
without affecting its electrical and conductive properties.
Our results confirmed that, despite the low biocompatibility
of P3HT alone, the combination of P3TH blended with bio-
compatible PCL polymer and the presence of poly-lysin
coating could facilitate neuronal cell proliferation. Our
results show that these materials are promising for the use
in nervous regenerative medicine, as it has recently found
that these materials are biocompatible with human bone
marrow derived stem cells (BM-MSC)80 and are potential
novel material in the field of skin regeneration and wound
dressing if conjugated with opportune growth factors.64

FIGURE 6. (a) Representative images of SH-SY5Y cells stained with synaptophysin (green) after 1 week in culture with retinoic acid (RA) on (1)
cover glass, (2) PCL 1 1 wt % CNT, and (3) PCL 1 3 wt % CNT. Nuclei were stained with DAPI. Scale bar 5 50 mm. (b) Quantification of neurite
length by tracing method. Data are shown as mean 6 s.e.m. of three independent replicates. *Significance against glass * at p <0.05; $ Signifi-
cance against PCL at p< 0.05 (ANOVA test). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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