
Electrical Stimulation Optimization in Bioreactors for Tissue 
Engineering Applications 

Paula Pascoal-Faria1,2,a*, Pedro Castelo Ferreira1,b, Abhishek Datta3,4,c, 
Sandra Amado1, Carla Moura1 and Nuno Alves1,5,d 

1Centre for Rapid and Sustainable Product Development, Polytechnic Institute of Leiria, Rua de 
Portugal, Marinha Grande, 2430-028, Portugal 

2Department of Mathematics, School of Technology and Management, Polytechnic Institute of 
Leiria, Rua General Norton de Matos, Apartado 4133, 2411-901 Leiria, Portugal 

3Soterix Medical, Inc. 
4City College of New York, NY 

5Department of Mechanical Engineering, School of Technology and Management, Polytechnic 
Institute of Leiria, Rua General Norton de Matos, Apartado 4133, 2411-901 Leiria, Portugal 

apaula.faria@ipleiria.pt (corresponding author) 

Keywords: tissue engineering, bioreactor, scaffold, electrical stimulation, electro-mechanical strain 
stimulation, optimization. 

Abstract. We review here the current research status on bioreactors for tissue engineering with cell 
electrical stimulation. Depending on the cell types, electrical stimulation has distinct objectives: 1) 
being employed both to mimic and enhance endogenous electricity measured in the natural 
regeneration of living organisms and 2) to mimic strain working conditions for contractible tissues 
(for instance muscle and cardiac tissues). Understanding the distinct parameters involved in electrical 
stimulation is crucial to optimize its application. The results presented in the literature and reviewed 
here reveal that the application of electrical stimulation can be essential for tissue engineering 
applications.  

Introduction 
Tissue Engineering is today seen as the ultimate solution in the treatment and replacement of lost or 
damaged tissues. Understanding the mechanisms underlying biological tissue differentiation, 
regeneration and growth is a timely goal. In particular, the proper identification of the relevant 
parameters involved and the respective possible optimization strategies for each tissue type is a 
common objective in this field of research. It has been established that the following conditions 
should generally be satisfied:  

i) an adequate mechanical laminar shear stress of the culture medium fluid that not only 
ensures nutrient and oxygen delivery but removal of cell activity byproducts as well [1,2];  

ii) an adequate low voltage and low intensity electrical stimulus that both mimics endogenous 
real organism conditions [3-5] and selectively enhances or inhibits cell regeneration. This 
type of stimulus evidently plays an essential role in artificial control of cellular 
differentiation [6], replication [7], growth [7, 8], maturation [9], adhesion and orientation 
[10]. 

iii) for the particular case of muscular and cardiac tissues, electro-mechanical strain 
stimulation mimicking the biological strain working conditions (contraction and 
elongation). It should be noted that the electric impulses considered in this study should 
not be confused with the endogenous regenerated electric fields referred in point (i), 
instead they refer to the functional activation of muscle and cardiac tissues of biological 
organisms. The scaffolds for these tissue types are commonly denominated constructs 
(when requiring a cell culture for construction of the scaffold) being itself constituted by 
biological tissues. Typically the constructs mimic the elasticity of the final biological 
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tissue [11-14]. Mechanical strain alone has also been considered for cartilaginous, blood 
vessel and ligament tissues; 

iv) the existence of a geometric adequate substrate that mimics the final desired shape and 
material properties. This is commonly solved by cultivating the tissue on a biodegradable 
scaffold which both in vitro and in vivo shapes the tissue to the intended biological shape 
[15-17]. Also the geometry of these scaffolds allow for medium perfusion ensuring 
adequate volumetric nutrient and oxygen delivery [18-20]. 

   
Regarding materials, numerous research have proposed using both natural and synthetic materials 

for the design and construction of tissues, including naturally occurring polymers, synthetic 
bioresorbable polymers or ceramics and biodegradable materials. Examples using polycaprolactone 
(PCL) matrix as reference, PCL reinforced with cellulose nanofibers (CNF) and PCL reinforced with 
CNF and hydroxyapatite nanoparticles have been developed and used by Morouço and collaborators 
(see [16]). Moreover, advances have been made in exploring the ideal geometries of scaffolds [21], 
mostly due to 3D printing methods that have been developed over the years such as fused deposition 
modelling, selective laser melting or selective laser sintering techniques [22, 23]. More recently, a 
4D bioprinting technology that fabricates dynamic structures that improves cartilage and bone 
regeneration has also been proposed [22, 24].  

Different types of stimulation have been used to benefit tissue regeneration applications over the 
years. Mechanical, electrical and magnetic stimulation have all been explored with promising results. 
However, numerical studies aiming to optimize the different stimulation parameters are critically 
needed focusing on the vast applications of tissue engineering. Early modelling studies performed by 
[25] for mechanical stimulation, by [26-28] and by [29] for electrical and magnetic stimulation have 
proven to be not only crucial for understanding the neurophysiological mechanics involved but have 
also helped to optimize the application of stimulation in different type of cells and models. 

With the objective of optimizing in vitro tissue engineering for eventual in vivo chirurgical 
implantation in such a way that it is both economically viable and scalable to industrial levels, it is 
highly desirable to develop bioreactors that incorporate all the necessary conditions for tissue 
engineering. This review will therefore mainly focus on the research status of such bioreactors which 
already contemplate aforementioned culture conditions (i), (ii), (iii) and (iv); specifically we will 
address studies that deal with the application of electrical stimulation on a scaffold placed inside a 
bioreactor. Furthermore, this review aims to provide insight on the different parameters involved and 
suggest what future directions to take.   

Methods 
Information sources and literature search. Studies in English quantitatively assessing the 

application of electrical stimulation on a scaffold placed inside a bioreactor for tissue regeneration 
were identified by searching the Science Direct and PubMed electronic databases on November 12, 
2017. The following search string was used to retrieve relevant publications: “("bioreactor" OR 
"dynamic cell culture") AND ("scaffold" OR "construct") AND ("regenerative medicine" OR "tissue 
engineering" OR "tissue regeneration") AND (stimuli OR stimulation) AND ("electric" OR 
"electrical")”. 
 Selection and exclusion criteria. The publications retrieved by using the aforementioned search 
string were assessed for eligibility. Notably, for an article to be included in the qualitative analysis 
performed in this review, the following criteria had to be met: (1) published in English, (2) original 
research reports – e.g., reviews were excluded and (3) used electrical stimulation applied on cells 
placed on scaffolds inside bioreactors corresponding to cell culture conditions (ii) or (iii). 

Additionally, the following exclusion criteria were considered: (1) case studies, (2) different types 
of stimulation that do not include electrical stimulation and (3) when cell culture was not directly 
studied. 
 Data extraction. Relevant data were extracted systematically from the selected articles and recorded 
on an extraction sheet (see Table 1). This procedure was pilot-tested independently by all the authors 
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to ensure that data extraction occurred consistently. The extraction sheet included several topics, 
notably information regarding cell preparation, characteristics of the scaffolds and bioreactors and 
the different parameters involved in stimulation. 
 Identification of articles. After all data were collected, all the authors were involved in the 
preliminary screening of the papers, which consisted of assessing their specific titles and abstracts for 
eligibility. Each article was assessed by two authors. Whenever disagreement occurred, the paper was 
not excluded without both authors reaching an agreement on the reason for exclusion. The full-text 
version of the remaining articles was then assessed. This second stage eligibility screening was 
performed by the same authors and used the same method except for the disagreements, which were 
solved by joint discussions of all the authors. 

Results 
Study Selection. The search strategy described above resulted in 66 results from Science Direct 

and 14 from PubMed. After discarding duplicate records, reviews and book chapters, 21 articles were 
assessed for eligibility on the basis of their titles, abstracts and keywords, with 9 being excluded from 
the review (see Figure 1). Out of the remaining 12, which had their full text analyzed; an additional 
2 papers were also excluded due to non-inclusion of either culture conditions (ii) and (iii). The process 
was repeated by analyzing the full-text of the remaining 10 articles [14, 30-36, [37,38]. The 
characteristics of these articles most relevant to this review were collected on an extraction sheet as 
described above (see Table 1). 
 

 
Figure 1. Flow chart diagram of the study selection process. 

Characteristics of the studies. From the selected studies, [30, 37] correspond to tissue cultures 
applying low electrical current stimulation (ii) while the studies [14, 31-36, 38] correspond to electro-
mechanical strain stimulation (iii). 
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e 

bi
od

eg
ra

da
bi

lity
 o

f t
he

 
hy

dr
og

el
 s

ub
st

ra
te

 a
llo

ws
 fo

r t
he

 
ra

pi
d 

tra
ns

la
tio

n 
of

 th
e 

en
gi

ne
er

ed
, o

rie
nt

ed
 c

ar
di

ac
 

tis
su

e 
to

 c
lin

ic
al

 a
pp

lic
at

io
ns

. 
Be

st
 re

su
lts

 w
ith

 e
le

ct
ric

 
st

im
ul

ai
to

n 
wi

th
 1

Hz
 a

t 2
.5

V/
cm

.

[3
3]

C
ar

di
ac

 ti
ss

ue
 

en
gi

ne
er

in
g 

(in
 v

itr
o 

to
 

in
 v

ivo
).

2-
da

y 
ol

d 
Sp

ra
gu

e 
D

aw
le

y 
ra

ts
 c

ar
di

ac
 

ce
lls

.

hi
gh

-g
lu

co
se

 D
M

EM
 +

 
10

%
 F

BS
, 1

%
 H

EP
ES

, 
an

d 
1%

 p
en

ic
illi

n 
(1

0,
00

0 
U/

m
l)/

st
re

pt
om

yc
in

 
(1

0,
00

0 
μg

/m
l).

M
on

op
ha

si
c 

pu
lse

s 
of

 2
 m

s 
du

ra
tio

n,
 3

 H
z,

 3
 V

/c
m

.
Pa

ra
lle

lip
ip

ed
ic

 s
po

ng
es

 (8
 

m
m

 ×
 1

0 
m

m
 ×

 1
.5

 m
m

) 
wi

th
 m

ic
ro

ch
an

ne
ls 

fo
r 

pe
rfu

si
on

 s
tim

ul
at

io
n.

By
 s

ee
di

ng
 c

ol
la

ge
n 

sp
on

ge
s 

wi
th

 
ce

ll p
op

ul
at

io
ns

. T
he

 c
ol

la
ge

n 
sh

ee
t 

wa
s 

fo
ld

ed
 a

ro
un

d 
an

 a
ut

oc
la

ve
d 

bu
nd

le
 o

f 1
4 

ho
llo

w 
fib

er
s,

 
m

an
uf

ac
tu

re
d 

fro
m

 re
ge

ne
ra

te
d 

ce
llu

lo
se

, a
nd

 s
ec

ur
ed

 u
si

ng
 a

 
si

ng
le

 s
tit

ch
 s

ut
ur

e.

C
ar

di
ac

 p
at

ch
 s

po
ng

e.
C

ol
la

ge
n 

sh
ee

t.
Sc

af
fo

ld
 b

et
we

en
 e

le
ct

ro
de

s 
an

d 
pe

rfu
si

on
 tu

bi
ng

. A
llo

ws
 b

ot
h 

sh
ea

r 
st

re
ss

 s
tim

ul
at

io
n 

an
d 

pe
rfu

si
on

 
em

pl
oy

in
g 

ho
llo

w 
m

ic
ro

di
al

ys
is

 
ce

llu
lo

se
 tu

bi
ng

 th
at

 m
im

ic
s 

ca
pi

lla
rie

s 
wi

th
 in

te
rs

tit
ia

l m
ed

iu
m

 
flo

w 
th

at
 p

ro
te

ct
 c

el
ls 

fro
m

 
ex

ce
ss

ive
 s

he
ar

 s
tre

ss
.

Pa
ra

lle
lip

ip
ed

ic.
El

ec
tri

ca
l s

tim
ul

at
io

n,
 s

he
ar

 
st

re
ss

 s
tim

ul
at

io
n 

an
d 

ca
pi

lla
r 

pe
rfu

si
on

.

C
ar

bo
n 

ro
d 

el
ec

tro
de

.
D

ev
el

op
ed

 a
 p

or
ta

bl
e 

de
vic

e 
th

at
 

pr
ov

id
es

 th
e 

pe
rfu

si
on

 a
nd

 
el

ec
tri

ca
l s

tim
ul

at
io

n 
ne

ce
ss

ar
y 

to
 e

ng
in

ee
r c

ar
di

ac
 ti

ss
ue

 in
 

vit
ro

, a
nd

 to
 tr

an
sp

or
t i

t t
o 

th
e 

si
te

 w
he

re
 it

 w
ill 

be
 im

pl
an

ta
te

d.

Ap
pl

ic
at

io
n 

of
 p

er
fu

si
on

 m
ai

nt
ai

ne
d 

m
or

e 
un

ifo
rm

, c
om

pa
ct

 ti
ss

ue
, a

s 
co

m
pa

re
d 

to
 

ot
he

r g
ro

up
s.

 A
lso

 in
te

re
st

in
g 

to
 n

ot
e 

is
 th

at
 

el
ec

tri
ca

lly
 s

tim
ul

at
ed

 g
ro

up
s 

m
ai

nt
ai

ne
d 

m
or

e 
ce

lls
 in

 th
e 

m
os

t s
up

er
fic

ia
l p

or
tio

n 
of

 th
e 

sc
af

fo
ld

, s
ug

ge
st

in
g 

th
er

e 
m

ay
 b

e 
a 

sy
ne

rg
is

tic
 e

ffe
ct

 o
f t

he
 a

pp
lic

at
io

n 
of

 
el

ec
tri

ca
l s

tim
ul

at
io

n 
an

d 
ce

ll d
is

tri
bu

tio
n.

In
di

ce
s 

m
or

e 
ce

lls
 in

 th
e 

m
os

t s
up

er
fic

ia
l p

or
tio

n 
of

 
th

e 
sc

af
fo

ld
.

Fu
rth

er
 s

tu
di

es
 w

ou
ld

 b
e 

ne
ed

ed
 

to
 v

al
id

at
e 

wh
et

he
r e

le
ct

ric
al

 
st

im
ul

at
io

n 
af

fe
ct

ed
 c

el
l 

at
ta

ch
m

en
t.

[3
4]

Ca
rd

ia
c t

iss
ue

 
en

gi
ne

er
in

g 
(in

 v
itr

o)
.

C
ar

di
ac

 c
el

ls 
fro

m
 

Le
wi

s 
ra

t 
(m

es
en

ch
ym

al
 s

te
m

 
ce

lls
).

L-
D

M
EM

, 1
0%

 F
BS

, 
ca

rd
ia

c 
m

yo
cy

te
 g

ro
wt

h 
su

pp
le

m
en

t (
Sc

ie
nC

el
l 

Re
se

ar
ch

 L
ab

or
at

or
ie

s)
, 

10
0 

U/
m

l p
en

ic
illi

n 
an

d 
10

0μ
g/

m
l s

tre
pt

om
yc

in
.

20
%

 m
ec

ha
ni

ca
l s

tra
in

 a
nd

 
el

ec
tri

ca
l s

tim
ul

at
io

n 
of

 5
 V

, 1
 

Hz
.

Sq
ua

re
 s

lic
es

 (2
0 

m
m

 ×
 2

0 
m

m
 ×

 ~
3 

m
m

).
Fo

rty
 fr

es
h 

pi
g 

he
ar

ts
 w

er
e 

ha
rv

es
te

d 
fro

m
 ~

6-
m

on
th

 o
ld

 p
ig

s 
an

d 
fro

m
 th

e 
m

id
dl

e 
re

gi
on

 o
f t

he
 

an
te

rio
r l

ef
t v

en
tri

cu
la

r w
al

l w
er

e 
tri

m
ed

 s
qu

ar
e-

sh
ap

ed
 m

yo
ca

rd
iu

m
 

sa
m

pl
es

 (2
0 

× 
20

 ×
 ～

3m
m

). 
W

er
e 

m
ou

nt
ed

 in
 a

 fr
am

e-
pi

n 
su

pp
or

t 
sy

st
em

 to
 p

re
ve

nt
 c

on
tra

ct
io

n 
of

 
tis

su
e 

m
ac

ro
ge

om
et

ry
 a

nd
 c

ol
la

ps
e 

of
 in

te
rn

al
 c

ar
di

om
yo

cy
te

s 
la

cu
na

e.
 

Th
en

 d
ec

el
lu

la
riz

ed
 in

 a
 ro

ta
tin

g 

3D
 p

or
ci

ne
 m

yo
ca

rd
ia

l s
ca

ffo
ld

s 
pr

es
er

vin
g 

m
ec

ha
ni

ca
l a

ni
so

tro
py

 
an

d 
va

sc
ul

at
ur

e 
te

m
pl

at
es

.

Fr
es

h 
pi

g 
he

ar
ts

 a
nd

 
pl

as
tic

 fr
am

es
.

Al
lo

ws
 fo

r b
ot

h 
el

ec
tri

ca
l a

nd
 

m
ec

ha
ni

ca
l s

tra
in

 s
tim

ul
at

io
n.

Sq
ua

re
 b

ox
 o

f a
cr

yl
ic

 o
r 

po
ly

su
lfo

ne
.

El
ec

tro
-M

ec
ha

ni
ca

l: 
m

on
op

ha
si

c 
pu

lse
s 

of
 2

 m
s 

du
ra

tio
n,

 3
 H

z,
 3

 V
/c

m
.

El
ec

tro
de

s 
we

re
 m

ad
e 

fro
m

 
Te

flo
nc

oa
te

d 
si

lve
r w

ire
 o

f 
75

 μ
m

 d
ia

m
et

er
 (A

-M
 

Sy
st

em
s,

 C
ar

lsb
or

g,
 W

A)
.

Sh
ow

 e
ffe

ct
ive

ne
ss

 a
nd

 
ef

fic
ie

nc
y 

of
 th

e 
co

or
di

na
te

d 
si

m
ul

at
io

ns
 in

 p
ro

m
ot

in
g

 ti
ss

ue
 re

m
od

el
in

g

Bi
ax

ia
l m

ec
ha

ni
ca

l t
es

tin
g 

de
m

on
st

ra
te

d 
th

at
 

po
si

tiv
e 

tis
su

e 
re

m
od

el
in

g 
to

ok
 p

la
ce

 a
fte

r 2
-

da
y 

bi
or

ea
ct

or
 c

on
di

tio
ni

ng
 (2

0%
 s

tra
in

 +
 5

 
V,

 1
 H

z)
; p

as
si

ve
 m

ec
ha

ni
ca

l p
ro

pe
rti

es
 o

f t
he

 
2-

da
y 

an
d 

4-
da

y 
tis

su
e 

co
ns

tru
ct

s 
we

re
 

co
m

pa
ra

bl
e 

to
 th

e 
tis

su
e 

co
ns

tru
ct

s 
pr

od
uc

ed
 

by
 s

tir
rin

g 
re

se
ed

in
g 

fo
llo

we
d 

by
 2

-w
ee

k 
st

at
ic

 
cu

ltu
re

, i
m

pl
yi

ng
 th

e 
ef

fe
ct

ive
ne

ss
 a

nd
 

ef
fic

ie
nc

y 
of

 th
e 

co
or

di
na

te
d 

si
m

ul
at

io
ns

 in
 

pr
om

ot
in

g 
tis

su
e 

re
m

od
el

in
g.

En
ha

nc
es

 ti
ss

ue
 

pr
ol

ife
ra

tio
n.

In
 s

ho
rt,

 th
e 

sy
ne

rg
is

tic
 

st
im

ul
at

io
ns

 m
ig

ht
 b

e 
be

ne
fic

ia
l 

no
t o

nl
y 

fo
r t

he
 q

ua
lity

 o
f 

ca
rd

ia
c 

co
ns

tru
ct

 d
ev

el
op

m
en

t, 
bu

t a
lso

 fo
r p

at
ie

nt
s 

by
 re

du
ci

ng
 

th
e 

wa
iti

ng
 ti

m
e 

in
 fu

tu
re

 c
lin

ic
al

 
sc

en
ar

io
s.

[3
5,

 3
9]

Ca
rd

ia
c n

ich
e:

 
m

yo
ca

rd
iu

m
, 

ca
rd

io
m

yo
cy

te
s, 

fib
ro

bl
as

ts
, e

nd
ot

he
lia

l 
ce

lls
 (i

n 
vi

tr
o)

.

Hu
m

an
 a

tr
ia

l 
fib

ro
bl

as
t c

el
ls 

(o
rig

in
al

 e
xp

er
im

en
t 

on
 a

du
lt 

ra
t 

ve
nt

ric
ul

ar
 m

yo
cy

te
s)

.

D
ul

be
cc

o’
s 

m
od

ifi
ed

 E
ag

le
 

m
ed

iu
m

 [D
M

EM
]; 

G
ib

co
 2

23
20

 +
 1

0%
 fe

ta
l b

ov
in

e 
se

ru
m

 [F
BS

] +
 1

%
 

pe
n.

/s
tre

p.

10
%

 cy
cli

c s
tr

ai
n 

at
 1

 H
z. 

El
ec

tr
ic 

St
im

ul
at

io
n 

of
 7

V/
cm

, 
4m

s b
ip

ol
ar

 p
ul

se
s a

t 1
 o

r 2
Hz

. 
Fl

ui
d 

pe
rfu

sio
n 

of
 0

.6
m

L/
m

in
.

Pa
ra

lle
lip

ip
ed

ic
 s

lic
es

.
18

 In
 b

rie
f, 

po
st

pa
rtu

m
 h

um
an

 
um

bi
lic

al
 c

or
d 

ve
in

s 
we

re
 w

as
he

d 
wi

th
 th

e 
M

-1
99

 m
ed

iu
m

, f
ille

d 
wi

th
 

th
e 

co
lla

ge
na

se
 s

ol
ut

io
n 

an
d 

in
cu

ba
te

d.
 T

he
n 

so
lu

tio
n 

wa
s 

ce
nt

rif
ug

ed
, r

es
us

pe
nd

ed
, c

ul
tu

re
d 

an
d 

se
ed

ed
 o

n 
PD

M
S 

su
bs

tra
te

s 
fo

r 
cy

cl
ic

 s
tre

tc
h 

tre
at

m
en

t. 
To

 fa
ci

lita
te

 
ce

ll a
tta

ch
m

en
t, 

PD
M

S 
su

bs
tra

te
s 

we
re

 c
oa

te
d 

wi
th

 fi
br

on
ec

tin
 a

nd
 

ty
pe

 I 
co

lla
ge

n 
m

ixt
ur

e 
be

fo
re

 
se

ed
in

g.

C
on

st
an

t s
tif

fn
es

s 
an

d 
re

si
st

ivi
ty

.
Hu

m
an

 u
m

bi
lic

al
 v

ei
n 

en
do

th
el

ia
l c

el
ls 

(H
UV

EC
), 

Pr
om

oc
el

l m
ed

iu
m

 
(P

ro
m

oc
el

l),
 P

DM
S 

su
bs

tr
at

es
, f

ib
ro

ne
ct

in
 a

nd
 

ty
pe

 I 
co

lla
ge

n.

Al
lo

ws
 fo

r b
ot

h 
el

ec
tri

ca
l, 

m
ec

ha
ni

ca
l s

tra
in

 a
nd

 s
he

ar
 s

tre
ss

 
st

im
ul

at
io

n.

Pa
ra

lle
lip

ip
ed

ic.
El

ec
tro

-M
ec

ha
ni

ca
l: 

cy
cl

ic
 

m
ec

ha
ni

ca
l a

nd
 e

le
ct

ric
al

 
st

ra
in

 a
nd

 s
he

ar
 s

tre
ss

.

Ca
rb

on
 ro

ds
 (0

.5
m

m
 

di
am

et
er

, 5
 cm

 lo
ng

;
 C

ar
bo

nt
ea

m
).

Re
ac

to
r t

o 
re

co
ns

tr
uc

t t
he

 
ph

ys
ica

l e
nv

iro
nm

en
t f

ou
nd

 in
 

th
e 

ca
rd

ia
c n

ich
e 

fo
r r

ou
tin

e
ce

ll 
cu

ltu
re

 u
se

Ce
lls

 su
bj

ec
te

d 
to

 1
0%

 st
re

tc
h 

at
 1

 H
z f

or
 2

4 
h 

ex
hi

bi
te

d 
la

rg
er

 a
re

as
 o

f o
rg

an
ize

d,
 in

te
rw

ov
en

 
fib

ro
us

 si
gn

al
s o

f α
-S

M
A 

(7
9.

3%
) t

ha
n 

in
 co

nt
ro

l 
gr

ou
p 

(1
9.

5%
). 

Th
e 

m
yo

fib
ro

bl
as

ts
 p

op
ul

at
io

n 
tr

ip
le

d 
af

te
r s

tr
et

ch
 tr

ea
tm

en
t. 

Tr
an

sw
el

l 
m

ig
ra

tio
n 

as
sa

y 
re

ve
al

ed
 o

ve
r 1

0%
 o

f t
he

 ce
lls

 
in

 co
nt

ro
l g

ro
up

 m
ig

ra
te

d 
to

 th
e 

tr
an

s s
id

e 
of

 
th

e 
po

ro
us

 m
em

br
an

e,
 b

ut
 ce

ll 
m

ot
ili

ty
 is

 
sig

ni
fic

an
tly

 re
du

ce
d 

to
 le

ss
 th

an
 5

%
 in

 
st

re
tc

he
d 

ce
lls

.

Re
du

ce
s 

un
de

si
re

d 
ce

ll 
m

ot
ilit

y 
in

si
de

 th
e 

re
ac

to
r, 

co
rr

ec
tly

 a
lig

ns
 c

el
ls 

an
d 

in
cr

ea
se

s 
α-

SM
A.

 - 

[3
6]

 
C

ar
di

ac
 ti

ss
ue

 
bi

or
ea

ct
or

 (i
n 

vit
ro

).
C

ar
di

ac
 c

el
ls 

fro
m

 2
- 

to
 3

-d
ay

-o
ld

 n
eo

na
ta

l 
Sp

ra
gu

e–
D

aw
le

y 
ra

ts
 

(C
ar

di
om

yo
cy

te
s)

.

D
ul

be
cc

o’
s 

m
od

ifi
ed

 
Ea

gl
e’

s 
m

ed
iu

m
, 1

0%
 

ho
rs

e 
se

ru
m

, 2
%

 fe
ta

l 
bo

vin
e 

se
ru

m
, 1

%
 

pe
ni

ci
llin

–s
tre

pt
om

yc
in

, 2
 

m
M

 e
-a

m
in

oc
ap

ro
ic

 a
ci

d,
 

2 
m

g/
m

L 
in

su
lin

, a
nd

 
as

co
rb

ic
 a

ci
d,

50
 m

g/
m

L.

M
ec

ha
ni

ca
l s

tim
ul

at
io

n 
of

 5
%

 
st

ra
in

 w
ith

 a
 5

0%
 d

ut
y 

cy
cl

e 
at

 
1 

Hz
. S

tim
ul

i f
or

 e
le

ct
ric

al
 

st
im

ul
at

io
n 

we
re

 b
ip

ha
si

c 
re

ct
an

gu
la

r p
ul

se
s,

 w
ith

 a
 

du
ra

tio
n 

of
 1

 m
s 

wi
th

 1
Hz

 a
nd

 
a 

su
pr

a-
th

re
sh

ol
d 

vo
lta

ge
 o

f 3
 

V/
cm

. S
yn

ch
ro

ni
ze

d 
or

 
el

ec
tri

ca
l s

tim
ul

at
io

n 
de

la
ye

d 
by

 0
.0

1 
s.

C
ilin

dr
ic

al
.

He
ar

ts
 w

er
e 

is
ol

at
ed

, m
in

ce
d 

to
 

sm
al

l p
ie

ce
s,

 a
nd

 th
en

 d
ig

es
te

d 
wi

th
 

co
lla

ge
na

se
 a

t. 
Fr

es
hl

y 
is

ol
at

ed
 

ca
rd

ia
c 

ce
lls

 w
er

e 
m

ixe
d 

in
to

 a
 

fib
rin

fo
rm

in
g 

so
lu

tio
n 

 a
nd

 in
je

ct
 

m
ol

de
d 

in
to

 tu
bu

la
r m

ol
ds

 w
hi

ch
 

we
re

 in
cu

ba
te

d 
 to

 a
llo

w 
th

e 
fib

rin
 to

 
po

ly
m

er
iz

e.
 C

on
st

ru
ct

s 
we

re
 

cu
ltu

re
d 

be
fo

re
 tr

an
sf

er
 in

to
 th

e 
bi

or
ea

ct
or

.

C
on

st
an

t s
tif

fn
es

s 
an

d 
re

si
st

ivi
ty

.
2-

 to
 3

-d
ay

-o
ld

 n
eo

na
ta

l 
Sp

ra
gu

e–
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Types of cell tissues. As for the cell types considered in each of the selected references, six studies 
deal with cardiac tissue engineering [31-36, 38], one with bone tissue engineering [30], one with 
muscle/ligament/tendon tissue engineering [14] and two with stem cell tissue engineering, [38].  
Regarding the objective of generic cell differentiation, Dodel and his collaborators (see [37]) 
explicitly show that differentiation into ligament tissue requires electrical stimulation. In all these 
studies, it has been shown experimentally that the electrical stimulation and electro-mechanic 
stimulation is beneficial to the cell culture with respect to the control cultures without any electrical 
or mechanical stimulation. The interpretation is therefore common among all these studies, the stimuli 
mimic the natural organism conditions of tissues. In particular the cardiac tissue is naturally strain 
stimulated in living organisms as well as muscle, ligament and tendon tissues. We highlight the study 
[36] where electric strain, mechanical strain and both electro-mechanical stimulations are compared 
for cardiac tissue with the conclusion that electro-mechanical strain with electric stimulation when 
delayed with respect to the mechanical stimulation is the more beneficial stimuli for cell health. Not 
surprisingly this is indeed the stimulation that more closely resembles the working conditions of 
cardiac tissue in living organisms. 

 
Scaffold Characteristics. The scaffolds employed in the reactors are commonly made out of a 

mixture of both non-biological and biological cell tissues (synthesized and/or natural). The biological 
components range from generic components as collagen [30, 33], chitosan [37, 38], collagen-chitosan 
hydrogels [32, 38], poly(glycerol sebacate) [31] and poly(l-lactic acid) [38] to specific tissues 
adequate as substrate for each target cell culture. These tissues range from fresh pig hearts [34] 
(cardiac), human umbilical vein endothelial cells [35] (cardiac), rat hearts [33, 36] (cardiac) to 
adipose-derived stem/stromal cells [14] (ligament differentiation). The non-biological components 
for the scaffolds are commonly polymers as discussed in the introduction. 

Synthetic scaffolds were employed in [30-32, 37]. When required to have a cell culture for the 
construction of the scaffolds, these are typically denominated as constructs [33-36, 14, 38]. The 
fabrication process employed includes cell culture after mixture/deposition in the base substrate [33-
36, 38] and electrospinning [14, 37]. 

The specific shape of the scaffolds depend on the application: [31-35] considered parallelipipedic 
/ square slices, [36, 37] considered cylindrical, and finally [14, 38, 37] considered disk shaped 
scaffolds. 

 
Bioreactor. Each bioreactor has distinct objectives while in [31, 34-36, 14, 38] cell culture was 

studied strictly in vitro, in [32] cell culture was studied strictly in vivo, in [30, 33] the goal was to 
study the viability and optimization of the transfer of in vitro cell culture to living organisms. In 
particular [30] suggest a bioreactor that enhances cell proliferation in vivo and in [33] it is shown that 
mechanical perfusion and electrical stimulation in vitro prior to transference of cell cultures to living 
organisms improves cell survival rate in vivo.   

The geometry of the reactors considered in the selected studies is typically either cylindrical [30-
32, 36] or parallelipipedic [33-35, 14, 38, 37] (see [39] for detailed description of [35]). When 
considering mechanical strain stimulation, servo actuators are typically employed [34-36, 14]. As for 
the electrical electrodes, composition involves either -gold [30] (wire of diameter 300um forming a 
pattern of 12mm by 3mm), carbon [31-33, 35, 36] (rods with diameter ranging from 0.5mm to 5mm), 
silver [34] (wire of 75μm diameter), stainless steel [38, 37] (rods of diameter 1.4mm, described in 
[40]) and salt bridges [38] (square agar bridges, the actual electrode is a carbon rod, described in 
[41]). It is relevant to note that the direct insertion of electrodes in the culture medium may induce 
ionization depending on the specific value of the voltage and current intensity. As this is undesirable 
for the cell culture, one possible solution is to consider salt bridges between the actual culture medium 
and independent recipients where the actual electrodes are immersed (see for instance [5] and 
references therein), being [38] the only selected bioreactor study that actually employed salt bridges. 
Typically for electro-mechanical strain stimulation the electrodes are in direct contact with the culture 
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medium (through the reactor wells when present) [30-33, 35-37] or in direct contact with the 
cells/scaffold [34, 14]. 

 
 Stimulation. Studies included in this review show that different stimulation parameters seem to play 
a key role on cell differentiation, regeneration and growth. Scaffold stiffness (Young’s modulus) and 
electric resistivity: Laminar shear stress and perfusion mimicking the volumetric biological vascular 
systems. Also important is understanding the adhesion of cell cultures and its biodegradability. The 
geometry and topology of the scaffold is also crucial in the optimization of stimuli application [21, 
23]. We highlight the two different types of stimulation that are mostly used and the main parameters 
involved: 

i) Mechanical stimulation: amplitude, frequency and pulse shape, periodicity on/off during 
culture time and synchronization with respect to electrical stimulation were the main 
parameters involved;  

ii) Electrical stimulation:  electrodes characteristics like shape, dimensions and spacing 
between electrodes varied according to the different applications studied [30-33, 35-38]. 
Additionally, electric voltage and intensity, frequency and pulse shape, periodicity on/off 
during culture time and synchronization with respect to mechanical stimulation (when 
present) are parameters that have been shown to influence the results of electrical 
stimulation [32, 38]. 

Discussion  
In this review paper we report in detail the influence of applying electrical stimulation on cells 

placed on a scaffold inside a bioreactor. Most of the papers in the literature to-date have used only 
mechanical stimulation. However, recently, some studies have shown the advantage of using different 
types of stimulation, such as, electrical or magnetic either in isolation or in combination [29, 42-44]. 
In order to understand the neurophysiology of the underlying mechanics, an in-depth study of all 
stimulation parameters involved should be performed. Initially our plan was to consider both 
numerical and experimental studies. However after searching on Science Direct and PubMed for 
relevant papers that address an updated string (the original string with addition of the keywords: 
simulation, numerical and modelling), we did not find any paper addressing the use of computational 
simulation to optimize the stimulation parameters. Therefore we decided to focus only on the 
experimental results. Here, we are mainly interested in understanding which type of parameters have 
been used for the different tissue engineering applications and possible optimizations on designs, 
protocols and stimulation parameters that may increase cell differentiation, growth, proliferation and 
survival rate. It was also possible to conclude that different electrode characteristics were considered 
empirically for the different applications, for instance, either they were emerged in the medium 
orthogonally to the scaffold or horizontally aligned with the scaffold. Additionally, electric voltage 
and intensity, frequency and pulse shape, periodicity on/off during culture time and synchronization 
with respect to mechanical stimulation (when present) are parameters that have been shown to 
influence the results of electrical stimulation [32, 38]. 

Once the relevance and optimization of the physical parameters for each stimulus is experimentally 
measured, numerical simulations can significantly reduce experimental time and costs [44]. In 
particular the optimal topologies and configurations of bioreactors can be investigated by numerical 
simulations prior to new experimental setups. For instance, Pereira et al., show numerically the 
importance of choosing the adequate mechanical stimuli parameters to improve shear stress value and 
fluid flow on the scaffold. Further, other numerical studies have investigated the influence of 
mechanical stimulation on the growth and distribution of cells on scaffolds and tissue differentiation 
[45-48]. 

Additionally, the developed bioscaffolds are usually tested and studied in vivo, presenting a 
significant expensive option thereby necessitating the development of numerical approaches. 
Therefore computational studies are of paramount importance to optimize the direct digital 
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manufacturing of scaffolds that can be produced using different geometries, geometry gradients, 
topologies and also different materials.  

Finally, we note that the low number of bioreactor studies including (i), (iii) and (ii) or (iv) reflects 
both the complexity and multidisciplinary nature of the research field as distinct conditions are 
required for each organic tissue and the multitude of scaffold materials and respective construction 
process. It is relevant to note that no studies including both regenerative electrical stimulation and 
electro-mechanic strain stimulation have been found, it is however expected that further enhancement 
for contractible tissues may be expected by considering both these stimulations. 

Conclusions 
Only few studies were found that focus on the application of electrical stimulation on cells placed 

on a scaffold inside a bioreactor. The results are promising when using an electrical stimuli and also 
when combining it with mechanical stimulation. An increase in cell proliferation and density was 
observed as well as an enhancement in tissue morphology. Additionally, further studies must be 
performed where stimuli responsive scaffolds are used enabling a better cell proliferation, 
differentiation or tissue growth. This can be achieved through the combination of different types of 
stimuli to optimize both the response of the intelligent scaffold and cells behavior. Numerical studies 
can play here a key role to optimize all the stimulation parameters involved and predict cell response 
which can lead to a reduction of experimental time and costs.  
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