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A B S T R A C T

Polyaniline (PANI) involved materials have extended approved applications in different fields, including bio/
chemical-sensors, electrical and electrochemical devices, electrochemically active membranes and stimuli-re-
sponsive systems. These materials have attracted most of the interest in the field of development of biomaterials
for tissue engineering and drug delivery systems. PANI offers remarkable features such as the ease of synthesis,
considerable electrical conductivity especially in the doped condition, simplicity in the modification to improve
water processability and enhanced biocompatibility. An engineered PANI-based biomaterial can be applied in
the process named the electrical stimulation (ES), in which cells cultured on the prepared biomaterial can be
electrically stimulated. The ES mimics the native role of bioelectricity and affects the cellular behavior. The main
focus of this review is on the electrical conductivity and stimulation using biocompatible advanced PANI-based
materials, documenting and discussing the relevant literature and providing key information and new insights
into ES.

1. Introduction

Biomaterial sciences include systematic studies of “engineering”
materials with the application purpose in relation with a designated
biological system in the human or animals. Comprehensive, exact and

predetermined examinations and evaluations are necessary to reach
such a specific goal. These examinations are conducted to evaluate the
chemical, physical, mechanical and biological properties of biomater-
ials. A biomaterial can be defined as an engineered material with a
specific range of properties, which make it able to stay in contact with
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the biological systems. Numerous classes of advanced materials such as
natural or synthetic polymers can be engineered and used as the bio-
materials, including metals, ceramics, composites and hybrid systems.
Since the 1970s, there exists an increasing interest in the field of bio-
material sciences. During the past four decades, the number of pub-
lished scientific documents related to the biomaterials have con-
tinuously been increased from 52 documents in 1976 to 4256
documents in 2016 [1]. Such interests in this dominion have indeed
resulted in a rapid growth in the global biomaterial market. For in-
stance, this market reached to $ 70.90 billion in 2016 and projected to
reach $ 149.17 billion by 2021 [2].

Biomaterial science is a multidisciplinary area of science and tech-
nology that include different fields of medicine, biology, physics,
chemistry, and engineering [3]. As a simplified definition, a designated
biomaterial is the product of the convergence between biosciences and
material sciences at the base of engineering.

An early structural definition of the biomaterials is presented by
Williams in 1986: “a biomaterial is a nonviable material used in a
medical device, intended to interact with biological systems” [4]. On
that date, biomaterials were almost completely nonviable materials
such as metals and polymers and their application was limited to the
medical devices. In consensus with William’s definition of biomaterials,
there exist nonviable materials used in medicine, including inert metals
such as gold, silver, platinum or commercialized alloys like Stellite® and
Vitalium® used in the early designed bone fracture plates; acrylic
(methyl methacrylate) polymer used in Judet prosthesis for the femoral
neck fracture or commercialized polymers such as Dacron® used in the
vascular implants and the heart valves [4,5].

To date, various biomaterials have been developed for the complex
systems with viable ingredient(s). Further, various cells [6–9], and
bacteria [10,11] have been used in the production of biomaterials. In
terms of its applications, in addition to the medical devices, bioma-
terials have widely been used in regenerative medicine [12–18],
pharmacy [19–23], tissue engineering [24–28], biosensors [7,29–34],
and some other fields. Thus, we need to expand our views in William‘s
definition, perhaps by eliminating the word “nonviable” and the phrase
“medical devices”, to get a much broader concept of the biomaterials.

A biomaterial engineered to interact with a biological system should
ideally show high biocompatibility while presenting appropriate re-
sponses to the biological setting as a measure of biocompatibility in a
biomaterial [4]. It seems that the phrase “appropriate response” re-
quires interpretation. Based on the interaction of biomaterials with a
biological system, three generations of biomaterials can be recognized,
as follows:

(a) The first generation of biomaterials developed during the 1960s and
1970s for the medical devices. These materials engineered for the
tissue replacement in the human body with a minimum toxicity. To
reach this goal, the first generated biomaterials are almost “inert” in
contact with the biological settings. In fact, the inertness has been
considered as one of the most common features of this generation.
Materials such as platinum, gold, and aforementioned alloys have
been used in the replacement prosthesis are common examples of
early developed “bioinert” biomaterials [35].

(b) The second generation of biomaterials was introduced in the 1980s,
which can be recognized by controlled-reaction with the biological
entities. The surface-tissue interactions in this generation play the
main role to present the controlled-reaction [36]. The best ex-
amples of the second generation of biomaterials (the so-called
“bioactive” biomaterials) include bioactive ceramics based on HA
or other materials [37–40], bioactive glass-ceramic systems
[41–43], bioresorbable materials for surgery and other biomedical
applications [44–47] and biodegradable materials with controlled-
release of drugs in some pharmaceutical systems [48–55].

(c) The third generation of biomaterials was introduced with certain
features such as the potential to mimic the original function of a

certain tissue or organ in the human body – the so-called “biomi-
metic” biomaterials [56]. This generation of biomaterials is gen-
erally applied in the tissue engineering and regenerative medicine
as the scaffolds. They are 3D matrixes composed of natural or
synthetic biodegradable materials supplemented with growth fac-
tors, therapeutic agents, peptides and enzymes and even stem cells.
They can effectively replace with damaged tissue in the body. In
fact, a scaffold forms a platform for the treatment of a damaged
tissue by mimicking the natural functions of the cognate tissue.

Taken all, it can be noted that appropriate characteristics of bio-
materials in a biological system are “inertness”, “activation” and “mi-
micry” for the first, second and third generations, respectively.
Nevertheless, such categorization can be revisited based on different
perspectives; readers are referred to the following studies [57,58].

Of various materials used for the production of biomaterials, the
synthetic biocompatible polymers show great physicochemical prop-
erties and can be simply produced in a large-scale, including poly
(lactic-co-glycolic acid) [59].

Of the synthetic polymers, PANI is a member of IEPs family.
Further, PA, PPy, PT, PEDOT, and PANI are the most commonly in-
vestigated IEPs. PANI seems to be superior to other IEPs, in large part
because of several features, including (a) good thermal stability, (b)
cost-effectiveness of the use of aniline as a less expensive monomer, (c)
simple synthesis procedure, and (d) good conductivity [60].

PANI-involved complex materials have widespread applications in
the electronics, sensors, smart membranes, batteries, optical devices,
and biomaterials. This review provides a comprehensive overview
about the biological applications of the PANI and discusses its electrical
conductivity and biocompatibility.

A sound scientific use of an electroconductive biomaterial such as
PANI- involved materials is their applications in the ES process. It
should be noted that the bioelectricity imposes inevitable impacts on
the functions of the biologic systems, including signaling of the nervous
system, muscular contraction and wound healing. Therefore, ES can be
used to mimic the original bioelectricity functions in the human body
[61].

A rational, scientific and step-by-step program can be considered to
(a) synthesize a PANI-involved biomaterial, (b) confirm its electrical
conductivity, (c) validate its biocompatibility, and (d) use it as a scaf-
fold with ES effects on cultured cells. Such programs can be expanded
towards clinical trials and market. Since there is a lot of information
about the synthesis of PANI-involved materials in the literature
[62–64], we provide key information about the biological applications
of the PANI-involved materials.

In the first section, this review presents some insights into the PANI-
based materials applications in different fields. In the second section,
we will focus on the electrical conductivity as the main feature of such
materials. Parameters affecting the electrical conductivity of the PANI-
based materials will be discussed in relation with the ES effect.

2. Polyaniline-based electroconductive materials

A typical polymeric system encompassing PANI as its main com-
ponent shows great potential to be used in different areas. Applications
of such system can be categorized based on the indexed properties of
PANI, including electrical conductivity, magnetic activity, thermal
sensitivity, optical benefits and specific mechanical features. Of these
features, the electrical conductivity seems to be the main feature of the
PANI-based systems. We provide comprehensive insights into the
electrical conductivity of PANI used as a biomaterial in the next section
even though PANI has been used in different fields. The PANI-based
composites have widely been used in the production of sensors/bio-
sensors and semiconductors, in large part because of the electro-
conductive potentials [65–69]. Sensors and biosensors indeed benefit
from the PANI-based materials, which can be used for the detection of a
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wide range of analytes from simple molecules like H2 [70] to even
macromolecules and microorganisms [71,72]. A PANI-based material
used in the composition of a biosensor usually shows dual functions of
an electrical signal amplifier, and a substrate for successful binding of
biologic agents (e.g., enzyme) [73,74].

Besides, the PANI-based materials have widely been used for the
development of electrodes in capacitors and supercapacitors. For in-
stance, recently, Htut and coworkers introduced biodegradable PANI-
based electrodes for supercapacitors [75]. In this work, an environ-
ment-friendly approach was established for the synthesis of a CS-G/
PANI composite. This composite is an example of engineered materials
to achieve a multipurpose system. Scheme 1 shows the synthesis of the
composite.

Every component in this composite has its own exclusive role.
Graphene is used as the precursor of the composite, and in an acidic
medium, it can be oxidized by potassium permanganate yielding car-
boxyl groups. Chitosan is grafted to the surface of graphene via these

groups. The subsequent reduction is then applied to eliminate the un-
bounded groups of chitosan. Aniline monomers are then adsorbed onto
the chitosan bounded sites – a process so-called in-situ polymerization.
In fact, this method is a PANI polymerization guided by chitosan that
imposes functions of enhancing nucleation growth during the oxidative
polymerization and stabilizing by preventing the graphene oxide re-
stacking after the reduction process. The dispersion of CS-G/PANI
composite in water after one week revealed that chitosan can also im-
prove the stability. The prepared electrode using this composite was
found to display markedly higher capacitance (340 F g−1) than the G/
PANI composite at a current density of 1 A g−1. After 1000 charge/
discharge cycles, the capacitance of electrode was reported as high as
74% of the initial value.

Based on their oxidation states, the PANI can exist in three forms,
including (a) reduced form of LM, (b) oxidized form of PN, and (c) the
half-oxidized form EM in which the backbone is involved in alternating
reduced and oxidized unites [76]. Of these, emeraldine is the most

Scheme 1. Synthesis of CS-G/PANI composite as an example of “engineered” material.

Table 1
Main applications of PANI-based materials in different fields (bioscience is not involved).

Main field of PANI based materials
application

Main property of PANI Applications Ref.

Sensors Enhancement in electrical conductivity, Signal amplifying Gas sensors [70,80–83]
Glucose sensors [84–87]
Sensors for DNA and nucleic acids [88–91]
Sensors for biologic and therapeutic
agents

[92–94]

Biosensors Signal amplifying, Potential substitutable platform for enzyme attachment Glucose biosensors [95–105]
Biosensors for DNA and nucleic acids [106–110]
Cholesterol biosensors [111–113]
Urea Biosensors [73,74,114,115]
Biosensors for therapeutic agents and
biologic markers

[74,116–121]

Biosensors for microorganisms [71,72]

Semiconductors Variation of oxidation states responding to the electrical current, Variation
in conductivity responding to thermal changes

Capacitors and supercapacitors [75,122–128]
Memory device [129,130]
Solar cells [131–146]
Diodes [147–149]

Photonics Response to the electromagnetic field or radiation, light emitting in
different excitation levels

Nonlinear optics (NLO) [150,151]
Organic light emitting diodes (OLEDs) [152–156]
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stable and conductive form of PANI [77].
EM shows a low electrical conductivity in comparison with metals,

and therefore it acts as a semiconductor in terms of the electrical con-
ductivity. PANI also responses to the temperature changes, and hence,
it is considered as a suitable material for the development of semi-
conductors. The PANI electron-donating or electron-accepting beha-
viors can be changed depending on the different oxidation levels. Thus,
materials with PANI in their structure used as semiconductors have
found their application(s) in the production of memory devices, solar
cells, and diodes (Table 1).

It should be noted that the PANI can response to the electro-
magnetic radiation and although the electromagnetic field in the optical
systems. This behavior provides a great basis for applying the PANI-
based materials in the development of photonics. Materials with PANI
components have also found applications in the NLOs and PEDs.
Table 1 lists the main applications of the PANI-based materials in dif-
ferent fields other than the applications in biosciences. It should be
considered that Table 1 just presents the main applications of PANI-
based materials in simplest categorizations. There are comprehensive
review articles with different objectives rather than this review, which
introduce other types of PANI-involved materials with most applica-
tions in numerous fields of science [78,79].

3. Electrical conductivity in PANI-involved systems

The main focus of this study is on the electrical conductivity of the
PANI-based materials, which is the main feature of any IEPs including
PANI. In this section, we briefly present an overview of the basic the-
ories related to the electrical conductivity of IEPs, and then discuss
different parameters affecting the electrical conductivity in PANI-based
polymeric systems.

3.1. Basic concepts in the electrical conductivity of IEPs

The electrical conductivity of PANI, as a member of the IEP family,
depends on the inherent structure of the polymer. Backbone in this
family of polymers includes a range of monomers with conjugated
multiple bonds, which contains a series of an alternating single (σ) and
double (π) bonds. Delocalized electrons involved in the extended π
network, as well as enduring the strength of the chain by σ bonds make
IEPs capable of electrical conductivity as a unique trait of these mate-
rials [157,158]. Scheme 2 shows the simplified chemical structure of a
conjugated system and the role of different types of bonds in the system.

PANI, in the form of EM, shows a low conductivity at the range of
10−1 S cm−1, while it can be converted into the electroconductive EmS

form via the process called doping, see Scheme 2 for details [159]. In
1977, Shirakawa et al. reported over 10-fold enhancement in the con-
ductivity by chemical doping using iodine vapor [160]. Doping plays a
key role in the conductivity of IEPs. Doping is the process by which a
molecule with a localized charge is introduced to the polymer structure
and results in the formation of the polaron or bipolaron. As shown in
Scheme 2, a polaron in the simplest words is a radical ion associated
with a distortion in the lattice [161,162]. Within a potential applica-
tion, the polaron can travel along the polymer chain, permitting it to
conduct the electricity. The polaron movement is achieved by the
crystal defects, in which the partially localized electrons in the π bonds
favor the formation of polaron while the σ bonds in the backbone of
polymer favor the travel of the polaron by enduring the strength of the
chain. Similar to semiconductors, doping process can occur when the
polymer is oxidized (so-called p-doping) or reduced (so-called n-
doping). The doping process is necessary that can be achieved by
chemical, electrochemical or photodoping routes [163,164]. Further,
details about the physics of electrical conductivity by polarons are re-
ported in a study by Bredas and Street [165].

3.2. Doping and dopant

It has been reported that the magnitude of doping and different type
of dopants will affect the properties of the PANI [166–168]. There are
several studies reporting a proportional relation between the magnitude
of doping and the electroconductivity of PANI [62,169–172]. From the
structural point of view, when PANI becomes doped, the polymer
changes from the EM form to the EmS form. In these forms, the back-
bone of PANI includes 50% oxidized units with alternative quinoid and
benzenoid rings. Based on these structures, when the doping increases
up to 50%, the electrical conductivity of polymer enhances pro-
portionally because in this fraction of doping and a maximum forma-
tion of polarons can be achieved. Nonetheless, further increase in
doping level results in a decrease in the conductivity. This behavior
may be due to the formation of bipolarons with a lower mobility than
polarons [62,165,168,170,172,173].

The electroconductivity can be further increased by choosing a
suitable type of dopant for doping under optimum condition while this
choice can be limited by some changes in other properties of the
polymer. The type of dopant and even the doping method can affect the
stability, morphology, thermal properties, processability and mechan-
ical properties of a synthesized polymer [174–182].

Acids as routine reagents are used as dopants for the production of
electroconductive polymers, in large part because of offering enough
protons with a high degree of ionization. Hydrogen protons with high
mobility are powerful agents for the electrical conductivity. HCl and
different sulfonic acid derivatives are the most popular dopants for
PANI. In a number of studies, organic sulfonic acids such as DBSA or
PTSA have been used for the doping of PANI because they can improve
the solubility and biocompatibility of the polymeric system [183].
Table 2 summarizes some interesting works, in which PANI-based
polymeric systems are applied or show potential as biomaterials.

The successful synthesis of a novel flexible electroconductive
membrane has recently been reported by Hu et al. In this work, PANI/
bacterial cellulose composite was synthesized using bacterial cellulose
as a template. The electrical conductivity of composite was found to be
influenced by the type of dopant(s) used. The effect of dopant type was
investigated using different acids. As a result, it was reported that the
composite doped by HCl, H2SO4, toluenesulfonic acid, DBSA, phos-
phoric acid and ammonium sulfonic acid (NH4SO3H), while the related
conductivities were calculated. A distinct difference between the con-
ductivity of composite was reported when HCl was used as a dopant
(σ≈ 0.05 S cm−1) or in the case of other dopants (σ≈ 0.01 S cm−1)
[192].

Although HCl and different sulfonic acids are the most preferred
dopants for the PANI-based polymeric systems for the production ofScheme 2. Simplified mechanism of electrical conducting in IEPs.

Y. Arteshi et al. European Polymer Journal 108 (2018) 150–170

153

Downloaded from http://iranpaper.ir
http://www.itrans24.com/landing1.html



Ta
bl
e
2

D
et
ai
le
d
lis
t
of

re
ce
nt

in
de

xe
d
w
or
ks

in
th
e
fi
el
d
of

PA
N
I-
ba

se
d
bi
om

at
er
ia
ls
.

Po
ly
m
er
ic

sy
st
em

M
ax

im
um

el
ec
tr
ic
al

co
nd

uc
ti
vi
ty

(S
cm

−
1
)

In
vi
tr
o
bi
oc

om
pa

ti
bi
lit
y
st
ud

y
In
-v
iv
o
bi
oc

om
pa

ti
bi
lit
y
st
ud

y
El
ec
tr
ic
al

st
im

ul
at
io
n
pa

ra
di
gm

R
ef
.

Po
ly
(e
th
yl
en

e
ox

id
e)

gr
af
te
d
to

th
e
PA

N
I

su
rf
ac
e

–
A
ds
or
be

d
am

ou
nt

of
bo

vi
ne

se
ru
m

al
bu

m
in

an
d
hu

m
an

bl
oo

d
pl
as
m
a
pl
at
el
et

–
–

[1
84

]

PA
N
I

–
A
dh

es
io
n
an

d
pr
ol
if
er
at
io
n
H
9c

2
ca
rd
ia
c
ra
t
m
yo

bl
as
t

ce
lls

–
–

[1
85

]

El
ec
tr
os
pu

n
PA

N
I
an

d
ge

la
ti
ne

2.
1
×

10
−
2

C
el
l
vi
ab

ili
ty

of
H
9c

2,
ca
rd
ia
c
ra
t
m
yo

bl
as
t
ce
lls

–
–

[1
86

]
PA

N
I

1.
0

Pr
ol
if
er
at
io
n
an

d
ad

he
si
on

of
PC

-1
2
ph

eo
ch

ro
m
oc

yt
om

a
ce
lls

–
–

[1
87

]

El
ec
tr
os
pu

n
PA

N
I
an

d
po

ly
(l
-L
ac
ti
de

-c
o-
ε-

ca
pr
ol
ac
to
ne

)
1.
4
×

10
−
2

C
el
l
vi
ab

ili
ty

of
hu

m
an

de
rm

al
fi
br
ob

la
st
,N

IH
-3
T3

fi
br
ob

la
st
,a

nd
C
2C

12
m
yo

bl
as
t
ce
lls

–
[1
88

]

PA
N
I-
co

lla
ge

n
co

m
po

si
te

–
C
el
l
vi
ab

ili
ty

of
Po

rc
in
e
sk
el
et
al

m
us
cl
e
ce
lls

–
–

[1
89

]
PA

N
I

–
Pr
ol
if
er
at
io
n
an

d
ad

he
si
on

of
PC

-1
2
ph

eo
ch

ro
m
oc

yt
om

a
ce
lls

–
–

[1
90

]

El
ec
tr
os
pu

n
na

no
fi
be

rs
of

po
ly
(l
ac
ti
c
ac
id
)

bl
en

ds
w
it
h
PA

N
I
or

po
ly
(a
ni
lin

e-
co

-
be

nz
oi
c
ac
id
)

2.
0
×

10
−
2

–
–

–
[1
83

]

El
ec
tr
os
pu

n
po

ly
(a
ni
lin

e-
co

-3
-a
m
in
ob

en
zo

ic
ac
id
)
(3
A
BA

PA
N
I)

an
d
PL

A
bl
en

ds
8.
0
×

10
−
3

C
el
lv

ia
bi
lit
y
of

A
fr
ic
an

G
re
en

M
on

ke
y
fi
br
ob

la
st

C
O
S-
1

–
–

[1
91

]

PA
N
I-
Ba

ct
er
ia
l
ce
llu

lo
se

na
no

co
m
po

si
te

1.
0
×

10
−
2

–
–

–
[1
92

]
El
ec
tr
os
pu

n
de

nd
ro
ni
ze
d
PG

LD
-P
A
N
I

na
no

tu
be

s
–

C
yt
ot
ox

ic
it
y
st
ud

y
us
in
g
C
H
O

ce
lls
;C

ar
di
ac

re
ge

ne
ra
ti
on

st
ud

y
us
in
g
ca
rd
ia
c
m
yo

cy
te
s
of

ra
t

–
–

[1
93

]

PA
N
I-
PG

S
co

po
ly
m
er

1.
77

×
10

−
2

C
el
l
vi
ab

ili
ty
,a

dh
es
io
n,

an
d
pr
ol
if
er
at
io
n
of

C
2C

12
m
yo

bl
as
t
ce
lls

–
–

[1
94

]

El
ec
tr
os
pu

n
PA

N
I-
PL

LA
na

no
fi
be

rs
3.
0
×

10
−
9

A
dh

es
io
n
an

d
pr
ol
if
er
at
io
n
of

ra
t
ne

rv
e
st
em

ce
lls

(C
17

.2
)

–
10

0
m
V
m
m

−
1
fo
r
60

m
in

[1
95

]

PA
N
I

2.
5
×

10
−
4

–
–

–
[1
96

]
PA

N
I

–
–

A
cu

te
to
xi
ci
ty

an
d
te
ra
to
ge

ni
c
as
sa
y
us
in
g

R
hi
ne
lla

ar
en
ar
um

(c
om

m
on

So
ut
h
A
m
er
ic
an

to
ad

)
la
rv
ae

–
[1
97

]

PA
N
I

–
C
el
l
vi
ab

ili
ty

of
hu

m
an

im
m
or
ta
liz

ed
H
aC

aT
,H

ep
G
2

Se
ns
it
iz
at
io
n
ex
pe

ri
m
en

ts
pe

rf
or
m
ed

us
in
g
25

no
n-
pr
eg

na
nt

he
al
th
y
fe
m
al
e
of

D
un

ki
n-
H
ar
tl
ey

gu
in
ea

pi
gs

Sk
in

ir
ri
ta
ti
on

te
st
s
pe

rf
or
m
ed

on
30

he
al
th
y

in
di
vi
du

al
s
(2
0
w
om

en
an

d
10

m
en

).

–
[1
98

]

El
ec
tr
os
pu

n
PA

N
I-
PL

G
A

na
no

fi
be

rs
–

C
el
l
vi
ab

ili
ty

an
d
im

m
un

ofl
uo

re
sc
en

ce
st
ud

y
us
in
g
R
at

ne
on

at
al

ca
rd
io
m
yo

cy
te
s

–
El
ec
tr
ic
al

pu
ls
es

of
1.
25

H
z
an

d
5
V
cm

−
1

[1
99

]

PA
N
I

14
0

C
el
l
vi
ab

ili
ty

of
N
IH

/3
T3

fi
br
ob

la
st

–
–

[2
00

]
PA

N
I

10
C
el
l
vi
ab

ili
ty
,a

po
pt
os
is

de
te
ct
io
n,

R
O
S
de

te
ct
io
n,

im
m
un

oc
yt
oc

he
m
is
tr
y
st
ud

y
an

d
R
TP

C
R
st
ud

y
of

hM
SC

s

–
El
ec
tr
ic
al

pu
ls
es

of
10

0
m
V
cm

−
1
fo
r

10
m
in

da
y−

1
an

d
fo
r
7
da

ys
[2
01

]

El
ec
tr
os
pu

n
na

no
fi
be

rs
of

PA
N
I
an

d
PC

L
2.
0
×

10
−
4

C
el
l
vi
ab

ili
ty

of
L9

29
m
ur
in
e
fi
br
ob

la
st

ce
lls

–
–

[2
02

]
Po

ly
ac
ry
lo
ni
tr
ile

–
Po

ly
an

ili
ne

co
m
po

si
te

na
no

fi
be

r
w
eb

s
2.
0
×

10
−
2

–
–

–
[2
03

]

PA
N
I

–
Bl
oo

d
co

ag
ul
at
io
n
an

d
pl
at
el
et

ad
he

si
on

st
ud

y
–

–
[2
04

]
PA

N
I

–
C
el
l
vi
ab

ili
ty
,g

en
e
ex
pr
es
si
on

an
al
ys
is
,
cy
to
to
xi
ci
ty

st
ud

y
an

d
ca
lc
iu
m

de
te
ct
io
n
fo
r
bo

ne
m
ar
ro
w
-d
er
iv
ed

hM
SC

s

–
R
ec
ta
ng

ul
ar

el
ec
tr
ic
al

pu
ls
es

(6
m
s,

3.
6
m
V
cm

−
1
,1

0
H
z)

fo
r
4
h
fo
llo

w
ed

by
4
h

br
ea
k
fo
r
28

da
ys

[2
05

]

C
ys
te
in
e
m
od

ifi
ed

PA
N
I
su
pp

or
te
d
on

to
PE

T
fi
lm

s
–

C
el
lv

ia
bi
lit
y
of

hu
m
an

im
m
or
ta
liz

ed
H
aC

aT
an

d
m
ou

se
ly
m
ph

ob
la
st
s
(L
M
2)

–
–

[2
06

]

N
an

os
tr
uc

tu
re
d
PA

N
I
on

IT
O

gl
as
s

–
C
el
l
pr
ol
if
er
at
io
n
of

PC
-1
2
ce
lls
;D

yn
am

ic
pr
ot
ei
n

ad
so
rp
ti
on

an
al
ys
is

us
in
g
th
e
SD

S-
PA

G
E
te
ch

ni
qu

e
–

R
ec
ta
ng

ul
ar

pu
ls
es

(1
00

μA
,0

.8
m
s)

re
pe

at
in
g
ev

er
y
1
s
fo
r
1,

2
an

d
4
h

[9
0]

(c
on

tin
ue
d
on

ne
xt

pa
ge
)

Y. Arteshi et al. European Polymer Journal 108 (2018) 150–170

154

Downloaded from http://iranpaper.ir
http://www.itrans24.com/landing1.html



biomaterials, the PANI-based electroconductive polymers have so far
been doped using macromolecules, including polymeric acids, ionic
liquids, and aforementioned agents (mostly in other fields). For ex-
ample, Wei et al. doped PANI with the star-like POSS. First, poly-
styrene-tethered POSS (POSS-PS) core was synthesized by coupling
reaction between POSS-CL substitute and anionic living PS chain. Next,
sulfonated POSS-PS core was synthesized via Makowski’s method, in
which acetyl sulfate was used as sulfonation reagent. Finally, having
utilized oxidative polymerization, where APS used as the oxidant, PANI
was doped with a synthesized dopant. Scheme 3 illustrates the synthesis
route and chemical structure of applied reagents. The exclusively de-
veloped dopant used as a flexible template to let PANI chains, continue
to grow along with the chains of the dopant. Using such a template,
PANI with loose packing structure has been prepared [211].

Recently, Qu and Zeng successfully applied ionic liquid as a dopant
for the electrochemically synthesized PANI on a glassy carbon elec-
trode. They studied five different 1-alkyl-3-methylimidazolium-based
ionic liquids, including [BMIM][BF4], [BMIM][NTf2], [BMIM][PF6],
[EMIM][ES] and [HMIM][FAP]. Such studies were conducted con-
sidering different combinations of anions and cations as electrolytes/
dopants. They showed that ionic liquids are the most capable dopants
for the electrochemically synthesized PANI, concluding that doping
PANI with such dopants offers many opportunities to develop more
versatile materials [212].

The type of dopant reagent can also impose its effect on other
characteristics in a synthesized polymeric system. For example, the
effect of the type of dopant on the morphology of prepared systems was
studied.

Using oxidative dispersion polymerization, Bhadra et al. synthesized
PANI/ PVA blends doped with HCl [213]. To produce EmS, a dedopping
was performed by introducing to NH4OH solution and stirring for 3 h.
The system was then redoped with CSA, NSA, PTSA, and DBSA. Having
applied this strategy, they were able to investigate the effect of using
different sulfonic acids as a dopant on the electrical conductivity,
thermal stability, and morphology of blends. A slight effect on the
conductivity was then reported. The minimum electrical conductivity
was attained using NSA as a dopant (4.4× 10−3 S cm−1), while the
maximum electrical conductivity was achieved using DBSA as a dopant
(6.2× 10−2 S cm−1). It was found that the morphology of blends was
markedly affected by the type of dopant. Having used such approach,
different morphologies with different particle sizes and shapes have
been obtained using NSA, CSA, PTSA, and DBSA, including nanospheres
200–240 nm), nanospheres (70–90 nm), hexagonal nanoflakes
(60–100 nm) and nanorods (diameter 50–70 nm and length
200–500 nm), respectively. In this line, Ravi Kumar et al. compared HCl
and DBSA as dopants and their effects on the conductivity and mor-
phology, reporting similar results, as shown in Fig. 1 [214].

3.3. Composition of polymer

The composition of polymer plays a key role in the electrical con-
ductivity of a system. Abdul Rahman et al. investigated the influence of
polymer composition on the conductivity of electrospun PLA blend with
PANI or PABA. The changes in the absorbance (273 nm) was analyzed
to estimate the composition of the copolymers with different mass ra-
tios of PANI or PABA used in the structure. A proportional increase in
the conductivity of copolymers was reported with an increase of the
mass percentage of PANI or PABA. When the amount of PANI in the
composition increased from 0% to 3.27%, a significant increase (i.e.,
from 3.9× 10−9 mS cm−1 to 2.0×10−5 mS cm−1) in the conductivity
was recorded. The same behavior was reported in the case of PABA.
Increase in the amount of PABA in the composition from 0% to 5.80%
causes an increase in the conductivity from 3.9× 10−9 to 8.3×10−6

(mS cm−1). Comparing PANI with PABA, a logical pattern can be de-
duced in terms of the relation between the conductivity and the com-
position of different polymeric systems. Generally, it can beTa
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conceptualized that the higher the mass ratio of PANI in the composi-
tion of a system is, the greater the electrical conductivity will be. As
result, it can be inferred that pure PANI can provide a higher con-
ductivity than its derivatives [183].

In a remarkable work, the electrical conductivity change in PANI-
PGS copolymers with different composition was studied for 4 days.
PANI content in these copolymers differed from 15% to 30%. Their
conductivity was compared to the pure PGS. Following the above-
mentioned concept, the electrical conductivity of the polymers im-
proved from 1.29×10−3 S cm−1 to 1.77×10−2 S cm−1 by increasing
the content of PANI from 15% to 30%. The obtained results in this work
showed that the conductivity of the copolymers reduced with the time
to some extent but not below the order of magnitude for any of the
composite samples over 4 days. For example, the conductivity of co-
polymer with 30% of PANI content, decreased to 1.03×10−3 S cm−1

after 4 days [194].

3.4. Synthetic parameters

The electrical conductivity can be affected by the synthesis

condition and rout. A PANI-based material routinely synthesized
through an oxidative polymerization approach in the presence of an
acidic dopant agent. In such an approach, aniline monomer usually was
dissolved in an aqueous solution of dopant. Then, the polymerization
was occurred by adding a calculated amount of an oxidant such as APS,
or a calculated volume of its solution to the reaction medium. The
prepared polymer might be converted to a dedoped form by treating
with a weak base solution (e.g., ammonia solution). Many parameters
seem to affect the properties of the synthesized material, including the
concentration of applied solutions and their proportion to each other,
the type of dopant and/or oxidant agent and other physical variables
such as temperature.

Decreased solubility is a challenge in PANI-based materials. When
the polymerization reaction begins with a functionalized PANI such as
PMAP, a self-doped electroconductive PANI-based material is achieved,
in which the dopant agent is bonded to the backbone of PANI as a
functional group. The self-doped PANI-based materials show an im-
proved solubility in different organic solvents [215].

In a notable study, Blinova et al investigated the conductivity of
PANI synthesized using a solution-gelatin interface. Researchers have

Scheme 3. Synthesis rout of star-like poly (styrene sulfonate) doped PANI. Role of an exclusive dopant in the polymerization. Reproduced with permission from Ref.
[211]. Copyright 2012, Elsevier.
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synthesized PANI in two different conditions and compared the con-
ductivity, including the condition (a) where the aniline hydrochloride
traffics from the gelatin while the APS dissolves in the solution, and the
condition (b) where the APS traffics from the gelatin and aniline hy-
drochloride from the solution. Oxidant to aniline mole ratio was 1–25
in two conditions. The maximum conductivity was reported under the
condition b when the PANI fraction was grown at the surface of the gel
(up to 7.2 S cm1) and the aniline fraction was produced inside the gel
conductivity (up to 1.9 S cm−1). Having used the same concentration of
aniline (i.e., 0.2 mol L−1) and under the condition a, the electrical
conductivity was reported to be 0.23 S cm−1. Altogether, based on the
synthesis conditions used, an overall 35-time increase in the con-
ductivity of the system was reported [216].

Ucar et al. examined the effect of different synthetic parameters on
the conductivity, morphology, thermal stability, crystallinity and ten-
sile properties of CSA doped polyacrylonitrile/PANI (PAN/PANI)
composites. In this work, an oxidative polymerization was carried out
using DMF, DMSO, NMP and their mixtures. The concentration of PANI
in all solutions was kept constant (10% w/w). The conductivity of
composite produced using DMSO/DMF mixture was reported to be
about the same level of that of the nanofibers produced using DMSO
(i.e., 1.88×10−6 S cm−1 for the DMSO/DMF mixture and
4.82×10−6 for the DMSO. Further, the conductivity of nanofibers
produced using NMP and NMP/DMF mixture were compared. The na-
nofibers produced using solvent mixture showed almost 103 times im-
provement in the conductivity values (i.e., 4.63×10−9 S cm−1 for
NMP and 2.97× 10−6 NMP/DMF mixture). This improvement in the
electrical conductivity appears to be associated with the better dissol-
ving of PANI in NMP and the presence of DMF. Besides, about 10time
additional increase in the conductivity of nanofibers (from 4.82× 10−6

to 1.74×10−5 S cm−1) was reported after two times redoping. The
conductivity was not affected by the further redoping and mechanical
dispersion processes [203]. A similar comparison between PAMPSA
doped PANI and PTSA doped PANI nanofibers was reported by Zhang
et al. Further, the effect of different synthesis parameters such as re-
action time, interface area (in interfacial polymerization), reactant
concentration and reaction value were investigated. These parameters

were found to have a deep effect on the morphology with a moderate
effect on the conductivity [196].

Taken all, the electrical conductivity of PANI-based materials can be
influenced by a wide range of parameters. To get the desired PANI-
based materials, one needs to establish an optimal balance between the
electrical conductivity and other properties.

4. PANI-based materials: the challenge of biocompatibility

The electrical conductivity and biocompatibility of PANI are the two
key features that need to be considered for a successful development of
an electroconductive biomaterial. Validation of the biocompatibility
appears to be much more challenging than the electrical conductivity,
in large part because of dealing with a biological setting in vitro and/or
in vivo. Thus, the biocompatibility characteristics are discussed in de-
tails in the following sections.

4.1. Biocompatibility: what does it mean?

Park and Lakes described the word “biocompatibility” in their
textbook as follows: “the acceptance of an artificial implant by the
surrounding tissue and by the body as a whole. The biomaterial must
not be degraded by the body environment, and its presence must not
harm tissues, organs, or systems. If the biomaterial designed to be de-
graded, then the products of degradation should not be harmful to the
tissue”. In practice, the biocompatibility of a designated biomaterial
needs to be established and approved by different experimental-ana-
lytical methods in vitro and in vivo in contact with cells, tissue and/or
the whole body. The methods applied for the validation of biomaterials
must be able to examine a wide range of properties, including me-
chanical, chemical, pharmacological properties [5].

Biocompatibility studies are routinely conducted in research la-
boratories and industries. These studies must be executed following
specified protocols and under compliance with the certain standards,
most of which have been approved by appropriate agencies such as the
United States FDA and similar organizations in other countries
[217,218].

Fig. 1. Effect of dopant type on the morphology of doped polymer. Poly (aniline-co-m-aminoacetophenone) doped with DBSA (a,b) and HCl (c,d). Reproduced with
permission from Ref. [214]. Copyright 2013, Springer Nature.
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There are a few simple methods that their results can be reported as
an index for the biocompatibility, which does not need to be performed
in contact with the biologic medium or components. These methods
usually measure the physicochemical properties such as hydrophilicity
of polymeric system. The dispersion of the synthesized polymer in the
aqueous phase [75,219], and the decrease in contact angle
[184,191,202], epitomize two simple methods that measure the hy-
drophilicity of synthetic materials. The contact angle of a solution of the
polymer can simply be performed by a monocular optical microscope
[220]. In fact, the hydrophilicity evaluating experiments can provide a
scientific prediction for the biocompatibility. Nevertheless, an exact
and real determination of biocompatibility needs to be done through
specific in vitro and in vivo tests in the real biologic medium.

4.2. In vitro tests

In vitro tests provide several advantages, including cost- and time-
effectiveness, optimized laboratory facilities, simply required equip-
ment and relatively fast processing of large numbers of biomaterials.
Cell culture techniques have widely been used to establish in vitro tests
for the effective screening of the biocompatibility. To evaluate the
biocompatibility of a typical biomaterial, some cell functions can be
monitored, including adhesion, proliferation, migration, signal trans-
duction, metabolism, biosynthesis, and deposition of extracellular
chemical compounds. Mammalian cells of specific tissue/organ can be
used for this manner. For instance, cells interacting with electricity such
as nerve and cardiac cells are the most probable candidates for testing
the electrical conductivity of conductive polymers such as PANI- based
polymeric systems [217].

Bidez et al. evaluated in vitro biocompatibility of PANI films using
cultured H9c2 rat myoblast cells. The nonconductive form of PANI was
doped with 1M HCl to form a conductive emeraldine (E-PANI)
polymer. Cell attachment and proliferation up to 200 h on both forms of
PANI were investigated and compared with those on the TCP. The H9c2
rat myoblasts attached within 15min on both conductive and non-
conductive forms of PANI. The H9c2 cells grown on the E-PANI showed
a slightly prolonged lag phase, perhaps because of the presence of
somewhat residual acid dopant. For the same reason, doubling times for
the cells grown on the E-PANI were slightly prolonged as compared to
the TCP control. Notably, after approximately 100 h of seeding on the
E-PANI, the cells were rapidly proliferated and reached a plateau si-
milar to the cells on the TCP control [185].

Wang et al reported the cell compatibility of nanostructural poly-
aniline films doped with different acids. In this study, the synthesized
PANI was doped with perchloric, hydrochloric, malic and citric acid
during polymerization. The films were then subjected to the electrical
conductivity and surface roughness examinations as wells as cell bio-
compatibility tests. To evaluate the in vitro biocompatibility of poly-
mers, the PC-12 pheochromocytoma cells were used and their adhesion,
spreading and proliferation were studied. The cell adhesion 1 h after the
seeding was significantly enhanced on the synthesized PANI film sur-
face as compared to the casting PANI. Only about 30% of cells attached
to the casting PANI, while the cell attachment on the other surfaces was
much higher (up to 70%). Further, the cell proliferation using the
synthesized PANI films, casting PANI and PTFE were investigated. The
synthesized PANI films, composed of nanoparticles 30–50 nm in size,
provided much better results in the terms of the cell attachment and
proliferation in comparison with the casting PANI. Initial proliferation
(1-day post-seeding) was found to be faster for the malic-doped MA-
PANI and the citric acid-doped C-PANI than for the PTFE (p < 0.05).
After 2 days of the cultivation, an increase in DNA in the HCl-doped H-
PANI, and casting PANI were recorded as compared to the PTFE.
Finally, on the fourth day of the seeding, the DNA content in each group
was quickly increased. Fig. 2 shows the cell biocompatibility of PANI
doped with different acids [187].

In another work, using PC-12 cells derived from the

pheochromocytoma of the rat adrenal medulla, Liu et al. investigated
the in vitro biocompatibility of PANI film. They looked at the pro-
liferation behavior and survival of this cell line seeded on the PANI film,
bare Si substrate, and 24-well TCP plates. The cells were allowed to
proliferate on different substrates for 4 days. After 1 day of the culti-
vation, the number of PC-12 cells on the PANI film was significantly
larger than that of the Si bare surface. After 2 days of the cultivation,
the cells continued to proliferate on the PANI film but not on the Si
wafer. The survival rate of PC-12 cells cultured on the TCP plates on the
initial 2 days was much higher than that of the PANI film and the bare
Si film. With prolonging the culture time to 4 days, the survival rate of
cells cultivated on the PANI film was the highest among the tested
substrates [190].

Moura and de Queiroz developed dendronized PANI nanotubes for
the cardiac tissue engineering. First, they synthesized PGLDs with an
average molecular weight of 1.7 kDa and about 26 hydroxyls per mo-
lecule in a step-growth process denominated divergent synthesis. Then,
to improve the biocompatibility of PANI, the synthesized PGLD was
immobilized on the surface of PANI nanotubes by a ring-opening re-
action of epoxy on PGLD. In this work, the cytotoxicity of electrospun
PGLD-PANI nanotubes was evaluated by an in vitro test using CHO cells.
The biocompatibility of polymeric system was evaluated in vitro in the
cardiac myocytes primary cell culture isolated from the ventricular
portion of hearts of 2- to 4-day-old Sprague-Dawley rats. This study
revealed that PGLD-PANI nanotubes formed electrospun fibers could
promote the proliferation and differentiation of myocardial cells with
no/trivial toxicity [193].

In a detailed study, Humpolicek et al. evaluated the biocompat-
ibility of PANI in vitro and in vivo. The main focus of this study was on
the PANI powder’s cytotoxicity, irritation, and sensitization. In vitro
tests were performed using the human immortalized HaCaT in a pilot
study and the HepG2 in the second extended study. This study showed
that the cytotoxicity of PANI can deeply be affected by the reprotona-
tion of PANI base to produce the RD-PANI-B, and subsequence depro-
tonating. PANI-B itself was prepared by immersing primly synthesized
PANI-H into the large excess of 1M ammonium hydroxide. Generally,
the lower concentration of the extract caused a lower cytotoxicity in
different cell lines. The HaCaT cells cultivated with PANI-H in a con-
centration higher than 25% m/v showed a severe cytotoxicity with cell
survival below 40%, while in the case of HepG2 cells none of the tested
extracts displayed such cytotoxicity. While the concentration of PANI-H
was reduced down to 1% to obtain a non-cytotoxic system for the
HaCaT cells, 10% PANI-B extract did not show any toxicity. In the case
of HepG2 cell line, similar reduced cytotoxicity levels were observed
using 25% of PANI-B and 5% of PANI-H extracts. The use of HCl during
polymerization and the presence of chloride counter-ions, which can
negatively affect the cell viability, seem to be the probable reason(s) for
the biocompatibility differences between the samples [198].

Mouse embryonic fibroblast NIH/3T3 cells were applied for in vitro
biocompatibility testing of PANI by Stejskal and coworkers [200]. Na-
noscale PANI with globular and tubular morphology was prepared by
the oxidative polymerization as well as using HCL and acetic acid as the
dopant. Samples were purified from two different solvents, NMP and
concentrated sulfuric acid in methanol. Cytotoxicity studies were car-
ried out after 24 h after the seeding by MTT assay and then the ab-
sorbance was measured at 270 nm. The cytotoxicity of purified poly-
mers investigated in compliance with the ISO 10993, in which the cells
treated with polymer‘s extractions with different concentrations. The
cytotoxicity of different PANI salts precipitated from acidic solutions
were compared with each other. Globular samples processed from the
NMP displayed higher cytotoxicity of the extracts (5%) than that of the
extracts obtained from the nanotubular sample (10%). Furthermore, in
the case of samples dissolved in sulphuric acid instead of NMP, a sig-
nificantly decreased cytotoxicity was reported for 100% and 50% of the
extracts. This effect was observed for both globular and nanotubular
samples. The researchers articulated some possible reasons for such a
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Fig. 2. Effect of dopant type on the biocompatibility of the polymer. Biocompatibility was tested in the PC-12 pheochromocytoma cells cultured on PTFE (A0-A4),
PANI doped with perchloric acid (B0-B4), hydrochloric acid (C0-C4), maleic acid (D0-D4), citric acid (E0-E4), casting PANI film (F0-F4), and the plate (G0-G4) for
0 days (A0-G0) and 4 days (A4-G4). All scale bars represent 39.9 µm. Reproduced with permission from Ref. [187]. Copyright 2008, American Chemical Society.
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phenomenon [200], yet much more comprehensive researches are re-
quired to fully address the issue.

HCl-doped nanofibrous PANI (nfPANI) prepared using RMR method
and then different amounts of nfPANI electrospun with PCL to obtain
PANI/PCL fiber-scaffolds by Wu and coworkers. The cytotoxicity of
prepaid scaffolds was investigated using L929 murine fibroblast cells as
a well-established cell line with a high sensitivity to toxins. The cell
adhesion and proliferation were analyzed using a resazurin fluores-
cence assay after 1 and 4 days of seeding. This study clarified the im-
portance of the fiber diameter in terms of the biocompatibility of fiber
scaffolds. Compared to the TCP control, larger fibers (6–7 ìm) showed a
reduction in the adhesion of 30%-40% of cells, while fibers with an
average diameter of 150 nm did not influence the growth of the cells
[202].

A biocompatible substrate for the cell culture developed by Yslas
and coworkers. They synthesized PANI supported onto the PET films
and modified its surface by L-cysteine to improve the biocompatibility
of the system. Adhesion and proliferation of the HaCaT and mouse
lymphoblasts (LM2) cells on PANI and PANI-Cys substrates were com-
pared to the TCP control after 24 and 36 h seeding. The attachment
behavior of both cell lines was studied by the immune fluorescence and
further evaluated by morphology analysis using the AFM technique.
The number of cells attached to the PANI-Cys and the density of viable
cells was interpreted significantly after 36 h of seeding. The AFM ana-
lysis of the post-culture showed that the morphology of both cell lines
seeded on the PANI-Cys substrate was comparable to each other and to
the cells seeded on the TCP control. Authors have inferred that this
behavior cannot be overgeneralized to other cell lines [206]. Although
the cell culture approach is the most preferred technique to approve the
in vitro biocompatibility of PANI based biomaterials, some other specific
approaches can be recruited for the evaluation of biocompatibility.

Humpolicek and coworkers studied the surfaces of blood collection
tubes-coated with either the conductive PANI hydrochloride deproto-
nated non-conductive PANI, or the PAMPSA reprotonated PANI. Then,
they investigated the hemocompatibility of prepared PANI-based
polymers. In this research, venous blood was collected from the healthy
donors into the tubes. Blood plasma coagulation and platelet adhesion
were studied to validate the hemocompatibility of the polymers. The
PAMPSA reprotonated PANI exhibited a significant impact on the blood
coagulation. This was correlated to the interaction between the polymer
and three coagulation factors, Xa, Va, and IIa. The modified-film was
reported to display significantly reduced platelet adhesion potential as
compared to the standard PANI film or the uncoated reference surface.
Protonation of PANI with the PAMPSA shifts the polymer to the bio-
logical pH and makes it conductive. Such shifting occurred for the
unmodified PANI below the pH 4, while it was seen for the PAMPSA-
redoped PANI at the pH 4–6. The reprotonating of PANI with the
PAMPSA, in fact, could improve its pH stability, enabling it to be used
in the biological pH range. The anticoagulation activity, reduced pla-
telet adhesion in combination with the improved pH stability show a
good potential for the use of this modified polymer as a biomaterial
[204].

The blood biocompatibility of PANI-conjugated PHBV electro-
conductive porous scaffolds was studied by Paramanik et al. In this
study, a hemolytic assay was established for the curcumin-loaded
PHBV-g-PANI composite. Saline solution and distilled water used as the
negative and positive controls, respectively.

Extreme hemocompatibility reported for the composite, where no
inhibition of the RBCs was detected in the contact with the extraction of
biomaterial (up to 4mgmL−1). In the presence of biomaterial
(6 mgmL−1), after the incubation for 10 and 120min, respectively
3.9% and 4.2% of lymphocyte cells were found to be lysed (see Fig. 3).
The cell biocompatibility of the PANI/PHBV composite approved using
NIH3T3 fibroblasts like to other above-mentioned works. This study is a
comprehensive research, in which several features of the developed
biomaterial were studied, including in vitro wound healing, surface

adsorption of protein molecules, antimicrobial activity upon gram-ne-
gative and gram-positive microorganisms and electrical conductivity
[207].

4.3. In vivo tests

These tests use the animal models to evaluate the biocompatibility
of biomaterials. Further, such experiments can be developed toward
clinical trials in the human subjects. Once approved, they can finally
reach the market. The use of laboratory animals demands certain
ethical issues and approval after successful completion of premier ma-
terial analyses and in vitro tests [217]. Different examinations need to
be implemented for the evaluation of in vivo biocompatibility of bio-
materials. A list of such experiments includes the following steps: sen-
sitization, irritation, intracutaneous reactivity, systemic toxicity, sub-
chronic toxicity, genotoxicity, implantation, hemocompatibility,
chronic toxicity, carcinogenicity, and biodegradation [218].

In a pioneering work, in vivo tissue response to PANI have been
studied by Wang et al. Different forms of PANI were implanted in male
Sprague Dawley rats. After 24 weeks, the EM film was encapsulated by
fibrous tissue. The minimum inflammation associated with the different
forms of PANI was reported after 50 weeks [221].

In another work, Kamalesh et al. investigated in vivo biocompat-
ibility of PANI in three different oxidative states, EVAc and PE by
subcutaneous implantation into Sprague Dawley rats beneath the dorsal
skin for 19 to 90 weeks. Since the neoplastic tissues exhibited greater
IFP than the normal tissues, IFP analysis was applied to evaluate the
extent of biocompatibility before and after the implantation. The sur-
face of the polymers before and after the implantation was studied
using XPS. EVAc showed a high-degree of biocompatibility in the rabbit
cornea, and hence, was used as the reference for other polymer types.
PANI in form of NA, LM, and EM implanted into the rats did not induce
a high oncotic IFP for almost two years after the implantation. This fact
confirms the absence of neoplastic tissues formation during the period.
Furthermore, the histological pictures confirm the biocompatibility of
these types of polymers at least in the dorsal region of the skin [222].

Humpolicek et al. performed sensitization experiments using 25
non-pregnant healthy females of Dunkin-Hartley guinea pigs and the
skin irritation tests on 30 healthy individuals (20 women and 10 men).
Based on the obtained results, the sensitization of PANI was graded as
“zero” since none of the tested animals demonstrated erythema and/or
edema. In the positive control group, 8 of 30 volunteers showed weak,
positive skin reaction. The skin irritation characterized by a mild er-
ythema and/or dryness immediately after the in vivo patch soaked with
the positive control was removed. About, 24 h after patch removal, the
number of the volunteers with positive skin reaction was increased to
27 cases. PANI-H and PANI-B were introduced as the polymers with
exceptional biocompatibility properties in terms of the dermal irritation
and sensitization tests [198].

Yslas et al. studied the acute toxicity and teratogenic effect of PANI
nanofibers on Rhinella arenarum (South American common toad) em-
bryos. The acute toxicity test was performed on the pre-metamorphosis
(stage 25) larvae, while the teratogenic test, which evaluates the early
life stage toxicity, was performed on 2–4 blastomeres stage. Larvae
were exposed to PANI nanofibers with the concentration equal to 150,
250 and 400mg L−1 within 96 h. Embryos were fed with PANI as the
only available carbon source in the test groups and obtained results as
compared to the control group, where the embryos were fed with the
fish food. Based on the results, PANI nanofibers exhibited no toxicologic
effects in Rhinella arenarum larvae were exposed to even the con-
centration of 400mg L−1 at the 25th stage. However, in the case of
developing larvae, PANI nanofibers with the concentration of
250mg L−1 and 400mg L−1 induced a growth inhibition. Fig. 4 clearly
shows this teratogenic effect in the embryos. These results showed that
the toxicity of the PANI nanofibers to aquatic species might be depen-
dent on the concentration of the PANI and could have been deeper in
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the early stages of the life [197].
The biocompatibility of PANI and its composites was studied both in

vitro and in vivo methods. Nonetheless, a complete investigation of
hosting behavior in these materials might be dependent on further
experiments to evaluate the biodegradability of the material.
Biodegradability is a result of the biologic response of the cells or tissue
to the materials used. It should be considered that the conducting
polymers, especially those proposed for tissue engineering applications
are largely non-biodegradable. Because of such nature, the biodegrad-
ability of a PANI-based biomaterial generally can be related to the other

component(s) of the system rather than the PANI itself. Blending or
copolymerization of PANI with other biodegradable and biocompatible
polymers as if PCL and PLA are the most tried solves for this problem
[223]. An excellent information about the interaction of cells with
hosting materials has been reported by Miyoshi [224]. Also, important
discussion about the biodegradability of conductive materials has al-
ready been done by Wang et al. [225].

The biocompatibility of the PANI-based biomaterials was evaluated
in the contact with different cell lines and alive models. These materials
can actually be applied as the biomaterials, especially for cells or tissues

Fig. 3. Blood biocompatibility assays of curcumin-loaded
PHBV-g-PANI composite-based films: (A) 1mgmL−1, (B)
2mgmL−1, (C) 3mgmL−1, (D) 4mgmL−1, (E)
5mgmL−1 and (F) 6mgmL−1, negative control test and
positive control test for 10min [I] and 120min [II] in-
cubation time, respectively. Reproduced with permission
from Ref. [207]. Copyright 2016, American Chemical
Society.

Fig. 4. Optical micrographs of Rhinella arenarum larvae grown: (A) and (B) with food fish; (C) and (D) with PANI nanofibers as the only carbon source. Reproduced
with permission from Ref. [197]. Copyright 2012, Elsevier.

Y. Arteshi et al. European Polymer Journal 108 (2018) 150–170

161

Downloaded from http://iranpaper.ir
http://www.itrans24.com/landing1.html



to respond to the electrical current. The exact biocompatibility of the
PANI-based materials appears to be dependent on the biologic specifics
and should be studied for any cell line, tissue or model separately.

5. Electrical stimulation: a specific application

Biocompatible polymeric composites of IEPs, theoretically, have the
potential to be applied as a scaffold in the field of tissue engineering.
Such scaffolds provide biocompatible entities for the biological activ-
ities, proliferation, differentiation of cells, and hence, may modulate the
functions of tissue/organ. Growth factors, antibiotics, and other sup-
plements help the scaffold to perform its function. Nonetheless, when
an engineered scaffold benefits an electroconductive component in its
composition, it provides an exclusive opportunity. Such scaffold can
substitute the growth factors and many other supplements with the
electrical current provided to appropriate cell type per se. The ES, in
fact, is a proprietary application for the scaffolds that benefit from the
IEPs in their structure, which are discussed in details in the following
section.

5.1. Electrical stimulation: how does it work?

It has been shown that the treatment of cells cultured on the elec-
troconductive platforms by the electricity may affect their biologic
behavior(s). In 1997, Schmidt and coworkers released the first scientific
report related to the effect of ES on cells [226]. They showed that the
PC-12 cells cultured on the PP films and subjected to the electrical
stimulus displayed longer neurite as compared to the cells not treated
with the electrical stimulation and the untreated control cells cultured
on tissue culture PS. A number of similar studies with other nerve cell
lines or other electroconductive materials were reported later on
[227–229]. For instance, the utility of the ES proved in the cardiac
tissue and heart engineering [230–232]. The usefulness of the ES utility
in the cardiac tissue engineering has been well discussed by Bidez et al.
[233].

The logic behind the ES process is based on the role of bioelectricity
in the human body. Since, in the human body, the bioelectricity has
fundamental roles in the maintaining normal biologic activities of the
cells, including cell signaling in the nerve cells, muscle contraction, and
wound healing. As a result, much attention was paid to the treatment of
various cells by the electricity using electroconductive biomaterials

[61]. Mechanisms of the ES effect on cells have already been discussed
by Pires et al. These researchers have remarked that the ES can regulate
the intracellular signaling pathways, increase the protein biosynthesis,
and favor the ECM protein conformation changes [234].

In a remarkable investigation, Gu et al. showed that peripheral
blood stem cells of Sprague-Dawley rats can proliferate and differ-
entiate to Schwann cells under the ES. In this work, a low-frequency
electrical stimulation applied for 1 h (20 Hz, 100 μs, 3 V) was shown to
improve the cell proliferation and induce the differentiation of per-
ipheral blood stem cells to Schwann cells. To detect and evaluate the
mechanism of the ES effect on the cells, the functional expressions of
ERK 1/2, p-ERK 1/2, CyclinD1 and CDK4 were studied in four different
groups of cells, including (a) ERK-blockage group, (b) low-frequency ES
group, (c) low-frequency ES+ERK-blockage group and (d) control
group with no intervention. It was reported that the ES process could
affect the cells by the ERK signaling pathway. Since the Schwan cells
are one of the most preferred sources in the repair of the central and
peripheral nerve injuries, this study highlighted the role of the ES in the
regenerative medicine [235]. Beyond the cellular level, it was con-
sidered that improvement in the cell-cell communication might provide
some therapeutic opportunities in the regeneration of engineered tis-
sues, in large part because of the ES [230,232].

The ES provides a specific application for the electrically conductive
biomaterials, by which differentiation of cells and tissues can be fa-
cilitated. The application of ES has attracted much more attention in the
field of the regenerative medicine. However, the application of elec-
tricity to cells or injured tissue may confront with some technical
challenges such as the requirements for the development of an appro-
priate bioreactor, optimization of the effective modules for inducing the
electrical current, and improvement of the conditions of stimulation.
Hence, the ES process may require appropriate requirements such as the
implementation of bioreactors.

5.1.1. Challenge for the development of an appropriate bioreactor
Preparation of a proper setup for the ES is a practical challenge. A

bioreactor is necessary to treat the cells/tissue. Such bioreactor must
have compliance with biologic medium and must effectively transfer
the electricity to the cells or tissue. The aseptic condition should be
established in every part of the bioreactor to eliminate any effects of the
presence of bioreactor.

Any research group should optimize the ES “setup” for any specific

Scheme 4. Different bioreactors, developed by scholars.
(A) 1× 1 cm glass cell; reproduced from Ref. [190]. (B)
Custom-made bioreactor fixed into a Petri dish; re-
produced from Ref. [231]. (C) Computer designed eight-
well bioreactor. Reproduced with permission from Ref.
[210]. Copyright 2017, American Chemical Society.
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study. Custom-made or commercially available prototypes of electrical
devices may carry out the ES process. Scheme4 shows some bioreactors
fabricated by scholars in different studies from the simplest to most
complex bioreactors.

Hsiao and coworkers overcome the bioreactor challenge by im-
plementing some simple aspects. In their work, the prepared scaffold
was placed on a glass slide and two silver wires located under two ends
of the scaffold. This assemble was covered using a glass well (1× 1 cm
inner well dimension), while the whole chamber was tightly sealed by
the silicon paste [199].

Tandon and coworkers seeded cells onto collagen sponges, trans-
ferred them to a petri dish with 6 cm in diameter. Electrical field sti-
mulated using two rod-shaped electrodes (4 cm length, 1/8 in. dia-
meter, placed 1 cm apart), connected by silicon adhesive to each other
and by platinum wires to the stimulator (for details see Scheme 4)
[231]. In a similar approach, Hirt et al. developed a custom-made
electrical pacing unit. Four pairs of carbon electrodes, as a scaffold,
were connected to two stainless steel square bars with the certain
thickness and certain distances. The unit was applied to the wells of a
standard 24-well plate. Using 6 units, parallel to each other, all of the
cells in 24-well plate were shown to be stimulated [232].

A 4×4 well bioreactor designed and fabricated from PDMS by
Serena et al for the application of ES on the hESCs. The bioreactor was
fabricated by applying stereolithography via curing the PDMS in a
mold. Two sides of each row could accept the electrode with 1.3mm in
diameter and then any row contributes in the stimulation, in-
dependently to others [236].

An eight-well bioreactor designed by 3D CAD software (SOLIDW-
ORKS) and manufactured from plexiglas using CNC machinery by
Mohammadi-Amirabad et al. In any well of this bioreactor, there is a
pair of pin-shaped interfaces, through which stainless steel electrodes
(1.4 mm in diameter and 25mm length) inserted to the well. There is a
square-shaped fixative in each well to uniformly connecting fabricated
scaffold to the electrodes. Having capitalized on such an arrangement,
the researchers showed that the ES was applicable in each well (see
Scheme 4) [210].

Taken all, to resolve the bioreactor challenge, each case needs to be
optimized per se based on the condition and nature of the experiment.

5.2. Electrical stimulation using PANI-based biomaterials

As mentioned earlier, bioelectricity exists within the signaling
pathways among the nerve cells, contraction of muscle cells and wound
healing in injured tissues. On the other hand, the application of ES can
result in mimicking the original activation of bioelectricity. As a result,
the cells which play the main roles in bioelectrical activities are the
most preferred types in the ES process.

The ES has been applied to the stem cells with different sources,
myoblasts, fibroblast and neural cells using well-characterized PANI-
based biomaterials as the scaffold. In some studies, the cell behavior
under the ES was monitored and compared with the control cells
without enduring ES. The PANI-involved scaffolds in these studies ex-
hibited significant ability in terms of hosting and possibly differ-
entiating the cells.

An implicate of the ES process on rat nerve stem cells (C17.2) was
reported by Prabhakaran and coworkers. They used electrospun PLLA/
PANI blend fibers at a ratio of 85:15 as the scaffold. After 24 h of cell
seeding, the ES process carried out for 60min at a constant electric field
of 100mV/mm. A significant increase in the length of the neuritis ob-
served because of the ES process (24 ± 4ìm with ES compare with
15 ± 3ìm without ES) (see Fig. 5) [195]. Once compared to a former
study conducted by the same group in which the same cells were seeded
on a PCL/gelatin/PANI nanofibrous scaffold, the obtained results
showed remarkable improvements. The electrical conductivity of PCL/
gelatin/PANI scaffold was measured to be about 20× 10−6 S, while the
electrical conductivity of PLLA/PANI scaffold was around 3×10−6 S.

Thus, the PCL/gelatin/PANI scaffold was considered as a suitable set-
ting for transferring of the applied electrical current during the ES
process. Furthermore, a longer neurite was observed in the case of PCL/
gelatin/PANI, which was equal to 30 ± 1ìm [61]. This comparison
obviously highlights the significant role of the ES process in the re-
generation purposes. More conductive scaffold causes more effective ES
for the cells, and hence, longer neuritis. More extended neurite net-
works resulted from the ES process in both study reveal the impact of
the ES in the nerve tissue regeneration.

Morphological changes detected in the hMSCs. After 7 days of
electrical stimulation, the ES resulted in differentiation of the hMSC to
the neuron-like cells even in the case of the highly doped substrate
[201]. Thrivikraman and coworkers studied the hMSCs viability, pro-
liferation, and differentiation on PANI substrate with different con-
centration of HCL dopant. It was reported that, when the concentration
of dopant increases in substrate structure, the number of cells was de-
creased and the viability of cells was negatively affected. The cells were
stimulated with an intermittent pattern of the electric field (dc) for
7 days (100mV cm−1 for 10min/day after cell seeding). Although the
cell viability did not improve despite the ES because of dopant presence
in high concentration; the cells stimulated by the electricity showed
obvious differentiation into the neuron-like morphology. This remark-
able observation illustrates the undoubtful role of ES in the cell dif-
ferentiation. This group developed their work toward studying the ES
effect on other stem cell lines using PANI-based biomaterials as sub-
strate. To this end, they developed a PANI-based biomaterial by coating
a PANI substrate with Coll1 alone or in associated with sHya which
forms an aECM. The engineered aECM was shown to mimic the native
microenvironment of bone tissue. Moderate conductivity in the range of
10−4–10−3 S cm−1 was reported for the developed biomaterial. Similar
to the previous work [201], the hMSCs were cultured on prepared
biomaterials and their differentiation to the bone tissue was in-
vestigated by studying the gene expression of bone markers. The ES
process performed using the PEF (7ms rectangular pulses,
3.6 mV cm−1, 10 Hz). In the presence of PEF, the gene expression of
Coll1A1, OPN and RUNX2 were reported to be similar to that of the
untreated cells. Further, the expressions of ALP and OCN significantly
were found to be improved in the case of the PEF treated cells on aECM
substrates. The cell morphology and growth were markedly improved
by the PEF treating. Star-shaped cells with an increased occupied area
were observed in the presence of PEF (Fig. 5). The mechanism of ES
effect was found on the cell morphology that might be accomplished by
two manners, including (a) PEF prepared cues that assemble and dis-
assembly of actin performed upon them and (b) PEF affect the local
electric field of ECM, resulting in the redistribution of cell receptors, an
therefore cell behavior. It should be noted that the ES process has not
affected the cell proliferation, while the PANI/Coll/sHya scaffold en-
hanced the cell proliferation capacity up to 28 days even in the absence
of ES [205].

The PANI-based biomaterials were engineered in the form of
“electrodes” and then applied for the ES on different tissues. For ex-
ample, Min and coworkers investigated the ES process using sulfonated-
PANI based biomaterials as electrodes. They investigated the effect of
ES process on different cell lines related to the bone tissue, including
BMSCs, pre-osteoblast cells (MC3T3-E1) and the HOSCs [237,238].

Zhang et al. reported a synergic effect of the ES and NGF on the
differentiation of rat PC12 cells. In this study, the PC12 cells cultured
on the electrospun PANI associated with PSK blends with a different
composition. The NGF loaded into the prepared polymeric systems and
24 h after seeding, then the cells were stimulated with 100mV cm−1 for
5 h per day (total 5 days). Neurite outgrowth was analyzed under
consideration of NGF release from the scaffolds and the application of
ES. Having compared the PS/PANI and NGF-loaded-PS/PANI, an in-
crease was found in median neurite length from 7.5 to 19.7 μm. The
percentage of the neuritis was recorded in the range from 1.5 ± 1.2%
to 29.7 ± 2.1% under the ES condition. The ES also improved the NGF
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release from the NGF-loaded-PS/PANI fibers. Based on this observation,
the prepared biomaterials were suggested to be applied in electro-re-
sponsive drug delivery systems [239].

In another work, Wang et al. coated an ITO glass with PANI. Then,
to evaluate the biocompatibility of the engineered materials, they
analyzed adsorbed protein by PC-12 cells using SDS-PAGE method both
in the presence and absence of the ES. About 24 h post-seeding, the cells
were treated by rectangular electric pulses with an amplitude of 100 μA
and pulse width of 0.8. The pulses were repeated each second for 1, 2,
and 4 h. Using MTT assay, a significant difference was reported for the
ES treatment, in which values related to 4 h stimulation did not differ
from that of 2 h. Similar to other reports, the ES caused an increase in
the neurite outgrowth. In this work, protein adsorption in DMEM media
was investigated based on the fact that protein adsorption might occur
when the biomaterial surface is exposed to the biologic medium. This
phenomenon appears to affect the adhesion of the cell and following
responses such as inflammatory. After 4 h of stimulation, the amount of
the adsorbed protein was monitored using AFM microscopy. The SDS-
PAGE analyses in this study showed a new band (band 2, about 37 kDa)
after the cell culture, which was secreted by the PC-12 cells.
Furthermore, an increase in the secreted protein related to band 1

(around 90 kDa) was observed after 4 h of stimulation. These results
demonstrate that the mechanism of the ES process on the nerve cells
might involve in the increased adsorption of ECM proteins such as fi-
bronectin [240].

Since the native function of cardiac tissue fundamentally depends
on the bioelectricity, this tissue is a preferred candidate for the in-
vestigation of the ES process. In a study, Hsiao and coworkers isolated
the neonatal cardiomyocytes from the hearts of 1–2 day old rats [199].
The cells were then cultured on the electrospun PANI/PLGA nanofibers
and treated with the ES process. Characteristic electrical pulses of the
native myocardium (1.25 Hz, 5 V cm−1) were applied to the cells.
Beating rates of the cultured cells were synchronized with the ES pulses
and analyzed with high-speed photography. The cell clusters were
cultured on two different meshes with different percentage of involved
PANI; and thus, different conductivity. The cells cultured on both low-
and high-conductive meshes were found to beat asynchronously before
the ES. After the ES process, as shown in Fig. 6, the beating frequency
was relatively improved in the cells cultured on the low-conductive
mesh and even was the same as that of the oscillation of the electrical
potential [199]. These findings show the significant role of the ES
treatment in coordinating the connection between the cardiac cells.

Fig. 5. The scanning electron microscopy images of nerve stem cells on PLLA/PANI nanofibers. (A) Non-stimulated. (B) Electrically stimulated for 60min period.
Reproduced with permission from Ref. [195]. Copyright 2011, Elsevier.

Fig. 6. The beating frequencies (BFs) of
isolated cell clusters. The BFs in the images
indicated by the red and blue arrows for the
cells grown on the low- and high-con-
ductivity meshes (PNAI/PLGA ¼ 0.5%/12%
and 0.5%/8%, respectively) before and after
the electrical stimulation. The electrical
potential frequency was denoted by the
yellow line (the one with the yellow light-
ning symbol). For details, the readers are
referred to the web version of the article.
Reproduced with permission from Ref.
[199]. Copyright 2013, Elsevier. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
web version of this article.)
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Li et al. investigated the effect of ES on the HUVECs under condi-
tions of the stimulating with 200, 300 and 400mV cm−1. The cytos-
keleton organization of the cells cultured on PCL and PCL/PANI na-
nofibers was studied by rhodamine-phalloidine staining. Under the ES
condition, especially using 400mV cm−1, the HUVECs have shown
enhanced adhesion and viability. In addition, in the presence of the ES
process, morphological analysis using SEM technique was performed
for the cells cultured on the PCL/PANI mesh compared to those of
cultured on the PCL alone. The comparison approved that the function
of PANI was found to facilitate the cell proliferation and improve the
morphology [209].

The cardiovascular cell morphology has been shown to be re-
markably influenced by the direction of the fibrous substrate in nu-
merous studies. For example, Ku et al. clarified the effects of electro-
spun PANI/PCL nanofibers, while the alignment of the nanofibers and
the concentration of PANI did not show significant influence on the cell
growth and proliferation. Nevertheless, the direction of the fibrous
substrate affects the morphology of the cells. Further, bipolar and

multipolar structures were observed for the cells cultured on random
and aligned fibrous substrates, respectively [241].

The effect of the direction of ES, by which the electric current in-
duces to cells, was highlighted by Mohammadi Amirabad et al. They
used aligned and random PANI/PES nanofibers. In this study, CVD-
iPSCs were isolated from the fibroblasts of the patients, who were un-
dergone cardiothoracic surgeries. The obtained cells cultured on the
fabricated aligned and random scaffolds using a modified minimum
medium as well as differentiation medium for 5 days. The investigation
was performed under the ES condition by square-wave impulses (1 Hz
for 2ms and 50mV cm−1) 1 h per day for 15 days as well as the lack of
the ES process. About 21 days after cell seeding, immunofluorescence
staining of the cardiac-specific structural markers, including α-actin
and cTnT, was performed to evaluate the results of the obtained dif-
ferentiation (Fig. 7). The highest differentiation to cTnT+ cells re-
sulted when the ES process applied using the aligned PANI/PES [210].

Since the bioelectricity has an intrinsic role in the wound healing,
the cells contributing to the wound healing are remarkable candidates

Fig. 7. The immunofluorescence stained images of cardiac-specific structural entities such as α-actin and cTnT in (A) cardiomyocyte-like cell (zoom in view). The
cells cultured on aligned and PANI/PES nanofibrous scaffolds (B) with and (C) without electrical stimulation. The cells cultured on random PANI/PES nanofibrous
scaffolds (D) with and (E) without electrical stimulation. (F) The distribution of orientations against orientation of cells in the experimental groups. (G) The
quantitative analysis of cellular alignment in the angle of 0–90° in both directions. The white arrows showed the electrical pulse orientation and a cyan arrow
showing the orientation of fibers in the scaffold. Scale bars= 20 μm (A) and 100 μm (B–E). Reproduced with permission from Ref. [210]. Copyright 2017, American
Chemical Society.
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for the ES process. Following this logic, Petrov et al. studied the effect of
the ES on L929 fibroblast cells cultured on HEC/PANI cryogels. MTT
assay approved satisfying viability for the cells cultured on the fabri-
cated electroconductive cryogel substrate. The cells were cultured on
1% and 2% PANI substrates and treated with 2.5 V cm−1 electrical
fields for 24 h. The L929 cells under ES condition were shown to have a
tendency for positioning near the cathode. This behavior was specu-
lated to occur because of the charged polarons (cation radicals) con-
tained in the structure of PANI [208].

The ES process is a tool for managing of the cellular behaviors. The
application of this tool in a body might be conditional to a much more
accurate and effective control of the cellular functions. Such control
becomes possible by the design of multi-stimuli responsive materials
scaffolds. Then, the introduction of biomaterials with another kind of
stimuli besides the ES should be considered as the next goal in this field
[225]. Additionally, such managed biomaterials might practically be
useful only after the complete in-vivo evaluations and clinical trials for
electroconductive biomaterials. Up to now, there are no FDA-approved
PANI-based scaffolds and none of the synthesized PANI-based bioma-
terials has been introduced to the clinical trials yet. Thus, future PANI-
based biomaterials have to pass required standards for the use in the
human or other alive models. The useful and precise discussion is
available by Hardy et al. in terms of the f the biomimetic conducting
polymers used as tissue scaffolds [242].

6. Final remarks and conclusions

The PANI-based biomaterials have approved their application in
bioscience as well as other implementations. Although in-vitro bio-
compatibility of the PANI-based materials depends on the cell type,
further investigations seem to be necessary to fully address all aspects
of these advanced materials. Engineering, application, and marketing of
the materials with optimum conductivity-biocompatibility balance ap-
pear to be the main challenge in this area. We envision that the PANI-
based electroconductive implants will be commercially available in the
near future. Such advanced systems can become a game changer in the
regenerative medicine, in part because of their electrical biomimetic
characteristics, even though their industrial scale-up and marketing still
remain as big challenges.
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