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A B S T R A C T   

Over the years, several in-vitro biosensing platforms have been developed for enhancing the maturation of the 
cultured cells. However, most of the proposed platforms met with limited success due to its inability for live-cell 
imaging, complicated fabrication, and not being advantageous from an economic perspective due to a higher 
price. To overcome the drawbacks of the current state-of-the-art, herein, we developed a next-generation stage- 
top incubator (STI) incorporated with nano grooves patterned PDMS diaphragm (NGPPD). The proposed device 
consists of a miniatured STI, the NGPPD functional well plates, and a mechanical stimulator. A thin layer of gold 
(Au) is deposited on the NGPPD to enhanced myogenic differentiation, cell maturation, and cell-cell interactions. 
The nano grooves are integrated on the PDMS surface to align the cardiomyocytes in the grooved direction 
during the culture period. The cardiomyocytes cultivated on the Au-deposited NGPPD are stimulated topo
graphically and mechanically during the cultivation period. The enhanced cardiomyocytes maturation cultured 
on the Au-deposited NGPPD is experimentally demonstrated using immunofluorescence staining and PCR ana
lysis.   

1. Introduction 

Cells undergo various stimulation to produce multiples of in
tracellular biological cues in a human body [1,2]. The in-vitro ma
turation of the cells is prime importance as it has been widely used in 
various biological applications such as drug toxicity and disease mod
eling. The mature cells are most desirable to improve the precision of 
the experimental results of those applications. Therefore, developing a 
highly effective and efficient bioreactor for in-vitro maturation of heart 
tissue is imperative for cardiac drug screening applications. To date, 
several in vitro electrical, mechanical, and electromechanical techni
ques have been proposed [3–8] to enhance the maturation and con
traction force of the cultured cardiomyocytes [9–11]. 

For instance, Kamotani et al. developed microwell arrays consisting 
of 24 miniature cell stretching chambers with flexible bottom mem
branes [12]. The mechanical stimulation was applied for 12 h to the 
cultured cells using piezoelectrically actuated pins to enhance the cell 
maturation. The proposed method is not suitable for long-term in
vestigation owing to the friction between the pin and the PDMS 

membrane. Deguchi et al. developed a piezoelectric actuator-based cell 
micro stretch device with real-time imaging capability [13]. However, 
the proposed method is challenging to imply a wide area due to its 
relatively small driving range. Besides, the developed technique is not 
advantageous from an economic perspective due to a higher price. 

An electromagnetic actuator was proposed for cell maturation by 
cyclic stretching the flexible cell culture substrate. For example, Chang 
et al. developed a micropatterned stretching platform to investigate the 
effect of mechanical stimulation on neural stem cell behavior [14]. 
Shao et al. developed a uniaxial cell stretching device for live-cell 
imaging and studied the mechanosensitive cellular functions of the 
cultured cells [15]. The mechanical stimulations based on electro
magnetic motor provided strains in broad ranges and resulted in more 
accurate experimental results. However, the lubricant used in the 
electromagnetic motor could result in contamination owing to the 
highly sensitive cultured cells. 

The pneumatic actuators based mechanical stimulation was used for 
the cell maturation. The pneumatic actuators deformed the cell culture 
substrate by applying the pressure to the lower part of the membrane. 
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For example, Moraes et al. developed a microfabricated array-based 
high-throughput screening platform for investigating the cellular re
sponse under cyclic mechanical deformation [16]. The lubricant used to 
minimize the friction between the loading post and the cell culture 
membrane. However, there is a possibility for cell contamination due to 
the reaction between the cell culture membrane and silicon-based lu
bricants [17]. Shimizu et al. proposed a biochip with serially connected 
pneumatic balloons [18], and various strains were applied in each 
diaphragm through the pressure drop effect. However, the proposed 
method is not substantial enough to analyze the conductivity of the cell 
culture substrate and geometry, and mechanical stimulation of the 
cultured cardiomyocytes. 

Recently, the positively charged polymeric materials such as poly-D- 
lysine, polylysine, poly-L-ornithine, polyethylenimine, etc. have been 
used to improve the cell attachment [19–21]. The positively charged 
polymeric materials enhance the cell adhesion on the culture substrates. 
However, the polymeric substrates show some undesirable effects on 
the cultured cells depending on the concentration, exposure time, and 
charge density [22]. The metal deposited substrates have been used to 
enhance the cultured cell's myogenic differentiation and maturation. 
For instance, Yang et al. developed electrically conductive nano
patterned substrates for improved cell maturation. The authors fabri
cated the nanopatterned PUA using the capillary force lithography 
technique and subsequently coated with a thin layer of gold or titanium 
by an electron beam evaporator [23]. Kim et al. used the uniaxially 
crumpled graphene to enhance cell differentiation and maturation [24]. 

The commercialized NanoSurface Cytostretcher and FlexCell system 
have been widely used to enhance the cultured cell maturation. The 
NanoSurface Cytostretcher consists of the nanopattern functional well 
plate. The mechanical stimulation was applied to the cells by applying 
uniaxial stretching. However, the NanoSurfcae cytostretcher does not 
provide any conductive surface to enhance myogenic differentiation 

and maturation. In the flexCell system, the mechanical stimulation was 
applied in biaxial directions using negative air pressure. However, the 
flexCell system cell culture membrane does not provide any surface 
topography and electrically conductive substrate for enhancing the cell 
maturation. 

To overcome the drawbacks of the current state-of-the-art, herein, 
we developed a next-generation stage-top incubator incorporated with 
nano grooves patterned PDMS diaphragm. The modified photo
lithography technique was used to fabricate the ~120 μm PDMS dia
phragm. The nano grooves were patterned on the PDMS diaphragm for 
the topographical stimulation of the cultured cardiomyocytes. A thin 
Au layer was deposited on the NGPPD to enhance cell maturation. The 
PDMS diaphragm was subjected to mechanical stimulation using a 
pneumatic pressure pump. The cardiomyocytes obtained from the 
neonatal rat ventricular myocytes (NRVM) isolation were cultured on 
the developed STI incorporated NGPPD. The simultaneous mechanical 
and topographical stimulations matured the cultured cells during the 
cultivation period. The maturation of the cultured cardiomyocytes was 
systematically analyzed using immunofluorescence staining techniques. 
The cardiomyocytes cultured on the developed STI incorporated 
NGPPD under mechanical and topographical stimulations showed 
much-improved sarcomere length and expression of connexin 43 com
pared to the control state. Besides, the proposed STI incorporated 
NGPPD device is capable of real-time live-cell imaging using an optical 
microscope during the cultivation period. From the obtained results and 
the potential of the developed bio-sensing platform, we sincerely be
lieve that the designed device could be used in biological as well as 
regenerative medicine to improve the accuracy of the experimental 
results. 

Fig. 1. Schematic illustrating the fabrication process flow and operational principle of the MEMS-based functional well plate. (a) Various parts and assembly 
processes of a functional well plate, (b) step-by-step fabrication of an Au deposited NGPPD, (c) operational principle and mechanical stimulation of the proposed 
functional well plate, and (d) photograph of the fabricated functional well plate. 
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2. Materials and methods 

2.1. Fabrication of MEMS-based functional well plate 

Fig. 1 shows a schematic illustration of the proposed STI assembly 
processes and operation principle of the Au deposited NGPPD. Fig. 1a 
shows the various parts of the functional well plate. The cover, top, and 
bottom well plate were prepared by General Purpose Polystyrene 
(GPPS) material using an injection molding technique (Fig. S1). The 
silicone rubber gasket was used to fix the PDMS diaphragm rigidly in 
between the top and bottom well plates. A PDMS was selected as a cell 
culture substrate owing to the high optical transparency and bio
compatibility. The PDMS was spin-coated on the nano-groove patterned 
PUA mold at 600 rpm and subsequently baking at 80 °C for 1 h using a 
hotplate. Then, a 120 μm thick nano groove patterned PDMS film was 
released from the PUA substrate. To further enhance myogenic differ
entiation, maturation, and intercellular connection, a conductive Ti/Au 
layer with a thickness of 5 nm and 20 nm was deposited on the nano 
grooved PDMS using an E-beam evaporator (Fig. 1b). Before the Ti/Au 
layer deposition, a supportive substrate was attached to the 120 μm 
thick nano grooved PDMS using the following process. Firstly, a 5 μm 
thick PDMS layer was spin-coated on the 500 μm silicon wafer followed 
by baking at 80C for 1 h. Then, a 25 μm thick PI layer was attached to 
the top surface of the PDMS layer. Subsequently, a 120 μm fabricated 
nano grooved PDMS was attached on top of the PI layer (Fig. S2). 

Recently, several reports have been demonstrated that the O2 

plasma treatment before the metal deposition increases surface rough
ness, thereby improve the metal layer adhesion on the PDMS substrate 
[25,26]. In this study, the stable and more adhesive Ti/Au layer on the 
PDMS substrate was achieved by the optimized O2 plasma treatment 
and controlled deposition parameters. Firstly, the nano grooved PDMS 
substrate was subjected to the O2 plasma treatment at 200 W for 15 s to 
increase the surface roughness. Then, a 5 nm thick Ti layer was de
posited at the rate of 0.5 Å/s, followed by the deposition of 20 nm thick 
Au layer at the deposition rate of 1 Å/s. The pressure inside the E-beam 
evaporator was maintained less than 2 × 10−6 Torr during the de
position process. After the metal deposition, the nanopatterned PDMS 
film was cut into 1 × 1 cm using a surgical knife. Then the metal- 
deposited surface was placed top side down position in a through-hole 
of the JIG, which was manufactured using 3D printing technology. The 
JIG was used to prevent the PDMS surface from damage where the cells 
were cultured (Fig. S3). 

A plasma bonding (100 W, 60 s) process was carried out to attach 
the Au deposited PDMS film and a glass plate. The O2 plasma treatment 
significantly improved the adhesion between the glass plate and Au 
deposited PDMS film. The JIG was removed from the top surface to 
realize the Au deposited NGPPD. The assembled functional well plate 
outer dimension was ~35 mm in length (l), 35 mm in width (w), and 
12 mm in thickness (d), respectively. The diameter of a functional well 
plate was ~15 mm, and the cardiomyocytes culture area ~ 1.4 cm2 

(Fig. 1c). Fig. 1d shows the mechanical stimulation operation principle 
of the proposed functional well plate. The Au deposited NGPPD easily 
deforms according to the applied pressure, which produces a mechan
ical stimulus to the cultured cardiomyocytes. 

2.2. Stage-top incubator system 

Fig. S4 in the supporting information shows the schematic illustra
tion of the proposed STI. Fig. S4a shows the STI system's various parts, 
such as cover, a body, well plate adapter, cover case, printed circuit 
board (PCB) board, and fluorine-doped tin oxide (FTO) cover glass. The 
fabricated NGPPD was placed inside the well plate adapter for cell 
culture and mechanical stimulation. Inside the fabricated STI, three 
functional well plates were mounted, and the mechanical stimulus was 
applied simultaneously. The proposed technique provides an opportu
nity for high throughput cell culture experiments and data acquisition 

by increasing the STI chamber size and the number of well plate arrays 
inside the STI. The chamber was covered by an FTO glass cover to 
observe the cell growth through an optical microscope. The water 
condensation on the FTO glass cover was prevented by heating the FTO 
glass cover. A thermistor was used to control the FTO surface tem
perature. The STI body also consists of a hot water inlet and outlet flow 
path of diameter 4.2 mm to maintain the inside temperature. The CO2 

concentration inside the bioreactor was kept constant by injecting 
water vapor consisting of 5% CO2 through a humidifier. Fig. S4b shows 
a photograph of the proposed STI. The humidifier and water tank were 
connected to maintain the constant humidity and temperature inside 
STI. The water tanks were heated by a cartridge heater (AC 220 V 
100 W) and the temperature-controlled by an RTD PT100 temperature 
sensor. A carbon-filled Teflon was used as a water tank top shield to 
avoid any temperature-induced distortion. A transparent polycarbonate 
was used to construct a tank body to verify the amount of water inside 
the system. The reducer, along with the humidifier, prevents the flow of 
water droplets into the stage-top incubator through the condensation 
process. The real-time temperature of the water tank and humidifier 
was monitored and controlled by the feedback-controlled temperature 
sensor. 

2.3. DC motor-based mechanical stimulator 

The air-pump type mechanical stimulator was used to stimulate the 
cardiomyocytes cultured on the Au-deposited NGPPD. Fig. 2 shows the 
schematic and photograph of the designed mechanical stimulator con
tained a small diaphragm-type air pump (DAP-370P, Motro Bank), 
pressure sensor (33A-005G-2210, Shiba Korea), electronic valve (YYV1- 
6B, Yingyi motor), AC/DC converter (SFD10-1515, Power Plaza) and 
motor driver (BA6208, Unisonic Techologeis). The cardiomyocytes 
cultured undergoes various mechanical stimulation by applying cyclic 
stretch through the pressure-controlled air pump. The cell culture 
substrate displacement is controlled by the air pump applied voltage. 
Further, the NGPPD rise time during the mechanical deformation was 
controlled by the electronic valve's duty cycle. The tube's size, which 
was used for the air passage between the mechanical stimulator and the 
functional well plate, could control the applied pressure and volume. A 
homemade control program was used to manage the pressure applied 
by the mechanical stimulator. The real-time force applied by the me
chanical stimulator was monitored during the cell culture period.  
Fig. 2b shows the photograph of the circuit and manufactured con
troller. The displacement of the Au-deposited NGPPD was measured 
precisely using a laser vibrometer. The experimental results could be 
applied to the analytical results to predict the relationship between 
applied pressure and strain on the diaphragm. Fig. S5 in the supple
mentary information shows an optical image of a graphical user inter
face (GUI) made in the laboratory for the mechanical stimulation. 

3. Results and discussion 

3.1. Stage-top bioreactor integrated with MEMS-based functional well plate 
arrays 

Fig. 3 shows the schematic illustration of a proposed STI in
corporated with Au-deposited NGPPD. The device consists of an optical 
microscope, a functional well plate, an incubator, and an Au-deposited 
NGPPD. The CO2 concentration and humidity inside the proposed 
bioreactor were maintained persistently by continuous passing of 5% 
CO2 via a humidifier. The electromagnetic valve was used to control the 
flow rate of CO2. The temperature inside a stage-top incubator was 
controlled by circulating hot water through a mechanical pump. Using 
the hot water in its place of a conventional electric heater is to minimize 
the effect of electromagnetic waves on the cultured tissues [27]. The 
STI was made by an aluminum alloy to absorb heat from the circulating 
hot water effectively. Also, NGPPD and Au-deposited NGPPD were 
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positioned center at the proposed bioreactor. The Au and nano grooved 
patterns were providing the mechanical and topographical stimulations 
to the cardiomyocytes cultured inside the STI. 

Strain analysis of nano-grooves and Au-thin layer deposited PDMS 
diaphragm. 

The strain produced by the NGPPD was investigated using the finite 
element procedure. The analysis was conducted by fixing one side and 
applying 2.2 kPa pressure from the center to side edges of the NGPPD 
(Poisson's ratio: 0.48; Young's modulus: 752 kPa). Fig. 4 depicts the 
strain and displacement profile of the at 2.2 kPa. The obtained results 
demonstrate that the radial strain's value was constant with increasing 
the distance from the center. The negative radial strain was observed at 
a fixed edge of the NGPPD. The circumferential strain value decreased 
at a higher distance from the center and attained zero at the fixed side 
of the NGPPD. The displacement of the NGPPD under 2.2 kPa was 
measured at different positions from the center. The displacement was 
decreased from center to edge and showed no displacement at the fixed 
boundary of the NGPPD. Fig. 4b shows the radial strain ratio to the 

circumferential strain at 2.2 kPa as a function of NGPPD distance from 
the center. The radial strain to circumferential strain ratio rose gradu
ally and reached the highest value at 3.5 mm from the center of the 
NGPPD. The radial strain's value to circumferential strain ratio was 
from the center to 2.5 mm in the range of 1 to 1.5. Therefore, the 
cardiomyocytes cultured in the NGPPD surrounded by a radius of 
2.5 mm from the center was considered for further analysis. 

3.2. Characterization of stage-top incubator and mechanical stimulator 

The temperature and humidity measurement system was con
structed to analyze the temperature and humidity characteristics ac
cording to the internal position of the STI. The measurement system 
was manufactured to be the same size as the commercial well plate and 
could be mounted inside the incubator. Fig. S6a shows the schematic of 
the placement of temperature and humidity sensors. The numerical 1 to 
5 were indicating the placement of temperature and humidity sensor 
inside the STI. The sensors were fixed in different places to measure the 

Fig. 2. Schematic and photograph of an electric motor-based air pump system for mechanical stimulation.  

Fig. 3. Schematic illustration of a proposed STI combined with Au-deposited NGPPD for geometrical, and mechanical stimulation.  

Y.-J. Jeong, et al.   Materials Science & Engineering C 118 (2021) 111355

4



temperature and the humidity gradient in the STI interior. The tem
perature inside the bioreactor was maintained at 37 °C as the cells were 
cultured at that temperature. 

Fig. S6(b, c) shows the measured temperature and humidity inside 
the STI at different times. The temperature inside the STI increases with 
increasing time and attain the set value approximately in 60 min and 
then maintained constant. The inset in Fig. S6b shows the inside STI 
temperature at different places. The average temperature distribution 
inside the STI was ~36.92  ±  0.26 °C. The small variation in the 
temperature could be attributed to the hot water circulation. The 
temperature measured at the inlet side of the hot water was high, and 
the temperature measured at the outlet side was low. The small var
iation in the temperature difference was negligible and could be ig
nored during cell culture. Fig. S6c shows the humidity inside the STI as 
a function of time. The humidity inside the STI increased with time and 
saturated in 50 min and kept constant with further increasing time. The 
CO2 concentration inside the STI was maintained constant by con
tinuously injecting 5% gas through the humidifier. 

The Au-deposited NGPPD vertical displacement was measured using 
a laser displacement sensor (LK-G30, Keyence, Osaka, Japan). A laser 
vibrometer measured the Au-deposited NGPPD displacement at a dif
ferent duty cycle, applied voltage, and tube volume of the mechanical 
stimulator. Fig. 5a shows the normalized displacement of the NGPPD at 
different duty cycles ranging from 1 to 50% of the electrical power 
applied to the motor. The rising and decay time of the Au-deposited 
NGPPD during the mechanical deformation increased according to the 
duty cycle at 1 Hz of the mechanical stimulator. The shape of the sti
mulus was similar to that of the commercial stimulator using a con
ventional linear motor at 50% of the duty cycle. Therefore, additional 
experiments were conducted with a duty cycle of 50% by varying the 
applied voltage. 

Fig. S7 in the supplementary information shows the displacement of 
the Au-deposited NGPPD as a function of applied DC bias and duty 
cycle. The displacement was increased by increasing the DC bias and 
duty cycle. Fig. 5b shows the displacement with different tube volumes 
(10 mL and 50 mL) at a different applied voltage. The displacement was 
increased by increasing the applied voltage. Fig. S8 shows corre
sponding strain value, which was estimated using a finite element 
method. The displacement and strain of the Au-deposited NGPPD at 
3–5 V were in the range of ~1460–2112 μm and ~11–23%, respec
tively, at 10 mL of the tube volume. Whereas, the displacements and 
strain of the PDMS diaphragm were ~1060–1400 μm and ~5.4–9.4% at 
50 mL of the tube volume. The preliminary experiments were verified 
that the different strains could be produced by varying the tube volume 
and voltage applied to the air pump. Fig. S9a in the supplementary 
information shows the photograph of the Au-deposited NGPPD with 

and without stretch. Fig. S9b shows the displacement of the Au-de
posited NGPPD at 1 Hz frequency and a 6% strain (Movie S1). 

3.3. Cell immunofluorescence staining 

Well-organized sarcomeres are an essential factor for cardiac cell 
maturation and maximizing cardiomyocyte contractility [28]. The 
cardiomyocytes obtained from NRVM isolation is briefly described in 
the supplementary information [29]. The acquired cardiomyocytes 
were cultured on the grooved PDMS membrane with different dimen
sions such as 800 nm, 1.2 μm, and 1.5 μm. Fig. S10 shows the SEM 
image of the 800 nm grooved PDMS membrane at different magnifi
cations. Fig. S11 shows the optical images of the cardiomyocytes cul
tured on the flat and nano grooved PDMS membrane. The optical 
images showed the alignment of the cardiomyocytes in the groove di
rections. The cardiomyocytes were also cultured on the flat PDMS 
membrane to compare for the controlled experiment. The cardiomyo
cytes were cultured on the PDMS membrane with and without nano 
grooves for 10 days. 

The alignment of the cultured cardiomyocytes was verified by per
iodic evaluations using a confocal microscope. An immunofluorescence 
staining analysis was performed to analyze the sarcomere length of the 
cultured cardiomyocytes on day 7. Fig. S12 shows the staining images 
and sarcomere length of the cardiomyocytes cultured on the different 
grooved PDMS membrane. The cardiomyocytes cultured on the 800 nm 
grooved PDMS membrane exhibited more alignment than the 1.2 μm 
and 1.5 μm grooved PDMS membrane. The sarcomere length of the 
cardiomyocytes cultured on the 800 nm, 1.2 μm, and 1.5 μm grooved 
PDMS membrane was ~1.85  ±  0.04 μm, 1.81  ±  0.03 μm and 
1.78  ±  0.03 μm, respectively. Among different grooved PDMS mem
brane, an 800 nm groove was most efficient for the cell maturation. The 
obtained data were consistent with the previous reports [30]. 

The alignment of the cultured cardiomyocytes was verified by per
iodic evaluations using a confocal microscope. An immunofluorescence 
staining analysis was performed to analyze the sarcomere length of the 
cultured cardiomyocytes on day 10. Fig. 6 shows the immuno
fluorescence images and sarcomere length of the cardiomyocytes cul
tured on the PDMS membrane with and without nano grooves. Fig. 6a 
shows the α-actinin of the cardiomyocytes cultured on the flat and 
grooved PDMS membrane. The aligned α-actinin was observed for the 
cardiomyocytes cultured on the 800 nm grooved PDMS membrane. 
Whereas, the cardiomyocytes on the flat PDMS membrane was grown 
randomly. The sarcomere length of the cardiomyocytes cultured on the 
flat and nano grooved PDMS was ~1.69  ±  0.05 μm and 
1.85  ±  0.04 μm, respectively. The higher the sarcomere length is in
dicating, the more maturation of the cultured cardiomyocytes. 

Fig. 4. Simulation data obtained from finite elemental analysis. (a) Strain and displacement profiles of the NGPPD at 2.2 kPa, (b) ratio of the circumferential strain to 
the radial strain under 2.2 kPa. 
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The wettability of the substrate significantly influences the cell 
adhesion on the cell culture substrate [31]. In general, O2 treatment is 
performed to modify the surface properties of substrates before the 
ECM coating. However, most of the cell culture substrates are recovered 
to their original features within 3 days. The inherent hydrophobic 
nature of the PDMS tends to exacerbate the adhesion of the cardiac 
cells. Regularly repeated shrinkage and relaxation in cardiac cells make 
this problem even more severe. Fig. 7a shows the water contact angles 
(WCA) of the flat and nano-grooved PDMS substrates with and without 
Au coating. The WCA of the flat and nano-grooved PDMS was 
~112.5  ±  0.85° and 128.5  ±  4.4°, respectively. Whereas, the WCA of 
the flat and nano-grooves patterned PDMS with and without Au de
position was 47.4  ±  4.1° and 73.4  ±  1.1°, respectively. Cell adhesion 
was reported to be best when the culture substrate's water contact angle 
was between 60° and 80° [32]. Therefore, cardiac cell adhesion was 
expected to be improved on the Au-deposited PDMS nano-groove 

surface. 
Fig. 7b shows the cell densities of the cultured cardiomyocytes on 

the bare flat and nano grooved PDMS membrane, and Au deposited fat 
and nano grooved PDMS membrane. The cell density was defined as the 
number of nuclei within the unit area (mm2). The cell densities on the 
flat and nano grooved PDMS were ~1237.2  ±  211.4 and 
1316.4  ±  198.5, respectively. Whereas, the cell densities on the Au 
deposited flat and nano grooved PDMS were ~1691.8  ±  129.6 and 
1671.2  ±  182.2, respectively. There were no significant differences in 
cell densities observed between the flat and nano grooved PDMS and Au 
deposited flat and nano grooved PDMS. However, significant differ
ences were observed in the cardiomyocyte's densities cultured on the 
bare and Au deposited PDMS membrane, and the DAPI staining analysis 
further confirms it. Fig. S13 shows the DAPI staining images of the 
cardiomyocytes cultured on the bare and Au deposited PDMS mem
brane. The number of nuclei in each group was measured in an area of 

Fig. 5. (a) Displacement of the Au-deposited NGPPD at different duty cycles (1 to 50%) of the mechanical stimulator. (b) Au-deposited NGPPD displacement and 
corresponding strain at different applied voltages with varying tube volumes (10 and 50 mL). Error bars are mean  ±  s.d. (n = 5). 
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250 μm × 250 μm. The amount of DAPI was increased ~21% on the 
Au-deposited PDMS surface compared to pure PDMS, indicating that 
the electrically conductive culture substrate influences the cell growth 
during the culture day. The PCR analysis confirmed the enhanced 
cardiomyocyte's maturation cultured on the Au-deposited PDMS 
membrane (Fig. S14). The RT-qPCR of the three genes analysis verifies 
the improved contraction force (MHC 6, cTnT), superior cell maturation 
(α-actinin). The MHC6 of cardiomyocytes cultured on bare and Au 
deposited NGPPD on day 10 were found to be 0.028  ±  0.011 and 
0.07  ±  0.002. The α-actinin of the cardiomyocytes cultured was 
0.229  ±  0.029 and 1.344  ±  0.059, respectively. The cTnT of the 
cardiomyocytes cultured on the Au-deposited PDMS membrane sig
nificantly improved than bare PDMS membrane. 

Additional experimental analysis was performed to evaluate the 
impact of mechanical stimulation (1 Hz, stretching rate 6%, 50% duty 
cycle and mechanical stimulator tube volume is 50 mL) on the cultured 
cardiomyocytes. Fig. S15 shows the photograph of the cardiomyocytes 

cultured Au-deposited NGPPD with and without mechanical stimula
tion (Movie S2). The cardiomyocytes were cultured on the Au-deposited 
NGPPD for 10 days without any mechanical stimulations as a control. 
Whereas, the cardiomyocytes cultured on the Au-deposited NGPPD was 
subjected to the mechanical stimulation at 1 Hz from the 4th day of the 
culture period. Investigation of α-actinin and Cx43 protein expression is 
essential for analyzing the sarcomeres length and intercellular inter
action of the cultured cardiomyocytes. Fig. S16 shows the beat rate of 
the cardiomyocytes cultured on the Au deposited NGPPD as a function 
of the culture period. The cardiomyocytes' beating rate was increased 
until the 6th day of the culture period and then decreased. The beating 
rate of cardiomyocytes significantly decreased at a higher culture 
period indicative of more maturation of cardiomyocytes. Fig. S17 shows 
the cardiomyocytes beat rate on day 10 cultured under 1 Hz mechanical 
stimulation. The beat rate of the cardiomyocytes without mechanical 
stimulation was ~0.68  ±  0.12 Hz, whereas, the beat rate of the car
diomyocytes cultured under 1 Hz of mechanical stimulation was 

Fig. 6. (a) Immunofluorescence staining images of the cardiomyocytes cultured on the PDMS diaphragm with and without nanogroove. (b) Sarcomere length of the 
cardiomyocytes cultured on the PDMS diaphragm with and without nano grooves. Error bars are mean  ±  s.d., (n = 5). **P  <  0.01. 

Fig. 7. (a) Water contact angles of the flat and nano-groove patterned PDMS substrate with and without Au coating. Error bars are representing mean  ±  s.d., n = 3, 
**P  <  0.01 measures by one-way ANOVA followed by Tukey's honest significant difference test. (b) Cultured cardiomyocytes densities on the bare flat and 
nanogrooved PDMS and Au deposited flat and nanogrooved PDMS. Error bars are representing mean  ±  s.d., n = 5, * P  <  0.05 measures by one-way ANOVA 
followed by Tukey's honest significant difference test. NS is non-significant. 
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~0.97  ±  0.08 Hz. 
The maturation of the cultured cardiomyocytes was investigated 

using immunofluorescent staining analysis on day 10 of the cultured 
period (Fig. 8). The staining images were analyzed by measuring the 
fluorescence intensity through a software Image J. The staining images 
demonstrated that the DAPI, α-actinin, and Cx43 of the cardiomyocytes 
cultured under the mechanical stimulation more enhanced compared to 
that of the control state. Fig. S18 the cardiomyocytes sarcomeres length 
and Cx43 under 1 Hz mechanical stimulation at different cultured days. 
The sarcomere length and Cx43 of the cardiomyocytes on day 4, 7 and 
10 were found to be ~1.92  ±  0.063 μm, 2.02  ±  0.072 μm, and 
2.04  ±  0.079 μm and 0.211  ±  0.017, 0.401  ±  0.100, and 
0.415  ±  0.119, respectively. Fig. 8b shows the cardiomyocytes sar
comeres cultured on the Au-deposited NGPPD with and without me
chanical stimulation. The sarcomere length of the cardiomyocytes cul
tured under the mechanical stimulus is ~10.7% higher than that of the 
control state (without mechanical stimulations). Fig. 8c shows the Cx43 
of the cardiomyocytes cultured under the mechanical stimulus and 
without mechanical stimulations. The normalized Cx43 intensity of the 
cultured cardiomyocytes with mechanical stimulations and control 
state was found to be 0.0913  ±  0.0182 and 0.4032  ±  0.1005, re
spectively. The experimental analysis has been repeated more than 
three-times using the biologically independent sample to confirm the 
reliability of the obtained data. 

The enhanced cardiomyocytes maturation cultured on the Au de
posited NGPPD on day 10 under 1 Hz mechanical stimulation was in
vestigated using PCR analysis (Fig. S19). The MHC6 of the cardio
myocytes under mechanical stimulation was increased from 
0.07  ±  0.002 to 0.309  ±  0.009. The α-actinin of cardiomyocytes 
with and without mechanical stimulation on day 10 were 
~1.344  ±  0.059 and 6.75  ±  0.059, respectively. Whereas the cTnT 
expression of the cardiomyocytes on day 10 was increased to 
4.717  ±  0.438 compared to the control state (2.098  ±  0.195). The 
PCR analysis demonstrated the enhanced maturation and contractility 
of the cardiomyocytes cultured under 1 Hz of mechanical stimulation. 

4. Conclusions 

We developed a next-generation STI incorporated with an Au-de
posited NGPPD for culturing the cardiomyocytes. The humidity and 
temperature inside the STI were maintained constant by a humidifier, 
and continuous circulation of hot water. The temperature and humidity 
sensors were fixed at five different positions to precisely measure the 
temperature and humidity gradients inside the STI. The STI was heated 
through the hot water circulation to minimize the electromagnetic ef
fect on the cultured cardiomyocytes. The nano grooves were patterned 
on the PDMS diaphragm for aligning the cells in the grove directions. 
The Au layer was deposited on the PDMS membrane to enhance the 

Fig. 8. Immunofluorescence images of the cultured cardiomyocytes with and without mechanical stimulations. (a) ICC protein expression (nucleus-blue, α-actinin- 
green, and Cx43-red), (b), and (c) Sarcomere length and Cx43 of the cardiomyocytes cultured with and without mechanical stimulations. Error bars are mean  ±  s.d., 
(n = 10). **P  <  0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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cultured cell's myogenic differentiation and maturation. The ability of 
the dual mechanical and topographical stimulations of the developed 
bioreactor significantly increased the maturation of the cultured car
diomyocytes. Finally, the improved maturation of the cardiomyocytes 
cultured on the developed STI incorporated with Au-deposited NGPPD 
was demonstrated by staining and PCR analysis. The proposed device 
could be applied in several fields of regenerative medicine and other 
biological applications. 

Supplementary data to this article can be found online at https:// 
doi.org/10.1016/j.msec.2020.111355. 
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