
Chapter 9
Cardiac Cell Culture Microtechnologies
Based on Stem Cells

Anna Kobuszewska, Patrycja Sokolowska and Elzbieta Jastrzebska

9.1 Stem Cell Differentiation in Lab-on-a-chip Systems

Regenerative medicine is an alternative method, which can be used to treat car-
diovascular diseases (CVDs). Stem cells (SCs) are the main source of biological
material used in such therapy. This is because these cells can differentiate into a
specific tissue, depending on cell origin and pluripotency (see Chap. 6). Precise
control of SC fate is a major challenge to scientists. Stem cell differentiation into
cardiomyocytes (CMs) may contribute to the development of an in vitro cardiac
model and new methods for the treatment of heart disease. So far, promising results
in SC usage for heart regeneration were obtained (Segers et al. 2008). Numerous
types of SCs are being investigated nowadays, e.g. bone marrow-derived/
circulating progenitor cells (BMP-CSs), mesenchymal stem cells (MSCs), adi-
pose tissue-derived stem cells (ATSCs), endothelial progenitor cells (EPCs),
embryonic stem cells (ESCs)-induced pluripotent stem cells (iPSCs) and cardiac
stem cells (CSCs) (Emmert et al. 2014; Kawamura et al. 2012). Although many
reports based on stem cells have been presented, there are many important issues,
which have to be considered (e.g. source of the SCs, low reproducibility and
throughput, controllable differentiation) (Discher et al. 2009; Silvestre and
Menasché 2015; Ye et al. 2011).

Microscale technologies can provide tools, which allow for improving SC
investigation. There are various factors utilized for the determination of SC fate on
microscale: biochemical factors (growth factors, vitamins, cytokines, small mole-
cules), physical factors (structure and elasticity of biomaterials, electrical and
magnetic fields, thermal gradients), mechanical factors (fluidic shear stress,
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mechanical strain), cell–cell interactions (co-culture) and cell-biomaterial interac-
tions (Guilak et al. 2009; Higuchi et al. 2017; Hwang et al. 2008; Tzatzalos et al.
2016). The Lab-on-a-chip systems are powerful tools, which can complete existing
laboratory techniques used for SC differentiation studies. The advantages of the
Lab-on-a-chip systems were characterized in previous chapters; therefore, here we
will focus on benefits which are especially related to SC culture and analysis. First
of all, a specific niche with a controllable microenvironment can be created in the
microsystems (Duinen et al. 2015; Park et al. 2010). Because of this, SCs can be
cultured in conditions close to in vivo and is suitable for cell differentiation. The
microsystems made of poly(dimethylsiloxane) (PDMS) are most often fabricated
for SC culture and differentiation (Ertl et al. 2014). However, depending on the
differentiation method such microsystems are integrated with various components
for improving SC operating. For example, other materials used as differentiation
factors (nanofibers, microgrooves, hydrogels) are integrated into the microsystems
(Higuchi et al. 2017; Tomecka et al. 2017). Hydrogels play an increasingly
important role in creating the spatial cell arrangement (three-dimensional, 3D)
(Perez et al. 2016). The extracellular matrix (ECM) provided by hydrogels can also
influence SC differentiation. These materials determine cell attachment and align-
ment as well as provide physiologically relevant stiffness, which can influence SC
differentiation (Mathur et al. 2016). Various studies with hydrogels based on CMs
and SCs have been presented in the literature, e.g. analysis of cell contraction forces
(Zimmermann et al. 2006), drug cytotoxicity (Schaafm et al. 2011) and heart dis-
ease simulation (Hinson et al. 2015). The combination of both microfluidic systems
and hydrogels could be a new approach for SC study; however, it is still a sig-
nificant challenge for researchers.

The microsystems are also integrated with micropumps, microvalves and elec-
trodes (Zhang et al. 2007). This allows various differential conditions to be created
(Zhang and Austin 2012). Thanks to this, defined shear stress conditions, a stable
electrical force and precise control of biochemical factor delivery to the SCs are
possible to be obtained in microscale (Pavesi et al. 2015; Stoppel et al. 2016). For
instance, microarrays have been fabricated for the investigation of protein-protein
interaction and to define the properties of the SC microenvironment (Lutolf and
Blau 2009). Diffusion of biochemical growth factors of the micropatterned cells and
their differentiation have also been investigated (Peerani et al. 2007). The mi-
crosystems have also been used for precise control of single cell or high-throughput
analysis. It is important to mention the possibility of minimizing the amount of the
cells, culture medium and chemical reagent in the experiments performed in the
microsystems. It is especially important for the studies performed with SCs.

Differentiation methods investigated in Lab-on-a-chip systems and the fate of
SCs are shown in Fig. 9.1. SC differentiation into neurons, granular cells (kidney),
osteoblasts, hepatocytes, endothelial cells, adipocytes as well as cardiomyocytes
have been reported (Figallo et al. 2007; Jeon et al. 2014; Ju et al. 2008; Kim et al.
2014; Ni et al. 2008; Pavesi et al. 2015; Wang et al. 2014; Villa-Diaz et al. 2009;
Yang et al. 2015, 2017).
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Because SCs can potentially be useful for heart regeneration, SC differentiation
into cardiomyocytes have been investigated more and more in the microsystems. In
recent years, a few review papers about Heart-on-a-chip based on stem cells have
been published (Ghafar-Zadeh et al. 2011; Jastrzebska et al. 2016; Yang and Ma
2012). However, the use of SCs for Heart-on-a-chip is still in the initial phase. SCs
are often differentiated in macroscale and afterwards they are seeded in the
microsystems and cultured under flow conditions. To differentiate SCs into cardiac
cells, three main methods are used: biochemical, mechanical and physical stimu-
lation. The effect of SC differentiation into CMs is investigated by expression
studies of specific cardiac cell markers. For this purpose, immunofluorescence
staining of the cytoskeletal proteins is performed. Cardiac troponin T (cTnT),
a-sarcomeric actin, connexix43, b-myosin heavy chain (b-MHC), Nkx2 are the
most common cardiac-specific markers (Qureshi et al. 2012). Specific cardiac gene
expressions of, e.g. a-MHC, ANF (atrial natriuretic factor), BNP (B-type natriuretic
peptide), MYL2 (myosin light chain 2), MYL7, MYH6 (myosin heavy chain 6),
MYH7 are also defined using a polymerase chain reaction (PCR) (Chen et al. 2009;
Pavesi et al. 2015). Additionally, the induced stem cell-derived cardiomyocytes
(SC-CMs) could contract. Therefore, the amplitude of cell contraction is measured
to identify SC differentiation.

A review of the recent literature shows that microscale technologies enable the
creation of in vivo-like models of SCs. The Lab-on-a-chip systems have been
successfully used for SC culture, SC differentiation, cytotoxicity assays as well as
investigation of heart regenerationRegeneration using SCs. Examples and detailed
characterization of these microsystems are presented in the next sections of this
chapter.

Fig. 9.1 Methods of SC stimulations, which can be used to obtain specific cell lineages in
Lab-on-a-chip systems
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9.2 Biochemical Stimulation

Soluble chemical factors are used for SC differentiation into specific cell types.
Such factors are introduced to the cells by their supplementation in a culture
medium and incubation with the cell over a period of time. Biochemical factors can
influence the fate of the cell, e.g.: cell viability, proliferation, self-renewal and
differentiation. Factors such as bone morphogenic protein-2 (BMP-2), vascular
endothelial growth factor (VEGF), the Wingless/INT proteins (WNTs) have been
used to differentiate SCs into CMs (Dimarakis et al. 2006; Uzel et al. 2014). The
fibroblast growth factor (FGF) is also commonly used. The FGF family consists of
a large and diverse group of small polypeptide growth factors, which play a crucial
role in cardiac differentiation (Kawai et al. 2004; Kofidis et al. 2004;
Rosenblatt-Velin et al. 2005). Additionally, the transforming growth factor beta
(TGFb) and 5-azacytidine (5-AZA) have been reported as factors utilized for car-
diac SC stimulation (Cheng et al. 2016; Tabar and Studer 2014). The heart is
capable of three TGFb isoform expressions which exhibit a specific function in
cardiac differentiation (Jeon et al. 2014; Kumar and Sun 2005). Kumar and Sun
investigated the effect of TGFb isoforms on ESC differentiation. Significant cardiac
differentiation and an increase in beating cells were observed for ESC incubation
only with TGF-b2 isoform. Most of the presented factors were investigated in the
microfluidic systems. The biochemical methods used for SC differentiation into
CMs in Lab-on-a-chip systems are summarized in Table 9.1.

The Lab-on-a-chip systems can be used for SC stimulation using controlled
dosage (concentration, exposition time) of the biochemical factors. Both
two-dimensional (2D) and three-dimensional (3D) culture models of SCs have been
presented in the literature (Gobmann et al. 2016; Moya et al. 2013; Wan et al.
2011). However, cardiomyocytes derived from SCs have been investigated more
often than SC differentiation. An interesting solution was presented by Gobmann
et al. (2016). They developed a new device/method, called Cell Drum technology,
for mechanical tension analysis of the cells (Fig. 9.2a). Each Cell Drum well
contains an ultra-thin (ca. 3.0 µm) circular membrane made of PDMS.
Human-induced pluripotent stem cells-derived cardiomyocytes (hiPS-CMs) were
obtained (in macroscale) from human skin fibroblasts differentiated by the usage of
Yamanaka factors (Oct4, Sox2, cMyc, Klf4) (Takahashi et al. 2007). Both a
monolayer and a thin tissue culture were obtained on Cell Drum membrane. Next,
the cells regular beating induced membrane deflection, which was monitored using
a pressure sensor. The obtained culture models of hiPS-CMs were used for
investigation of selective agonists and antagonists of both calcium (S-Bay K8644
and verapamil) and potassium (veratridine and lidocaine) channels. It was found
that the beating cell imitated in vivo human heart tissue. Additionally, the tested
drugs influenced cell contraction. The developed heart mimicking system can be
used for easy and fast pharmacological analysis of cardiac drugs. It should be noted
that cardiotoxicity assays are based on cell contraction and the main feature of heart
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cells. Therefore, the utilization of the Cell Drum technology could have a high
impact on heart regeneration research.

Microwell/systems technologies are increasingly used to culture and differentiate
ESCs (Lee et al. 2011a, b; Mohr et al. 2006; Wan et al. 2011; Xiao et al. 2014).
These cells have a specific property, i.e. they are able to create 3D structures called
embryoid bodies (EBs). Conventional methods such as dissociated suspension, a
methyl cellulose culture, a hanging drop culture, a spinner flask and a bioreactor
culture are still often used to obtain EBs as the first step in ESC differentiation
(Moya et al. 2013; Thavandiran et al. 2013). EBs can spontaneously differentiate
into various cell types. Therefore, the culture medium should be supplemented with
factors (e.g. LIF—leukaemia inhibitory factor), which maintain the undifferentiated
cell form. These factors should be removed, and differential biochemical agents
should be added in the culture medium to differentiate EBs into a specific cell type.
It is also important that the size and shape of EBs influence the fate of the cells
(Hwang et al. 2008). The utilization of the microtechnology gives the possibility to
precisely EB size manipulation. EB dimensions are determined by the geometry
and size of the microwells. A microsystem with ca. 200 microwells was proposed as
a new and a promising method for creation of EBs (Miyamoto et al. 2016). It was
investigated that how different densities of the SCs influence EBs formation.
Different EB fates were noticed depending on the initial size of EBs. Large EBs
were differentiated into hepatic and cardiac cells, whereas small EBs promoted
vascular differentiation. The proposed microplatform could be used as
high-throughput technique for EBs formation and SC fate study.

A controllable maintenance of undifferentiated EBs and a precise control of their
fate is a big challenge for the scientists. The ESC culture method proposed by Mohr
et al. (2006) should be underlined. They presented a microwell system for 3D
long-term human ESC culture and EB formation. It was proven that microwell sys-
tems allowed undifferentiated ESCs to be obtained for several weeks. Thanks to this,
suchmethods can increase the effectiveness and the reproducibility of undifferentiated
cell cultures. Moreover, both controllable ESC differentiation via forming EBs and
drug cytotoxicity evaluation could be performed in this microsystem.

So far research indicates that cardiomyogenic differentiation is higher in
microscale cultures than in conventional well plates. Moreover, the culture type has
influence on SC fate (Wan et al. 2011). An example of a developed PDMS
microsystem used for both 2D cultures (coated with 0.1% gelatin) and for 3D
cultures (EBs were mixed with collagen I) is shown in (Fig. 9.2b). The usage of a
perfusable cardiac biowire, which mimics 3D functional cardiac tissue, provides a
new approach for the investigation of heart functions (Xiao et al. 2014).
A microplatform made of PDMS and glass plates enabled 3D cardiac cell culture.
The microsystem consisted of a drug reservoir, a connecting channel and a biowire
bioreactor (Fig. 9.2c). 3D microtissues were generated using human ESC-derived
cardiomyocytes (hESC-CMs) and primary neonatal rat cardiomyocytes. hESC-CMs
were obtained through EB differentiation with BMP-4, bFGF, activin, VEGF,
inhibitor of WNT production-2 (IWP2) using macroscale. The hESC-CMs and
neonatal rat CMs (suspended in collagen type I) were seeded in the microfabricated
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biowire platform and cultured for 14 days. The microplatform was integrated with
electrodes (carbon rods), which were used for electrical stimulation (biphasic
rectangular signal, 3.5–4 V cm−1, 1 ms duration, 1.2 Hz, 4 days stimulation) of the
cultured cells. To characterize cardiac biowires, cardiac markers were immunos-
tained (connexin 43, cTnT, a-actin, F-actin fibres). Such a model was also used for
in vitro testing of different compounds. Nitric oxide (NO) and donor sodium
nitroprusside (SNP) were investigated in the fabricated platform. The developed
microplatform was successfully used for 3D cultures (as biowires) of rat and
SC-delivered cardiomyocytes. Such an in vivo-like model can allow a unique
opportunity to test drug cytotoxicity as well as to analyse proliferation, interaction
and physiology of CMs and SCs. In the future, it can be a good technique not only
for study of SC-CMs but also for SC differentiation and analysis of SC influence on
heart cell regeneration.

iPSCs are the next kind of stem cells, which are also used to obtain car-
diomyocytes. However, iPSCs are the most often differentiated into beating car-
diomyocytes (iPSC-CSs) by the usage of biochemial factors and AggreWell or
Matrigel-coated plates in macroscale. Next, the beating iPSC-CSs are studied in the
microsystems (Bergström et al. 2015; Mathur et al. 2015; Moya et al. 2013). The
simulation of a whole cardiovascular system based on iPSC-CMs has been pre-
sented by Moya et al. (2013). The geometry of the PDMS/glass microsystem was
designed in such a way that a perfusion vascular system was mimicked. It consisted
of two fluidic microchannels separated by a central microchannel, in which 12
linear-arranged microchambers were placed (Fig. 9.3a). The beating iPSC-CM
organoids were seeded with endothelial colony-forming cells (ECFCs)-derived ECs
and normal lung fibroblast in the developed microsystem. A co-culture of the
organoids and the cells was performed within the next 28 days. It was observed that
during this time a vessel network was created. The obtained 3D model of vascu-
larized cardiac tissue can be used to analyse cardiocytotoxicity of new compounds
and heart regeneration using SCs.

Fig. 9.2 a A scheme of Cell Drum tissue analyser: (1) cylindrical Cell Drum culture medium
container, (2) ring heater, (3) air pump, (4) laser triangulation sensor, (5) culture medium,
(6) membrane and cell monolayer, (7) cell monolayer. Reprinted from Gobmann et al. (2016).
Open Access. b A scheme of PDMS microsystem, which contains three microchannels for a 2D
cell cultures and two gel microchannels for a 3D cultures. Reprinted with permission from Wan
et al. (2011). Copyright 2011 Springer. c A scheme of the perfusion microdevice integrated with a
drug reservoir, a connecting channel and a biowire bioreactor. Reprinted with permission from
Xiao et al. (2014). Copyright 2013 Royal Society of Chemistry
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Other microsystems for study of beating iPSC-CMs have been developed in the
next years. However, they were mainly used for mimicking of heart functions (not
vascularization) and drug cardiotoxicity analysis. Bergström et al. (2015) presented
a PDMS-based microfluidic system to analyse cardiotoxicity on cardiac bodies
(CBs) derived from iPSCs. The possibility to study the beating of single CB is the

Fig. 9.3 a a. Fabricated PDMS-based microfluidic system for 3D cell culture. b. A view of one
daisy-chained microchamber. Reprinted from Moya et al. (2013). Open Access. b a. A scheme of
introducing cardiac bodies into the microsystem. b. A view of cardiac bodies seeded inside the
niches. c. Scheme of the fabricated microfluidic system. Reprinted with permission from
Bergström et al. (2015). Copyright 2015 Royal Society of Chemistry. c a. A view of the fabricated
microfluidic system with culture microchamber and two-sided microchannels separated by two
rows of pillars. b. A confocal fluorescent microscopy of the cardiac microtissue in the
microphysiological system (MPS). Inset shows the view of the sarcomeric a-actin (red) and DAPI
(blue) staining. Reprinted from Mathur et al. (2015) Open Access
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main advantage of this research. The microsystem consisted of the main channel
connected with two inlets: for CBs seeding and culture medium perfusion
(Fig. 9.3b). Ten microchambers used for CB cultures were placed along the main
channel. Additionally, each microchamber was connected with three drainage
channels. The beating CBs were seeded in the microchambers and incubated with
different concentrations of doxorubicin, verapamil and quinidine. In turn, Mathur
et al. (2015) presented a cardiac microphysiological system (MPS) with a different
geometry. The designed microsystem consisted of a central cell chamber, two-
sided media channels and arrays of connecting microchannels (Fig. 9.3c).

3D cardiac cultures of the beating hiPSC-CMs (obtained in macroscale by
biochemical stimulation with B27 insulin and WNT inhibitor) were formed in a
MPS. Next, the cytotoxicity of four different compounds, i.e. isoproterenol, E-403,
verapamil and metoprolol was investigated. It was proven that MPS is an appro-
priate tool to use for 3D cardiac tissue culture and cytotoxicity analysis. Cell
beating frequency was used to investigate cardiotoxicity of drug substances in the
microsystems. Because it is the non-invasive method, cardiotoxicity analysis in
real-time could be performed.

As it was mentioned before, SC differentiation into CMs is often performed in
macroscale and next the SC-delivered CMs are cultured and investigated in
Lab-on-a-chip systems. There is one report about SC differentiation into CMs using
the biochemical method performed in microscale. Jeon et al. (2014) presented SC
differentiation in a PDMS microfluidic system. The geometry of the microsystem is
shown in Fig. 9.4. It consisted of a central microchannel for 3D cell culture and
two-sided microchannels for media perfusion. Bone marrow-derived human mes-
enchymal stem cells (BM-hMSC) and vein endothelial cells (HUVECs) mixed with
each other and with fibrinogen were cultured in the central channel. To induce vas-
cularisation, the culture medium was supplemented with: 50 ng ml−1 VEGF,
50 ng ml−1VEGFwith 100 ng ml−1Ang-1 (angiopoietin) or 50 ng ml−1VEGFwith
1 ng ml−1 TGF-b1. Additionally, HUVECs were cultured as a monolayer in the side
microchannels. The level of vascularization was monitored by immunostaining
a-smooth muscle actin (a-SMA). It was found that, a-SMA in a vascular network
significantly increased after the addition of TGF-b1 and Ang-1. The presented
microsystem can be successfully used for creation of a 3D functional and a perfusable

Fig. 9.4 a A scheme of the microfluidic systems for 3D cell cultures. b A scheme of 3D
perfusable microvascular network with endothelial cells (HUVECs) (red) and BM-hMSCs (green)
Reprinted with permission from Jeon et al. (2014). Copyright 2014 Royal Society of Chemistry

9 Cardiac Cell Culture Microtechnologies Based on Stem Cells 209



microvascular network and analysis of SC differentiation.Moreover, this research can
have a huge impact on the investigation of heart regeneration in the microsystems.

9.3 Physical Stimulation

Physical cues have been recognized as critical factors during SC differentiation into
specific cell types. Structure, topography and elasticity of the biomaterials as well as
electrical fields are physical factors which are often used to determine SC fate.
These parameters are characterized in the next sections.

9.3.1 Surface and Structural Stimulation

Elasticity/stiffness of the materials may determine, especially in 2D cultures, cell
adhesion, morphology and phenotype. It was also proven that the topography of
culture surface and extracellular matrix (ECM) influence SC differentiation (Engler
et al. 2006; Flaim et al. 2008; Solanki et al. 2010). These factors affect gene and
protein expressions which finally improve growth, differentiation and maturation of
SCs (Murphy et al. 2014; Pek et al. 2010). Various studies based on surface
stiffness and topography (among others on PDMS, polyacrylamide, glass, poly-
styrene—PS) were performed in macroscale. Surface properties can be changed by
micropatterning. In this case, the materials are coated with different proteins (e.g.
collagen, poly-L-lysine, fibronectin). So far, studies have shown that micropat-
terning influences cell morphology, migration, functionality, cytoskeletal structure
and nuclear shape.

The combination of surface stimulation (microgrooves) and bioprinting tech-
nique is a promising approach to study SC differentiation in CMs. Such a solution
has been proposed by Bhuthalingam et al. (2015). Different microgrooves (linear,
concentric circles and sinusoidal wave—S-Shaped) were patterned in polystyrene
films (Fig. 9.5a). Human MSC suspension was prepared in bioink solution, which
contained gelatin dissolved in Dulbecco’s modified Eagle’s medium (DMEM).
Then, the cellularized bioink was printed on the polystyrene surfaces containing
different grooves. A higher expression of GATA4 (cardiomyocyte marker) was
observed on S-shaped patterns than on other geometries. The results showed that
the geometry of the microgroove had a high impact on SC fate. Moreover, the
bioprinting is a controlled method, which could enhance MSC differentiation. The
proposed bioprinting technique can be useful for further investigation of different
SC types. Other methods of surface stimulation, presented in the literature, were
mainly focused on the study of alignment and maturation of stem cell-derived
cardiomyocytes (obtained using biochemical stimulation in macroscale). For
example, Salic et al. (2014) tested an increase of sarcomere expression and align-
ment of human embryonic stem cell-derived cardiomyocytes (hESC-CMs) on 2D
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micropatterned surfaces with specific geometries (Fig. 9.5b). Surfaces with different
rectangular geometries (areas ranging from 2.500 lm2 to 160.000 lm2) were uti-
lized in the experiments. For this purpose, non-adherent poly(ethylene glycol)
(PEG) regions were micropatterned and ECM proteins (Matrigel and fibronectin)
were put on gold-coated glass slides. Fibronectin-coated microgrooved performed
in PDMS were also utilized for investigation of cellular alignment and calcium
(Ca2+) cycling of iPSC-CMs (Rao et al. 2013). The scheme of the microgrooved
substrate is shown in Fig. 9.5c. It was found that cell alignment and parallel
organization of sarcomeres were mainly dependent on the groove width. The above
studies also showed that the modified substrates influence Ca2+ cycling in SC-CMs.
The proposed highly aligned cell model may be useful in pharmacological studies
and understanding how surface geometry influences SC-CMs maturation. In the
future, the developed surfaces with microgrooves can be applied to study SC dif-
ferentiation and heart cell regeneration.

Dimension and geometry of microstructures also influence the fate of SCs and
EBs. An interesting geometry of the microsystem (i.e. tent-like structure) was used
to study cardiogenesis (Tanaka and Fujita 2015). A PDMS-based microsystem
consisted of a microchannel layer, a microchamber layer with a membrane and a
cylindrical block on the membrane (Fig. 9.6). The proposed structure was supposed
to perform analysis of cell beating based on periodical oscillation of fluid in the

Fig. 9.5 a Polystyrene films with micropatterned grooves: linear (a), sinusoidal wave—S-shaped
(b), concentric circles (c) and grooves (g, h). The cells were visualized using fluorescein diacetate
(FDA) and DAPI staining (d–f). Reprinted from Bhuthalingam et al. (2015). Open Access. b A
2-day culture (a) and 3-day (b) culture of hESC-CMs seeded onto the micropatterned grooves with
different dimensions. Reprinted with permission from Salic et al. (2014). Copyright 2014 Elsevier.
c A scheme of a microgrooved flexible scaffold (a). A view of the sarcomeric a-actin (red) and
DAPI (blue) immunostaining (b) Reprinted from Rao et al. (2013). Open Access
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microchannel connected to the membrane. EBs-derived iPSCs were cultured in the
microsystem. EBs were attached to a thin PDMS tent-like membrane. Periodical
oscillation of fluid in a microchannel and cell beating was observed 14 days after
cell seeding. SC differentiation was also proven by immunostaining MHC and
cardiac troponin I.

3D polymeric scaffolds, including microspheres, porous forms and nanofibers
are also used to culture and differentiate SCs in microscale (Ghafar-Zadeh et al.
2011). Polymer scaffolds next to the hydrogels are physical stimulations, in which
no external actuation is used to differentiate SCs (Hoffman 2012; Zuppinger 2016).
Nutrients in 3D hydrogel cultures are uniformly distributed to all cells (Annabi et al.
2013; Ghiaasedin et al. 2017). In turn, scaffolds create rigid networks and structures
with higher physical stiffness than hydrogels. Functional nanofibers scaffolds pro-
duced by electrospinning are meaningful in many SC differentiations. The nano-
fibers can mimic the native ECM fibres (Alamein et al. 2015; Bianco et al. 2009;
Heydarkhan-Hagvall et al. 2008; Liu et al. 2014; Tomecka et al. 2017; Wang et al.
2013). Thanks to this, SC proliferation and interaction with ECM-like nanostruc-
tures can be investigated (Luo et al. 2015). For example, collagen (type I)—grafted
polyethersulfone (PES) nanofiber matrix was used to culture mouse ESCs. The
results showed that ESCs cultured on a PES nanofiber matrix were undifferentiated
during the whole culture, whereas cell proliferation was increased. It indicated that
a collagen-grafted PES nanofiber matrix can be used to maintain undifferentiated
forms of SCs as well as to differentiate SCs under precise control (Hashemi et al.
2011).

Fig. 9.6 a A scheme of microdevice for iPSC differentiation into cardiomyocytes on the tent-like
structure. b Cross-sectional view along line X–Y. c A scheme of method of attaching EBs onto the
microchip, which was O2 plasma and gelatin treated. d, f Fluorescent microscopy of anti-cardiac
myosin heavy chains antibody (green) and anti-cardiac troponin I antibody (red) immunostaining.
Reprinted with permission from Tanaka and Fujita (2015). Copyright 2015 Elsevier
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Many studies based on regulation of SC fate on nanofiber scaffolds have been
discussed in the literature. Nanofibers were utilized to induce SC differentiation
into, e.g. neural cells, chondrogenic cells and osteoblasts (Li et al. 2012; Smith et al.
2010). 3D-shaped polymeric scaffolds are also used for SC differentiation into
CMs. Ghasemi-Mobarakeh et al. (2014) stimulated EBs delivered from ESCs on
Polycaprolactone (PCL)/gelatin nanofibrous scaffolds for 5 days. The presence of
CMs was determined by immunostaining cardiac markers (a-sarcomeric actin and
conexin43) and cell beating. EB differentiation into CMs was also tested on
collagen/Matrigel scaffolds (Zhou et al. 2010). It was found that mouse ESCs
seeded onto 3D scaffolds, aggregated and formed EBs. To induce cardiac differ-
entiation, 0.1 mg/ml ascorbic acid was supplemented into the culture medium for
7 days. Beating CMs were observed 7 days after EB seeding; however, syn-
chronous contraction was noticed on the 19th day of culture. Cardiac markers such
as cTnT, anti-cytokeratin 18 antibody (CK18), anti-murine antibody (CD31) and
nestin were determined to prove SC differentiation into CMs. The obtained results
showed that collagen/Matrigel scaffolds can be successfully used to create EBs and
ESCs differentiation into CMs. PCL/gelatin and collagen/Matrigel scaffolds can
also be useful to investigate the mechanism of SC differentiation and human
myocardium regeneration after infarction. It should be noted that the scaffold
composition can have an important role in CS differentiation. A new approach was
proposed by Yang et al. (2016). They tested how tunnelling nanotubes (TNTs)
integrated with a PDMS biochip influences stem cell and cardiomyocyte commu-
nication. A novel biological process, unidirectional mitochondrial transfer, medi-
ated by heterotypic TNT connections was discovered. These results could be a base
for further research of cardiomyocyte regeneration using SCs.

The next technique, which enables 3D culture of the cells, is the microsphere
method. Microspheres can be used to precisely deliver SCs into the damaged tissue.
Moreover, growth factors and therapeutic molecules can be placed inside the
microspheres. The usage of encapsulated and differentiated SCs can be an effective
method for CVD treatment. Trimethyl ammonium-coated polystyrene microspheres
were used for 3D culture and differentiation of human ESCs (Phillips et al. 2008).
ESCs have the capacity to differentiate towards pancreatic, neuronal and car-
diomyocyte cells. The utility of microspheres in CVD treatment is also studied
in vivo. Microspheres made of alginate were used for encapsulation of human
MSCs and transplantation into rats with ischaemia-reperfusion myocardial infarc-
tion (Yu et al. 2010). Alginate was used as a non-toxic and semi-permeable
material. The alginate microspheres with the encapsulated MSCs are shown in
Fig. 9.7. Properties of the fabricated microspheres improve cell attachment and
growth on the injured heart. The effects of treatment after microsphere introduction
into the rats were investigated by echocardiography and immunostaining of the
histopathological preparation. The results showed that the encapsulated MSCs into
microspheres induced angiogenesis and heart regenerationRegeneration.
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9.3.2 Electrical Stimulation

Electrical field can play an important role in many biological and medical appli-
cations. The tests to prove the usage of electrical field for the treatment of various
diseases are also performed. The mechanisms of electrical stimulation have been
investigated for many years and so far they are not understood in many cases
(Ghafar-Zadeh et al. 2011). A knowledge of electrical field functions for heart
stimulation could have an important meaning for the study of heart properties under
normal and pathological conditions. Many reports based on electrical stimulations
in macroscale have been presented in the literature (Barash et al. 2010; Kujala et al.
2012; Maidhof et al. 2012). Microtechnology is investigated as an effective method
for electrical manipulation of SCs and differentiation of SCs into cardiac cells.
Electrodes used for stimulation of SCs in the microsystems are fabricated from the
same materials such electrodes for CM stimulation (see Chap. 8).

The type of electrical signal, cell culture (single cell, monolayer and 3D cultures)
and a culture system have an influence on SC differentiation into cardiac cells
(Tandon et al. 2009). A chamber with shielded electrodes, flasks and dishes inte-
grated with electrodes and customized microchamber can be utilized for electrical
stimulations. SC differentiation after electrical field action can be determined by
analysing contractile cell activity, cell elongation, cell morphology, the force of cell
contraction, electrical cell activity and gene expression. The parameters which can
influence electrical stimulation for cardiac tissue engineering are shown in Fig. 9.8.

Biphasic square pulses have most often been reported as electrical signal used
for SC differentiation into CMs. For example, Pavesi et al. (2015) developed a
PDMS-based microdevice useful for mechanical and electrical stimulation of
human BM-MSCs. The microdevice consisted of three layers: a pneumatic layer for
mechanical stimulation, a fluidic layer for the SC culture and a conductive layer for
electrical stimulation (Fig. 9.9a). An interesting technique was used to fabricate the
conductive layer. A mixture of carbon nanotubes (CNTs) and PDMS was deposited
on the silicon wafer. Biphasic square pulses (5 V cm−1, 1 Hz, 1 ms) were

Fig. 9.7 Human mesenchymal stem cells two days after encapsulation into alginate microbeads.
Magnification 4� (a) and 10� (b). Reprinted with permission from Yu et al. (2010). Copyright
2010 Elsevier
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generated 24 h after SC seeding in the microdevice. An efficiency of human
BM-MSC differentiation into CMs was evaluated on the 14th day of the culture. For
this purpose, specific cardiac markers (MYH7, Nkx2.5, cTnT, MEF2C—myocyte
enhancer factor 2C and TUBB—tubulin beta) were defined using quantitative
real-time polymerase chain reactions (qRT-PCR). High expression of the markers
mentioned above was noticed. Not only biphasic but also monophasic square pulses
were utilized for SC differentiation in microscale. An example of a PDMS-based
microdevice used for electrical stimulation of SCs using monophasic square pulses
is shown in Fig. 9.9b (Tandon et al. 2010). It was found that such stimulation
enhanced SC proliferation, elongation and perpendicular orientation to the
electrodes.

They can be fabricated using some wires/rods (Serena et al. 2009; Thavandiran
et al. 2013) or planar electrodes patterned on the substrate (Tandon et al. 2010;
Zhou et al. 2016). A PDMS micro-bioreactor with 4 � 4 wells was integrated with
electrodes made of different rods is shown in Fig. 9.9c (Serena et al. 2009).
10 cm � 1.3 mm diameter 304 stainless steel, titanium and titanium nitride-coated

Fig. 9.8 Overview of the parameters which can influence electrical stimulation during stem cell
differentiation into cardiomyocytes including: a scale (single cell (i), monolayer (ii), 3D culture
(iii)), b the electrical signal monophasic pulses (i), charge-balanced biphasic pulses (ii),
charge-balanced biphasic pulses with interphase delay (iii) charge-balanced biphasic pulses with
slow reversal (iv), direct current (v), c the culture system (a chamber with shielded electrodes (i), a
T-flask (ii), a Petri-dish (iii), a customized chamber (iv) and d the analytics performed to evaluate
contractile activity (i), elongation (ii), force of concretion (iii), electrical activity (iv), morphology
(v) and gene expression (vi) Reprinted with permission from Tandon et al. (2009). Copyright 2009
Nature Publishing Group
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titanium rods were integrated with three independent microdevices. Such mi-
crosystems were utilized for EB differentiation studies. As it was mentioned before,
the mechanisms responsible for electrical field-induced therapy are still not fully
known. Serena et al. (2009) investigated that the intracellular reactive oxygen
species (ROS) could take part in SC differentiation into CMs. Therefore, the effect
of H2O2 (hydrogen peroxide) on the SCs was additionally investigated to prove this
hypothesis. It was found that stainless steel electrodes induced the highest cardiac
differentiation. These electrodes and 1 nM of H2O2 generated a comparable ROS
level. Based on these results, the authors proved that electrical stimulation can
differentiate SCs into CMs based on mechanisms associated with intracellular ROS
generation.

A planar microelectrode array technology (MEA) with integrated recording and
stimulation electrodes is also used to stimulate cells (Chen et al. 2009). MEA
platforms enable precisely localized current to be injected into the cell culture and
differentiated cell properties to be detected in the same culture chamber. A potential
impact in regenerative medicine could have a MEA-based microsystem presented
by Ma et al. (2012). MEA-based biochip was utilized to mimic the cardiac model.
First, rat CMs were seeded on a biochip to form muscle fibres. After 4 days, small
gaps (120 lm length) were created to mimic a myocardial infarction. Next, rat
mesenchymal stem cells from bone marrow (rMSCs-BM) were laser-patterned into
the gaps to create a bridge between cardiomyocytes and rMSCs-MB (Fig. 9.9d).

Fig. 9.9 a A scheme of the microfluidic platform containing central channel (red, to provide
culture medium), the pneumatic channels (light blue, to perform mechanical stimulation) and the
electrical layer with two conductive regions composed of carbon nanotubes and polydimethy-
losiloxane (light grey). Red arrows represent the electric field. Reprinted from Pavesi et al. (2015).
Open Access. b Views of the slide with electrode arrays (a) and polydimethylosiloxane layer with
two culture wells (b) Reprinted with permission from Tandon et al. (2009). Copyright 2009 Royal
Society of Chemistry. c A view of the polydimethylosiloxane-based bioreactor for electrical
stimulation with 16 culture wells. Reprinted with permission from Serena et al. (2009). Copyright
2009 Elsevier. d A scheme of the microfluidic system. Stem cells (pink spheres) were
laser-patterned to form a bridge connecting two separated muscle fibres (green). Reprinted with
permission from Ma et al. (2012). Copyright 2011 Royal Society of Chemistry
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Fibroblasts laser-patterned in the gaps were used as control samples. The electrical
conductivity of SCs and fibroblasts was determined using MEA. Additionally,
cardiac markers were immunostained (sarcomeric a-actin and connexin 43). It was
found that SCs-CMs bridges showed higher and more stable conduction through the
gap junction than CMs-fibroblasts interactions. The above results proved that SCs
can be a promising method for heart regeneration, and the proposed microchip can
be successfully used for cell monitoring using MEA.

The electrodes integrated with the microsystems are used not only for stimula-
tion but also for electrical conduction monitoring. MEA and electrical impedance
spectroscopy (EIS) are used to measure SCs after their differentiations (Ma et al.
2012; Zhou et al. 2016). Zhou et al. (2016) presented a microsystem for quantitative
analysis of the changes in electrical parameters of mouse ESCs at different stages of
differentiation. A 0 h—undifferentiated state, 24 h—transition state and 48 h
fully-differentiated state of SCs were investigated in the microsystem. EIS was used
as non-invasive, label-free and real-time analysis of cell conditions based on their
dielectric properties and biological structure. The microfluidic device composed of
PDMS, and glass with patterned titanium and gold electrodes was used for
hydrodynamic trapping of single mouse ESC (Fig. 9.10a). The differences between
SC stage and magnitude of the cell impedance were noticed. Cell impedance
increased with an increase in cell size and SC differentiation state. A label-free cell
cytometry can also be used to distinguish differentiated and undifferentiated SCs
(Fig. 9.10b). For this purpose, a microsystem consisting of a PDMS layer and a
glass slide integrated with two platinum electrodes and a Si3N4 passivation layer
was tested (Myers et al. 2013). Undifferentiated human iPSC- and human
iPSC-derived CMs were successfully distinguished based on the recording of
extracellular field potential (FP) signals from suspended cells in flow. Such a
technique can be useful for investigating differentiation stages of SCs and for
optimizing SC stimulation parameters (Table 9.2).

9.4 Mechanical Stimulation

9.4.1 Mechanical Strain

Cardiac cells are continuously exposed to a variety of mechanical stimulations
under native conditions, i.e. action of muscle forces, gravity or blood flow.
Moreover, the interactions between the cells are crucial for their stretching (Gupta
et al. 2010). The above-mentioned forces regulate cellular physiology and func-
tions. Therefore, mechanical forces are mimicked in the experiments performed
in vitro. Thanks to this, cardiac cells can be cultured under conditions similar to
in vivo. It was proven that mechanical stimulations can enhance SC differentiation
into CMs. Cell stretching has been simulated both in macroscale and the mi-
crosystems (Gwak et al. 2008; Pavesi et al. 2015; Ruan et al. 2015; Simmons et al.
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2012). 2D and 3D mechanical strains have been reported in the literature (Marsano
et al. 2016; Mummery et al. 2012; Pavesi et al. 2015; Shimko and Claycomb 2008).
A deformable and elastic substrate (membrane) is exposed to 2D strains with
controllable magnitude and frequency. 2D strain can be uniaxial (exerted along one
axis), biaxial (exerted in two directions) and equiaxial (exerted in all directions). Air
pressure microchannels are most often used to deform a thin membrane, on which
cells are cultured. SCs 2D or 3D cultured on elastic membranes can be exposed on
cyclic stretch. Range value during the stimulation equalled 5–20% strain, 1–3 Hz.
The cells were often stimulated for 1 or 2 days (Clause et al. 2009; Kurpinski et al.
2006; Park et al. 2004). However, long-strain stimulation (7 days or 2 weeks) was
also investigated (Gwak et al. 2008; Shimko and Calycomb 2008; Zimmerman
et al. 2006).

Marsano et al. (2016) designed a Heart-on-a-chip platform to generate mature
and highly functional micro-engineered cardiac tissues (lECTs). The microsystem
was composed of three PDMS-based layers. The top and bottom layers had two
rows of micropillars, which created a central microchannel and two-sided
microchannels. The top and bottom PDMS layers were separated by a thin
PDMS membrane. Cyclic uniaxial strains (10–15%) were generated in the
microsystem because of their integration with an electronically controlled pressure
regulator system. 3D culture of neonatal rat CMs and human iPSC-CMs suspended
in a fibrin gel matrix were performed in a culture microchannel. Stretching of 3D
cultured cells was monitored using a microscope and analysed based on ImageJ
software. Immunofluorescence staining was used to detect cardiac markers: tro-
ponin I, connexin43 and sarcomeric a-actin. It was found that 5 days after cell

Fig. 9.10 a A view of the fabricated microsystem (a). Three-dimensional scheme of the trapping
channels (grey) and electrodes (yellow) (b). Reprinted from Zhou et al. (2016). Open Access. b A
scheme of the electrophysiology-activated cell cytometry system composed of microfluidic flow
chamber integrated with microelectrode and the measurement simulation, Reprinted with
permission from Myers et al. (2013). Copyright 2012 Royal Society of Chemistry
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injection, expression of cardiac markers increased. The fabricated microsystem
enabled not only generation of 3D cardiac microtissue but also controllable
mechanical stimulation and quantitative analysis of cell culture.

The mechanical strain with the usage of additional factors can enhance cardiac
differentiation of SCs. Different factors (e.g. biochemical factors, electrical fields
and mechanical stimulations) are often simultaneously used to precisely control the
fate of SCs in the microsystems. Surprising results were obtained in a hybrid
PDMS-hydrogel microfluidic platform fabricated by (Wan et al. 2011). They used
both biochemical stimulation and controllable uniaxial cyclic stretching for
induction of cardiogenesis. A 4-day cultured EBs were stretched at 10% strain and
1 Hz frequency for 24 h. Expression of a-MHC was analysed to evaluate the
effectiveness of SC differentiation. Surprisingly, the expression of a-MHC was
lower after uniaxial cyclic stretching. This indicated that mechanical stimulation
can be stopped and reduced the SC differentiation into CSs. The usage of an
additional factor most often enhances cardiogenesis. However, cell type, kind of
stimulation and value of the used parameters have impact on a degree of SC
differentiation. Therefore, such a type of research should still be performed.

It should be noted that a microsystem for SC culture under fast changes in gas
partial pressure and cyclic stretching was also developed (Campillo et al. 2016).
The PDMS-based microsystem consists of a thin membrane for rat bone
marrow-derived mesenchymal stem cell (BM-MSC) culture. Such culture was
exposured to hypoxia conditions and cyclic stretch. The proposed microsystem can
be a useful tool for investigation of SC response to hypoxia and stretch. Moreover,
it has promising application in regenerative and personalized medicine in the future.

9.4.2 Shear Stress

The effect of shear stress on endothelial cells (ECs) and CMs has been investigated
by many research groups. Although SC fate under exposure to shear stress has not
been very well investigated, there is research being performed with conventional
methods and the microfluidic systems. Shear stress in macroscale was successfully
used to differentiate SCs into the cells of the cardiovascular system: CMs (Huang
et al. 2010), vascular smooth muscle cells (Huang et al. 2005) and endothelial cells
(Metallo et al. 2008; Wu et al. 2008). Microscale allows for a creation of con-
trollable flow of culture medium and other biochemical factors. Thanks to this, SC
fate can be investigated under controllable conditions. Due to the fact that the
microstructures with various dimensions can be developed, different values of shear
stress can be exposed to SCs. The effect of shear stress on various SCs was
investigated in the microfluidic systems (Jeon et al. 2014; Kang et al. 2010; Toh and
Voldman 2010; Xiao et al. 2014). A shear stress value in the range of 1–20 dyn
cm−1 was utilized to stimulate cells. SC differentiation into CMs was investigated in
a simple geometry of a microsystem (Villa-Diaz et al. 2009). For this purpose,
human ESCs were cultured under dynamic and static conditions in the microfluidic
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system for 48 h. The PDMS-based microsystem consisted of three inlet
microchannels, which merge in a main cell culture microchannel (Fig. 9.11a).

In this case, non-significant differences were observed between static and per-
fusion conditions. It should be noted that the type of cell culture and value of shear
stress have been crucial in SC differentiation into cardiac cells. Figallo et al. (2007)
presented a PDMS micro-bioreactor array (MBA) for study SC differentiation based
on culture and conditions types. The microsystem consisted of twelve independent
culture wells (Fig. 9.11b). The MBA platform enabled both 2D culture (the cells
attached to the substrate) and 3D culture (the cells were encapsulated in a hydrogel)
of human ESCs. Additionally, two types of experiments were performed in this
microsystem (a) BIO configuration—culture medium flowed directly over the
attached cells (b) MIO configuration—a culture medium flows above the main
chamber with the cells cultured in a monolayer (2D) or encapsulated in hydrogel
(3D). hESC differentiation was investigated in this microsystem under both static
and dynamic conditions for 4 days. To induce differentiation, hESCs were addi-
tionally cultured with a medium containing human VEGF. It was noticed that MIO
configuration more closely imitated the native environment and reduced hydrody-
namic stress. Cardiac differentiation was evaluated by immunostaining a-SMA. It
was noticed that higher shear stress influences higher vascular differentiation.

Fig. 9.11 a A scheme of the designed microfluidic system with three inlets microchannels
converting in the cell culture microchannel (a) A view of the fabricated microsystem (b) Reprinted
with permission from Villa-Diaz et al. (2009). Copyright 2009 Royal Society of Chemistry.
b Scheme of the micro-bioreactor array, containing 12 independent cell culture microwells (a).
A scheme of the two configuration used in the experiments: BIO (a bottom inlet/outlet) and MIO (a
middle inlet/outlet). While BIO and MIO configuration allowed for two-dimensional cell culture,
the usage of hydrogel in MIO configuration allowed three-dimensional cell culture (b). Reprinted
with permission from Figallo et al. (2007). Copyright 2007 Royal Society of Chemistry
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9.5 Challenges

There are other methods, which can be applied in the microfluidic systems to
differentiate SCs into CMs. It was proven that optical, magnetic, ultrasonic and
thermal stimulations can influence the fate of SCs and maturation (Guess et al.
2014; Jenkins et al. 2010; Lucchetta et al. 2005; Oberti et al. 2010). However, these
methods were initially tested in macroscale. Therefore, there are many issues, which
have to be deeply investigated before using these methods for cardiogenesis in
microscale. The usage of graphene and their forms for differentiation is present in
the literature as a promising technique in regeneration therapy. Biological studies
based on graphene (G) and their forms: graphene oxide (GO) and its reduced form
(rGO) have been rapidly growing in the last few years (Charlier et al. 2008; Sun
et al. 2008). Graphene and rGO are hydrophobic, not very soluble in water and also
require surfactants or surface modifications for biological applications. GO is
hydrophilic and can be dispersed in water to form stable colloids (Zhang et al.
2010). Graphene, GO and rGO can be used in gene therapy and photodynamic
therapy, especially as drug carriers (Matteini et al. 2014). Moreover, graphene
materials have mainly been explored for a construction of matrices and biosensor
components in tissue engineering. Study of the cytotoxicity and the influence of
graphene and its form to differentiate SCs is a relatively new area of research. There
are several reports describing the process of SC differentiation using graphene and
GO. These materials were often used to differentiate MSCs into cell lineages such
as adipocytes, osteoblasts and chondrocytes (Bitounis et al. 2013; Yoon et al.
2014). However, in these studies, graphene or GO was used to modify the surface
of cell growth to improve cell attachment to the culture surface, proliferation and
differentiation. Additional factors, most often biochemical, were used for differ-
entiation. Lee et al. investigated the effects of G and GO substrates on the adi-
pogenic and osteogenic differentiation of MSCs (Lee et al. 2011a, b). In order to
determine the role of G and GO in differentiation and proliferation, MSCs were
seeded on PDMS coated with graphene and GO and PDMS layers with the culture
medium. They noticed that MSCs seeded on PDMS were round and poorly attached
as compared to G and GO. Although GO is hydrophilic like PDMS, due to the
presence of oxygenated groups, it can bind to serum proteins via electrostatic
interactions. Moreover, it was proved that MSCs is differentiated into osteoblasts at
low cell density (3000 cells per cm2) in a medium with ascorbate (0.2 mM),
dexamethasone (10−8 M) and b—glycerolphosphate (10 mM). After twelve days of
osteogenic induction, a 7-fold increase in the extent of mineralization in the MSCs
cultured on G compared to those cultured on PDMS has been proven (Lee et al.
2011a, b). There are also reports based on graphene differentiation of SCs into
CMs. Lee et al. reported that graphene at least partially enhances cardiomyogenic
differentiation of hESC. (Lee et al. 2014) hESC cultures were performed on:
(1) Matrigel-coated glass, (2) Vitronectin (VN)-coated glass and (3) VN-coated
graphene for 21 days. In this study, cardiac mesodermal gene expressions were
determined by a qRT-PCR assay. The total RNA was extracted from the
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differentiated hESCs on days 4, 7, 14 and 21 and reverse-transcribed into cDNA.
On the 14th day, it was noted that the graphene group showed an increase in the
cardiac mesodermal gene (MESP1) and mesodermal gene (T and M-CAD)
expression compared to the glass and Matrigel groups. Moreover, higher gene
expression of cardiomyogenic proteins (a-MHC, b-MHC, MLC2a, cTnT), tran-
scriptional factors (NKX2-5, GATA4, and MEF2C) and gap junction proteins
(Connexin43) in the graphene group than the Matrigel and the glass groups at 14th
and 21st days was observed.

Apart from graphene, GO was studied in adhesion, proliferation and differen-
tiation of mouse myoblasts—C2C12 cells (Ku and Park 2013). The authors have
proven that myogenic differentiation was enhanced by GO, as evidenced by the
analysis of myogenic protein expression, multinucleate myotube formation and the
expression of differentiation genes (MyoD, myogenin, Troponin T and MHC).
According to the results, myoblasts grew well on the graphene oxide surface. The
morphology of the cells was analysed by cytoskeleton staining after a 1-day culture.
Real-time PCR confirmed that gene expression levels were the highest on GO
sheets. Although there are reports describing the usage of graphene and GO to SC
differentiation into SMs, the experiments in microscale are not performed. So far,
the investigation has shown that graphene and its forms can be combined with
PDMS—the most commonly used material for Lab-on-a-chip system fabrication.
Thus, previous research has indicated that the studies based on graphene and its
forms in microscale will be a promising method for investigation of SC differen-
tiation into cardiac cells.

9.6 Summary and Perspectives

Regenerative medicine is a promising method, which can be used to treat CVDs.
Although advanced research based on heart regeneration is being performed, it
needs to be investigated further. The Lab-on-a-chip systems are fabricated to obtain
conditions similar to the native environment. The microsystems are used to dif-
ferentiate SCs using biochemical, physical (electrical, structural, surface) and
mechanical (strain, shear stress) factors. However, the SC differentiation is most
often started in macroscale (for example using biochemical factors) and next the
cells are additionally stimulated in microscale. It should be noted that stem cells-
derived cardiomyocytes (SC-CMs) are most often differentiated in the microsys-
tems. There are few studies performed in the microchips, in which SC types, e.g.
ESCs, MSCs and iPSCs were stimulated. This seems to be important to investigate
how full microscale conditions influence cardiogenesis of SCs.

There are key signalling parameters, which enhance cell growth and enable the
mimicking of native myocardium in the microsystems. They are: dynamic condi-
tions, stretching, spatial and parallel cell arrangement (by the usage of hydrogels,
scaffolds or nanofibers) and electrical field. To obtain a highly effective cardio-
genesis, the above-mentioned features should be provided in the microsystems
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dedicated for SC culture. It should be noted that SC research is most often per-
formed on 2D than 3D cultures. On the other hand, it is known that spatial and
parallel cell arrangement enhance the expression of cardiac markers. Therefore, to
obtain a high efficient of cardiogenesis, three-dimensional SC culture should be
maintained in the microsystems. Thanks to this, a native myocardium could be
mimicked in SC culture model and enhance SC differentiation into CMs more than
in research performed so far. A fully functionalized microsystem mimicking heart
features is a perspective of cardiac culture microtechnologies based on stem cells.
Moreover, there are only a few studies based on CVD mimicking and CM re-
generation. Therefore, a diseased heart model maintained with a defined vascular
system seems to be important to test cell regeneration by the usage of SCs. The
optimized CM/SC model could be used to investigate SC differentiation using
techniques potentially useful for cardiogenesis (e.g. graphene, magnetic and ther-
mal stimulations). The combination of advanced microfluidic technologies with a
diseased heart model and SC differentiation methods would become highly crucial
Heart-on-a-chip systems for personalized medicine and therapeutic.
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