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Abstract

We have synthesized and characterized polypyrrole/sodium nitrate (PPY/NaNO;) membranes that can be used as substrate to support human
endothelial cell proliferation. Furthermore, the mechanism of electrical transport in this system is examined in the temperature range 13—300 K
before it could be used as a substrate for human endothelial cell growth. The polymer membrane reported here is biocompatible in nature and
therefore, it is envisaged to be highly useful for the growth and development of bioartificial organs. This has a great potential in the context of

medical biotechnology.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The electronic properties of conjugated polymers have ac-
quired a growing importance in many areas of modern chemis-
try, biotechnology and physics of condensed matter. There exist
numerous applications [1,2] of conjugated polymers which
depend upon the tailoring of its appropriate properties for a par-
ticular application. In view of the wide-ranging applications,
a considerable attention has been paid to the polypyrrole family
of polymers, prepared by electrochemical and chemical oxida-
tion method [2]. Polypyrrole (PPY) has been extensively inves-
tigated [2,3] because it is relatively stable, simple to produce,
has good mechanical strength and high conductivity. It can
be synthesized to contain a variety of (poly)anions. Previous
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studies [4—8] have identified PPY as a novel substrate for the
support of mammalian cell growth indicating thereby a po-
tential utility of this polymer as a “Smart Biomaterial”’. The
electrostatic interaction between the negatively charged de-
oxyribonucleic acid (DNA) and the positively charged PPY
surfaces has been investigated [9]. Recently, a conductive pol-
ypyrrole modified microelectrode for selective amperometric
detection of nitrate in a flow injection system has been devel-
oped [10]. It is evident from literature [7,11] that polypyrrole
composites can be used to support nerve cell growth, neurite
extension, coating of vascular stents and other prostheses. Of
special interest, is the use of this polymer in tissue engineering
[12]. The design of a wide array of surgical implants, artificial
organs and wound closure devices is critically dependent on
available biomaterials [4—8]. This has evoked our interest to
synthesize and characterize polypyrrole/sodium nitrate (PPY/
NaNO3) membranes for its use as substrates to support human
endothelial cell proliferation. In spite of the extensive studies
[2,3,13—15] on conducting polypyrrole and its composites to
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improve the material quality and to understand the physical
processes in this system, no report about the electrical transport
mechanism of PPY/NaNO; membrane and human endothelial
cell proliferation exists in the literature. We report here the
mechanism of electrical transport in PPY/NaNO; membrane
to ascertain that the same may be used as a substrate for human
endothelial cell growth. To this end, the dc conductivity of this
membrane has been investigated in the temperature range
13—300 K and the biomedical application of the membrane
is highlighted.

2. Experimental

Electrochemical polymerization of PPY/NaNO; [PPY "(NO3 )]
membranes was carried out under constant current of 0.5 mA/
cm? for 25 min in a single compartment cell on 2.5 x 4 cm?
platinum plates as electrodes at 273 K in an inert atmosphere.
Reagent grade pyrrole (M/S Fluka Chemie A. G.) was doubly
distilled before use. The concentration of pyrrole and the sup-
porting electrolyte NaNO; (BDH, E. Merck, India) was 0.1 M
and 0.8 M, respectively. The synthesis of the membrane was
confirmed by obtaining Fourier transform infrared (FT-IR)
spectrum, recorded on a Perkin—Elmer Model-2000 Optica-
spectrometer. Atomic force microscopic (AFM) analysis was
carried out using a Digital Nanoscope II scanning probe micro-
scope in contact mode to determine the surface roughness and
homogeneity of the PPY H(NO3) film. For the surface morphol-
ogy investigation, scanning electron micrograph (SEM) of the
samples was obtained using a scanning electron microscope
Model LEO S440. Four dots of gold having 2 mm diameter
were vacuum evaporated on the samples for the measurement
of dc conductivity. The dc conductivity was measured in the
temperature range 13—300 K by four probe technique in a
Cryocooler (APD Model Displex DE 202) fitted with a Temper-
ature Controller model 9650 (Scientific Instruments) by using
Keithley’s 224 Constant current source and 181 Nanovoltmeter.

Human endothelial cell line (ECV304) obtained from Amer-
ican type culture collection (ATCC, Rockville, MD) was used
in this study. The cell lines were maintained in RPMI (Sigma)
supplemented with 10% fetal calf serum (FCS) and 1%
antibiotic (penicillin/streptomycin) in disposable culture flasks
(T25 and T75) at 310 K in 5% CO,. Cells were passaged at
4 day intervals. Stock cells were trypsinized and suspended at
10° cells/ml in the medium. Autoclaved polypyrrole/sodium
nitrate composite membranes were placed in six well culture
plates and then 1 ml of the stock cell culture (containing
1 x 10° cells) and 4 ml of media were added on top of these
membranes. Cells were allowed to grow for 72—96h at
310 K in a CO, incubator. As the membranes were opaque,
the adhesion and growth of the cells were observed through
a fluorescent microscope by placing the membrane on a slide
and adding 100 pl of fluorescent dye (fluorochrome) on the
surface of the membrane. Photographs were taken on Nikon
Microscope Alphaphot-YS fitted with automatic photo micro-
graphic camera system FX 35 WA using Agfa ortho film (25
ASA) under 100x magnification.

3. Results and discussion

Fig. 1 shows the Fourier transform infrared (FT-IR) spec-
trum of PPY"(NO3) membrane prepared electrochemically
and washed thoroughly with de-ionized water after removal
from the electrolytic cell. The observed prominent vibrational
bands and their assignments are given in Table 1. In general,
it is difficult to characterize anion bands due to overlapping
of strong absorptions of oxidized polymers and solvents
[13(a)]. The low absorption bands at 680 and 613 cm ! are
due to C—H and N—H out of plane bending of pyrrole moiety
in PPYT(NO3), respectively [13(b)]. The bands due to C=C
and C=N stretching at 1547 and 1185 cm™', respectively, in
PPY *(NO3) arise due to vibrational mode of respective bonds
of oxidized pyrrole moiety. The broad bands at 1309 and
1380 cm ™' arise due to mixed bending and stretching vibra-
tions associated with C—N bond of oxidized pyrrole ring and
N—O bond of nitrate (NO3) moiety, respectively [13(c)]. The
bands at 1475, 1042 and 794 cm ™! arise due to C—C stretching
vibration, C—H deformation and C—H wagging vibrations,
respectively. Fig. 2(a) shows the three-dimensional surface
topography of PPY"(NO3) membrane. From AFM analysis,
we found that the surface roughness of this membrane to be
~0.1 £ 0.01 nm. It also revealed that the polymer membranes
were homogeneous with respect to the surface roughness
(Fig. 2(a)). It is worthwhile to mention here that the surface
roughness (~0.140.01 nm) of PPY"(NO3) membrane is
best suited for the seeding and proliferation of human endothe-
lial cell. Scanning electron micrograph (Fig. 2(b)) of the
polymer membrane shows a morphology akin to cauliflower
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Fig. 1. FT-IR spectrum of PPY"(NOj3) composite membrane.

Table 1
Band assignment of FT-IR spectrum of PPY"(NO3) membrane

Sr. no. Band assignment Wave number (cm™)
1 C=C (pyrrole ring) vibrational mode 1547
2 Cc—C 1475
3 N-O 1380
4 C—N (stretching mode) 1309
5 C=N 1185
6 C—H (deformation) 1042
7 C—H (wagging) 794
8 C—H (out of plane bending) 680
9 N—H (out of plane bending) 613
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Fig. 2. (a) AFM surface topographs, (b) SEM surface micrographs of
PPY"(NO;3) composite membrane.

as reported earlier [14]. The morphology was found to be quite
uniform and dense. Thus, the physical character of the
PPY " (NO3) surface was akin to and well suited for cell attach-
ment as reported earlier in the case of polypyrrole—heparin and
ethylene—vinyl alcohol copolymers [15,16].

Fig. 3 shows the variation of measured dc conductivity (oq.)
as functions of (a) 1000/T, (b) T~"2, (¢) T~"? and (d) T~"* in
the temperature range 13—300 K for PPY(NO3) film. The
room temperature dc conductivity (o4.) and activation energy
(En) of PPYT(NO3) film were ~10S/cm and ~0.029 eV,
respectively. Conductivity was found to decrease with the
decrease in the temperature (Fig. 3(a)) as it has been observed
in many other conjugated polymers [3,17,18]. It is evident
from this figure that the temperature dependence of o4 does
not follow an Arrhenius-type of behavior. Such a behavior
of o4 is generally believed to be associated with the localized
nature of the charge carriers in conjugated polymers as visual-
ized by Mott’s variable range hopping (VRH) model [19]. In
this case, the variation of electrical conductivity as a function
of temperature can be described by this formula:

. aoexp{_ (g)} (1)

where the exponent n is connected with the dimensionality.
Here, n is 1/2 for one-dimensional, 1/3 for two-dimensional
and 1/4 for three-dimensional variable range hopping
transport. For three-dimensional variable range hopping
(3D-VRH) transport, T, and o are given [3,19—21] as

2ol

To = 2

* " kgN(Er) @)
and
0o = €’R*vy, x N(E) (3)
where

9 1/4

R={— 4

Here T is the characteristic temperature, g is the conduc-
tivity at infinite temperature, e is the electronic charge, vy, is
the phonon frequency (~10'* Hz), R is the average hopping
distance between the two sites and A is the dimensionless con-
stant and is assumed to have a value ~18.1 [3]. a(=1/r},) is the
coefficient of exponential decay of the localized states in-
volved in the hopping process whereas kg is the Boltzmann’s
constant and N(Eg) is the density of states at the Fermi level.
The average hopping energy W is given by

3
W= 47tR3 x N(Eg) (5)

The temperature dependence of dc conductivity as a func-
tion of 72, 7713 and T (Fig. 3(b—d)) demonstrates that
the log o4. versus T~ '/* plot, corresponding to the 3D-VRH
transport as suggested by Mott [19], gives most linear behavior
(~0.99942 — see Fig. 3(d)) over the whole temperature range
of investigation. Therefore, it is envisaged that the hopping
conduction of 7~ type may dominate the electrical transport
mechanism in PPY"(NO3) films and, accordingly, different
Mott’s parameters have been evaluated by using Egs. (2)—
(5). The value of T, has been estimated from Fig. 3(d) and
found to be ~1.05 x 10°> K. The calculated values of N(Eg),
R and W are ~7.41 x 10> cm > eVl 4.866 x 10~% cm and
0.028 eV, respectively, obtained after assuming a reasonable
value [20] of o '=3A. The magnitude of the value of
N(EF) is consistent with the values obtained earlier for other
conjugated polymers [3,17,18,20,21].

The activation energy (E4), evaluated from log g4, versus
1000/T plot (Fig. 3(a)), is shown as a function of temperature
in Fig. 4(a). The temperature dependent activation energy [21]
shows that the band conduction model is inadequate to explain
the conductivity of PPY "(NO3) films. The plot of log E ver-
sus log T (Fig. 4(b)) represents a straight line. From the slope
of this straight line, we have estimated the value of n to be 1/4.
The temperature dependent activation energy (Fig. 4(a)) sug-
gests that the variable range hopping can also be qualitatively
explained if hopping of polarons is considered. It has been
suggested [21,22] that for an ordered material having



R. Singh et al. | Polymer 47 (2006) 6042—6047

(a)

12
1.0 -
0.8
0.6
0.4
0.2
0.0
02 (™
_0_4 _. | |
-06 —. | |

0.8 .

1.0- .

12 ]

b7 T T T T T T
0O 10 20 30 40 50 60 70 80

1000/T (K ")

log o4 (S/cm)
| |

1.0 4
0.8
06
04
02
0.0
-0.6 4
1.2
/i -

log 64 (S/cm)

T
0.25 0.30
T-1/3 (K -1/3)

T T T
0.20 0.35 0.40 0.45

6045

log 64 (S/cm)

-14 T T T T T T T T
0.10 0.15 0.20

T-1/2 (K-1/2)

0.30

log 64 (S/cm)
o
o
1

1.2
sl

T T T T T T T T T T T T
032 036 040 044 048 052

T—1/4 (K —1/4)

Fig. 3. Plots of log o as functions of (a) 1000/T, (b) T~"2, (c) T~ and (d) T~ in the temperature range 13—300 K.

polaronic conduction the multi-phonon processes are gradu-
ally replaced at lower temperatures by the processes in which
the only contribution to the jump frequency of the polaron is
due to single optical phonon absorption and emission. The
variation of activation energy for such a process is given
[21,22] by
Eg _ EA{tanh(hw0/4kBT)} (6)
(hwo/4kgT)
where i = hi2Tt, wg = 27y, E is the room temperature acti-
vation energy evaluated from Fig. 3(a) and E} is the activation
energy calculated at different temperatures using Eq. (6). The
theoretical plot of the right hand side of Eq. (6) is shown by
a solid line in Fig. 4(a) assuming the characteristic phonon fre-
quency vy, ~ 10" Hz. The polaronic hopping conduction can
give a temperature-independent activation energy where the
multi-phonon process dominates. However, the temperature
dependent activation energy (Fig. 4(a)) rules out the above

possibility confirming the applicability of Mott’s 3D-VRH
conduction mechanism in this system. Therefore, we may con-
clude that the 3D-VRH conduction dominates the electrical
transport mechanism in PPY"(NO3) films confirming the val-
idity of the analysis carried out by using Mott’s VRH theory
[19].

Studies were carried out to see the seeding and proliferation
of endothelial cells on PPY(NO3) membranes which showed
sign of apoptosis within 24 h of seeding these cells on the
membranes (Fig. 5(a)). This is evident by the presence of ap-
optotic bodies around many cells and they maintained their
round shape similar to post trypsinized state. They were also
sluggish in sticking to the surface and in attaining their normal
multi-polar shape. However, after 24 h, 20—25% of the cells
started adhering to the membrane surface and in 48—72h
they attained their usual multi-polar shape and started dividing
(Fig. 5(b)). At different points on the surface, a clump of cells
was divided and grew horizontally and vertically in 72—96 h.
We did not grow these cells beyond 96 h. However, these
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Fig. 4. (a) Activation energy (E,) derived from Fig. 3(a) plotted as a function
of temperature in the range 13—300 K. The solid line shows the calculated
activation energy Ea using Eq. (6) and (b) the plot of logEs versus
logT in the temperature range 13—300 K. The solid line corresponds to
T’”“, slope n=1/4.

observations prove that the endothelial cells can be grown on
the surface of these membranes for a longer period of time to
achieve full confluency. Furthermore, a monolayer cell culture
is possible by improving culture technique and applying some
adhesive on the surface of these PPY "(NO3) membranes.

4. Conclusions

The electrical transport mechanism in PPY"(NO3) mem-
branes can be described by Mott’s 3D-VRH model. The phys-
ical feature of the PPYT(NO3) surface was found to be well
suited for the cell attachment and subsequent growth and de-
velopment. These observations indicate that the human endo-
thelial cells could be grown successfully on the surface of
PPY *(NO3) membranes which may find potential application
in biocompatible organ development program.

Fig. 5. (a) Human endothelial cells seeded on polypyrrole/sodium nitrate com-
posite membrane and (b) proliferation of human endothelial cells seeded on
polypyrrole/sodium nitrate composite membrane after 72 h (the photographs
were taken under 100x magnification).
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