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ABSTRACT

Bio-hybrid microsystems actuated by living cells, as micro-bio-actuators and micro-bio-pumps have
been developed recently. In these devices biological cells may be powered without external energy
sources and the movement or the contraction of muscle cells trigger off the flow of fluid (i.e. cul-
ture medium or blood) through microchannels in micro-multi-bioreactor systems. Isolated and in vitro
cultured cardiomyocytes (cardiac cells) are the most promising bio-material, which can be used to
design a micro-bio-pump/actuator. These spontaneously contracting cells are autonomously powered
with glucose as an energy source without any external power supply or stimulus, unlike conventional
micro-actuators/micro-pumps. Cardio-micro-bio-pumps/actuators are using collective, synchronous
contracting forces of cardiac cells or cardiac cell sheets to drive the flow of fluid. The feasibility of building
such actuators was demonstrated in a few examples of bio-hybrid microsystems actuated by single or
sheeted cardiomyocytes.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

tical and cosmetics sectors is poorly predictive to human long-term
exposure. Recalls of substances from the market and a significant

It has been widely recognized that established substance safety attrition rate at the level of bioactive compound development are

testing of new developed compounds in the chemical, pharmaceu-

Abbreviations: ECM, extracellular matrix; PIPAAm, poly(N-
isopropylacrylamide); PFC, perfluorochemicals (perfluorocarbons).
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0925-4005/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2011.02.014

the consequences. Currently available in vitro culture protocols
for toxicology testing do not provide a fully acceptable in vitro
model of human organ environment for repeated dose testing over
long culture periods. Only several concepts nowadays combine a
few different organotypic or tissue cultures within one micro-bio-
environment system, thus allowing evaluating effects of chemical
molecules, chemical active molecules, pharmaceutical drugs and
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Nomenclature

width of micropillar

curvature of substrate

Young’s modulus

force

beat/oscillation frequency

height of micropillar

film thickness

moment of inertia

length of microcantilever array
flow rate

radius of curvature

temperature

substrate thickness

volume change in the chamber of micro-bio-pump
Poisson’s ratio of the substrate
displacement of top of micropillar
deflection of microcantilever array
film stress
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cosmetic compounds on tissues systems [1,2]. Consequently, engi-
neers and scientists were faced with two main challenges at the
beginning of this century [1]:

e to miniaturize organ/tissue culture space from millilitre to
microlitre scale;
e to provide substantial sources of standardized human tissues.

It was obvious that further miniaturization of organ/tissue cul-
ture scale needs innovative realization ideas and radically new
fabrication technologies.

It has been well known that every organ consists of multi-
ple, functionally self-reliant, identical, micro- or millimeter scale
structural units (from several cell layers up to a few millimeters),
so-called sub-organoids [1-4]. Such organ specific units are the
smallest building blocks of each human organ, including several
cell layers up to 1 mm, which corresponds to a volume of micro-
liters size. Each very small but sophisticated sub-organoid provides
the essential functionality of one of the most prominent organ.
Multiplication of micro-sub-organoid structures within a specified
organ is a kind of “nature’s risk management tool” to prevent total
loss of functionality after partial organ damage [1]. Adult stem cell
niches were recently found in many relevant tissues and organs of
the human body. In vivo, these niches carry the capacity to fully
regenerate nearby micro-organoids in case of loss or destruction
[4,5]. In vitro, adult stem cell niches are the basis for the genera-
tion of such sub-organoids and form the basis of building artificial
multi-micro-organoid systems [2,6].

The technology which needs to be integrated with culture tech-
nologies to overcome the gap in the miniaturization of dynamic
bioreactors to micro-scale size is called micro-electro-mechanical
systems (MEMS) technology, and is a business that crosses over
multiple technologies to provide high performance micro/nano-
systems in various applications, combining micro/nano-system
research with micro-fluidic technology [1,6]. MEMS are at an
early stage of their development cycle, but are already show-
ing their great application possibilities. Nowadays, a lot of
cell-based micro-system research takes place under this “lab-
on-a-chip”, “organ-on-a-chip” or a “micro-total-analysis-system”
(W TAS) framework that seeks to create micro-systems incorporat-
ing several steps of an assay into a single system [6,7]. Integration
of various process devices, cell culture systems and complex
operations onto a multi-organ-on-a-chip is currently generating

major interest due to the desirable characteristics of such system.
“Living” micro-devices exhibit several distinct performance advan-
tages including short diffusion distances, laminar flow regime,
high interface-to-volume ratios and low heat capacities [7-9].
In other words, microchip devices provide several advantages
for systems of cellular response analysis because the microflu-
idics inside the microdevice is appropriate to accommodate cells.
New concepts in integrated miniaturized cell cultures systems
also cope with the original human counterparts and satisfy the
requirements of efficient long-term toxicology testing. Recently,
bio-hybrid microsystems actuated by living cells as micro-bio-
actuators and micro-bio-pumps have been developed in which
biological cells may be powered without external energy sources
and the movement or the contraction of muscle cells trigger off the
flow of fluid (culture medium or blood) through microchannels in
micro-multi-organ-on-a-chip systems [7,10,11].

Cardiomyocytes (cardiac cells) are the most promising bio-
material, which can be used to design a micro-bio-pump. These
spontaneously contracting cells are autonomously actuated just
with glucose as the only energy source without any applied
electrical power supply or stimulus, unlike conventional microac-
tuators/micropumps. Cardiomyocyte sheets were first produced
in the field of tissue engineering to reconstruct or repair a heart
without any artificial scaffolds. Sheets of cardiac cells can be har-
vested intact, and transferred or subcultured to various devices
while maintaining their regular and robust contracting phenotype.
In cardiomyocyte sheets macroscopic pulsation is visible, therefore
they can also be used as an element of micro-bio-pumps [12,13].
Cardio-micro-bio-pumps (cardio--bio-pump) use collective, syn-
chronous contracting forces of cardiac cell sheets to drive the flow
of the fluid. There are examples of hybrid (biotic/abiotic) devices,
which consist of synthetic (polymers) and natural living (cardiomy-
ocytes) materials [7,11]. The feasibility of such microstructures to
force the flow of fluids in microchannels will be demonstrated
below in a few examples of bio-hybrid microsystems actuated by
single or sheeted cardiomyocytes.

2. Cardiomyocyte sheets

Cardiomyocyte based sheets were first produced for applica-
tions in tissue engineering and regenerative medicine [14]. The
basic idea of cardiac cell sheets was to propose an alternative
therapy to cardiac transplantation and to create a kind of smart
bio-material to reconstruct or repair a human heart without any
artificial scaffolds [15]. The contraction and viability of grafted
myoblasts were confirmed in the early 2000s. Multipotent bone
marrow cells or embryonic stem cells have been comprehensively
investigated as possible candidates for human implantable myocar-
dial cell source [15,16]. In early attempts, the therapeutic use
of isolated cardiac cells was based on the well known concept
of tissue engineering that 3-D biodegradable scaffolds are use-
ful as alternatives for extracellular matrix (ECM) and that seeded
cardiomyocytes will reform their native structure according to scaf-
fold biodegradation. In myocardial tissue engineering poly(glycolic
acid), gelatin and alginate have been used as biodegradable scaf-
folds [14]. In native myocardial tissue, cells are dense in comparison
with other successfully scaffold engineered cell-sparse tissues (i.e.
cartilage, vascular, heart valve). Cardiomyocytes in native heart
tissue are also tightly 3-D interconnected with gap junctions
mediated by the reciprocal exchange of biochemical mediators
resulting in electrically synchronous beating which is attenuated
in biodegradable scaffolds. It is also well known that conflu-
ent cultured cardiomyocytes beat simultaneously. When cardiac
myocytes are fixed to a rigid polystyrene surface under conven-
tional culture conditions their contracting motion is highly limited.
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Fig. 1. Various types of cardiomyocytes cultivation: comparison of cell harvest due to detachment of the cells from surface with disruption of cell-to-cell junctions and ECM
after protease digestion and release of cells growing on PIPAAm temperature-responsive polymer (based on [15]) (A); and cultivation of 3-D multicellular aggregates on PFC
(hydrophobic)/culture medium (aqueous) flexible interface of cell culture system based on two non-mixing liquid phases (B).

Overlaying the sheets on an elastic, flexible material would increase
the amplitude of simultaneous pulsating and minimize the nega-
tive interaction between confluent cell sheets and the surface of
the culture vessel (dish or deep-well plate) [15]. The published cel-
lular biomechanics experiments show that one rat cardiomyocyte
can generate at least 1 N of force (that is, force per cross-sectional
area: 2.75 kPa) [17-20]. In this set-up’s single rat cardiac cells were
placed between a pair of carbon graphite fibers and the contracting
force of single cardiac cells was estimated based on microscopically
measured differences in location of graphite fibers. Higher forces (at
the level of ~10 wWN) were observed by Nishimura et al. [18] and by
Yinetal.[19]. Yasudaetal.[17] reported that the native contracting
force of cardiac myocyte can be significantly improved (by approxi-
mately 45%) by adjusting the composition of the culture medium for
example by addition of isoproterenol (10 wM). Stronger contractile
forces could also be produced by using contiguous multi-cellular
cardiomyocyte sheets.

Cardiac cells can grow in pseudo-2-D cell sheets on
temperature-responsive  culture  surfaces  without any
biodegradable solid or gel-based alternatives for ECM. The
temperature-responsive culture surface allows controlling cell
adhesion to the surface to which grafted cells are attached.

Poly(N-isopropylacrylamide) (PIPAAm) is one of the biologically
non-toxic temperature-responsive polymers, which can be cova-
lently grafted by electron beam to standard polystyrene dishes or
deep-well-plates used in tissue cultures. The surface of a PIPAAm
layer is hydrophobic at 37°C but its surface changes reversibly
to hydrophilic characteristics by simply lowering the temperature
below 32°C. Mammalian cells could adhere to and proliferate on
the PIPAAm surface under typical culture conditions but detach
from the surface when the culture is slightly cooled due to rapid
hydration and swelling of the grafted temperature-responsive
polymer [7,15]. As a result only the connection between cell adhe-
sive proteins (i.e. fibronectin) and the PIPAAm surface is broken

during harvesting and cells remain connected together as the
pseudo-2-D multicellular sheet (Fig. 1A). By applying cell cultiva-
tion on the PIPAAm surface sheets of various cell types (i.e. vascular
endothelial cells, keratinocytes, kidney cells, hepatocytes, skeletal
myoblasts, mammalian and human cardiac myocytes) have been
obtained [15,21].

When enzymatic proteolytic digestion is used to release cells,
adhesive proteins are disrupted and each cell is released separately.
In the case of using temperature-responsive polymer surfaces all
cell-to-cell junctions are preserved and cells are easily harvested as
a continuous cell sheet. Obtained viable cell sheets are composed
of cells and ECM only without any artificial scaffolds. Adhesive pro-
teins maintained underneath the cell sheet could play a desirable
role as an adhesive agent in transferring cell sheets onto other
surfaces (materials or cell sheets). Two techniques of cell sheet
manipulation have been described depending on the cell type and
properties of surfaces of destination materials. One is to manipu-
late cell sheets directly with forceps or pipettes after its harvesting
is completed which results in shrunk and thicker constructs due to
reorganization of cytoskeleton. Alternatively, support membranes
[e.g. poly(vinylidene difluoride) (PVDF) membrane] can be used for
preserving the morphology of cell sheets. Before cell sheet release
from the PIPAAm surface, the support membrane is placed over
the confluent cells. Then, the cell sheet physically attached to the
support membrane is harvested, and can be easily transferred to
its place of destination. The support membrane is removed but
cells attach to the new surface by the remaining adhesive proteins
[15,21].

Maintenance of 3-D structure and functional integrity of con-
tracting cardiomyocyte sheets during fabrication is one of a key
issue in their application in micro-actuators/micro-bio-pumps.
Mostly cells are cultured on surfaces grafted with a thermo-
responsible polymer, which is slightly cell adhesive at 37°C but
changes to be non-cell adhesive after cooling below 32 °C. A new
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Fig. 2. The outline of the polymer-based micropillar actuators driven by the con-
tractile force of cardiomyocytes attached to micropillars (based on [27,28]).

approach to cardiac cells sheets fabrication using a liquid/liquid
interfacial area of perfluorochemical/aqueous systems for mam-
malian cells culture is possible [22,23]. Liquid perfluorochemicals
(perfluorocarbons, PFCs) are characterized by a high solubility of
oxygen, carbon dioxide and other non-polar gases, and have raised
much interest in medical and technical applications [24-26]. One
of the biotechnological applications of PFCs involves culturing
3-D animal cells aggregates on liquid/liquid interfacial area cre-
ated between PFC and culture medium layers [22,23]. Animal and
human cells adhere gently to the flexible PFC/medium interfacial
area, spread and create multicellular aggregates or sheets (Fig. 1B).
Such multicellular aggregates or sheets of animal cells can be eas-
ily collected without the use of aggressive proteolytic digestion
and the 3-D structure of them can be preserved during subculti-
vation. Thus, sheets of cardiac cells, produced in such a 2-phase
PFC-containing system will be an ideal starting point for inoculation
of a cardio-micro-bio-pump diaphragm or membrane.

3. Single or few cardiomyocytes based pulsatile
microactuators

3.1. Flexible hydrogel micropillar micro-bio-actuators

The concept of bio-micro-actuators using cultured car-
diomyocytes coupled to polymer-based microstructures is to
convert chemical energy of culture medium into mechani-
cal energy of micropillars’ movement. Two kinds of polymers
are used as a material of micropillars: acrylic acid/N,N’-
dimethylacrylamide (polyacrylamide gel, PAM) based hydrogel
[27] and poly(dimethylsiloxane) (PDMS) [28], both studied by the
Kitamori and co-workers. Fig. 2 presents the outline of polymer-
based micropillar actuators. PAM hydrogel micropillars were
chosen as model structures because their mechanics and Young’s
modulus are similar to that of living tissue and they can be easily
driven, even by generally weak forces generated by the single cells.
PDMS has a higher Young’s modulus than hydrogel but is more
cell-adhesive and is commonly used as a fundamental material
of bio-hybrid lab-on-a-chip micro-systems. Both used micropillars
differ in their dimensions: PAM items were 200 wm high in contrast
to just 10 wm high PDMS micropillars. There is a significant differ-
ence in the height of microstructures in comparison with the size of
cells (~10 pm) cultured on them. Both kinds of surfaces were mod-
ified with well-known cell-adhesion promoters: PAM with RGDS
cell adhesion peptides covalently bounded to carboxyl groups of
acrylic acid, PDMS with adsorbed fibronectin. Practically this was
performed by pouring a suspension of collagenase-digested pri-
mary neonatal rat cardiomyocytes into culture dish containing the
treated PAM or PDMS pieces. Spontaneous actuation of polymer-
based micropillars was observed when the cultures have reached
confluency. In both cases, deflections of micropillars were regular

and the beat frequency was about 0.1 Hz in the case of PAM and
1.4 Hz in the case of PDMS microstructures [27,28].

The value of the contractile force generated by the cultured
cardiomyocytes was estimated by the displacement of the PAM
and PDMS micropillars by using a model based on Hooke’s law
[27,28]. For small deflections, a micropillar behaves as an ideal,
simple Hookean spring, i.e. the deflection is directly proportional
to the force generated by cardiomyocytes attached to the micropil-
lar. Due to that both kinds of micropillars can be treated as beams
composed of linearly elastic material and because they were under
pure bending, the effecting force could be estimated as:

Eat3

F= (41—13) AX (1)
where Fis the bending force, E is the Young’s modulus of micropil-
lar material (PAM or PDMS), a is the width of the micropillar, t
is the substrate thickness, H is the micropillar height and Ax is
the displacement of the top of the micropillar. The estimated val-
ues of the contractile force generated by cardiomyocytes in PAM
and PDMS micropillar systems were 0.08 wN [27] and 3.8 N [28],
respectively, if forces of the cells were applied to the top of the
micropillar. The authors also pointed out that stronger forces were
needed for the displacement of the micropillars in the case of car-
diomyocytes attached to the sides of the structure then to the
top of the micropillar. The significant difference in the estimated
values of the contractile force (44 times larger in PDMS system
then in PAM set-up) has been discussed in details by Tanaka et al.
[7,28]. Weak cardiomyocyte adhesion to PAM and various pep-
tides/proteins used as cell-adhesion promoters were mentioned as
main causes of the difference. Overall, PDMS was confirmed as a
more accommodating base material to culture cardiomyocytes in
comparison with PAM.

Zhao and Zhang [29] reported that cardiomyocytes attached
to PDMS-based micropillar generate a stronger contracting force
compared to previously published results of Morishima et al. [27]
and Tanaka et al. [28]. But in their set-up cardiomyocytes were
perfused with isoproterenol, which increases the inotropic, and
chronotropic characteristics of cardiac cells. In this study forces
were estimated as relation between the deflection of the top of
circle-based micropillar (8 wm in height, 2 wm in diameter) and
the lateral force:

Fe (%) Ax )
where [ is the moment of inertia (varies proportionally to diame-
ter of the cylindrical-shaped micropillar to the fourth power). The
values for the contractile forces varied from 46.9 to 67.4nN and
the beating frequency from 1.5 to 3.68 Hz. The results obtained by
Zhao and Zhang [29] and those discussed above as published by
Morishima et al. [27] and Tanaka et al. 28], are difficult to compare
due to lack of information about the origin and morphology of the
cardiac myocytes used by Zhao and Zhang.

3.2. Bio-hybrid microcantilever microactuators

A cardiomyocyte based micro-system microfabricated PDMS-
based microcantilever actuated with neonatal rat cardiomyocytes
was presented by Park et al. [30]. Fig. 3 presents the outline of this
biohybid microcantilever microactuator. The plain-surfaced arrays
of the PDMS-based microcantilever (20 wm thickness) had five dif-
ferent sizes, from 50 to 300 wm wide. The length of each array was
5 times larger than its width. The microcantilevers were inocu-
lated with rat cardiomyocyte suspension and cells attached firmly
and spread on the surface of the microcantilever arrays. The first
contractions of individual cells were observed after 24 h of cul-
ture. Synchronous contractions were observed after 48 h and they
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Fig. 3. The bio-hybrid microcantilever microactuator (based on [30]). The outline view of PDMS-based microcantilever (A) and cross-sectional view of microcantilever array

actuated by attached contracting cardiomyocyte (B).

reached a maximum at 3-4 days of culture. The bending motion
of the PDMS microcantilever can be exploited for micro-actuation.
This very simple bio-hybrid system was used to study and measure
the contractile forces generated by myocytes of the cardiac mus-
cle. Both the lateral and vertical displacements of each micropillar
were measured. To determine mechanical stresses generated by
cardiomyocytes, a mathematical model based on the Stoney’s equa-
tion was used:

1 _6(1-v)h
C=R="Fz ¢ (3)

3(1 — v)hL2?
Az="2" 1 4
z 2 C (4)

where Cis the curvature of the substrate, Ris the radius of curvature,
v is the Poisson’s ratio of the substrate, o is film stress, h is film
thickness, L is the length of the microcantilever array and Az is
the vertical deflection of the microcantilever array. Finite element
modeling (FEM) analysis has been used to find numerical solutions.
The estimated stress from cardiomyocytes was from 2 to 5 kPa and
similar to the value reported by Balaban et al. [31] (5.542kPa).
After further improvement of the fabrication process of the 3-D
polymer structure the stress generated in grooved microcantilever
system reached up to 7-10kPa [32,33].

3.3. Hybrid cell-motored micro-actuator

A cardiomyocyte-based asteroidal microdevice called “hybrid
cell motor” was developed by Kim et al. [34]. Their concept was
to apply patterned cardiomyocytes with 3-D morphology to force
motion of the microrotor attached on a single or several cardiac
cells (Fig. 4). In these experiments primary rat cardiomyocytes
were placed in polymer (PDMS/polyethylene glycol based) micro-
molds/microwells with non-adhesive walls. The bottom of the
micro-molds was coated with collagen to enhance cell attachment

BEARING ACTUATION

contracting
cardiomyocyte

plasma treated
. PDMS micro-rotor
non-adhesive
surface

(PEG) \ .

PDMS base

Fig. 4. The outline view of the hybrid cell motor powered by cardiomyocyte with
3-D morphology (based on [34]).

and survival in the microstructure. One to six cardiomyocytes were
placed within a 75 pm circle of micro-molds. Interestingly two dif-
ferent types of cell morphology were observed during experiments:
(i) pseudo-two-dimensional shape well known from animal cell
cultures on solid surfaces and (ii) spatial 3-D structure observed
when cells are culturing in ECM substitutes or scaffolds [34]. Finally,
an asteroidal 3-D PDMS-based microstructure was poured on car-
diomyocytes grown in the micro-molds. The microstructure had a
40 pwm diameter hole in its centre, which fixes the microrotor to the
cardiac myocytes.

It was found that the contractile forces of cardiac muscle cells
depend on the cardiomyocyte morphology. The cells with 3-D mor-
phology were more active than cells with pseudo-2-D morphology.
The beating frequency was also proportional to the number of 3-
D-cells in the multicellular aggregate. Differences were noted in
both, the beating frequency (3-D cells were over 20% more active),
and the value of the contractile force (3-D cells were about 2 times
stronger). The type of cell morphology varied depending on the
micro-mold deepness. It was observed that cells poured in micro-
molds deeper than ~500 nm mostly gave rise to 3-D growth of
cardiac muscle cells, but the authors suggested that also other
parameters, not tested during these experiments, could cause cells
to form 3-D aggregates. Finite element simulation and ANSYS sim-
ulation software technology (ANSYS, Inc.; USA) was used for the
optimal design of the proposed bio-hybrid microactuator. It was
estimated that the cardiomyocytes, which occupied one micro-
mold generated about 20 N per beating peak. Thus the power of
cardiomyocytes with 3-D morphology estimated as the contractile
force per unit area was about 9.05 kPa and was similar to those
obtained by other measuring techniques [30-32].

4. Micro-bio-pumps driven by cardiomyocyte sheets
4.1. Micro-bio-pump based on a pulsating cardiomyocyte sheet

Cardiomyocyte sheets establish electrical communications
between neighbouring cells, which result in their strong and col-
lective synchronous macroscopic pulsation. More practical and
stronger actuating micro-bio-pumps/actuators could be created by
exploiting long surviving and simultaneous beating sheets of car-
diac myocytes [15]. A bio-actuated pump on a microchip powered
by a cultured cardiomyocyte sheet and cell-coupled fluid mechani-
cal motion was first demonstrated by Tanaka et al. [35]. A schematic
design of their device is shown in Fig. 5.

The square-shaped (2 x2cm) microchip consisted of four
PDMS-based elements: a push-bar (4 mm top and 2 mm bottom
diameters), a chamber (3 x 0.5 mm) layer, a diaphragm membrane,
and a microchannel (0.2 x 0.2 mm) layer with two holes (0.2 mm
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Fig. 5. The cross-sectional outline view of the bio-actuated pump on a microchip powered by cardiomyocyte sheet (based on [35]).

diameter) for the fluidic transfer. The push-bar was covered by
the square-shaped (1 x 1 cm) cardiomyocyte sheet, which was also
attached to the diaphragm. The complete device was immersed in
cell culture medium to supply the cardiomyocyte sheet with glu-
cose and oxygen. The temperature was maintained at 37 °C during
all experiments. The flow of the medium through microchan-
nels was driven by contracting forces of the sheet of cardiac cells
attached to the fibronectin coated push-bar. The thin (10 um) PDMS
diaphragm and push-bar transmit the force created by cardiomy-
ocyte sheet to the elements of fluid and produce an oscillating flow
in the microchannels. The fluid flow in the microchannels was anal-
ysed in two systems: (i) in a bio-actuated pump without any kind
of check valves and (ii) in the same bio-chip system but supported
with two (inlet and outlet) polyimide micro-check valves (25 pum
thickness) [35]. Fluid motion has been demonstrated with spher-
ical (1 wm in diameter) polystyrene tracking particles dispersed
homogenously in the cell culture medium and their movement
was observed directly using a phase-contrast microscope. In the
case of non-directional fluid pumping, the spontaneous oscillating
fluid motion in microchannels was noted after cardiomyocyte sheet
attachment on the push-bar. It was a result of repeated, regular pul-
sating stroke movements of the cardiac cells. The fluid oscillating
frequency was 0.7 Hz with 150 wm maximum linear displacement
of tracking particles and the oscillations were observed for about
7 days in the system with the culture medium changed every 24 h
[35].

The expected theoretical flow rate (Q) by using ideal check
valves to regulate the flow direction of the pump without reflux
was estimated from the following equation:

Q=fAV (5)

where fis the oscillation frequency and AV is the volume change
in the chamber. For estimated value of AV equals 5.6 nL the flow
rate Q amounts 0.24 mein‘l. However, the real microchannel
flow rate estimated for directional fluid pumping which was real-
ized in the bio-chip system supported with the cantilever-type
micro-check valves was only approximately 2nLmin~! and thus
two orders of magnitude lower than estimated for a theoretical,
non-reflux bio-chip supported with ideal micro-check valves [35].
The improvement of check valves and the use of integrated multi-
layered cardiomyocyte sheets were pointed as possible ways to
enhance the bio-mechanical properties of hybrid micro-pumps
actuated with sheets of cardiac myocytes.

The temperature changes could be used as a simple way to
control the bio-pump/actuator performance. Influence of temper-
ature on cell-based fluid pumping has been studied by Tanaka et al.
[35]. First, the incubation temperature of the device was decreased
from 37 to 30 °C within 1 h and subsequently the temperature was
increased from 30 to 40 °C over about 0.5 h. The authors observed
that the rise of incubation temperature increases the frequency of
cardiomyocyte-based contractions, while the measured displace-

ment of tracking particles decreased slightly [35]. In the case of the
temperature decrease, the cells beat slower (f=~0.2 Hzat T=~33°C
and lower) but the motion of tracking particles was at least 20%
higher. Thus it was concluded by the authors that external control
of fluid pumping and performance of bio-pump/actuator is possible
by simply modifying the temperature.

4.2. Hybrid micro-pump actuating by cardiomyocytes attached
to dome-shaped diaphragm

A hybrid micro-pump actuated by the up-down motion of a
dome-shaped cardiomyocyte-polymer diaphragm composite was
described by Park et al. [36]. The concept of a dome-shaped mem-
brane has been recognized as critical since a plain membrane did
not produce a brisk up-down motion with the beating of cells on
the surface. Thus, the key element of this device was a thin dome-
shaped polymer composite consisting of a PDMS membrane (8 wm)
with a Cr/Au (800/150 A) layer and 50 pum central deflection. A self-
organized confluent layer of cardiomyocytes was formed when
cells were directly seeded on the diaphragm (Fig. 6). The dimen-
sions of the actuating element (800 x 800 wm) and the overall size
of the device (max. 15 x 30mm) led to the conclusion that this
device is a real micro-pump/actuator in contrast to the described
above the bio-actuated micro-chip developed by Tanaka et al. [35].

The top layer of this micro-device was a PDMS-based
microchannel layer supported with nozzle and diffuser as pas-
sive micro-valves. The direction of the flow was controlled by the
fluid resistance in the combination of nozzle and diffuser elements.
The opening angle of the nozzle/diffuser was 10°, their inlet/outlet
necks were 100/500 pwm wide and both micro-valves were 2.3 mm
long. The dome-shaped polymer-metal diaphragm was situated
at the centre of the bottom side of chamber. The outside (Cr/Au
side) of the diaphragm was coated with fibronectin and gelatin and
then neonatal rat cardiomyocytes were seeded on it to create the
confluent monolayer of cardiac cells. When the hybrid diaphragm
was actuated by the contractile pulsation of spontaneously and
autonomous beating cardiac myocytes, the volume of microchan-
nel chamber shrank and recovered periodically, resulting in a fluid
flow. Regular beating of the cells was started after 2 days from inoc-
ulation and it was continued for the next 5-6 days of the experiment
with culture medium exchanged in 48 h intervals [36].

The fluid motion in the microchannel was monitored by track-
ing 2 wm spherical polystyrene beads with a microscope and digital
camcorder. The actuating frequency of the diaphragm was between
0.2 and 0.4 Hz and its vertical movement was about 8 um. A finite
element model [30] and numerical methods were used to estimate
the net flow rate, which was formed in the direction intended by
the nozzle/diffuser configuration of the device. The calculated the-
oretical mean flow rate was about 7nLmin~! and thus one order
of magnitude larger than the rate of 0.23nLmin~! estimated by
tracking the motion of beads [36]. There are several reasons of dif-
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Fig. 6. The micro-bio-pump actuated by the dome-shaped hybrid diaphragm (based on [36]). The outline view of micro-device (A) and structure of dome-shaped hybrid

diaphragm (B).

ferences between the theoretical and real values of the flow rate.
The irregularly deformed shape of diaphragm during the contrac-
tion moment is one of them. Another one is the inequality of forces
generated by cells attached to the diaphragm.

4.3. Micro-spherical heart-like cardio-micro-bio-pump powered
by a cardiomyocytes sheet attached onto an elastomer hollow
sphere

A micro-spherical heart-like pump powered by spontaneously
contracting cardiomyocyte sheets was presented by Tanaka et al.
[37] (Fig. 7). The device was fabricated by wrapping a beating sheet
of cardiac myocytes around a PDMS-fabricated hollow elastomeric
micro-sphere fixed with inlet and outlet ports. A micro-bio-pump
was immersed in the cell culture medium and fluid oscillations in
a capillary connected the hollow sphere were induced by the syn-
chronously pulsating cardiac cells. The authors pointed out that the
design (the hollow sphere) is an optimum structure and represents
fundamental function of a heart-like item, similar to the earliest
primitive heart (one chamber, no atrium or valves) as it is known
in physiology of annelids [37].

A PDMS-based hollow sphere was utilized as a base and a
cardiomyocyte sheet was rolled onto it after improvement of
cell-adhesive properties of the surface realized by fibronectin
adsorption. A confluent circle shaped sheet (1.5cm in diameter)
of neonatal rat cardiac myocells was used as a generator of con-
tractile forces. The inside/outside diameter of the final heart-like
micro-pump was 4.8/5.3 mm with about 250 wm thin elastomeric
sphere. The device was supported with a Teflon®-based capil-
lary (200/400 pm of inside/outside diameter) fixed with a hollow
sphere by using epoxy glue [37].

Oscillating fluid motion in the capillary was monitored by
polystyrene tracking particles. The fluid oscillating frequency mea-
sured at 37°C was 0.4Hz and the maximum observed linear
displacement of tracking particles was 70 wm. The device worked
for 5 days continually with culture medium exchanged in 24 hinter-
vals [37]. The expected flow rate (Q) was estimated by the same
methods (Eq. (5)) as described earlier by Tanaka et al. [35]. The
beat frequency (f) was measured as 0.6Hz at 37°C, the volume
change in the sphere-chamber per displacement (AV) was 2.2 nL

and value of the expected flow rate (Q=fAV) was 0.047 plmin~!.
The expected flow rate was smaller than the calculated theoretical
flow rate for the cardio-micro-bio-pumps described above [35,37].
This is probably due to the lack of any valves, which could direct the
flow of the fluid. The thickness of the PDMS-based hollow-sphere
membrane, being 25-times larger than membranes used in other
devices, maybe the reason for the low flow rate.

5. Other cardiomyocyte-based non-fluidic micro- and
millimeter-scale devices

Single or sheeted myocytes of cardiac muscle were also used
for assembling bio-powered hybrid micromechanical devices,
i.e. a coiled strip oscillator, a helical linear actuator, or motile
robotic walking/swimming actuators [38,39]. Some of them are
schematically presented in Fig. 8. These milli- and centimeter-scale
constructs were not considered as real micro-pumps but they also
could be classified as bio-hybrid cardio-micro-actuators despite
the fact that they perform functions as diverse as gripping, walk-
ing or swimming. These micro-bio-actuators are also versatile and
may lead to integration of cardiomyocytes with a variety of diverse
micro-structures.

A hybrid self-actuated walking micro-robot powered by self-
assembled Sprague-Dawley rat cardiomyocytes was described by
Xi et al. [38]. In this trial the cardiac cells were attached directly
to the thin (20 mm/300nm) film of Cr/Au-based X-shaped “leg”
(138 wm long, 40 wm wide) without any hinges (Fig. 8A). The
nanometer-metal film resulted in bending movement of the mobile
“leg”. The bent metal film stores energy when the muscle contracts,
which contributes to the relaxation of the “leg”. As front part of the
“leg” bent with contractile force of attached cardiomyocytes, the
walking micro-robot moved forward. The back part of the “leg” was
designed to contract just partially so its relaxation balanced the
micro-construct and resulted in forward movement of the walk-
ing micro-device. The contraction of the self-assembled cardiac
cells powers the motion of the hybrid micro-robot. The contrac-
tion force must exceed all opposing forces such as drag force and
friction which dominant in an aqueous medium. The power of the
used cardiomyocytes attached to the ¥-shaped “leg” of the walk-
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Fig. 7. The cross-sectional outline view of the micro-spherical heart-like pump (based on [37]).

ing micro-robot estimated as the contractile force per unit area was
about 14 kPa, the average “step” frequency was 1.8 Hz and its aver-
age size was 25 pm. The bio-hybrid micro-construct could walk
with a maximum speed of 38 ums~! [38].

Several centimeter-scale bio-hybrid proof-of-concept 3-D actu-
ators/oscillators and soft robotic motile devices driven by neonatal
rat ventricular cardiomyocytes were presented by Feinberg et al.
[39]. The very thin (14-60 wm) PDMS film was used as an abi-
otic base of micro-constructs and the film thickness was controlled
by varying the viscosity of the PDMS pre-polymer and the spin-
coating speed. The desired shapes of PDMS scraps were manually
prepared with a scalpel and they spontaneously adopted a 3-D con-
formation determined by the film properties or were fashioned to
create more complex 3-D shapes. The PDMS film allows sculpting
of functional 3-D forms and restoring elasticity of designed shapes
of constructs. The pseudo-2-D sheeted cardiomyocytes provide
spontaneous (or electrically induced) contractile function. Such
bio-hybrid 2-layered PDMS-cardiomyocyte sheet was named by
the authors to be muscular thin films [39]. Contraction force of the
attached cardiac cells caused a decrease of the radius of film curva-
ture and modified shape of the PDMS scraps. Long rectangular strips
with cardiomyocytes aligned along their length oscillate between a
loosely coiled form (diastole of cardiac cells) and tightly rolled state
(systole) during cyclic movements (Fig. 8B). Finally, the volume of
the formed cavity was reduced during the contraction process. The
systole phase was faster than relaxation and the stress of this coiled
structure was estimated to be at least 15 kPa [39]. The difference
in length of contraction and relaxation phases could be utilized
in valveless pumping of viscous fluids similar to the embryonic
vertebrate heart tube by peristaltic action. A helical linear hybrid
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<t

_._._ _{convex surface)

front - (concave surface)
Jeg” AN
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micro-actuator capable of cyclic and axial extension and rotation
was obtained by aligning cardiomyocyte fibers on a very thin PDMS-
based strip (Fig. 8C). This structure spontaneously adopted a heli-
cal conformation (compared by the authors with a “paper towel
tube”), where the pitch was a function of the angle between the
longitudinal axis of the cardiomyocyte fibers and the midline of
the PDMS ribbon. The axial extension for about 300 p.m and the cir-
cumferential rotation of about 50° were estimated as characteristic
parameters of the helical hybrid micro-actuator and such construct
was proposed as a simple suction mode micro-pump. Feinberg
et al. [39] additionally presented a soft robotic cardiomyocyte-
based gripper. In this device the concave surface of an arched-bent
rectangular thin strip of PDMS film was covered with a lengthwise-
aligned cardiomyocyte sheet (Fig. 8D). The ends of the gripper come
together until they touch and stop due to the contracting force of
the cardiac cells. Finally, the cardiomyo-gripper was switched from
an open state to a closed state during contraction and the stress
generated by such type of cardio-actuator was about 25 kPa. Elec-
trical stimulation (10 V amplitude, 10 ms pulse-width, 0.25-5.0 Hz
frequency) was used to control the systolic bending of the grip-
per and to hold the opposite ends of the PDMS film at a prescribed
distance [39]. Finally, also two kinds of bio-hybrid cardio-robotic
muscular thin film motile constructs: a walking myopod and a
swimmer were also developed by Feinberg et al. [39]. Fig. 8E
presents the idea of a locomoting myopod device formed from a
triangular thin PDMS film by folding the tip of the triangle into
a loop reattached midway along the height to create a kind of
“footpad”. The bio-hybrid myopod walked spontaneously along the
bottom of a Petri dish in a directed path but a constant velocity
(about 133 ums~1) was only obtained when the contraction rate

Fig. 8. Cardiomyocyte-powered bio-hybrid micromechanical non-fluidic devices (based on [38,39]). The self-actuated walking cardiomyocyte-based micro-robot [38] (A).
The soft cardiomyocyte-based robotic actuators with diverse functionality [39]: the coiled-spring actuator (B), the helical linear actuator (C), the arched-bent gripper (D),
the walking myopod (E) and the isosceles triangular swimmer (F). The black arrows symbolize the contracting forces of cardiomyocytes, the white arrows show the move

directions of constructs.
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Table 1
Comparison of micro-pumps and micro-actuators actuated by single/few cardiomyocytes or cardiomyocyte sheets.
Micro- Generator of Origin of Device Generated force or Measured Contraction Time of Ref.
pump/aerator contractions cardiac cells dimensions presure flow rate frequency activity
Hydrogel-based Single/few Neonatal ¢$=4mm 0.080 wN Not 0.1 Not [27]
micropillar cardiomyocytes Wistar rat measured mentioned
micro-bio- heart
actuator
PDMS-based Single/few Neonatal 10x10mm  3.8uN Not 14 Not [28]
micropillar micro- cardiomyocytes Wistar rat measured mentioned
bio-actuators heart
Few Not mentioned Not 0.047-0.067 N Not 1.5-3.7 Not [29]
cardiomyocytes’ mentioned measured mentioned
Bio-hybrid Single/few Neonatal Not 2-5kPa Not Not mentioned 4 days [30]
microcantilever cardiomyocytes Sprague/Dawley  mentioned measured
micro-actuators rat heart
Single/few Neonatal Not 4-7 kPa Not Not mentioned 4 days [32]
cardiomyocytes Sprague/Dawley =~ mentioned measured
rat heart
Hybrid Single/few Neonatal ¢$=0.075mm  9.05kPa Not 0.8 4 days [34]
cell-motored cardiomyocytes Sprague/Dawley measured
micro-actuator rat heart
Micro-bio-pump Cardiomyocyte Neonatal 20 x 20 mm Not measured 2nLmin~! 0.7 7 days [35]
based on a sheet Wistar rat
pulsating heart
cardiomyocyte
sheet
Hybrid Cardiomyocyte Neonatal 15 x 30 mm Not measured 0.226nLmin~! 0.4 6 days [36]
micro-pump sheet Sprague/Dawley
actuated by rat heart
cardiomyocyte
sheet attached to
dome-shaped
diaphragm
Micro-spherical Cardiomyocyte Neonatal rat ¢=5.3mm Not measured 47 nL min-! 0.6 6 days [37]

heart-like cardio- sheet heart

micro-bio-pump

" Isoproterenol-based stimulation of cardiomyocytes.

of cardiomyocytes was remotely controlled by electrical field stim-
ulation (10 V amplitude, 1 Hz frequency) [39]. The relative velocity
of Feinberg’s monopod (about 2.7 lengths min~!) was similar to
that reported by Xi et al. [38] for their cardiomyocyte-powered
micro-construct (about 3.7 lengths min—1). Fig. 8F schematically
presents the triangular swimmer designed by Feinberg’s group [39].
The swimming millimeter-scale device was realized by aligning
a cardiomyocyte sheet parallel to the height of the 30-pwm-thick
PDMS isosceles triangle. The microarchitecture of the cardiomy-
ocyte sheet was found to be critical for potentiating the mobility
of the swimming robot. The swimmer powered by spontaneously
contracting sheeted cardiomyocytes with anisotropic morphology
(average velocity of 30 um s—!) moved about 5 times faster than the
device powered by the isotropic myocardium (average velocity of
10 pwms~1). A maximum velocity (400 wms~1) was achieved in the
case of remote electrical stimulation (10V, 1 Hz) of the anisotropic
swimmer [39].

6. Conclusions

So far only few prototypes, which can be named as cardio-
micro-bio-pumps/actuators have been described in literature. Basic
properties of those devices have been compared in Table 1. They
are interesting actuators working only with chemical energy input
and mechanical force generation output. Cardiac myocytes, the
most heavily working muscle cells in the living bodies, were
used as generator of the force, which triggers the flow of fluid
in microchannels. Such trials are of great interest for applications
encompassing microfluidics, micro-multi-bioreactor systems and
high-throughput assays. But none of the presently published car-
diomyocyte based devices were checked for long-time contraction

or were exploited for any practical applications to our knowledge.
Also no biological based actuator was applied so far as a func-
tional part of an organ-on-a-chip device. One of the basic aims of
alternative (non-animal) testing methods mentioned in the Euro-
pean Commission report on alternative testing strategies and in the
well-known “three Rs” concept is to create a functional and fully
acceptable human organ model for repeated dose testing over long
culture periods [40]. Efficient substance safety/toxicology testing is
done for 14, 28, 90 days and 1 year. Human cardiomyocytes seem
to be suitable to create such bio-hybrid device working for a 1 year
period utilizing the ability of cardiac cells to work for a life.
Published results show that single or sheeted cardiomyocytes
have the capability to generate forces in the order few nN.
These values are far larger than those obtained in other micro-
or nano-actuators such as molecular motors or laser tweezers
which typically generate only pN-order forces [41-43]. Isolated
aggregates of cardiomyocytes show different contractile activities
depending on their morphology [34]. This suggests that a tight con-
trol of cell growth and shape would be necessary for improving
the mechanical and dynamical properties of cardiomyocyte-based
micro-pumps/actuators. In certain applications, cardiomyocyte
aggregates could be suitable as microactuators to drive objects
(i.e. molecules or particles) or fluids in a microspace. The flow
rates presently generated in cardio-micro-bio-pumps may be suf-
ficient for special bio-medical applications such as local drug
delivery systems or stimulation of damaged nerves [7,44]. More
efficient micro-bio-pumps might be developed which overcome
the limitations in single/few-cells mechanically coupled cultures
by exploiting the potential of much more robust multicellular car-
diomyocytes sheets. Such self-actuated devices should be useful
to intensify mass transfer in micro-chip based systems with-
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out any electrical input. Thus one may speculate that future
generations of cardio-micro-bio-pumps could be applied as a func-
tional component of multi-organ-on-a-chip devices and bio-hybrid
microsystems. The challenge will be to provide the cells with a
nutritional diet, which keeps them alive and working for longer
periods. More sophisticated methods to produce substrates with
more uniform cell-attachment and mechanical properties are also
required for all proposed applications.

References

[1] U.Marx, How drug development of the 21st century could benefit from human
micro-organoid in vitro technologies, in: U. Marx, V. Sandig (Eds.), In Vitro Drug
Testing - Breakthroughs and Trends in Cell Culture Technologies, Wiley-VCH,
Weinheim, 2007, pp. 271-282.

[2] F. Sonntag, N. Schilling, K. Mader, M. Gruchow, U. Klotzbach, G. Lindner, R.
Horland, I. Wagner, R. Lauster, S. Howitz, S. Hoffmann, U. Marx, Design and
prototyping of a chip-based multi-micro-organoid culture system for substance
testing, predictive to human (substance) exposure, ]. Biotechnol. 163 (2010)
70-75.

[3] M.B. Esch, J.H. Sung, M.L. Shuler, Promises, challenges and future directions of
WCCAs, J. Biotechnol. 148 (2010) 64-69.

[4] U. Marx, Organotypic tissue culture for substance testing, J. Biotechnol. 148
(2010) 1-2.

[5] D.L. Jones, AJ. Wagers, No place like home: anatomy and function of the stem
cell niche, Nat. Rev. Mol. Cell Biol. 9 (2008) 11-21.

[6] C. Giese, C.D. Demmer, R. Ammer, S. Hartmann, A. Lubitz, L. Miller, R. Muller,
U. Marx, A human lymph node in vitro - challenges and progress, Artif. Organs
30 (2006) 803-808.

[7] Y. Tanaka, K. Sato, T. Shimizu, M. Yamato, T. Okano, T. Kitamori, Biological cells
on microchips: new technologies and applications, Biosens. Bioelectron. 23
(2007) 449-458.

[8] G.M.Whitesides:, The origins and the future of microfluidics, Nature 442 (2006)
368-373.

[9] P.Dittrich, K. Tachikawa, A. Manz, Micro total analysis systems, lastest advance-
ments and trends, Anal. Chem. 78 (2006) 3887-3907.

[10] J.P.Spatz, Bio-MEMS: building up micromuscles, Nat. Mater. 4 (2005) 115-116.

[11] J. Kim, ]. Park, J. Lee, E. Yoon, ]J. Park, S. Park, Biohybrid microsystems actu-
ated by cardiomyocytes: microcantilever microrobot and micropump, in: I[EEE
International Conference on Robotics and Automation, Pasadena, USA, 2008,
pp. 880-885.

[12] H.Sekine, T. Shimizuy, J. Yang, E. Kobayashi, T. Okano, Pulsatile myocardial tubes
fabricated with cell sheet engineering, Circulation 114 (2006) 87-93.

[13] T. Shimizu, H. Sekine, Y. Isoi, M. Yamato, A. Kikuchi, T. Okano, Long-term
survival and growth of pulsatile myocardial tissue grafts engineered by the
layering of cardiomyocyte sheets, Tissue Eng. 12 (2006) 499-507.

[14] R. Langer, J.P. Vacanti, Tissue engineering, Science 260 (1993) 920-926.

[15] T.Shimizu, M. Yamato, A. Kikuchi, T. Okano, Cell sheet engineering for myocar-
dial tissue reconstruction, Biomaterials 24 (2003) 2309-2316.

[16] P. Menasche, A.A. Hagege, M. Scorsin, B. Pouzet, M. Desnos, D. Duboc, K.
Schwartz, ].T. Vilquin, J.P. Marolleau, Myoblast transplantation for heart failure,
Lancet 357 (2001) 279-280.

[17] S.IL Yasuda, S. Sugiura, N. Kobayakawa, H. Fujita, H. Yamashita, K. Katoh, Y.
Saeki, H. Kaneko, Y. Suda, R. Nagai, H. Sugi, A novel method to study contraction
characteristics of a single cardiac myocyte using carbon fibers, Am. ]. Physiol.
Heart Circ. Physiol. 281 (2001) H1442-H1446.

[18] S.Nishimura, S. Yasuda, M. Katoh, K.P. Yamada, H. Yamashita, Y. Saeki, K. Suna-
gawa, R. Nagai, T. Hisada, S. Sugiura, Single cell mechanics of rat cardiomyocytes
under isometric, unloaded, and phisiologically loaded conditions, Am. ]. Physiol.
Heart Circ. Physiol. 287 (2004) H196-H202.

[19] S.Yin,X.Zhang, C.Zhan,]. Wu,]. Xu,]. Cheung, Measuring single cardiac myocyte
contractile force via moving a magnetic bead, Biophys. J. 88 (2005) 1489-1495.

[20] K. Addae-Mensah, J.P. Wikswo, Measurement techniques for cellular biome-
chanics in vitro, Exp. Biol. Med. 233 (2008) 792-809.

[21] T. Shimizu, M. Yamato, Y. Isoi, T. Akutsu, T. Setomaru, K. Abe, A. Kikuchi, M.
Umezu, T. Okano, Fabrication of pulsatile cardiac tissue grafts using a novel 3-
dimensional cell sheet manipulation technique and temperature-responsible
cell culture surfaces, Circ. Res. 90 (2002) e40-e48.

[22] C.Rappaport, Review - progress in concept and practice of growing anchorage-
dependent mammalian cells in three dimension, In Vitro Cell. Dev. Biol. Anim.
39(2003) 187-192.

[23] M. Pilarek, E. Chaber, K.W. Szewczyk, Perfluorinated systems for culture of
animal cells, Inzynieria i Aparatura Chemiczna (in Polish) 48 (2009) 83-84.

[24] J.G. Riess, Perfluorocarbon-based oxygen delivery, Artif. Cells Blood Substit.
Immobil. Biotechnol. 34 (2006) 567-580.

[25] M. Pilarek, K.W. Szewczyk, Perfluorochemicals as liquid vectors of respiratory
gases used in medicine and biotechnology, Biotechnologia (in Polish) 69 (2005)
125-150.

[26] M. Pilarek, K.W. Szewczyk, Effects of perfluorinated oxygen carrier application
in yeast, fungi and plant cell suspension cultures, Biochem. Eng. ]J. 41 (2008)
38-42.

[27] K. Morishima, Y. Tanaka, M. Ebara, T. Shimizu, A. Kikuchi, M. Yamato, T. Okano,
T. Kitamori, Demonstration of a bio-microactuator powered by cultured car-

diomyocytes coupled to hydrogel micropillars, Sens. Actuators Chem. 119
(2006) 345-350.

[28] Y. Tanaka, K. Morishima, T. Shimizu, K. Kikuchi, M. Yamato, T. Okano, T.
Kitamori, Demonstration of a PDMS-based bio-microactuator using cultured
cardiomyocytes to drive polymer micropillars, Lab Chip 6 (2006) 230-235.

[29] Y. Zhao, X. Zhang, Cellular mechanics study in cardiac myocytes using PDMS
pillars array, Sens. Actuators Phys. 125 (2006) 398-404.

[30] ]J. Park, J. Ryu, S.K. Choi, E. Seo, ].M. Cha, S. Ryu, J. Kim, B. Kim, S.H. Lee, Real-
time measurement of the contractile forces of self-organized cardiomyocytes
on hybrid biopolymer microcantilevers, Anal. Chem. 77 (2005) 6571-6580.

[31] N.Q. Balaban, U.S. Schwartz, D. Reveline, P. Goichberg, G. Tzur, I. Sabanay, D.
Mabhaluy, S. Safran, A. Bershadsky, L. Addadi, B. Geiger, Force and focal adhesion
assembly: a close relationship studied using elastic micropatterned substrates,
Nat. Cell Biol. 3 (2001) 466-472.

[32] J.Park,].Kim, D.Roh, S. Park, B. Kim, K. Chun, Fabrication of complex 3D polymer
structures for cell-polymer hybrid systems, J. Micromech. Microeng. 16 (2006)
1614-1619.

[33] J. Kim, ]. Park, K. Na, S. Yang, ]. Baek, E. Yoon, S. Choi, S. Lee, K. Chun, J. Park, S.
Park, Quantitative evaluation of cardiomycete contractility in a 3D microenvi-
ronment, J. Biomech. 41 (2008) 2396-2401.

[34] D.H.Kim,]. Park, K.Y. Suh, P. Kim, S.K. Choi, S. Ryu, S. Park, S.H. Lee, B. Kim, Fab-
rication of patterned micromuscles with high activity for powering biohybrid
microdevices, Sens. Actuators Chem. 117 (2006) 391-400.

[35] Y. Tanaka, K. Morishima, T. Shimizu, A. Kikuchi, M. Yamato, T. Okano, T. Kita-
mori, An actuated pump on-chip powered by cultured cardiomyocytes, Lab
Chip 6 (2006) 362-368.

[36] J. Park, I.C. Kim, ]. Baek, M. Cha, ]. Kim, S. Park, ]. Lee, B. Kim, Micro pumping
with cardiomyocyte-polymer hybrid, Lab Chip 7 (2007) 1367-1370.

[37] Y. Tanaka, K. Sato, T. Shimizu, M. Yamato, T. Okano, T. Kitamori, A micro-
spherical heart pump powered by cultured cardiomyocytes, Lab Chip 7 (2007)
207-212.

[38] J. Xi, J.J. Schmidt, C.D. Montemagno, Self-assembled microdevices driven by
muscle, Nat. Mater. 4 (2005) 180-184.

[39] A.W. Feinberg, A. Feigel, S.S. Shevkoplyas, S. Sheehy, G.M. Whitesides, K.K.
Parker, Muscular thin films for building actuators and powering devices, Sci-
ence 317 (2007) 1366-1370.

[40] M. Balls, FRAME, animal experimentation and the three Rs: past, present and
future, Altern. Lab. Anim. 37 (Suppl. 2) (2009) 1-6.

[41] H. Suda, N. Sasaki, Y.C. Sasaki, K. Goto, Force generation by recombinant myo-
sine heads trapped between two functionalized surfaces, Eur. Biophys. ]J. 33
(2004) 469-476.

[42] M.J. Allen, R.E. Rudd, M.W. McElfresh, R. Balhorn, Time-dependent measure of
a nanoscale force-pulse driven by axonemal dynein motor in individual live
sperm cells, Nanomedicine 6 (2010) 510-515.

[43] C.C. Wu, HW. Su, C.C. Lee, M.J. Tang, F.C. Su, Quantitative measurement of
changes in adhesion force involving focal adhesion kinase during cell attache-
ment, spread, and migration, Biochem. Biophys. Res. Commun. 329 (2005)
256-265.

[44] M. Telford, Muscle-powered micro-devices: biomaterials, Mater. Today 8
(2005) 23.

Biographies

Maciej Pilarek was born in Inowroctaw, Poland in 1975. He is an assistant professor
in the Department of Biotechnology and Bioprocess Engineering, Warsaw Univer-
sity of Technology, Poland. He received his M.Sc. degree in industrial biotechnology
and Ph.D. degree in biochemical engineering from the Faculty of Chemical and Pro-
cess Engineering at Warsaw University of Technology and performed a postdoc in
the laboratory of Professor Peter Neubauer at the TU-Berlin, Germany. His scientific
interest concerns bioreactors for plant and animal culture, particularly applications
of perfluorinated liquid oxygen carriers in cell cultures and in micro-bioreactor sys-
tems. He is an author of over 15 peer-reviewed papers, chapters in one book, and
one European patent declaration.

Peter Neubauer obtained Ph.D. in microbiology from the Ernst-Moritz-Arndt Uni-
versity of Greifswald, Germany. After performing postdoctoral studies at KTH
Stockholm, Sweden in the group of S.0. Enfors and being a group leader at the Depart-
ment of Biotechnology, Martin-Luther University of Halle-Wittenberg (group of R.
Rudolph) he obtained a professorship in bioprocess engineering from the Univer-
sity of Oulu, Finland, where he started collaborations in the field of microsystems,
mainly directed to diagnostic applications. In 2008 he accepted a professorship at
the Technische Universitdt Berlin in bioprocess engineering. His current interests
are bioprocess scale up/down, miniaturized controlled culture systems and their
application for the production of heterologous biocatalysts.

Uwe Marx received his doctorate degree in immunology from the Humboldt Uni-
versity in Berlin after finishing his medical training. In 1995, Dr. Marx joined the
University of Leipzig as head of the Department of Medical Biotechnology. His
research projects focused on various aspects of tissue engineering, e.g. umbilical
cord blood stem cell expansion and in vitro blood vessel formation. Between 2000
and 2010, Uwe Marx worked as the Chief Scientific Officer at ProBioGen - a biotech
company he founded in 1994. In 2010, Dr. Marx joined the supervisory board of
ProBioGen and became the head of a research group at the Department of Biotech-
nology of the Technische Universitdt Berlin concentrating now on the establishment
of a new multi-organ chip technology platform.



	Biological cardio-micro-pumps for microbioreactors and analytical micro-systems
	1 Introduction
	2 Cardiomyocyte sheets
	3 Single or few cardiomyocytes based pulsatile microactuators
	3.1 Flexible hydrogel micropillar micro-bio-actuators
	3.2 Bio-hybrid microcantilever microactuators
	3.3 Hybrid cell-motored micro-actuator

	4 Micro-bio-pumps driven by cardiomyocyte sheets
	4.1 Micro-bio-pump based on a pulsating cardiomyocyte sheet
	4.2 Hybrid micro-pump actuating by cardiomyocytes attached to dome-shaped diaphragm
	4.3 Micro-spherical heart-like cardio-micro-bio-pump powered by a cardiomyocytes sheet attached onto an elastomer hollow s...

	5 Other cardiomyocyte-based non-fluidic micro- and millimeter-scale devices
	6 Conclusions
	References

	Biographies

